THE MODULE STRUCTURE OF A GROUP ACTION ON A
POLYNOMIAL RING: A FINITENESS THEOREM

DIKRAN B. KARAGUEUZIAN AND PETER SYMONDS

ABSTRACT. Draft, 24 March 2006. A more recent version might be obtain-
able at http://www.ma.umist.ac.uk/pas/preprints. Consider a group acting on
a polynomial ring over a finite field. We study the polynomial ring as a module for
the group and prove a structure theorem with several striking corollaries. For example,
any indecomposable module that appears as a summand must also appear in low degree
and so the number of isomorphism types of such summands is finite. There are also
applications to invariant theory, giving a priori bounds on the degrees of the generators.

1. INTRODUCTION

We consider a polynomial ring S in n variables over a finite field k of characteristic
p and an action of a finite group G on S by homogeneous linear substitutions. This is
equivalent to taking the symmetric powers of an n-dimensional kG-module.

We want to understand S as a kG-module in a manner as explicit as possible. The
ideal solution would be to give a decomposition into indecomposable summands. We are
primarily interested in the modular case, when p divides the order of GG, so the problem
is much harder than that of determining the composition factors.

The case of two variables was studied by Glover [13] and Alperin and Kovacs [2] and
the case of three variables by the authors in [11]. This paper generalizes the results of [11]
to any number of variables and we prove a strong finiteness property as a consequence.

Theorem (17.1). The kG-module S has only finitely many isomorphism types of inde-
composable summands, provided that k is finite.

Particularly notable are the applications to invariant theory.

Theorem (17.4). The invariants S¢ are generated as a ring by elements in degrees less
than or equal to qqn_—_ll(nq —n—1), 2¢* —q— 2 if n = 2), where q is the order of k.

It is well known that the invariants are finitely generated and, since k is finite, there
are only finitely many possible actions for a given n, so some bound on the degrees of
the generators must exist for given n and k. The point of the corollary is that it gives
an explicit bound (|G| is such a bound in characteristic 0). For a long time no such
bound was known (except in particular cases), but recently one was given by Derksen and
Kemper, although it is very large (see Section 17 for more details).

There are more precise results if we replace the general finite group G by a p-group P.

Theorem (17.2). Any indecomposable k P-module which is a summand of S is isomorphic
to one occuring in degree less than or equal to qqn%ll —n.
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Theorem (17.3). If we can compute the decomposition into indecomposables of S as a
kP-module in degrees less than or equal to ¢"~' —n then we can compute it in all degrees.

Thus what is a priori an infinite problem becomes a finite one. Unfortunately the com-
putation in the range required is beyond the capabilities of most computers in interesting
cases with more than three variables.

All of the above results are obtained as corollaries of a Structure Theorem for the
action of the group of upper triangular matrices with 1’s on the diagonal, U,,. The ring
of invariants under this group, for which we write SY, is known to be polynomial in
generators {d; | i = 1,...,n}, where the degree of d; is ¢"~'. Note that any p-group P
acting on S may be considered to be a subgroup of U,, after a change of variables. Our
Structure Theorem describes the kP-module structure of S for any such P:

Theorem 1.1 (§10). There is an isomorphism of graded kP-modules

S=EPkld; | i€ Tu{n}—J & X,(I),
JCI
where X ;(I) is a finite dimensional graded kP-module, P acts trivially on k[d;], and I is
{1,2,...,n—1}.

This should be read as saying that S contains one copy of X ;(I) for each monomial in
the d; with i € TU{n} — J.

In fact we have a lot more information about the modules X;(I). For example, they
are induced from certain subgroups and we have explicit bounds on the degrees of the
elements.

The idea behind the proof of the Main Theorem is that first we formulate a version for
certain subgroups U; of U, that correspond to a subset I C {1,...,n — 1} and in which
only the rows indexed by elements of I can have non-zero off-diagonal entries. Next we
construct the pieces X ;(I) by induction on |I|, controlling them via the leading monomials
(in an appropriate sense) of the elements of their socles, and by their Poincaré series. To
show that the pieces fit together exactly is a complicated exercise in accounting.

At one point in the construction we need to know that a certain monomial is the leading
monomial of a trace (or orbit sum) over a subgroup. That this is the case is guaranteed
by the Trace Lemma 16.1. The proof of this lemma fills a seemingly disproportionate
part of the paper, comprising sections 11 to 16. Although the Trace Lemma appears as
a difficult technical point in this context, it might be of independent interest in invariant
theory.

It is a pleasure to thank all our colleagues who have listened patiently to our ideas on
the subject, especially Stephen Siegel, who introduced us to the problem and suggested
Theorem 17.1 in 1995. The first author would also like to thank Matt Brin for listening
to a very detailed series of lectures on trace lemmas. The Trace Lemma and its proof are
based on extensive calculations with MAGMA [4], in particular code for working with rings
of invariants which was developed by Gregor Kemper (and has since been incorporated
into MAGMA with help from Allan Steel).

Finally we thank the referee for his meticulous reading of the manuscript.
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2. BACKGROUND

The fundamental result about group actions on rings from our point of view is the
Normal Basis Theorem in Galois Theory. Let S be a field and G a finite group of au-
tomorphisms of S and let R denote the invariant subfield. The Normal Basis Theorem
states that S is a free RG-module of rank one.

One generalization of this in algebraic number theory is a theorem of Noether. Let S
be the ring of integers in a number field and G a group of automorphisms with R as ring
of invariants. If the extension S/R is tamely ramified then S is locally free of rank one
as an RG-module. The study of this sort of problem is known as Galois Module Theory
and contains a large number of deep results from number theory, particularly class field
theory, and algebraic geometry.

Another generalization is described in [10, 5, 18]. If S is a polynomial ring over a field
k and G is a finite group of automorphisms of S with R as ring of invariants then if we
consider S as a kG-module we find that it is mostly projective in an asymptotic sense; it
is even mostly free when viewed in the right way.

We emphasize that we are really only concerned with the modular case, when the
characteristic p of k divides the order of GG, otherwise all modules would be projective.

Of course, the study of group actions on polynomial rings leads to the vast classical
subject of invariant theory, which we will not discuss here. We just mention that for the
groups Uy that we consider the rings of invariants are easy to calculate and are polynomial.
In general, neither property holds.

It is essential to distinguish between the two different problems of describing the com-
position factors of S and describing its indecomposable summands. The former is dealt
with in principle by a generalization of Molien’s formula (see e.g. [7] 3.2.5), although it
can still be very difficult. It is the latter that concerns us here. For most groups it is
not even possible to classify the indecomposable representations, so the problem could
become very complicated.

The case of two variables was considered in detail by Glover [13], when p = ¢, and for
general ¢ by Alperin and Kovacs [2]. It turns out that S is periodic modulo projectives.

Rather than restricting the number of variables, one can restrict the group G. The case
when G is of prime order p was dealt with by Almkvist and Fossum [1]. If the homogeneous
component of S of degree 1 is indecomposable then again S is periodic of period p modulo
projectives, although the periodic part is complicated to describe. There are also partial
results for other cyclic groups [1, 14, 15, 19]. In this case, if S is indecomposable in degree
1 then the action is periodic modulo summands induced up from proper subgroups. This
is a conjecture of Kemper that was proved in [19] as a corollary of the Main Theorem of
the present paper. This periodicity does not extend to more complicated groups, however.

But cyclic groups have only finitely many isomorphism classes of indecomposable mod-
ules. Siegel and Totaro calculated many examples for the Klein four group, where there
are infinitely many isomorphism types of indecomposables, but they can be classified.
They observed that whenever they decomposed S as a sum of indecomposables only a
finite number of isomorphism types of indecomposable summands actually occurred.
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Motivated by this, we produced a theorem for polynomial rings in three variables [11],
showing, in particular, that only a finite number of isomorphism types of indecompos-
able summands could arise. Instead of periodicity modulo projectives there is a more
complicated system of multiple periodicities, which we called a structure theorem.

The main result of the present paper is a generalization of this structure theorem to an
arbitrary number of variables, Theorem 10.1.

A commentary on the proof, together with some examples, generalizations and appli-
cations is given in [12].

When the field £ is infinite and the group G is allowed to be infinite then the situation is
quite different. Doty [8] calculates the submodule lattice for the natural action of SL(n, k)
when £ is algebraically closed, and it follows that S is indecomposable in each degree. In
particular, there are infinitely many non-isomorphic summands.

The theory has been generalized in two directions. One is in [20], where finitely gen-
erated graded modules over a ring RG are considered. These do not have to satisfy any
finiteness property on the summands, but it is shown that the property of having only
a finite number of isomorphism types of indecomposable summands is equivalent to the
seemingly stronger property that there is a structure theorem of a similar form to that of
Theorem 1.1.

The other direction is due to Bleher and Chinberg [3]. The polynomial ring S can be
considered as the ring of regular functions on projective space P"~1(k), and the group G
acts on P"~1(k). This generalizes to the ring of regular functions on any projective variety
with an action of a finite group G. The authors of [3] prove that there are only finitely
many isomorphism types of indecomposable kG-summands for curves, and for surfaces
where the Sylow p-subgroup has a fixed point.

3. ORGANIZATION OF THE PAPER

Section 4 is devoted to various subgroups of U, and their invariants. Section 5 intro-
duces the parameter space P([) which indexes the monomials in the invariants, and we
show how to partition it into pieces S;([). Section 6 explains a convenient reduction from
S to a truncated version T'.

In Section 7 we order the monomials in the invariants and and show how to deal with
the socle of a submodule in terms of the least monomials of its elements. This is one
of the tools that we use to control the pieces; the other is their Poincaré series, and the
lemmas that we will need to manipulate these are proved in Section 8.

Sections 9 and 10 use all this machinery to define the pieces X ;(I) of T" that correspond
to the S;(/) and to prove the Main Theorem, assuming the validity of the Trace Lemma.
Here X ;(I) for J # I is produced inductively from X,;(.J) using the Trace Lemma. We
then show that @ J;%IX J(I) is a summand of 7" using our control over the socles to show
that the pieces are linearly independent and our computation of the Poincaré series to
show that they span in high degrees. Then X;(7) is defined to be the complement.

Sections 11 through 16 contain the proof of the Trace Lemma, and Section 17 contains
the proofs of the corollaries.

The reader might first wish to examine the proof of the Main Theorem in the case when
n =3 and ¢ = 3, as is presented in [12]; this case should help shed light on many of the
intricacies of the paper, even though the higher terms in the trace lemma are zero in this
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case. (But note that in all references in [12] to specific results in this paper the section
number should be increased by 1.)
There is an index of notation at the end.

4. GROUPS AND POLYNOMIALS

In this section we define the groups whose representations we will be studying and
describe their invariants.

Let k be the finite field of ¢ elements, where ¢ = p* for some prime p. Let S = @S, =
k[x1,...,z,] denote the polynomial ring over k in n variables, graded by degree. This
notation will remain fixed throughout the paper.

All the groups that we study are subgroups of the upper-triangular n x n matrices over
k with 1’s on the diagonal, denoted by U,. This group is a Sylow p-subgroup of GL, (k).
The group U, is taken to act on the degree-1 part of the polynomial ring S; (not on its
dual, as is often the case in invariant theory) in the natural way and this extends to the
whole of S.

To be explicit, let a;;(\) be the matrix with A € k in row ¢, column j, 1’s on the
diagonal and 0’s elsewhere: then a;;()) - x; = z; + Az;, while a;;(\) - &, = 2 if [ # j.

Notation 4.1. [, J, K] [, J, K will always be subsets of {1,...,n—1} such that I = JII
K. We enumerate their elements in ascending order: I = (i1,...,4), J = (J1,---,Ju)),
K = (k1,...,kjk)). The notation (...) is used to imply that the elements are listed in
order and without repetition.

Thus, by convention, K = I — J throughout this paper.

Notation 4.2. [U;] Uj is the subgroup of U,, with non-zero off-diagonal entries only in
the rows corresponding to I.

Thus U; contains the a;;(\) with ¢ € I and j > 4.
Notation 4.3. [J<'] For any i € N, let J<' = {j € J | j < i}, and similarly for >, <, >.
Notation 4.4. [0(z;I)] If I = (ir,...,497) € {1,2,...n — 1}, we define 6(z; 1) €
klz, @iy, ooy @y, ] by
0(z; 1) = H (2 + Xy + -+ Xy Ty )-
(Nig vy ) ERT
When [ = @ we interpret this to mean that 6(z; @) = 2.
Definition 4.5. [d;] Fori=1,...,nlet d; = 0(x; I<).

Proposition 4.6. The d; are algebraically independent and generate the invariant ring
of the group Uy, i.e. SUT = kldy, ..., d,)].

Proof. This result is well known in invariant theory: see, for example, [16] or [7] 3.7.5.
For the convenience of the reader we sketch a proof.

In order to simplify the notation, let U = U; and let R be the purported ring of
invariants and R = SU the true ring of invariants. Clearly R C R. We will use the letter
() to denote the field of fractions of a ring.



THE MODULE STRUCTURE OF A GROUP ACTION ON A POLYNOMIAL RING 6

From Lemma 6.4 below we know that S is a free R-module with a basis consisting of
|U| elements. It follows that Q(S) is a Q(R)-vector space of dimension |U| so, by Galois

Theory, Q(R) = Q(S)” = Q(R). _
Suppose that R # R, so there is an 7 € R that is not in R. By expressing r in terms
of the basis we see that it is not in Q(R), hence not in Q(R), a contradiction. O
5. THE PARAMETER SPACE

Here we develop the machinery needed to describe the pieces X ;(I) in the Main Theo-
rem. We maintain control of these recursively constructed pieces in part by knowing the
leading monomials of bases of their socles. The parameter space P([) (5.2) will index the
monomials, and X ;(I) will correspond to a subset S;(I) C P(I).

Definition 5.1. [u] Let J C {1,...,n — 1} and [ € Z. Write J>!' = (j1,...,jm) (4.3).
Then pu(J,1) € Z is defined by

p( ) = [(n+1 =i = 1)g" + G = G = D" 4+ (G2 =1 = Vg + (h = 1= D)](g = 1).
(If m = 0, then u(J,1) = (n —1)(¢ —1).)
Equivalently, u(J,1) =ng™(¢—1) — ¢+ 1 — (jmq™ 1+ -+ 1) (g —1)2 = 1l(g—1).

Definition 5.2. [P(I)] Forany I C {1,...,n—1}, the parameter space on [ is P(I) = N
i.e. the set of all Ny-valued functions on I.

We shall often write @ = (aj,...,a;,) for an indeterminate element of P(I). The
restriction of @ to P(J) will be denoted by @, or just by @ when no no confusion is likely
to arise (and similarly for any other subset).

Definition 5.3. [¢] If J = (ji,...,js) and @ € P(I) we define ¢(J, @) € Z[ay,, ..., a;,]
to be (aj1 +qaj, +---+ Q‘Jl_la’jm)(q - 1)' (SO 1/)(@7 Ei)) = 0)
Equivalently, ¢(J,@) = (¢ — 1) >_;c; ¢ .

Definition 5.4. [\ \(J,a,1) = u(J,1) —(J>!, @). We can also regard this as a function
in the last coordinate to obtain \(J, @) € P(I).

Definition 5.5. [S;(I),S;(I),IE;;, E;;] We associate to J C I a set S;(I) € P(I)
defined by |I| linear inequalities IE;; in the coordinates of @ € P(I), one for each i € I.

B i 9% +u(J7had) < p(J,i) ified,
P a +(J7a) > u(dd) i
Similarly S;(I) is defined by |I| linear (in)equalities E;;, where
S K +(J70a) < u(J,0)  ifie J,
P Y a0 (J7a) = p( ) ifi .
In a context where [ is fixed, we write S; for S, (7).

It bears emphasizing that p(J,7) is a constant. It depends on the elements of J, but
not on the coordinates a;.
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Lemma 5.6. If we consider P(K) as the subset of P(I) consisting of the vectors with
coordinates 0 on elements of J, then there is a bijective map S;(I)x P(K) — S;(I) given
by (§,1) — §+ 1.

Proof. Notice that ay for k € K appears only in the defining inequality IE;; of S,(I),

and this is a, +¥(J>", @) > p(J, k), whereas aj, appears only in the defining (in)equality
E; i of S;(I) and this is a, + ¢(J7% @) = p(J, k). O

X(J,a@))}.

Lemma 5.7. SJ(J) :SJ(J) and S]([) :{JEP([) ‘ ay € SJ(J), ag

Proof. The first claim follows from the definitions (or from 5.6).

S;(I) is defined by |I| linear (in)equalities. The inequalities are the E;; for j € J
and these are exactly the |J| (in)equalities that define S;(J). The equalities are the E
for k € K and these are of the form a;, + ¥(J>* @) = u(J,i), which can be written
ar = A(J,a, k). O

Lemma 5.8. (1) IE;; depends only on the set J=* and i; i.e. it is independent of J<".
(2) Ifi & J then IE;; and IE jugy, differ only in that the inequality sign > is replaced
by <.

Proof. Examine the definitions. (]

Definition 5.9. [X(L,v)] If I = (iy,...,4) and L C (iy,..., %) where 1 <v <t+1, we
write X (L, v) for the subset of P([) defined by IE.; ,...,IEL;,.

Proposition 5.10. [Partitions] Let I = (iy,...,i;) be a sequence of positive integers,
and {Sy | J C I} the collection of 2' subsets of P(I) defined above. Then this collection of
subsets is a partition of P(I), i.e. if J and J' are distinct subsets of I, then S;NS; = &,

and J;c; Sy = P(I).
We are not simply cutting up P(I) along ¢ hyperplanes, so this is not obvious.
Proof. This is a special case of the following lemma, since P(I) = X (&,t + 1). O]

Notation 5.11. [Q(L,v)] If v < t+ 1 and L C {iy,...,i:} we write Q(L,v) for the
following collection of subsets of P(I): {S;(I) | LC J C LU{i1,... ,ip-1}}.

Lemma 5.12. If L C (iy,..., %) then Q(L,v) is a partition of X(L,v).

Proof. We work by induction on v (but for all eligible L). The initial case (v = 1) is
immediate since both X (L, 1) and Q(L, 1) are just S.(I).

To prove the general case we note that, for L C (iy, ..., 1), X(L,v) = X(LU{i,_1},v—
1) X(L,v—1), because IE;; and IE ¢, _,},; are the same for ¢ > 4, while IE;; _, and
IErugi,_1}.4,_, are opposites, by 5.8.

Also it is easy to verify that Q(L,v) = Q(L U {i,—1},v — 1) I Q(L,v — 1). By the
induction hypothesis, Q(L U {i,_1},v — 1) is a partition of X(L U {i,_1},v — 1) and
Q(L,v — 1) is a partition of X(L,v —1). O

Lemma 5.13. S;([) is a finite set.

Proof. All the defining inequalities are of the form < and all the a; and their coefficients
are non-negative, so certainly 0 < a; < p(J,4) for each i € I. O
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Lemma 5.14. Sy (I) consists of just one point § = Py, with coordinates (pr); = (n —
i)(g —1). (We will mostly omit the subscript I.)

Proof. The defining equalities reduce to this. O

It will be convenient to make a change of coordinates on our parameter space P([).
We think of (a;,, ... ’aim) as the standard coordinates, and for each J C I, we define new

coordinates (b, ..., by, ) in terms of these.

Definition 5.15. [b/] For any J C I and i € I we set b} = a; — A\(J,d,9) = a; +
¢(J>27(j) - M(‘LZ)

We can evaluate the b’s at the point p’ from 5.14.
Lemma 5.16. b/ (p) = ¢/l — 1.

Proof. Let J” = (ji,...,Js) and substitute the values given in 5.14 into the definitions
of the constituent parts of b/ (5.15, 5.3, 5.1):

pi+ (7)) =(n—i)(g— 1)+ [(n—j1)++ (n—j)¢* g —1)°
=—i(lqg—1) = [j1 + - 4s¢" (g — 1)* + ng*(q — 1),
)

p(J,i) =ng*(q—1) = [jsg" "+ +illa—1) —ilg—1) —¢" + 1.
The difference is b7 (p) = ¢° — 1, as required. O

Lemma 5.17. For any J C I andi € I we have a;—p; = (b =0/ (9)) = (q—1) X2, =i (b] —

b} (7).

Proof. Both sides are linear combinations of a;, the a; for j € J>* and a constant.

Clearly the coefficients of a; match, and the constant will look after itself by construc-
tion, so we calculate the coefficient of a; on the right hand side for [ € J>'. If we set
J = (J>)=!, for convenience, then the coefficient of ¢; in by for j € Jor j = iis (g—1)g""™!
and the coefficient of @; in b} is 1.

Thus the total coefficient of a; on the right hand side is (¢ — 1)g/’! — (¢ — DI erla—
D)g””’1) +1). But this is equal to (¢ —1)(¢"! — ((¢ — 1)(21;11 q“~ 1)+ 1)), which collapses
to 0. 0

Lemma 5.18. Ifa € S;(I) then ax > py, for k € K.

Proof. By definition of S;(I), we know that b/ > 0 for k € K and b] < —1 for j € J.
Now substitute this information into the statement of 5.17 with %k in place of ¢ to obtain

ar —pr > —=b(P) = (¢ = 1) X cor (=1 =] (P)). |
By 5.16, the right hand side is 1 — ¢!/~ + (@—1) Do ¢””’!, which collapses to 0. O

Definition 5.19. [deg;(@)] For @ € P(I) we define deg;(a) = ﬁ@b([, a).

deg;(@) will be the degree of the monomial associated to @ when this is defined in 7.1.

The next few lemmas are elementary, but tricky, and will only be used to obtain explicit
bounds in the corollaries to the Main Theorem. The reader who is not interested in this,
or who is willing to take Lemmas 5.21 and 5.22 on trust, can skip to 5.23.
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Lemma 5.20. For any J C I we have deg;(@) — deg;(p) = >, w] (b] — b/ (p)), where
wl/=1ifieJandw! =" ifig J.

Proof. The right hand side is a linear combination of the b/ and the constant term is
correct by construction. Using the definitions and 5.17 we obtain

deg; (@) — deg;(p) = Z(ai - pi)q\ki'

el
= Z {b" (g—1) Z bJ] ™" modulo a constant.
i€l jeJ>i

If | ¢ J then b appears only once, with coefficient ¢~'l. If I € J then the total coefficient
of b is ¢~ — (¢ — 1) > i< @771, which collapses to 1. O

Lemma 5.21. For @ € S;(I) we have deg;(a@) < deg;(p) < q:%ll —n.

Proof. By definition of S;(I) we know that each by < 0. Using 5.16, we see that b () > 0,
hence the right hand side of the expression in 5.20 is less than or equal to 0, and the first
inequality follows. ,

From 5.14 we obtain the formula deg;(57) = >;c;(n —)(¢ — 1)¢" ™" and we see that
if we add an element to I then each term corresponding to ¢ € I can not decrease and
the new term is positive. Repeating this we see that deg;(p7) < degy

Finally, degy 1) (F1,..n-1) = 205 (0= 0)(g = 1)g" ™ = (Ci5y ') —n = qan_f —n. U

.....

Lemma 5.22. For @ € S;(I) we have deg;(a@) < deg;(p) — dier ¢ and for @ € S;(I)
we have deg; (@) < (n — |I|)¢" —n < ¢! —n.
Proof. From 5.16 and 5.20, we know that
deg, (@) — deg;(p) = > _(b) —¢”" T+ 1)+ > ¢"™1(6] = ¢”"T+1).
icJ ieK
Since @ € Sy(I), we know from 5.5 and 5.15 that if i € J then b/ < 0, hence b < —1,
and if i € K then b/ = 0. ‘ | .
Thus de (@) — dog (7) < — S0~ e (6771 1), 50
deg, (@) — deg; () + Y "1 <= (g7 =" = " - 1),
jeJ icJ €K

Let A denote the negative of the right hand side. We need to show that A > 0, but in
fact we claim that A = 0.
Since I<" = J<'II K<% and for i € K we have J = J<'II J>* we find that

A= Z(Q\J”’I _ q|1<i|) + Z(QIK“IQ\JI _ q1<i|)

icJ ieK
- j : |J>i J| K<t |I<i|
ieJ €K i€l

= LY - 1) + Mg — 1) — (g1 — 1)]

Q»Q
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For the second claim of the lemma we have J = I, so the first claim yields deg;(d) —
deg; () < =X, 0" .
From 5.14 and 5.19, we obtain deg;(p) = Y ;c; pig" "1 = >0, (n —i)(q — 1)g="l.

So deg; (@) < 3, ((n—i)(g—1)—1)g!"™'l. Observe that, as I varies but ¢ = |I| remains
constant, the sum on the right hand side is largest when I = (1,...,¢) and then its value
is B=Y_,((n—1i)(qg—1)—1)¢"'. Notice, for later use, that this increases with ¢.

t

B=[n(qg—1)—1] Zqi’l ~ Zi(q —1)g"!

= [n(g—1) - 1] 2q“ - {tqt - Zth“}
= (n—1t)¢" —n. : :

We have remarked that this increases with ¢: the largest value of ¢ allowed is n — 1, which
gives ¢" ! — n. O

The remaining results in this section are technical observations, which will only be used
in the proof of the Trace Lemma.

We define a slight variation on A(+,-,-) (5.4) to emphasize the dependency on the last
variable. This function will frequently occur as an exponent in the proof of the Trace
Lemma.

Definition 5.23. [f(!)] For fixed J and @ € P(J) we define f(I) = A(J,d,l —1). (See
5.4.)

Thus f(I) depends implicitly on J=! and @, as well as on .
Lemma 5.24. f(n+ 1) =0 and f satisfies:

(1) = gf(l+1) —a(qg—1) leld

fl+1)+qg—1 I ¢ J.

Proof. The first part follows from the definitions and the second from Lemma 5.25, which
is straightforward to prove. U

Lemma 5.25. p satisfies

oy Jan(Ji) leJ
e 1>_{;¢(J,l)+q—1 1¢J
and v satisfies
el (7 a) + (¢ — Da le
¢<J ,(l) - {¢(J>l,6_i) I g J

We will also need another variation on this theme. Recall our convention that I = JIIK.

Definition 5.26. [S;(J)-k-compatible] Let @ € P(J) and let k € I. We say that @ is
S;(J)-k-compatible if IE;; is satisfied for each j € J>*.
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Lemma 5.27. If @ is S;(J)-(I — 1)-compatible then f(I+1) < f(1) and if also | € J then
a < f(l + 1)

Proof. By hypothesis and the definition of IE we know that if [ € J then a; +(J>!, @) <
wu(J,1). Now move the ¢ term to the other side of the inequality and apply the definition
of f(5.23) to see that a; < f(I +1).

For the first inequality use 5.24. If [ ¢ J the result is clear and if [ € J then f(l) =

¢f(l+1) —alg—=1)>qf(+1) = fl+1)(¢—1) = fFU+1). D

Lemma 5.28. If @ is S;(J)-k-compatible, then it is S;(J)-l-compatible for any | > k and
f(l) >0 for any l > k.

Proof. The first claim follows from the definitions. The second is because f(n + 1) =0
(5.24) and f(I) > f(Il+1)>---> f(n+1), by 5.27. O

Lemma 5.29. The S;(J)-k-compatibility of @ € P(J) depends only on the values of a;
for j € J7*.

Proof. Examine the definitions. ([l

For the next two lemmas we write K = (ki, ..., kx|) and suppose that 1 < m < |K|.
We are given @ € P(J) and define @ € P(J U K=Fn-1) to have i-th coordinate a; if i € J
and \(J, @) if i € KSkm-1,

Lemma 5.30. \(J U K=Skn-1 @ k) = \(J, @, kp,).
Proof. Note that (J U KSkm-1)>km — J>km and apply the definition of \. O
Lemma 5.31. Ifd is S;(J)-ki-compatible, then c is S je<im 1 (JUKSkm=1)_k . —compatible.

Proof. Since none of ky,..., k,, are strictly greater than k,,, the k;-coordinates do not
matter (5.29), and to see that @ is S, <kn 1 (J U K=Fm=1)-k,-compatible it is enough
to show that a is S;(J)-k,,-compatible. But a is S;(J)-ki-compatible by hypothesis, and
this is a stronger condition (5.28). O

6. THE SPLITTING OF THE POLYNOMIAL RING

There is a certain easily defined kUr-submodule of S, which we denote by T'(1), from
which we can recover the whole of S as a kUr-module. Recall that the invariants under
U; are denoted by d’s.

Definition 6.1. [T'(I)] Let T'({) = &7, be the k-subspace of k[xy,...,x,] spanned by
{z{* - 2% | a, < degd, for u ¢ I}.

Lemma 6.2. T'(I) is a kUr-submodule of k[z1,...,x,]. It is closed under multiplication
by x; for each i € I.

Proof. Note that if g € Uy and v ¢ I, then g -z, = 2, + ), ;<0 ;¥ for some ¢; € k. O

Lemma 6.3. T([) is closed under multiplication by d; for i € I, and also under multi-
plication by h; for j € J.

Proof. Apply Lemma 6.2 and the formula for the invariants (4.5). O
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If we order the 2’s by ;7 < 3 < --- < x,, and monomials lexicographically, then
d, = :L“geg 4 4 (lower terms), and the lower terms are monomials in z, and the z; with
1€ 1.

Lemma 6.4. k[zy,...,2,] 2 k[d, [u ¢ I|@T(I) as a graded k[d;,, ..., d;, |Ur-module.

Proof. The multiplication map from the right hand side to the left is k[d;,, ..., d;  |U;-

equivariant, so we need only show that it is a bijection.

Let H C {1,...,n} be disjoint from I. Let T(I, H) be the subspace of S spanned by
{z{* - 2% | a, < degd, for u € H}.

We claim that S = k[d; | i € H| ® T'(I,H) by the multiplication map. The proof is
by induction on |H|; the case H = & is trivial and the case I Il H = {1,...,n} is the
statement of the lemma.

Let w € H and let H = H — {u}. For the induction step it suffices to show that
T(I,H) = k[d,)® T(I,H"). But we mentioned above that d, = x3°¢% + ( lower terms ),
and the lower terms are in T'(I) C T'(I, H'). Also, it is clear from the definitions that
T(I,H) = klzdedu] @ T(I,H'). Tt is easy to check that d,T(I, H)NT(I, H') = 0, hence
T(I,H) = d,T(I,H) & T(I,H'), by considering the dimension in each degree. The
induction step follows by repeated substitution for 7'(1, H). (]

i1

Lemma 6.5. T(I)" = k[d;,, ..., d;, ].
Proof. T(I)" = k[y,..., 2,V N'T(T) = kldy,...,d) N T(I) = K[ds,, ..., i, ] O
Lemma 6.6. If J C I, then T'(J) is a U -submodule of T'(I).

Proof. By Lemma 6.2, T'(J) is a Uj-module and so is T'(I), by restriction. From the
definition of T'(J) (6.1), it is clear that T'(J) C T'(I). O

7. MONOMIALS

In this section we make the association of a collection of monomials to a submodule
of one of our polynomial rings precise. We also prove that we can perform certain con-
structions (most notably that of direct complements, 7.19) in a way that preserves this
leading-monomial information.

We will apply the results of this section to several different groups and their rings of
invariants; for convenience here we will take the group to be U; and so the polynomial
generators of the invariant ring are d’s.

Notation 7.1. [d;, d%] We write d; = {d; | i € I}. For @ € P(I), we write d? for the

. ai
monomial [], , di".

The map @ — di gives a one-to-one correspondence between the elements of P(I) and
monomials in the d; for ¢ € I. Notice that this is compatible with 5.19 in the sense that
deg(dy) = deg,(a).

Definition 7.2. [Ordering] We legislate that the d; are ordered as dy < dy < --- < d,
and then the monomials in k[dy, . .., d,| are lexicographically ordered. We regard 0 as the
least element of the set of monomials. This ordering is transferred to P([).
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Lemma 7.3. Suppose that ¥ = (vj41,...,0,) and @ = (ap41,...,a,) are in P({l +
1,...,n}) and that m,m' are any monomials involving only dy, ..., d;. If d° > d®, then
we have m -d’ >m’ - d°.

Definition 7.4. [H(d)] Given d € P(I), we write H(d) for the vector space spanned by
{d¥ | v € P(I) and ¥ > @}. Sometimes for clarity we write H (@, k[d;]), or H(d%, k[d;]).

Lemma 7.5. H(d) is an ideal in k[d;].

We refer to H(@) as the ideal of “higher terms”, or the “error ideal” corresponding to
a.

Notation 7.6. [LM]| For f € k[d;], we write LM(f) for the least monomial of f in
the ordering described above, i.e. the monomial lowest in the ordering which appears
with non-zero coefficient in the expression for f as a sum of monomials. If f = 0 then
LM(f) = 0.

Notice that LM ignores any coefficient that this monomial may have. We may choose
to regard the value of LM as an element of P(I) when it is convenient to do so.

Lemma 7.7. Let {f1,..., f,} C k[d;] and suppose that the LM(f;) are distinct and non-
zero. Let \; € k fori=1,...,r. Then

(1) LM(325_; Ao fi) = min{LM(f;) | A # 0}.
(2) The f; are linearly independent.

Proof. The first assertion is clear. The second follows from the first since > A\;f; = 0
implies that 0 = LM (D> A f;) = min{LM(f;) | A; # 0}, so all the \; must be 0. O

Lemma 7.8. If f,m € k[d;] and m is a monomial, then LM(mf) = m LM(f).

Definition 7.9. [soc] Recall that the socle of a kG-module M, denoted by soc M, is the
sum of the irreducible submodules.

The socle has the following well-known properties.

Lemma 7.10. Let G be a finite group and let M and N be kG-modules. Then
(1) If soc M =0 then M = 0.
(2) If f : M — N is injective on soc M then it is injective.
(3) If G is a p-group then soc M is just the submodule of invariants, M.

The next lemma is also well known.

Lemma 7.11. Let G be a finite group, H < G and let M be a kH-module. Then
(Ind$ M)C = (> peqmg@m|me M} = MY by the morphism m v 3 /g @m,
me M7,

Proof. We concentrate on the equality, since the isomorphism is clear. Certainly the right
hand side is contained in the left hand side. Fix a set of representatives {g;} for G/H with
g1 =1,s0any = € Indfl M can be written uniquely as Zﬁ{m g; ® m; for some m; € M.

If z is invariant under H then m; must be invariant under A and if x is invariant under
g; then g; ® m; = ¢;(1 ® my) = g; ® my, so m; = my. Thus if x is invariant under G it

must have the form claimed. O
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Notation 7.12. [supp X| Let X be a graded kU;-submodule of T'(I), so soc X C k[d;].
We write supp X for {LM(x) | z € soc X, x # 0}.

Lemma 7.13. Suppose that for each m € supp X we are given an element s,, € soc X
with LM(s,,) = m. Then {s,, | m € supp X} is a basis for soc X.

Proof. {s,, | m € supp X} is a linearly independent set by 7.7. To see that this set spans
soc X, fix a degree r (in order to make soc X, finite-dimensional) and let s € soc X, be
outside the span of {s,,} with LM(s) maximal. Then there is a ¢ € k such that s — s
has a higher least monomial and is also outside the span of {s,,}, a contradiction. O

Lemma 7.14. If X and Y are graded submodules of T(I) then
(1) supp(X NY) Csupp X NsuppY.
(2) If supp X NsuppY = & then X +Y is a direct sum and supp(X +Y') = supp X II
supp Y.

Proof. Since soc(X NY) =soc X NsocY, (1) follows from the definition of supp.
To prove (2), note that X and Y are linearly independent by part (1) and Lemma 7.10.
Now the result follows from 7.7(1). O

Lemma 7.15. Let {X; |i =1,...,r} be graded submodules of T'(I) with supp X; pairwise
disjoint. Then the sum of the X; is direct.

Proof. We prove by induction on r that »";_, X; is direct and that supp(d>_;_; X;) =
II7_, supp X;. The case r =1 is vacuous, and the case r = 2 is Lemma 7.14.
The general case follows by applying the case r = 2 to the modules Zf_ll X;and X,. U

1=

Suppose that X C T(I) is a Ur-submodule and D C d;. Then k[D] - X is also a
kUr-submodule of T'([).

Notation 7.16. [Propagation] When the multiplication map k[dx] @, X — T'(I) is an
injection we say that X is propagated by dg, and we call k|dg] - X the propagation of X
by dK.

Lemma 7.17. The support of the propagation of X by dy is kldk] - supp X .
Proof. Apply Lemma 7.8. U

Lemma 7.18. Let X C T(I),, be a kG-submodule and let d be a monomial of k[d;]
of degree M. Suppose that d - X has a complement Y C T(I)pmin- Then X has a
complement Y' C T(I),,. If supp(d- X)NsuppY = & then Y’ can be chosen to satisfy
supp X Nsupp Y’ = @.

Proof. By hypothesis we have (d-X)®Y = T'(I),,4; there is a projection w: T'(I ) p —
d - X corresponding to this decomposition with ker 7 = Y. Then the map d=* - 7(d - ())
on T'(I),, is idempotent with image X, so we can take Y’ = kerw(d - ( )).

To prove the last claim, note that if x € supp X NsuppY”’ then d-x € supp(d - X) N
supp Y = &, a contradiction. O

Lemma 7.19. Suppose that X; and Y; are graded kUjp-submodules of T(I) such that
T()=X,®Y; fori=1,...,m, such that
(1) supp X; Nsupp X; = & when i # j and
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(2) suppT'(I) = supp X; L supp Y; for each i.
Then

(1) T(I) = (&, X;) & (N,Y;) as kUr-modules and

(2) suppT'(1) = (LI, supp X;) L supp(MiZ,Y;).
Proof. 1t is sufficient to prove this degree by degree, so we may restrict our attention
to T'(I),. Using the given conditions we see that supp7'(I), = (II*,supp(X;),) I
(N, supp(Y;)r). (This is just a statement about sets.) So the sum of the modules
N (Yi)rs (X1)ry - oy (Xin)r is direct, by 7.15.

Writing codim for the codimension of a subspace of T'(I),, we have

codim N4 (Y;), < Z codim(Y; Z dim (X
So, by dimension-counting, T'(1), = (Z;L(Xz)r) + (ﬂ?;l(Yi)r) for each degree r, proving
(1). Part (2) now follows from 7.14(2). O

8. POINCARE SERIES LEMMAS

Notation 8.1. [PS]| If Y = @,¢2Y, is a graded k-module, finite dimensional in each
degree, then we define its Poincaré series to be the formal power series in ¢ defined by
PS(Y) =", c,(dimY,)t". (In some contexts this is traditionally called the Hilbert series
instead.)

Lemma 8.2. The propagation of the X by dy (in 7.16) has Poincaré series <erK — tdlegdk>
PS(X).

Proof. By the definition of propagation, it is isomorphic to k[dx] ® X. O

Lemma 8.3. Let W be a graded submodule of T'(I), and let X;,...,X, be graded sub-
modules of W such that

PS(X;) +---+PS(X,) =PS(W) and supp(X;) Nsupp(X;) =S when i # j.
Then W is the direct sum of the submodules X, ..., X,.

Proof. The sum of the X; is direct, by 7.15, and > dim X; = dim W in each degree by
hypothesis. 0

Definition 8.4. [y(t)] Let v(t) =1+t +--- + 7%
Definition 8.5. [k "] Let k""" be the coefficient of % in the formal power series
OIS SR

1-t a>0

Lemma 8.6. Ifa > (n —i)(q— 1) then k"™ = gn—

Proof. Multiplying out the denominator in 8.5 we have y(£)"~* = "™ + 3 _ (k0" —
R0t

But (t)"" is a polynomial of degree (q — 1)(n — i), so we must have KD = /ifln__li)
for a > (¢ —1)(n — z) and also y(t)" = k{0 4 @ PO (D e Setting

t =1 gives ¢"~ Z—/fn 2 —i-zq Din= 1)( (= Z’—nfl"f))_m("_?

(g-1)(n—i)° B
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Lemma 8.7. If @ € S;(I) then ki~ M = g * for each k € K.
Proof. Just combine 8.6, 5.18 and 5.14. O

Lemma 8.8. We have PS(T'(I)) = > scpr) [ Lies Ko [Lic; g,
Proof. 1t follows from Definition 6.1 that

iEI =1
We study the second part of the product and find that, since deg(d;) = ¢/,
[1<!|-1 .
1+t+"'+tdegdl_1: H /y(tqa): H /y(tqu ‘)
a=0 ieI<t

We also have

I =TT L) =Tl

i€l l=i+1 il
Returning to our expression for PS(7'(7)), i.e. restoring the first product, we have

\I<’| n—i

H it t\1<’\ H Z K(n Z t|[<2|a

i€l a; >0

by the definition of x (8.5), completmg the proof. O

9. ASSEMBLY

In this section we state and prove the key ingredients (9.1, 9.4, 9.5) for the proof
by induction on [/| of Theorem 10.1. Here we use the Trace Lemma (16.1): the key
application is in Proposition 9.4. This lemma is the only result from Sections 11 through
16 that we need to prove our Structure Theorem (10.1).

Proposition 9.1. Let Xy,..., X, be kU;-submodules of T'(I) that are obtained via prop-
agation (7.16), i.e. there are finite-dimensional kUI submodules X1, ..., X, and subsets
D; of d; such that X; is the propagation k[D;] - X; = k[D;] ® X;. Suppose also that

(1) supp X; Nsupp X, = @ if i # j and

(2) there is a polynomial F' € Z[t] such that '+ PS(X;y) + --- + PS(X,) = PS(T'(1)).
Then there is a kUp-submodule B C T(I) such that

(1) PS(B) = F,

(2) supp B is the complement of U; supp X; in supp(T'(I)) and

(3) T'(1) is the direct sum of the submodules B, X1, ..., X,.

Proof. Since F'is a polynomial, its coefficients are zero in sufficiently large degrees. There-
fore, the coefficients of t* in »;_, PS(X;) and in PS(T(I)) are the same for sufficiently
large powers of t. By 8.3, it follows that T'(/) is the direct sum X; @ --- @ X, in large
degrees.

By 7.18, the X; are individually summands in all degrees, with complements Y; such that
supp X; Nsupp Y; = &. We can therefore apply 7.19 to see that the X, are simultaneously
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summands, i.e. their direct sum is a summand. We write B for the complement of ©X;
in 7'(I) and note that conclusion 2 of 7.19 implies that B satisfies conclusion 2 of the
present proposition. From hypothesis 2 it is immediate that B satisfies conclusion 1. By
construction, B satisfies conclusion 3, so we have completed the proof. 0

The least element of K will always be denoted by k.
Definition 9.2. [G(I,J),G(J)] For J G T let
O(zs; I
G(I,J) = k1<i£[, ” 0(z:; J<i)'.
We will often write just G(J) when I is understood.
Note that G(I, J) is a polynomial, since 0(z;; J<) divides (x;; I<") from the definition.

Definition 9.3. [Tr] As usual, if G is a finite group, H < G and M is a kG-module then
Trg/y : MH — MC is the map m — > gecym gm- I H =1 we write just Trg.

The proof of the next proposition depends on the Trace Lemma, which will eventually
be proved in Section 16. (We ignore the sign in equation (1).)
First we define h; = 0(x;; J<), so SY = k[hy, ..., hy], by Proposition 4.6.

Lemma (Trace Lemma, 16.1). If @ € P(J) is S;(J)-k1-compatible then

(1) Try, o, (G, J) - h3] = +d)"Pdd + x,
where x € H(d%‘]’a)df_}', k[d;])). Furthermore,
(2) Try, w, [G(L, ) - H(RS, k[hy))] € H(d:d, k[d)).

Proposition 9.4. Let T(I) be the kU;-submodule of the polynomial ring S defined in
Section 6, and suppose that B is a Uj-submodule of T(J) with supp B = S;(.J). Then
there are Ur-submodules X ;(I) and X ;(I) of T(I) such that

1) X,(I) = g-G(I,J) - B, which is isomorphic to mdY B (but with a
g€l /Uy Uy
change of grading),
(2) X,(I) = kldk] @ X,(1),
(3) supp X, (1) = S,(I) and supp X,(I) = S;(I), and
(4) PS(X,(1)) = PS(B) - [Ur: Uj] - [N1ex (soeemy) - 4507,

Notice that, since B is a U -submodule, supp B is calculated with respect to k[hi, ..., hy],
but supp X (/) and supp X (/) are calculated with respect to k[dy, .. .d,].

Proof. We define a map p: Indgg B — T(I) using the inclusion T'(J) € T'(I), (6.6); if
gRbe InngJ B = kU; ®ku, B then we set p(¢®0b) =g-(G({,J)-b). (Note that the first
dot is the group action and the second dot multiplication of polynomials.) This map is
well defined since G(I, J) is U, -invariant.

We claim that p is injective; by 7.10, it suffices to show that p is injective on the socle
and socInd)! B = (Indy! B)Y" = {3}y, 9 ®b | b € BY} = soc B, by T.11. We
need to show that the map that takes (3 .y, 17, 9) ® b to Try, v, [G(I, J) - b] is injective.
By hypothesis, supp B = S;(J), so there is a basis {b(@) | @ € S;(J)} for soc B with
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LM(b(@)) = h% and hence a basis {>yev, v, 9) ®@0(@) | @ € S;(J)} for soc Ind%"l B with
LM(b(@)) = hi.
By the Trace Lemma (16.1), the least monomial of

p( D g®b(a@) = Tryw, [G(I,J) - b@)] s ddj.
gEU[/UJ

In particular, for different @ the least monomials are distinct so, by 7.13, we have shown
that the given basis of soc Indgf] B is mapped to a linearly independent set in 7'(I). It

follows that p is injective and we have therefore produced a module X ;(I) = p(Indgi B) C
T'(I), with the socle having a basis with least terms as specified above.
By the construction of X ;(I) it follows that
supp X ;(I) = {d;‘((‘]’a)d‘f; |aeS;(J)}

and, by 5.7 this is equal to {df | @ € S,;(I)}.
Consider the multiplication map k[dx]|® X ;(I) — T'(I) and denote its image by X ;(I).
Clearly

supp X, (1) = {djcd] | b € P(K), @ € 5,(1)},
so supp X;(I) = S;(I) by 5.6. Also soc(k[dx] @ X;(I)) = k[dk] @ soc X;(I), which has

a basis consisting of elements m ® b, where m is a monomial in k[dk]| and b is from our
basis for B. The images of these have distinct least monomials, so the multiplication map

is injective by the same argument as was used for p.
To see that (4) holds, note that PS(X,(1)) = t*e"D[U; : U] - PS(B), and that the
extra factor in condition (4) comes from the propagation of X ;(I) by k[dk] using 8.2. [

Corollary 9.5. With the hypotheses of Proposition 9.4, if we have in addition
_ (n—4) 447 la;
PS(B)= > [l e,
@eSy(J) jeJ
then we may refine conclusion (4) to state that
PS(XJ([>> = Z H/ﬁg:hi)tqllﬂlai.
@cS, (1) i€l
To give the proof of Corollary 9.5 we require several lemmas, which we state now.

Definition 9.6. [v(J,j, k)] Let

DT s g .
V(I gk = @7 D T k<
0 otherwise.
Lemma 9.7. We have (J>*, @) = Zjej v(J, ], k)a;.
Proof. By definition of ¥ (5.3), ¢(J>*,a@) = (¢ — 1) D jessk g, O

Lemma 9.8. We have degh; = degd; — ), deg dZ(JJ?’“)‘
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Proof. Observe that degh; = ¢/~’! and degd; = ¢/"™’l. By the definition of v (9.6), we

have
> degdy " = N g (g —1)gV,
keK ke K<i
It is easily verified that, for k < j, I<F 11 (J<9)>* = J<9 11 K<* and it follows that
i ) 11<9|-1
dog /) _ IR =i <]
keZK - keZK<J' ' |ZJ<J " - '

Lemma 9.9. We have deg G(I,J) = [[,cx deg 4R

Proof. A direct proof is possible, but it is easier to apply the Trace Lemma (16.1) with
d = 0 and note that A(J,0,k) = u(J,k) (see 5.4). Thus the degree of Try,,u, G(I,J)
is the right hand side of the equation of the lemma. Since G(I,.J) is homogeneous, this
must be deg G(I, J). O

Proof of Corollary 9.5. To simplify this proof, instead of powers of ¢ in the Poincaré series
we will write invariants, where each invariant d is meant to stand for td°&.

Using conclusion (4) of Proposition 9.4 and the expression for PS(B) in the hypothesis,
we obtain:

PS(X,;(I)) Z { H/-in 7) U Uy - (Hl—;dk) - gdes GULI) |

@cs;(J) - jeJ keK

Using 9.9 we can replace t4°CU7) by TT, . dg(‘]’k) and by 9.8 we can replace h; by

dj [Trex di S (All that this means is that the degrees are the same.) We know
from the deﬁnition of the groups that [U; : Uj| = |Uk| = [[cxc ¢ . We can also write

[Ticx ﬁ = > 5ep(x) d5.. Therefore we have:

psoom = 3 [T e [ e 5 d Hdwq

aeSy(J) -jed jeJ keK keK bEP (K) keK

But [] (Jj Raj dkzje‘] —olhaRe d,?/’(‘Pk’a , by 9.7, and combining this with d’,: ok

]GJ
and d k we obtam db’“+’\(‘]a k),

Now set a = by + A(J, d, k) for k € K. We combine this with @ to form a new vector
@ € P(I). The condition by > 0 for k£ € K now becomes oy, > A(J, &, k), which is IE
for @, and the condition @ € S;(.J) yields IE,; for j € J.

Thus 3 zcs, ) 2gepx) can be replaced by 3~ ;g ) and we obtain:

PS(X (1) Z){Hmﬁ (TL) da]

aesy(I jeJ keK

But, since & € S;(I), we can apply 8.7 to replace [ [, ¢" % by [Tex m(({;"“) and combine

it with the other x-term to obtain [[,.; IQOZ D,

All that remains is to replace the d; by powers of t. O
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10. THE MAIN THEOREM
We can now put all of this together to prove the promised Structure Theorem.

Theorem 10.1. For all I C{1,...,n— 1} there is a direct sum decomposition as graded
kUr-modules T'(I) = @ ;c1 X (1), where
(1) X;(I) 2 k[dy, | k € K] @ X;(I) by the multiplication map,
(2) X,(I) = D,ev, v, 9 G, J) - Xy(J), which is isomorphic to Indgg Xy(J) (but
with a change of grading),
(3) supp X,(I) = S;(I) and supp X;(I) = S;(I),

n—i) o<,
(4) PS(Xy (1)) = X n ey sl 12" 120,

Proof. We prove the theorem by induction on ¢ = |I|, the number of rows. Let J ;Cé I, so
that U is a group with fewer than ¢ rows. By induction, we may apply the Theorem to
U; and obtain a direct sum decomposition of 7'(.J) and, in particular, a finite-dimensional
submodule X ;(J). Applying Proposition 9.4 and Corollary 9.5, we obtain a submodule
X,(I) CT(I) with the properties required by the statement of the Theorem. It remains
to exhibit the module X (I).

By Proposition 5.10 the complement of UJ;ISJ(I) in P(I) is Sr(I) and since, by 8.8,

PS(T(1) = 3 JTat e,

aeP(I) i€l
it follows that

PS(T(D) = S PS(X (1) = 3 wlrga ™o

ng acsSr(I)

F= 3 gl
aes;(I)
and apply Proposition 9.1 to obtain a module B. We set X;(I) = B and note that, by
construction, X;(/) has the properties required, by the statement of the present theorem.
O

Now set

Combining this with 6.4 we obtain the Main Theorem of the Introduction 1.1.

11. OVERVIEW OF THE TRACE LEMMAS

Our aim in the next part of the paper is to prove the Trace Lemma (16.1), which will
complete the proof of Theorem 10.1. In order to prove this lemma, we start with an
elementary fact about finite fields (12.3), which can be considered as computing a trace
over the additive group of k. Since we can obtain the group Ug over which we must
compute a trace by repeated extensions by groups isomorphic to k*, we can perform a
proof by induction.

More explicitly, the group Uy can be written as a product Uy, - Uggy) - - U{’flm}7 break-
ing it up row by row. We refer to the result for Uy, as the “One-Row” Trace Lemma
(15.3). In order to obtain this we need a result for groups with one row having only m
positions with nonzero entries, which we call the “m-Step” Lemma (15.2). The key point
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in the proof of the m-Step Lemma is the induction step, or “One-Step” Lemma (14.1).
This is where almost all of the bookkeeping is concentrated.

Once the proof of the One-Row Trace Lemma is complete, we must do a second induc-
tion to prove the “m-Row” Lemma (16.2). This lemma follows in a completely formal
way from the One-Row Lemma, and the Trace Lemma (16.1), which is our ultimate goal,
is a special case of the m-Row Lemma.

The reader should note that the only result in Sections 12 to 16 that is used in any other
part of the paper is the Trace Lemma itself (16.1). Furthermore, the extra bookkeeping
(starting in Lemma 12.18) required to get the sign in the Trace Lemma is not necessary
for our application.

In principle, the traces we need can be calculated by the elegant method of [17], but
the change of basis required seems difficult to formulate explicitly.

Now we fix the notation for the invariants of all the different groups that we will
consider. We start with the invariants of U, which are denoted by h’s. As we move to
larger groups, we move the letters used to denote the invariants down the alphabet, so that
g’s denote invariants of Uy}, f's denote invariants of U} -<k,,_,, €'s denote invariants
of U g<km, and d’s denote invariants of U; (consistently with 4.5). To summarize:

Definition 11.1. [d;, e;, f;, gi, hi] For given k,, € K, let h; = 0(x;; J<%), ¢ = 0(x;; (J U
{k’l})<i), fz = 9((El, (J U ngm_l)<i), €; = 9(1’1, (J U ngm)<i), dz = 9(1’1, [<2)

By Proposition 4.6, the d;, e;, fi, g;, and h; are algebraically independent and generate
the invariant rings of the groups Ur, U g <im, U <tm—1, Usugr,y, and Uy, i.e.:

SUr = kl[dy,...,d,] SUtiy = klgy,...,gn
SUsokskm = kley, ..., e, SUs = klhy,..., hy]
SUJUKSk""71 = k‘[fl, cee fn]

We also need some basic subgroups, from which the other groups are built.

Notation 11.2. [A(z;,z;)] A(z;,z;) is the subgroup of U, consisting of matrices with
just one non-zero off-diagonal entry in position (¢, 7). (Mnemonic: Add x; to x;.)

Thus A(x;, ;) = {a;;(N) | A € k} (see §4).
12. TRACE LEMMAS

Many of the results in this section are well known.

Notation 12.1. [0(y, )] We write §(y, ) for [],., (y+Az). (This is just a slight variation
on the definition of 6 in 4.4.)

Lemma 12.2. 6 has the following properties:

(1) O(y, ) =y — ya'™",

(2) 0(v; I) =0 if v is a linear combination of the x; fori € I,
(3) 0(t; 1) is linear in t over k,

(4) 6 1) = 0(6(t; T — {i}), 65 T — {i})) fori € I.

Proof. (1) The expression y?—yx9~! vanishes whenever y = Az, A € k, so must be divisible
by 0(y,z). But both expressions have the same degree and the same coefficient of y?, so
must be equal.
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(2) This is clear from the definition.

We prove (3) and (4) together by induction on the size of I. If I = {i} then 0(¢;I) =
0(t,x;), so (3) is true by (1) and (4) is clear from the definitions. If |I| > 1 then it follows
from the induction hypothesis that 0(0(t; I — {i}),0(x;; I — {i})) is linear in ¢. Suppose
that ¢ = v + Az;, where v is a linear combination of {z; | j € I — {i}}. Then

0(0(t; I—{i}), 0(ws; I—{1})) = 0(0(v; I ={i}), O(wi; [ ={i})) +A(0(wi; I—{i}), O(xi; = {i})),
and we see that the right hand side is zero using property (2). So 6(6(t; 1 — {i}), 0(x;; I —
{i})) is divisible by all expressions t — v — Az;, hence by 6(t; I). Since both expressions

have the same degree and the same coefficient of tqm, they must be equal. 0
Lemma 12.3. Ifi > 0, then

Z)\i_{o i#0 modgq—1,

= —1 =0 modgqg—1.

Proof. Let w be a generator of the cyclic multiplicative group F, so Doer N =20 i1 L Wi,

It i =0 mod ¢ — 1, then wh=1 so this sum is —1. Otherwise we sum the geometric
series to obtain w'(1 — uﬂ(q_l))(l —w)t=0. 0

Definition 12.4. [Tru.,)] Let R be a commutative k-algebra without zero-divisors,
and let Try(,,): R[z,y] — R[z,y] be the function defined by f — >, ., f(z,y + Az) for
f € R[z,y]. This extends to the field of fractions of R[z,y].

Observe that this definition is consistent with Definition 9.3 and Notation 11.2 if we
regard A(z,y) as the additive group of k and let it act on R[z,y| in such a way that A € k
sends x — x and y — y + Ax.

Lemma 12.5. Let f € R[z,y] and write
f(xa Yy + h) = aO(xa y) + (Il(-T, y)h’ + ag(ﬂf, y)h2 +
in Rlx,y, h|, where a;(x,y) € R[x,y]. Then
TrA(x,y) f = _[aq—l(xa y)xq—l + a2(q—1) (:B7 y)xQ(q—l) + a3(g—1) ([E, y)l.?)(q—l) + - ]

Proof. Note that Trac,) f = qao(z,y) + a1(z,y) (X sep Nz + a2(2,y) (O yep AD)x? + -+,
and apply 12.3. 0

Lemma 12.6. We have

A(z,y) Yy = —LCq_l, i = q— 1
Proof. Use the binomial expansion for (y + h)* and 12.5. O

Lemma 12.7. Let (u,v) C Rlu,v] denote the k-vector space spanned by u and v. If
f € Rly], ¢:(u,v) = R is linear over k and Tra,, f = g(x,y) then

Traquw) f(6(0) = g(d(u), $(v)).
Proof. Tr ) f(6(0)) =Y f(d(v+Mu) =Y f(p(v) + Ad(u) = g(p(u), d(v)). O

A€k A€k
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Lemma 12.8. Trag,) 0(y; 1) =0 if i < ¢ — 1, while Trag, 0(y; 1) = —0(x; )71,
Proof. Apply 12.6 and 12.7 with 6(-; 1) as ¢: k(z,y) — R. OJ

Lemma 12.9. In the field of fractions of klz,y],
1 —a9t
Tr Ay — = ——.
0y 0y, x)
1 0(y, ) -1 -1
———Tragy) —— = Trae,y(y" " —27 ") and use 12.6.
0(y, x) (z.y) y ( y)( ) .

Lemma 12.10. Ifl,t & I, | #t then in the field of fractions of klxy, ..., z,| we have
Tr 1 . —Q(xt;[)qfl
Aem) 9l 1)~ O I U{th)
Proof. Use Lemmas 12.9 and 12.7 with 0(-; ) as ¢: k(x:, z;) — R to obtain
1 —H(xt, [)q—l
Trages,z) Ty 7 Y
O(xi; 1) 0(0(xy; 1);0(xy; 1))
By 12.2(4), this is equal to the form claimed. O

1
Proof. Note that Tr () — =
Yy

Lemma 12.11. Write B for the group of automorphisms of klx,y| given by y — py—+ Az,
Tz, A€k, p#0. Then the invariant ring k[z,y|? is klz,0(y, ).

Proof. First note that B = A x C, where C = k* is the subgroup for which A = 0
and A is the subgroup with = 1. Now notice that k[z,y]* = k[z,0(y, z)] has a basis
{z'0(y,z)? | ¢ > 0,5 > 0} consisting of eigenvectors for the action of C. The invariant
ring k[z,0(y, )] is the +1 eigenspace, which is just k[z,0(y,x)?"!]. Alternatively, use
the method of 4.6 or of [7] 3.7.5. O

Lemma 12.12. Try(,, (297! — y271)%) = 20D 4 (y, 2) 1 P(z,0(y, 2)?71), for some
polynomial P in two variables.

Proof. Notice that y9~! is already invariant under y + puy for u € k, u # 0. So, in the
notation of 12.11, Tr((x9~ — y971)*) is B-invariant and lies in k[z, 0(y, x)7"!].

Regarding Tr 4(zy) (271 —y971)*) as a polynomial in z and 6(y, z)?~" it suffices to check
that the coefficient of 291 is 1. Since we are checking a polynomial identity, we can set
y =0, s0 0(y,x) =0 also. We have

[Tra((@®" =y ))ly=o = Y (2" = (Aa)*)"

Aek
— gla=Da 4 Z (xq—l _ )\q—lxq—1>a
AekX
— $(q—1)a’
and the coefficient of (9= is indeed 1. O

Lemma 12.13. Ifl,t ¢ I then, for some polynomial P,
Tr A2 [0(e; T U{1})?] = 0(ay; 1) +6(a; TO{N T 0(ay; D) P(0(zy; 1), 0(zy; TU{t}) ).
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Proof. First observe that, by Lemma 12.2 parts (1) and (4), 0(z; TU{1})® = 0(xy; 1)*[0(z; 1) —
O(xy; 1)1 Now 60(xy; I) is invariant under A(z¢, x;) so, by 12.12 and 12.7,
Tr aaa) [0(2; TU{1})] =
O )10 10 + 608 1), 6o D)~ - PO 1), 600 ), 0(es D))
But 0(0(xz;1),0(x; 1)) = 0(x;, L U{t}), by 12.2(4). O

Lemma 12.14. Let 1 < k1 < n—1 but k,l ¢ I. Then 0(x;; 1 U {k}) - 0(xy; 1) =
—9(1‘1; I) : Q(xk, Iy {l})

Proof.
O(wy; T U{k}) - 0(xp; 1) = [0(zy; 1) — 0(xy; 1) (s 1)] - O(ay; 1) by Lemma 12.2(4)
=0(xi; 1) - [0(z; 1T 0(zi; ) — O(ap; 1)7]
= —0(x;; 1)0(xg; T U{I}) by Lemma 12.2(4).
U
Recall from 11.1 that h; = 0(x;; J<Y), g; = 0(xs; (J U {k1 })<).
Lemma 12.15. Ifl ¢ J then
1 —O(xp,; J<U+D)a-
W g
Proof. Apply Lemma 12.10. O
Notation 12.16. [J] Let J denote J>*1.
Lemma 12.17 (Theta Lemma). 0(zy,; J<!) is an element of klhx,, hj<]. As an element

<l
of k[hi, ..., hy], its least term is hq‘ |

TrA(l"kl

Proof. We prove the result by induction on |J<!|. If [J<!| = 0 then 0(zy,; J<!) = hy,, so
the initial case is clear. To prove the induction step, let j be the largest number in J<!
and apply Lemma 12.2 parts (1) and (4) to get the equation

O(zn; J') = O(wpy; T = {51 = 0(xy; T = {G1H)7- Oae,; T = {5}).

q|J fl-1

By the induction hypothesis, we have an expression 0(zy,; J<'—{j}) = h} + f, where

f € klhw,, hj<i_g;] is a polynomial with degy, [ < ¢”~'I=1. In any case, Q(xj; J<-{5}) =

qlJll qIJ\l

F<l
h;. Thus we can write (z,; J<') = (h{, + f)7 — h‘;._l( i +f) = hz‘l‘] " fa—
F<ti—1
RIS —hITHf

J ~
[7<t)

Because of the condition on deghk1 f, we see that hf  is the least term of the last

expression, and this proves the lemma. O
Lemma 12.18 ((a,b)-Lemma). Letl € J. If a < b then

(1) Tragy, ) [hi0(ze,; <] = (=1)%gf (24,3 J<H2HC=0) mod g" M k[gr,, hi<i, g1).
If, instead, a > b then, for some polynomial Q,

(2) Tr Ay, 1) ) [h0(xky; T = g0(zys T - Qg 0(y; J)).
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Proof. Since | > k; we have, by Lemma 12.14, that h; - 0(xy,; J<UD) = —g; - 0(ap,; J<).
Case 1: a < b. From the observation above, we have

TI'A zk ) [hae( ;J<(l+1))b] — (_1)agla9(xk1’ J<l)a TrA(a:kl,a:l) [Q(Ikly J<(l+1))b7a:| ’
and now we use Lemma 12.13 to obtain
(_1)ag?9($k1; J<l)a e(xk1a J<l)q(b_a) + g;]_le(xlﬂ; J<l)b_ap(9(xk1; ‘]<l)7 g?_l) .
We know that 0(zy,; J<!) € k[h,, hj<] by 12.17 and gi, = hy, from the definitions.
Case 2: a > b. From the observation again, we get
TrA(Ikl,ﬂﬂl) [h?@(l’kl; J<(l+1))b] = <_1)bg§)0(gjk1; J<l)bTrA(ﬂ%1 ,Z1) [h;sz]
= glbe(xk‘l; ‘]<l)bQ(gla Q(l‘kl; J<l))'

The last step perhaps requires a little explanation, even though the reason it works is quite
general. Consider the action of A(xy,,z;) on k[hy,0(zy,; J<)]. This has the effect h; —
hy+A0(zg,; J<1), where X € k. The invariant subring under this action is k[g;, 0(z,; J<!)],
and so TrA(zklyml)[hl“’b] = Q(qg1,0(xg,; J)) for some polynomial @ (which is possibly
0). 0

13. PREPARATIONS FOR THE ONE-STEP LEMMA

The purpose of this section is to set up some notation that will be used for the One-Step
Lemma (14.1) and establish some simple properties of this notation.

Definition 13.1. [G(I,J);] Forl=k +1,...,n+1, let

a, 0= ] Oz I™) 1 O 1<)

ki<i<l i¢J 9<J]Z, J<Z) 1<i<n i¢J Q(ZEZ, J<t U {kl})

We will usually write just G(J) for short, since I will not vary.
Lemma 13.2. G(J),41 = G(J) and G(J)g,+1 = G(J U {k1})
Lemma 13.3. Forl > ky both G(J), and g, are A(xy,, x;)-invariant.

Notation 13.4. [w;;, w; x| Let w; = h;ifi <land w;; = g; if i > L.
For X C {1,...,n}, we write w; x for the set {w;; | i € X} and for X C Y and
@€ P(Y) we write wfy for [T,cy wy';.

Lemma 13.5. Ifl ¢ J then
(1) O(zp,; J<HY) = O(wgy; J<Y) is Az, 21)-invariant  (3) G(J)111 = G(J)lhl
(2) wlil’j = wfj is A(zg,, 1;)-invariant (4) JZt = JZH apd J<t = J<Ht
Lemma 13.6. Ifl € J then
(1) wl‘; = w;J(hl) (3) G(J)is1 = G(J)
1,J

(2) w (xkl, x;)-invariant
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Lemma 13.7. Ifl ¢ J, I > ky then

a L Oz JHED D
G()i310(gy; TS Dl 2 = G(T)igawf; - = hy .

41,7
and everything on the right hand side before the dot is A(xy,,x;)-invariant.

Proof. Apply Lemmas 13.5 and 13.3. O
Lemma 13.8. Ifl € J,l > k; then

—

" 1 a
G(J)l+19<xk1§ J<l+1)f(l+1)wla+17j — G(J)lwlcjjﬁ . hll‘g(l’kl; J<l+1>f(l+1)’
l

and everything on the right hand side before the dot is A(xy,,x;)-invariant.
Proof. Apply Lemmas 13.6 and 13.3. 0

The One-Step Lemma will compute certain traces up to an error term which lies in a
certain ideal R;(@) over which we have some control. We now define this ideal.

Remark 13.9. In reading the following definition, recall that hx, = gx, and also the
ordering on elements of P([) (7.2).

If @ € P(J) and J' C J we will write @, € P(J') for the obvious restriction, and
sometimes just @ when no confusion is likely to arise. We will also on occasion extend @
by 0 to give a vector dy € P(J U {k1}).

Definition 13.10. Given k;,J, @ € P(J) and [ such that k; < < n+ 1 and f(I) > 0,
we write [7(d@) for the k-subspace of k[gy,, w; ;] spanned by elements of the form

(1) gzlwfj where ¥ € P(J), Ujs > dj=, and c¢>0,

and elements of the form

(2) g,‘fl@(mkl; J<l)f(l)wz7’j where U5 = djs, Uja > dj«, and d>0.

Thus R,;(a@) depends implicitly on k; and J, although they do not appear in the notation.

Remark 13.11. The extreme cases [ =n + 1 and [ = k; + 1 are of special interest in the
above definition. 3

By definition, R, (@) is spanned by elements of types 1 and 2. If | = n+1 then J=! is
empty and thus Uj>; = @j>. In particular, v'55; > @j»; is impossible and so there are no
elements of type 1. As for the elements of type 2, f(n+ 1) =0 (5.24) and gi, = hi, and
s0 R,+1(a) is the ideal in k[hy,, h;] generated by monomials with exponent vector greater
than d@y. In other words, R,1(@) = H(do, k[hg,, hj]), (see 7.4).

If | =k 4+ 1 then J<¥*! is empty and ¥j<x,+1 > @jers1 is impossible. Tt follows
that there are no elements of type 2. Similarly, this means that Ry, ,1(d@) is the ideal
in k[gk,,g;] generated by monomials with exponent vector greater than @j. That is,

Rk1+1(6) = H(C_io’ k[gkugj])'

Lemma 13.12. R(a) is an ideal in k[gy,, w; 7).
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Proof. In order to prove that a sub-vector-space of k[gkl,wL 5] is an ideal, it is enough to

show that the subspace is closed under multiplication by gz, and w;; for ¢ € J.
First we show that the span of the elements of type 1 forms an ideal. Let g,cﬁwz7 7 be

an element of type 1 in R;(@), so Ujs1 > @j=. Consider the product of this element with
each of the following:

(1) gk,: The product is again an element of type 1 in R;(a).
(2) h;, i < I: Write ¥ for the exponent vector of wfj - h;. Then 17}21 = Ujz1 > Ajzi
and so the product is still an element of type 1 in Ry(@).

(3) gi, @ > 1: Write ¥ for the exponent vector of wfj-gi. Then U, > Uj>1 > dj= and

2
so the product is still an element of type 1 in R;(d).

Thus we have shown that the elements of type 1 form an ideal in k[gy,, w; 7.

Now let g 0(wr, ; J<l)f(l)wlﬁj be an element of type 2. We have the conditions 0>, =
Aj>1, Uja > Gj<. Consider the product of this element with each of the following:

(1) gg,: The product is again an element of type 2 in R;(a).
(2) h;, i < I: Write ¢ for the exponent vector of w

7 ) — = =
z,j'hz‘ Then Ugsy = Uzt = Ujz

and 17:] -, > Uja > dj» so the product is still an element of type 2.
(3) gi, @ > [: This is the only tricky part. Write ¢ for the exponent vector of w;7 7 Y
Then @'}, > U2 = @z and so wfj - g; is an element of type 1 in R;(@). We

have already shown that the span of the elements of type 1 forms an ideal in
k[gr,,w, j]. By the Theta Lemma (12.17), 6(x,; J<') € k[gr,,w, j]. Hence the
product gi 0(xy,; J<')f (l)wlﬁ/j is a linear combination of elements of type 1 and

therefore lies in R;(@).

O

14. THE ONE-STEP LEMMA

Lemma 14.1 (One-Step Lemma). Let @ € P(J) be S;(J)-(I — 1)-compatible and ky <
l <n. Then we have

(1) WA ) |[Ga8op: TS Dl | = GO (1) 0(r,; T Owf s+ 2]

where x € Ry(d) and o =1 ifl ¢ J, 0 = a; if | € J. Furthermore,

(2) Tragay, a0 [G(T)ip1 R (@)] € G(I)11u(@).

Thy Tl
Notice that both f(I) and f(I + 1) are non-negative, by 5.28.
Proof of the One-Step Lemma. Formula (1). In this part we compute a trace up to an

element of R;(a@). We divide the calculation into two cases, according to whether [ € J or
not.
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Case | ¢ J. By Lemma 13.7, it is enough to compute:

0 - J<iH1 f(+1) 0 - i+l f+1)+qg-1
Tr Ay, ) (o ) = - (@, ) by Lemma 12.15
! hy i
O(xr. - J<HIO
= e ST by Lemmas 5.24 and 13.5(1).
g1

Thus Tr Az, o) [G(J)Hlﬁ(xkl, JSHD) L)@

z+1,j] = —G(J)f(wr,; T Ol | 7 exactly, with

no error term.
Case | € J. By Lemma 13.8, we need to compute Tra(a, ) [77'0(g,; J<H)IED]
Since @ is Sy(J)-(I — 1)-compatible, 5.27 applies and we know that f(l 4+ 1) > a;. So
from the first part of the (a,b)-Lemma (12.18(1)), the required trace is equal to
(—1)(”92”9(171@1; J<l)az+Q(f(l+1)*az) + gélﬂrl)(7 where X € k[gkpwl J]
Now we apply 5.24 to simplify the exponent; we obtain (—1)%g/"f(xy,; J<!)f® —i—g“lHX
and so

Traey, m) G(J)z+19(17k1,J<l+1)f(l+1)wza+1,j}

— G(J) [(—1)“‘9(askl;J<l)f wl s+ wl g X |

To complete this part of the proof, we must show that wﬁjng € R;(@). Note that the
power of g; in the monomial wi 791 1s greater than a;, so wi 791 1s a generating element of
Ry(@) of type 1. In particular, wﬁjgl € Ry(d@). Since X € klgy,,w, 5| and R;(d@) is an ideal
in this ring (13.12), wfjng € R(a).

This completes the proof of the first formula; we now turn to the second one.

Formula (2). There are two types of traces, corresponding to the two types of generators
of Rl(ﬁ)

Type 1. The first type is Tra(z,, ) [G(J)ngglw } for Ujsip > G541

i
I+1,J
The calculation splits into two cases, depending on whether [ € J or not.

Type 1,1 ¢ J. If I ¢ J we apply Lemmas 13.3 and 13.5 and obtain:

c .U agi 7

Tra@, e [G(J)l-i-lglﬂwwrl,j} = Tra@, w) [G(J) PR,
1
= G(J)lglgklw 7 TT Ay, o) 7 ”

By 12.15, TrA(l‘kl,xz) hil - %ﬁl)q—l, SO

TYA(mkle) {G(J) hlgkl ;_1 J:| = —G(J)lgzj‘q—lwz_{j.

Since J=! = J=H! we have 7.1 > @j» and therefore gj' lwf~ € R)(a).
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Type 1,1 € J. If | € J we apply Lemma 13.6 and get:

—

w? -
c U c LJ v,
TrA($k17zl) G(J)l+lgk1wl+17j:| = G<J)lgk1 gvl TrA(ﬂﬂklawz)hll'
l

i’

Note that

is a polynomial (13.4), which contains 9J>z+1 as a factor. Since gj w z+1 51

of type 1 in Rl+1( @) by hypothesis, it follows that 511 > @141 and hence that gj>l+1 is

'U

an element of R(@) of type 1. Since R;(a@) is an ideal in k[gy,,w, ;] (13.12), — L € Ry(d).

Now we have to study the trace of h)'. We apply the (a, b)-Lemma (12. 18) Wlth a = v,
b= 0 to conclude that Trae, )" hes in k[g;, 0(xy,; J<Y)], which in turn is contained in
E[hy,, hj<i, gi] by the Theta Lemma (12.17). Now k[hk,, hj<i, 1] C klgr,,w; ;] and, since

Ry(@) is an ideal in k[gk,,w, ;] (13.12), the product 921% T Ay, ) By lies in Ry(@).
’ I

Type 2. The second type of trace is Traz,, ) [G(J)mgﬁl@(%, g (l+1)wl+1 5|, where

’szlﬂ = C_isz—l but 17j<l+1 > aj<z+1.
Type 2, 1 ¢ J. Since | ¢ J we can apply Lemma 13.5 and get

TrA($k17xl) |:G(J)1+lglccl19(xk17 J<l+1) (Hl)wlﬁﬂj}

gi 7
= TrA(xkl,xl) |:G(J) h gkle(l‘kl’ J<l) (D lj:|

9($k1; J<l) (I+1)
hy
= (ffk ’J<l> ((+1)+¢—1
?

= _G(J>lgk19<xk17 J<l)f(l)

= G(J)zg;iglwf,j TrA(a;k 1) by Lemmas 13.3 and 13.5

by Lemma 12.15

by Lemma 5.24.

Since we started with an element of type 2 in Ry 41(@), U1 = @1 and Ujcgn > Qe
In view of 13.5(4), this gives us the same two conditions on ¥ and @ but with [+ 1 replaced
by [. Thus the trace lies in G(J),R;(@).

Type 2, 1 € J. Using Lemmas 13.3 and 13.6 we reduce the problem to computing

’U

'LU
G(J)lgkl gv TIA(Ikl,xl) [h Q(xkl’ J<l+1) (l-l—l)} )
l

Recall that vlj is a polynomial (13.4).
The problem now splits into two cases again, depending on whether v; < f(I + 1) or
not.

Type 2,1 € J, v; < f(l+1). The computation here is analogous to that for Formula 1,
lel.
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We need to compute

TrA T [h”le( ;J<l+1)f(l+1)] '

Since f(l+ 1) > vy, the first part of the (a,b)-Lemma (12.18(1)) tells us that the required
trace is

(—1)" [g7"0(ag,; J=H)r e D=y gt X

where X € k[gg,,w, j]. Returning to the original trace computation, we have shown that

TrA(mklﬂﬁz) G(J)l+16(xk17J<l+1) (l+1)gkz1 l+1 J:|

_ iG(J)zgkl [wlﬁje(xkl,J<l)vz+4(f(l+1) vy) +w ngX )

It is sufficient to show that w (@ J<hpeta(F+D)=v) and w ;91X lie in By(a@). We start
with the easy case, wleng.

If ¥ is the exponent vector of wﬁ 791, we have immediately that v; > v > @ and
hence that o/ et > @j>i. This implies that wf 701 is an element of Ry(@) of type 1. Since
X € k[gr,,w, 5] and Ry(a@) is an ideal in this ring (13.12), wf,jng € Ri(a).

To see that the term wfjﬁ(:pkl; J<hyveta(F D)= Nies in Ry(&) is slightly trickier. There
are two possibilities: ﬁrst, that v; > a; and second, that v; = a; but also U5, > dj.

If v; > a; then wl b satisfies the definition of an element of type 1 in R;(@). By the
Theta Lemma (12. 17) 0(xk,; J<') € k[g,, w, 5], and Ry(d) is an ideal in this ring (13.12),
5o w17~9(xk L J<urtaFUED =) € Ry (7).

Now suppose that v; = a;, but also U5, > @j<. By 5.24, w Oy ; Jrrald D) —

w, je(x,ﬁ, J<H7W  which is an element of R;(a@) of type 2, so we are done.

Type 2,1 € J, vy > f(l+1). Just as in the case v; < f(I + 1), we need to compute
T Ay ) P70 (g, ; TSI D Since v > f(1+ ) the second part of the (a,b)-Lemma

(12.18(2)) shows us that the required trace is gj f(t+ 9( 5 IHEDQ where Q € kg, 0(xr,; T,
which is contained in k[gy,, w; ;] by the Theta Lemma (12 17). Returning to the original
trace computation we have shown that

T aGrey ) |G T gl ]

v
l,J

w
= G(I)gl [gv gl V(s JHTEDQ
!

T

Again, recall that vl‘i is a polynomial (13.4).

We must now show that lvfglf Hl)@(azkl; JHIEDQ is an element of Ry(a@). First we

show that lvlj glf () ¢ Ri(a).
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By 5.27, f(l+ 1) > a, so if we deﬁne v’ to be the same as ¥ except that v; is replaced

Wi f+1)

by f(l+ 1), we can write wZ’ o i and we have 0;,, > dy>. This means that

J
lv,‘]glf(lﬂ) is an element of R;(@) of type 1.

Since 0(zy,; J<)HVQ € kg, w, 7] and R,(@) is an ideal in this ring (13.12), the product

I+1)
afgf” 0(

T, ;3 JHEDQ lies in Ry(d@), as we have argued before in this proof. 0

15. THE ONE-ROwW TRACE LEMMA

For groups A, B < C we write C' = A - B to signify that C = A x B as sets and that
the bijection is given by multiplication. This happens if and only if |C| = |A| - |B| and
ANB=1.

The induction argument in this section is based on the decomposition Ugiy = [[j_,;, A(wi, 7;)
(where [] signifies repeated -).

The next lemma is easy and well known.

Lemma 15.1. If C = A - B then Tr¢ = Try Trp and also Tr¢yp = Tra on B-invariants.

Lemma 15.2 (m-Step Lemma). Let @ € P(J) be S;(J)-(I — 1)-compatible and ky <1 <
n+ 1. Then we have

(1) Trag,, o) @, wn) * Tra@e, a) [G(T) - BT]
= G, (=) Ons T s + 0]
where x € Ry(@) and 7 =7(l, J,@) =n+1+1+4 > . ;=(a;+1) (mod 2). Furthermore,
(2) Tragay, w0 Tra@, ) = MA@y, a0 [G(T) - Braa (@)] € G(J)1Ry(@)-
If | = n + 1 we interpret the left hand side of (1) as G(J) - h®

Proof. The result is proved by downward induction on [. In the initial case, | = n+ 1, the
left hand side is G(J) - ha and, on the right hand side, G(J),4+1 = G(J) by 13.2, 7 = 0
f(1) =0 by 5.24 and w? helg T h‘?j by definition (13.4). The latter combines with h

give h¥, so the two sides are equal when x = 0.
The induction step is a formal application of the One-Step Lemma (14.1). U

J<k1

Up until now we have always extended @ € P(J) to a vector in P(J U {k;}) by giving
it the value 0 on k;. But now we want it to take the value )\(J d, k1) on ki. The simplest

way to express this is to use monomials and to write gk(‘]a k1) ga g8

Lemma 15.3. (One-Row Trace Lemma) Let @ € P(J) be S;(J)-ki-compatible. Then we

have
a T @) A(Jdk1) @
1) Trg,,, [GOI) - G] = G(J U {a}) [(~1) 0D glekgs o o)
where x € H(g ’\(Jakl)gf?, klgk,, gs]) and 7 = 7(k1 + 1, J,@) is as in Lemma 15.2. Further-
more,

() Trug,, [GO) - HBG, kb, ha))] € GO U kD H (957" g5 kg 91])-
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Proof of the One-Row Trace Lemma. We just need to interpret the result of the m-Step

Lemma (15.2) in the case when [ = k; + 1. We are calculating the correct trace by
Lemma 15.1 and the fact that U,y = [[;_;, ;1 A(%k,, ;). Notice also that G(J)y,41 =

G(JU{k1}) (Lemma 13.2), h%_, = g%, O(xg,; JMHY) = gy, and f(ki+1) = A(J,d, k1)
(by the definition of f (5.23)).
Also Ry, 41(@) = H((@5)o, k[gk,, 95]) and R,41(@) = H(do, k[hk,,h;]) (Remark 13.11).

The old z (in 15.2) is in Ry, 41(@), so the new x (in 15.3) is in h%_,, Ry, 41 (@) = H(d, k[gr,, 9/]) =

H (g%, k[gr,, 9s]). In fact, it is in H(g,;\l(‘]’a’kl)g?, k[gk,» 9s]), since there is some j greater

than k; for which g; occurs to a higher power than a; and we are using the lexicographic
ordering. O

The X\ inside the H-terms is not necessary at this stage, but we want it for use later.

16. THE TRACE LEMMA

In this section we will finally be able to prove the Trace Lemma (16.1), which is a
partial calculation of Try, i, : SY7 — SY7. Recall that the notation in the statement
of the result was introduced in Section 7 (7.1, 7.4), in particular the definitions of the
invariants d;, e;, f;, g;, and h;. We will regard \(J,d,—) as a function on K (or some

subset), denoted by A(J, @).
Lemma 16.1 (Trace Lemma). Let @ € P(J) be S;(J)-ki-compatible. Then we have

W Troy o, [GU) - 1) = (~1)7 il +
where x € H(d\"Pd% kdy)) and 7 = #(I,J,d) = ns + Y ke kB e 1K (a; + 1),

Furthermore,
(2) Try, v, [G(T) - H(WE, k[hy))] € H(dDd%, kldy).

The above result is the special case, m = |K]|, of the following slightly more general
lemma, which is a partial calculation of TrUJUKSkm JUy - SUs — SUsukrskm

The idea of the proof is that U; = Uk - Uy and if we write K = (ki,...,kk|) then
Uk = Uiy Ut - Uieo}d - Uiy So, using 15.1, we can decompose Try, i, = Try,

as the composition TrU{lel} TrU{k|K|—1} .. TrU{kQ} TrU{kl} and compute the trace bit by bit.

Lemma 16.2. (m-Row Trace Lemma, P(m)) Let d be S;(J)-ki-compatible and let k,, €
K. Then we have

S [G() - h] = G U K= - [(-1)7 e o 4]

Juk<km /UJ

where x € H(e K(;,]iie‘,, kleg<km,eg]) and 7™ = 3" 7(k +1,J,a@). Furthermore,

(2) T G(J) - H(IG, khs))] € G(JUKSs) . H(e)2D &% Kle<un, ).

JUK S<km /Us [

We prove the m-Row Trace Lemma by induction on m. Of course, all that we actually
need to prove is that P(m — 1) = P(m), since P(1) is the One-Row Trace Lemma. Here
we record what we need to show for the induction step of the proof of Lemma 16.2, which

is a partial calculation of TrU{km} = Try

U
Jor<km /U <k 1 : SYsurSkm-1 5 QUjuk<km
=rm m
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Lemma 16.3. (P(m — 1) = P(m)) Let @ be S;(J)-ki-compatible. Then
(1) Trog,, [GTUKS). (R0 8] = GUIUK ). (1) A0 o6 o]

where x € H (e K<k'rzz e, kleg<im,ey]). Furthermore,

(2) Tro,,, |G UK ) HRGD | f5 K fiesr )] €
G(‘] U ngm) ’ H(el{(i:) €J7 k[eKSkm ) eJ])‘

Finally,
(3) P(m —1), 1, and 2 together imply P(m).

Proof of Lemma 16.2. Use induction on m: Lemma 15.3 is the initial case and Lemma 16.3
is the induction step. 0

Proof of Lemma 16.3. For convenience, we write K’ = K<Fn-1 and K" = K<kn,
To prove part 1 we use the One-Row Trace Lemma (15.3), with J replaced by J U K’.

In order to apply this lemma we must verify that f;\((,‘]’d) f%is Syur:(J U K')-compatible.
This is true by Lemma 5.31. We may therefore conclude that

Try,,, y |G(JUK) - X(07a) fJ} _

G(JUK")- [(_1)T(km+1,JuKﬁ*) zfnJUK/MM) ?((/Ja) 3+ 2|,
where @ € P(J U K’) is the exponent vector associated to the monomial fl’;(,‘]’a) f%, and

= H( A, km,) }\((f]a)e},k[eK//,eJ]).

Observe that A(JUK', &, k) = A(J, @, k) by Lemma 5.30. Also observe that 7(k,, +
1,JUK' d)=7(ky,+1,J,d) by definition of 7 (15.2).

Up to a change of notation, we have now proved Part 1 of Lemma 16.3.

Part 2 of Lemma 16.3 is likewise an application of the One-Row Trace Lemma. We
apply Lemma 15.3(2), with J replaced by J U K’ and k; replaced by k,,. This gives the
desired equation.

The proof of part 3 is easy and therefore left to the reader. O

17. CONSEQUENCES
Perhaps the most surprising corollary is the following result.

Theorem 17.1. For any finite group G acting on S, only a finite number of (isomorphism
types of ) indecomposable kG-modules can occur as a summand of S.

Proof. First we deal with the case of a p-group P, so we may assume that P C U,.
Taking the statement of the Main Theorem 10.1 and restricting it to P, we see that any
indecomposable summand must be a summand of some Res%" Indg’; X;(J). Since there
are only finitely many possible J and each X ;(J) is finite, the result follows for P.

For general G, let P be a Sylow p-subgroup of G. Then, as kG-modules, S is a summand
of Ind% Res% S and the result follows from the one for P. 0
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Given a finite group G, let A be an abelian group (often Z). We will consider an
additive homomorphism x : ax(G) — A from the Green ring to A, that is a function
on the isomorphism classes of finite dimensional £G-modules with values in A which is
additive on direct sums.

For any Z-graded kG-module M, finite dimensional in each degree, the Poincaré series
relative to x is PS, (M, t) = >, ., x(M,)t".

Interesting possibilities for y include the dimension of the invariants or coinvariants,
dim H"(G, —) or the multiplicity of a given indecomposable kG-module as a summand.
We can even take the identity function id : ayx(G) — ax(G), in which case PS;q(M,t)
expresses the isomorphism class of M.

Theorem 17.2. For any p-group P acting on S, the Poincaré series relative to x has the
form

f(t)
PS (S’ t) = T i1y
* [Tim (1 —t)
where f(t) is a polynomial of degree at most qq"__—11 —n.

If we can calculate PS,(S,t) in degrees up to and including % —n then we know it
q
i all degrees.

Proof. We may assume that P C U,,. By the Main Theorem (10.1) with I = {1,...,n—1},
(A) S = kld,] @ T(I) = @ kldilk € (I - J) U {n}] ® X,(I),
JCI

as kP-modules. Applying PS, we find that

PS, (S,t) = X —.
* ; [lici—nopm@ =)

If we put each term over the common denominator [Ti_, (1 — t9"") then the numerator
becomes PS, (X (1),t) [Te,(1— t¢""); this is bounded as required, by 5.21 and 5.22.

The last claim comes from the observation that f(t) = PS,(S,¢) []r_,(1 —t4""), so we
can calculate f(t). O

We can reduce the bound on the degree at the cost of a more complicated formulation.

Theorem 17.3. If we know the decomposition into indecomposables of S as a kUr-module
in degrees less than or equal to "' —n (or even just deg;(p)), then we know the decom-
position into indecomposables of S in all degrees.

Proof. We show by induction on |I| that we know all the X ;(I) for J C I; this proves the
claim and the case |I| = 0 is trivial.

Since we know S as a kUr-module in the range of degrees given, we certainly know it as
a kUj-module for J C I and by induction we know X;(J) up to isomorphism for J & I.
But this tells us X ;(I), since the latter is constructed by induction and propagation from
the former in the Main Theorem 10.1.

We can now identify X;(I) up to isomorphism as the remainder since, according to
Lemma 5.22; the degree of an element of X;(I) is bounded by the two expressions given
in the statement of the theorem. 0J
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Describing the ring structure of the invariants is a classical problem.

Theorem 17.4. For any p-group P acting on S, the invariants ST are generated as a

ring by elements of degree less than or equal to q::ll —nifn>3, (qifn=2).

For any group G acting on S, the invariants S¢ are generated as a ring by elements of

degree less than or equal to q;:f (ng—n—1)ifn>3, 2¢>—q—2ifn=2).

Proof. Taking invariants in formula A above we obtain S* = @, kldi|k € (I — J) U
{n}] - X,;(I)?. Thus S? is generated by the d; and X;(I)F. The degrees of the former
are bounded by ¢"~1. The degrees of the latter are bounded by q;%ll —n, by Lemma 5.21.
This is greater unless n = 2.

For general G, let P be a Sylow p-subgroup of G. Now S¢ C S* and is, in fact, a
summand as an S%n-module. The splitting is given by |G : P|"' Tr% (where Tr%s =
deG’/P gs).

Thus it suffices to show that S* is finitely generated as an S%*-module by elements of
the claimed degree (since S% is generated by the Dickson invariants, which have degree
at most ¢" — 1).

But we have already seen that every s € ST can be expressed as s = Y, \ia; with

i € SY and dega; < q:%ll — n. To finish we note that it is shown in [6] that every

\; € SYn can be written as > Higbig with p; j € SCn and b; ; € SUr such that degb; ; <
nqg" — 2%. So s = Z” pi.;bi ja; and ST is generated over S%» by elements of the form

ba with dega < qn__—11 —n and degb < ng™ — 2%. These have the degrees claimed. [
q q

Of course, it is well known that S¢ is finitely generated: it is the explicit bound on the
degrees of the generators that is relevant here. For a long time no such a priori bound
was known, but recently Derksen and Kemper [7], using forgotten work of Hermann [9],
produced the bound

(B) n(|G| = 1) + |G

It is curious that this bound depends only on the order of the group and not the field,
while the bound in Theorem 17.4 depends only on the field and not the group.

For “large” groups the bound in Theorem 17.4 is very much smaller than Derksen and
Kemper’s bound (B). For example, for U,,, where the best possible bound is ¢" 7}, it is of
order ¢~ in ¢, while Derksen and Kemper’s bound is roughly of order (¢"1)"*2" "

The bound in Theorem 17.4 can be improved if we know that P is contained in some
U;.

n—1
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18. INDEX OF NOTATION
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Symbol Definition || Symbol | Definition Symbol Definition
k 84 D, q 84 S 84
U, 84 1, J K 4.1 Uy 4.2
J< 4.3 0 4.412.1 d; 4.5
I 5.1 P(I) 5.2 Y 5.3
A 5.4 Sy(I) 5.5 IE FE 5.5
b7 5.15 deg; 5.19 f() 5.23
T(I) 6.1 dr, d? 7.1 H(a, kld;]), H(@) 7.4
LM 7.6 soc 7.9 supp 7.12
PS 8.1 v 8.4 K 8.5
G(I,J) 9.2 Tr 9.3, 124 v 9.6
di,ei, fi, Gis hi 11.1 Az, xj) 11.2 J 12.16
G(I, J)l 13.1 wy i, Wi, x 13.4 Rl(_’) 13.10
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