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Computational Algebraic Geometry Applied to Invariant Theory

Ryan Michael Shifler

(ABSTRACT)

Commutative algebra finds its roots in invariant theory and the connection is drawn from a
modern standpoint. The Hilbert Basis Theorem and the Nullstellenstatz were considered
lemmas for classical invariant theory. The Groebner basis is a modern tool used and is
implemented with the computer algebra system Mathematica. Number 14 of Hilbert’s 23
problems is discussed along with the notion of invariance under a group action of GL,(C).
Computational difficulties are also discussed in reference to Groebner bases and Invariant
theory.The straitening law is presented from a Groebner basis point of view and is
motivated as being a key piece of machinery in proving First Fundamental Theorem of
Invariant Theory.



To Stephen Berstler, Jr. (September 7, 1989-December 30, 2011)

...a roommate, a teammate, and a friend.

il



Contents

0.1 Introduction . . . . . . . . . .

1 Groebner Bases

1.1 Ideals and Varieties . . . . . . . . . . .. .
1.2 Monomial Ordering . . . . . . . . . . ..
1.3 Multivariable Division Algorithm . . . . . . . ... .. ... ... ... ...
1.4 Hilbert Basis Theorem . . . . . . .. .. ... ... ... ... .. .. ...
1.5 Groebmer basis . . . . . ...
1.6 Buchberger’s Criterion and Algorithm . . . . . . . . .. ... ... ... ...

2 Symmetric Ideals with an Original Result

2.1 Definitions and Examples of Desired Result . . . . . .. ... .. ... ...
2.2 Main Results . . . . . . .
2.3 Symmetric Ideals and Computational Difficulties . . . . . . .. .. ... ...

3 More Computational Algebraic Geometry

3.1 Elimination Theory . . . . . . . . . . . . .
3.2 Extension Theorem . . . . . . . . . . .
3.3 Nullstellensatz . . . . . . . . . .

4 Invariant Theory
4.1 Invariant Rings . . . . . . . . .

4.2 Preliminary Results . . . . . . . .. ... o

v

© N O ke w W

10

12
12
15
19

22
22
24
24



4.3 Examples, Solutions, and a New Theorem . . ... ... ... ... .....

Groebner Bases and Invariant Theory

5.1 Invariant Rings and Decidability Theorems . . . . . . . .. .. .. ... ...
5.2 Decidability Algorithms Based on the Previous Theorems . . . . . . . . . ..
5.3 Finding Invariants . . . . . . . ..o
5.4 Finding Invariants with Groebner Bases . . . . . . . .. ... ... .. ...
5.5 Algorithms . . . . . . . . ..
5.6 Algorithm Implementation . . . . . . ... ... ... ... ... ... ...,

Generalized Groebner Basis Theory and The Straightening Law
6.1 Generalized Groebner Basis Theory . . . . . . . .. .. ... ... ... ...

6.2 Straightening Law in Terms of Groebner Bases . . . . . . . . ... ... ...

Appendix A
7.1 Code for algorithm 1 . . . . . . . . . . .

Appendix B

8.1 Explanations of Certain Mathematica Commands . . . . . . ... ... ...



List of Figures

2.1  Graph for n = 3 and m = 4 case

vi



List of Tables

5.1 Primary and secondary generators for C,,. (F means there was a computa-
tional fail) . . . . . ...

5.2 Primary and secondary generators for Dy,,.(F means there was a computa-
tional fail) . . . . . . Lo

vil



Ryan Shifler Computational Algebraic Geometry Applied to Invariant Theory 1

0.1 Introduction

The audience of the thesis is directed toward students who have successfully passed a se-
nior level abstract algebra course with minimal coding experience. The thesis is mostly
self-contained (i.e. all the the theory needed is either known in a previous course or stated
usually with proof).

An ideal I contained in C[zy,--- ,x,] is finitely generated. It is algorithmically possible
to a find Groebner basis G for I which is a computationally preferable generating set of I.
This allows us to algorithmically decide whether an arbitrary polynomial in Clzy, -+, x,] is
an element of I. G can be used to find the roots of the generators of I. A Groebner basis
in the single variable polynomial ring case is the greatest common divisors of the generators
of I. Also, a Groebner basis and reduced Groebner basis are analogous to echelon form
and reduced echelon from, respectively. In addition Buchbergers algorithm is the analog of
Gauss-Jordan elimination. An explantation of Buchberger’s algorithm will be given and is
programmed into virtually all computer algebra systems, in particular Mathematica. Appli-
cations for Groebner bases exist in robotics, graph theory, and, for our purposes, invariant
theory.

For an introduction to invariant theory consider the quadratic polynomial f(z) = az?+br+c
over R. Suppose the discriminant v* — 4ac > 0 giving the equation f(z) = 0 two distinct
soluctions x; and x5. Let g : R — R be a change of variables, that is g is a one-to-one
and onto map. Let us consider the solutions to f(g(z)) = 0. Since there must exist distinct
2y, x5 € R where g(z}) = 27 and g(2}) = xo. That is f(g(z)) has exactly two distinct
solutions. Similarly if b* — 4ac = 0 we have f(z) = 0 and f(g(x)) = 0 have exactly one
solution, of multiplicity 2, and if b* —4ac < 0 then we have f(x) = 0 and f(g(z)) = 0 have no
solutions. The point is the sign of the discriminant and the number of solutions remain the
same under a change of coordinates [9]. Also note that the actual values of the discriminant
and the roots are probably different. Another example of the importance of invariance is in
hyperbolic geometry. We need a metric which does not change with an analytic change of
variables. It can be shown that

()| |d
gk~ 1P

for any analytic self-conformal map g of the unit disk which gives rise to the desired metric [8].

Another notion of invariance presented is finding the Groebner bases of ideals where o(f) € I
for all f € I and for all o in some subgroup of S,,. The action, of course, being the permuta-
tion of indices of the indeterminates of f. One issue that occurs in finding a Groebner basis
of an ideal with the aforementioned property is that the symmetry can be lost and sometimes
the Groebner basis cannot be solved or is complicated. Examples will be presented.
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Invariant theory and commutative algebra have been tied together from the start of the
earliest research in the fields. Two well known theorems the Hilbert Basis Theorem and the
Nullstellensatz in commutative algebra were lemmas for David Hilbert’s work in invariant
theory. In the 1960’s Bruno Buchberger provided an algorithm to find a Groebner basis
which is an application to commutative algebra. The major part of the thesis is going full
circle and having commutative algebra solve problems in invariant theory.

The main question which will be attacked is a case of number 14 of Hilbert’s 23 problems.
The question asked is the ring of invariants of an algebraic group acting on a polynomial
ring always finitely generated? The answer is, in general, no with a counterexample provided
by Masayoshi Nagata in 1959. In the case presented, however, the answer is yes and our
interest is an algorithm to determine the generators.

The final topic studied will be a Groebner basis approach to the Straightening Algorithm.
The Straightening Algorithm is a key tool used to prove the First Fundamental Theorem of
Invariant Theory. Letting SL,(C), the set of all n x n matrices where the determinant is
one, act on C[z; ;| we are able to find the finite generating set. Moreover, this topic will put
the notion of a Groebner basis in a more general setting along with a more general notion
of Monomial Theory.

Throughout the thesis examples of Mathematica code will be given to emphasis the power of
the GroebnerBasis command. The code is given at the basis level where knowledge of For,
Do, and While loops may be the hardest aspect as far as coding is concerned. The literature
I found on the material seems to be light on actual implementation and as a result, this
thesis attempts to cross that bridge.

Groebner bases, Invariant theory, and computer implementation on mathematica are im-
portant in physical application, on the one hand with Groebner basis, but also from a pure
stand point with invariant theory. An interesting focus, during the time of the original in-
variant theory research, was the notion of constructivism. For example, the Hilbert Basis
Theorem is merely an existence statement which some mathematicians, like Leopold Kro-
necker, thought was inadequate.

The intertwined topics of invariant theory and commutative algebra-in particular compu-
tational algebraic geometry-will be examined throughout the thesis as the topics are fully
developed and explained with examples. As a result the reader will have a new perspective of
the connections between the topics studied with the motivations being purely mathematical.



Chapter 1

Groebner Bases

1.1 Ideals and Varieties

A subset of K[zy---x,] is an ideal if (i) 0 € I, (ii) if f,¢g € [ then f + ¢ € I, and (iii) if
feland he Klx,---x,] then hf € I.

The ideal generated by a set of polynomials is the algebraic structure that is used to find
the solution set, known as the affine variety. The affine variety is a geometric structure that
describes the solutions to all of our polynomial equation. Let K be a field and consider the
set, which is an ideal by contruction,

=1

I=(fi,fo, . f5) = {Zhifi thi € K[$1932£E3"'517n]}

The affine variety of [ is

V(I)={(ay, - ,a,) € K" : fi(ar,--- ,a,) =0 for all 0 <i < s}
The following is a theorem which connects the notions of ideals and varieties from [2].
Theorem: If <917927 o 7gt> = <f17f2a e 7f8> then v(glv.927 e 7.gt) = V(hla h27 o 7hs)-
Proof: Let (91,92, - ,9:) = (h1,ha,--+ ,hs). Let a € V(g1,92,--+,9:) so 0 = g;(a) for
all 1 <4 < ¢ Now each f; = >0 hjg, for 1 < j < s, since f; € (91,02, ,Ys)-
Then fj(a) = >0, hj,(a)gi(a) = 0. Therefore, a € V(fi, fo,---, fr). By a symmetric ar-

gument interchanging f; and g;, and s and ¢t we prove the reverse inclusion. Therefore,
V(917927 e 7gt> = V(hla h27 e 7hS)QED

So, if we have two different generating sets of the same ideal, then the affine variety of

3
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the generating sets are the same.

A similar definition for V(I) is as a follows: Let V' C K™ be an affine variety. Then we
set

I(V)={f € Kl[ry, - ,x,]: fla, -+ ,a,) =0 for all (ay,--- ,a,) € V}

1.2 Monomial Ordering

This section comes mostly from [2] and [3]. The multidegree of a monomial is a vector that
is used to describe the exponents in a monomial and is defined as follows. If ® = x° - - -z,
then a = multidegree(z} - - - xl") = (rq,--- ,1y) € Z%,

A monomial order is a rule used to order the terms in each polynomial. A monomial
order is a well ordering, a total ordering, and respects multiplication. An example of what it
means to respect multiplication is if x > y then xz > yz. Infinitely many monomial orders
exist in the multivariable case; lexicographical, graded lexicographical, and graded reverse
lex order are the most common.

Lexicographical Order: Let a = (ay, -+ ,a,),8 = (b1, , Bn) € Z%;. We say a >ie 3
if, in the vector difference oo — 3 € Z", the leftmost nonzero entry is positive.

Lexicographical order is a dictionary order. This works by comparing two monomials by
first comparing the exponents of x;. If the exponents are different, then the monomial with
the largest exponent corresponding to x; is the greatest. If the exponents are equal, move
on to xo and repeat the same procedure this will either terminate, or move on to x3. The
process is repeated until a difference in exponents is found.

Graded Lex Order: Let a, 8 € Z2,. We say o > g, 8 if [a| = Y70 o > |B] = pi_y B, or
|Oé| = |6| and o >lex 6

Graded Lex Order first compares the total degree of the monomial (recall the total de-
gree of z7'---al™ is r; 4+ -+ - 4+ r,) and takes the monomial with the largest total degree to
be the greatest. If two monomials have the same total degree, then Lexicographical order is
used as a tie breaker.

Graded Reverse Lex Order: Let o, 3 € Z2,. We way that a >gcuiee 8 if [a] = Yo >
18] = >, Bi, or |a| = |B| and the right most nonzero entry for o — 3 € Z" is negative.

Graded Reverse Lex Order first compares total degree. Then, Lex order is used where
the variables are reordered so the largest is now the smallest, the second largest is the sec-
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ond smallest, and so on. In other words, lexicographical order uses z,, > x,_1 > -+ > 19 >
x1 > x as the order on the variables.

The leading term of a polynomial g, LT(g), is the greatest term in a polynomial under
the respective monomial order. Naturally, the leading term will usual depend on the mono-
mial order. For example, let g = 23y + zy?2? + 2%y?2 with > y > 2. Then 23y, 2%y, and
x1y%2?% are the leading terms under lexicographical, graded lexicographical, and graded reverse
lex orders, respectively. From this point forward x > y > z and zg > 1 > 25 > -+ > 2,
will be the order placed on the variables.

All monomials orders can be described from a set of weight vectors. For an example let

wy, -+ ,wWs be a set of weight vectors that guarantee a monomial order. Given 2 mono-

mials z'zy?xs - - a7 and o] a?xs® - - xir we must find the multidegree associated with

n n
the monomial. So, the a = multidegree(x*x?xs® - - alr) = (ry,re,r3,-+- ,1,) and [ =

multidegree(x*x?xs® - - xir) = (S1, 52,83, ,S,). To use the weight vectors we first do

n
wy -« and wy - B. If w) -« > wy - B then a > [. If the dot products are equal then do
the same computation on ws. Repeat this process until a strict inequality is reached moving

from wj to wg’ 1. Since this is a monomial order the process will terminate [3].

For example lexicographical order can be described with the weight vectors

2171 = (1a070)
wy = (0,1,0)
@y = (0,0,1)

Now consider the monomials z3y?2? and z%yz'". Note a = multidegree(z3y*2?) = (3,2,2)
and 8 = multidegree(x3yz'"") = (3,1,100). Then « - w; = 3 = B - w; so then we move onto

wy. Since - wy = 2 > 1 = - ws we conclude x%y?2? > 23y21% under this ordering.

The following is a lemma that proves the monomials z*,z%",--- , 2" have the same or-
der under every monomial order. The proof uses the fact that all monomial orders can be
described with weight vectors.

Theorem (Example of using weight vectors): If a monomial order has the restric-
tion &1 > w9 > 13 > -+ > X, then 2" > 25" > 25" > - > 2.

Proof:

Let w}, ws, - -+ ,ws be weight vectors that guarantee a monomial order such that z; > xy >
xg > -+ > x,. Let a = multidegree(x;) and § = multidegree(x;) for 1 <1i < j <n. Then
either w-a >w)-forw;-a=w;-Fforl <l <k<sand wy-a>wy- P since a > . Let
w; = (wy,,- -+ ,wy,). For the first case we have w;, > wi, which implies w1, - m > wy, - m.
For the second case we have w;, = wy; for 1 <1 < k and wy, > wy,. Then, wy, -m =wy, -m
for 1 <1 < k and wy, - m > wy, - m. This shows multidegree(z]") > multidegree(z7"), or
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" >z QED

1.3 Multivariable Division Algorithm

This section comes from [2]. We move to another important preliminary idea, the multivari-
able division algorithm. The algorithm will be necessary for many computations and theory
in this paper. The algorithm is analogous to the single variable division algorithm learned
in high school. Division of

f € Klryza -y
by
fis fas o o fs € Klximg - - - 2]
allows for f to written as
f=ah+afot+ - +esfs+r
where the leading term of r is not divisible by the leading term of any of the divisors.
Consider 23yz+x3y?2? divided by {2%yz + yz, zy + zyz*} under lexicographical order. Then,
yz + 23y? 2 = (x4 wy2) (2Pyz + y2) + (—y)(zy + 2y2?) + 2y — 1Y%,

Now after seeing what it does we will state the algorithm as presented in [2]. The first step
is to fix a monomial order and the proceed as below.

Input: fl?"' 7fsaf

Output: ay, -« ,as,7r
ap:=0,---,a,:=0;7=0
pi=f
WHILE p # 0 DO

7:=1

divisionoccured := false

While ¢ < s AND divisionoccured = false DO
IF LT(f;) divides p THEN

a; = a; + LT (p)/LT(f:)

p:=p— (LT(p)/LT(f:))fi

divisionoccured := true

ELSE

=141
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IF divisionoccured = false THEN

r:=r+ LT(p)
p:=p—LT(p)
This invokes a new definition. Let f and fi,---, fs be as they are in the algorithm. Let

F=1{f, -+, fs}. Then fF is the remainder output by the algorithm above.

The following is the example above being computed in Mathematica. The output of the
PolynomialReduce command is {{a1,--- ,as},r} based on the notation in the algorithm.

In[1]:= f =23y * 2 + 23y%2%;
F={2’*xyxz+yxz,xxy+x*y*z?};

In[2]:= PolynomialReduce[f, F, {x, y, z}, MonomialOrder — > Lexicographic]
Out2]= {{z + zyz, —y}, vy* — zyz}

This concludes our short study of the multivariable division algorithm.

1.4 Hilbert Basis Theorem

We continue this introduction to Groebner basis with some famous results that many texts,
including [2], [3], [7], [1], call theorems. However, these famous results in commutative al-
gebra were actually lemmas in David Hilbert’s study on invariant theory. We will call these
famous results lemmas and we will see their power in our study on invariant theory.

The first is the Hilbert Basis Lemma. This says every ideal of K[z ---x,] is finitely gener-
ated. Care needs to be taken when looking at generators of a polynomials ring of an ideal.
For example, the ideal I = (22, y3) = {h12® + hoy® : hy, hy € Kxy -+ x,)}. If we let hy =0
and hy = y, we have y* € I. However, y* can not be written in terms of the indeterminates
2? and 3. So, I # K[z, v?].

To present the Hilbert Basis Lemma two lemmas will be presented whose results are rel-
evant to the study of Groebner bases. The first is known as Dickson’s Lemma and is a first
glimpse at finite generation of an ideal. The proof can also be found in [2].

Dickson’s Lemma: Let (z*:a € AC Zgo>. Then I can be written in the form I =
<x°‘(1), e ,950‘(5)>, where (1), -+, a(s) € A. In particular, I has a finite basis.
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Proof by induction on the number of variables: Let n = 1 and I = (z“|a € A C Z). Choose
b < aforall € A. Thus, I = <x5>

Let n > 1 and suppose the theorem holds for n — 1. We will work in Klzy, -, 2z, 1,V

so every monomial has the form z%y? where o € Zggl and p € Z.

Let I = <x0‘yp :(a,p) € AC Zg0> C Klzy, -+ ,x,_1,y] be a monomial ideal.

Let J = (x* : 2*y™ € I for some m € Z>,). Our inductive hypothesis holds so

J = (zW ... ) For each i between 1 and s we have z*Wy™ € I for some m; > 0.
Let m = max{m;}. Now consider Jj, = (2" : 2%y* € I for some m € Z¢) for each k,0 <
k < m — 1. Then hour theorem holds in this case so J, = <mak(1), e ,a:ak(sk)>. The claim is

I is generated by some subset of

m—1
D = {a*Wym - z*Clymy| (U {aokWyh . ,x“k(sk)y’“}> :
k=0

Now we claim that every monomial in [ is divisible by some element in D. Let x%y? € I.
If p > m then z%yP is divisible by some 2*®y™ by the construction of J. If p < m — 1
then z%y? is divisible by some element of .J, by construction. Thus we have proven the ever
monomial in [ is divisible by some element in D thus (D) = I.

Now we know that I = <x51, e ,x51> where 2% € D. (Note the difference in notation
§ € Z%,). Now 2% € I thus z% is divisible by some z*@y?(®) with (a(i),p(i)) € A. Thus
[ = (z*Wyr) ... zeWyrG)) Thus the theorem is proven.QED.

Thus we have proven finite generation for ideals with the form (z*:a € A C Zgo>. We
now follow with the next important lemma. The proof can also be found in [2]

Lemma: Let I C Klzy---x,] be an ideal. Then there exists a set A where (LT'(I)) =
(z*: o € A CZ%) and thereexist gy, -+ , g, € I suchthat (LT(I)) = (LT (g1), -+, LT(g¢)).

Proof: The leading monomials LM (g) of elements g € I — {0} generate the ideal
(LM(g) : g € I —{0}). Since LM(g) and LT (g) differ by a nonzero constant, this ideal
equals (LT (g) : g € I —{0}) = (LT(1)) .

Since (LT(I)) is generated by the monomials LM (g) for ¢ € I — {0}, Dickson’s Lemma
assures use that (LT(I)) = (LM(g1),---,LM(g;)) for finitely many ¢;,---,¢g; € I. Since
LM/ g;) differs from LT(g;) by a nonzero constant, it follows that

(LT(I)) = (LT(91),-- -, LT(g1)). QED.

We now present the Hilbert Basis Lemma. The proof of the following theorem can also
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be found in [1] and [2].

Hilbert Basis Lemma: Every ideal I C K[z ---x,] has a finite generating set. That
is I = (g1, -, g for some gy, -+, g, € I.

Proof: If I = {0}, we take our generating set to be {0}, which is finite. If I contains some
nonzero polynomial, then a generating set ¢y, --- , g; for I can be constructed as follows. By
the above proposition, there are g1,---,¢: € I such that (LT(1)) = (LT(g1),--- , LT (g:))-
We claim that I = (g1, -, g).

First note that (g1,---,g;) C I since ¢1,---,g; € I. Let f € I be any polynomial. If
we apply the division algorithm to divide f by {g1, -, ¢:}, then we get an expression of the
form f=ayg1 + -+ ayg; + r where no term of r is divisible by any of LT (g1), -, LT (g)-
We claim that » = 0. To see this, note that r = f —ayg; — --- — ayg; € I. If r # 0, then
LT(r) e (LT(I)) = (LT(g1),--- , LT (g:)). By the proof of Dickson’s lemma it follows that
LT(r) must be divisible by some LT'(g;). This contradicts what it means to be a remainder,
consequently r must be zero. Thus f € I.QED.

1.5 Groebner basis

Everything in this section is found from [2]. Given a set of polynomials, g1, ¢go, - - , g4, find-
ing the variety of I = (g1, 92, ,g,) can be computationally difficult for certain generators.
This leads to the notion of a Groebner Basis.

Groebner basis: Fix a monomial order >.A finite set of polynomials {hy,--- ,h.} C I
is a Groebner basis if (LT (hy),--- , LT (h,)) = (LT(I)) where (LT(I)) is the ideal generated
by all the leading terms in the ideal I.

Theorem: (i)Every ideal I C KJz;---z,] has a Groebner basis G under any monomial
order and (i) = (G).

Proof: (i) is an immediate result of the Proposition immediately proceeding Hilbert’s Basis
(Theorem) Lemma. (ii) is by the construction of the Hilbert Basis (Theorem) Lemma’s
proof.QED.

A Groebner basis for an ideal I can be arrived at algorithmically. A Groebner basis for
an ideal [ is a set of polynomials that is easier to work with in computational setting with
few exceptions. Groebner bases are usually dependent on the monomial order. For example,
consider I = (x — z* y — 2°). The Groebner bases under lexicographical and graded lexico-
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graphic order are respectively {z — 2%,y — 2°} and
{xz —y, 2t — w23 — 2%, y?2% — 23 2t — 32}

One example of a Groebner basis is a linear set of equations in echelon form. Another
example is in the single variable case. Let f,¢g € K[x] where K is a field. Then, {gcd(f,g)}
is a Groebner basis of (f,g).

A reduced Groebner basis for an ideal I C KJz;---z,] is a Groebner basis G for [
such that for all distinct p, ¢ € G, no monomial appearing in p is a multiple of LT(q). We
follow with another definition which will be of use later. A monic Groebner basis is a
reduced Groebner basis in which the leading coefficients of every polynomial is 1, or is empty
if I = (0)[3].

1.6 Buchberger’s Criterion and Algorithm

Everything in this section can be found in atleast [2]. Buchberger’s criterion is satisfied for
set of polynomials if and only if the set is a Groebner basis. Buchberger’s criterion will be
used to be sure that our sets of polynomials is a Groebner basis. The S-Polynomial is
defined as

(07

Y
LT (g:)

LT(g)"
where y* = LCM (LT (g;), LT (g;))-

Theorem: Let I be a polynomial ideal. Then a basis G = {g1, -, g.} for I is a Groebner
basis for I if and only if for all pairs ¢ # j, the remainder on division of S(g;, g;) by G is
zZero.

Proof: This proof can be found on page 85 of [2].

Theorem: Given a finite set G C k[xy, - ,z,], suppose that we have f,g € G such
that the leading monomials of f and ¢ are relatively prime, then we know the remainder on
division of S(f, g) by G is zero.

Proof: This proof can be found on page 104 of [2].

Buchberger’s Algorithm is let I = (f1,---, fs) # {0} be a polynomial ideal. Then a Groeb-
ner basis for I can be constructed in the following way:

Input: F = (f1, -, fs)
Output: a Groebner basis G = (g1, ,¢¢) for I, with F' C G
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G:=F
REPEAT G' := G
FOR each pair {p,q}, p # q in G’ DO

S :=5p.q)°

IF S # 0 THEN G :=GU{S}

UNTIL G = G

The following is an example of computing a Groebner basis in the computer algebra system
Mathematica. First we give two examples for ways to compute reduced Groebner bases for
both, Lexicographical and graded reverse lexicographic order. The first uses the built in
mathematical monomial order, and the second uses weight matrices. The rows in the weight
matrices are the weight vectors discussed above with w; being row one, ws being row two

and so on.

In[l]:==F ={z— 2" y— 2}
V={z,y,z}

In[2]:= GroebnerBasis[F, V, MonomialOrder — > Lexicographic]

Out[2] = {y — 2%,z — 21}

m[3):= M = {{1, 0, 0}, {0, 1, 0}, {0, 0, 1}};

In[4]:= GroebnerBasis[F, V, MonomialOrder — > M]

Outl4] = {y — 24, 2 — 21}

In[5]:= GroebnerBasis[F, V, MonomialOrder — > DegreeReverseLexicographic]

Out[s) = {—-x+y,—y + z*}

In[6]:= M1 = {{1, 1, 1}, {0, 0, -1}, {0, -1, 0} };

In[7]:= GroebnerBasis[F, V, MonomialOrder — > M1]

Out[7) = {—-x+y,—y+ 2z*}

Recall that we have assumed x > y > z as the order on the variables, the Groebner Basis
command returned a reduced Groebner bases, and Groebner bases are dependent on mono-

mial orders. Finally, a result that may be found in [2] states a reduced Groebner basis for a
given monomial order is unique up to scalar multiplication.



Chapter 2

Symmetric Ideals with an Original
Result

2.1 Definitions and Examples of Desired Result

Everything in this section and the next is from [12]. We discuss how invariants and Groebner
bases are related beginning with a result we will spend the next few pages proving. In this
section we will consider K[xq---x,, 1] where K is a field. The results examples and results
are true for any monomial order with =y > x; > --- > z,,_1 by using the Theorem on
page 5. Let S,, act on K|xg---2,_1] in the natural way. Let o € S,, then we say an ideal
I C Klxg: - xp_1] is o-Symmetric if o(I) = I. For example [ = (22 + 22 + 23, zox122) i8
(0, 1,2)-Symmetric.

We will move on to the specific case when 0 = (0,1,--- ,m — 1) and the ideal is generated
by the orbits of the polynomial xf + z7, that is IJ* = (o(zf + %) : 0 € ((0,1,--- ,m —1))).
From the construction I* is a (0,1,2,--- ,m — 1)-Symmetric ideal. Now define an identical

ideal but in a different way using modular arithmetic. We will see this is beneficial when
trying to prove our big result for this section.

Let 1 < d < 7% be the distance between variables where d = d(x;,z;) = [j — i| or
d=m —d(z;,x;). Let the ideal generated by a circulant system of polynomials be

Ffz@?—l’g‘i:Ogigm—l,dizi+d(modm)>

Nothing is lost restricting d to be between 1 and 3. If d > %, then using m — d will lead to
the same results. For example, the m = 6 and d = 4 case is

12
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n n

0 = —ag +xh
0 = -y +x
0 = —Ty +xy

J— n n
0 = —x3 +xg
0 = ap —xy

— n n
0 Ty —xy

Each polynomial equation in this system is a polynomial in the m = 6 and d = 2 case
multiplied by —1. So the d = 2 and d = 4 cases for m = 6 results in the same system.

It is not difficult to see that 7' = F" for 1 <d < 7.

Example 1:
Continuing with the circulant system of polynomials previously discussed
0 = gy —Ty
0 xy -y
0 x5 —xy
0 T3 —xp
0 = —af +ay
0 = -y +xy

In this case m = 6 and d = 2 and the ideal we are working with is
_ n n n n n n n n n n n n
Fo= (xg —ay,2) — 5,05 — x), x5 — x5, —xg + xy, —x) + 13) .
/ n n n n n n n n n n n n
Let F' = {zf — a3, a7 — x5, 25 — o}, f — a5, —ag + 2}, —v) + 235}

We will now check to see if F” is a Groebner basis. As already stated if two polynomials
have relatively prime leading terms, the division of the corresponding S-polynomial by F’
results in a remainder of 0. Hence, it is only necessary to check polynomials with the same
leading terms. Notice how the first two and last two equations in our list share leading
terms while the rest are in the middle. Inorder to generalize this method for any d and m,
let A = {zf —al, 2} —ab}, B = {af —al, 2y — 22}, and C = {zf — 2}, 27 — 22} so that
F = (AUBUC). So now we must only check the polynomials in A and C. To finish we
will find the two S-polynomials and divide them by F’ and check to see if the remainder is
0. First,

n n _n n - n n
S(rg —xy, 15 —wy) = —ry + 1]

and —z% + 2§ = —1(z) — z}) + 0. As for our second two polynomials,

n n n n _ n n
Sz} — w3, 2] —x5) = —w3 + 1]
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and —z% + 2 = —1(2% —22) + 0. So we have a remainder of 0 for both and hence we have a
Groebner basis. The division of the S-polynomial by F” only used polynomials in B, and as
it turns out, the size of B is what forces F’ to be a Groebner basis. A Universal Groebner
basis is a Groebner basis under every monomial ideal. So, F' is a universal Groebner basis.
Then, we can find a reduced universal Groebner basis for F'. This is a simple computation
in this case and we find {z{ — 2}, 2} — a2, — xf, x% — 2}.

Example 2:

Let m = 7 and d = 2 for F'. We claim the set of generators of F' is not a Groebner basis. We
will use a similar construction to a more general proof like we did in the previous example.
The corresponding polynomial equations are

0 = —xy
0 = xy —xy
0 = Ty —xy
0 = Ty —xy
0 = xy —xg
0 = —x +xy
0 = —xy +xg
The ideal we are concerned with is
Fo= (eg —ay, @) — @y, x5 — vy, 05 — a5, v) — x5, —x5 + T35, =17 +15) -
Let ' = {ay —ab, 2} — b, ay —x),xy —xl, 2} —xg, —xy + x5, —x + x5}

Like we did early, we will divide up F” into three sets like we did in the previous example. Let
A=Az} —ab,x} —ab}, B={ah —af,af —ap, af —ap}, C = {af — 2,27 —xg}. So now
we have F' = (AU B U (). We must check to see that the S-polynomials of two polynomials
in F' does not result in 0. Lets choose the first equation in A and B.

n n _n n - n n
S(rg — x5, 05 —x5) = —xy5 + 5

Proceed using the multivariable division algorithm we find
—oy +ay = —lay —af) — Uz} — %)

Now we can see that the remainder is z} — 2 since no polynomial in F’ has z? as a leading

term. So now we can conclude that F’, when m = 7 and d = 2, is not a Groebner basis.

The following lemmas and proposition show F’ is a universal Groebner basis if and only
if d divides m. Redefining the generators of F' into 3 disjoint sets will allow the proofs to be
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completed. LetA:{x?—x;‘+d:0§i§d—1},B:{x?—xﬁrd:dgigm—d—l},and
C= {x?—xﬁr(m_d):()gigd—l}. Now we have F' = (AU BUC) and F' = AUBUC. In

order to prove this final result we must distinguish between m < 3d and m > 3d. Proposition
1 and 2 will cover the case of when m < 3d and are relatively straightforward computations.

2.2 Main Results

Proposition 1: Let m < 3d. If m = 2d +r where 1 <r < d — 1, then F” is not a Groebner
Basis.

Proof:

Proceeding with checking Buchberger’s criterion, consider S(zf —f, 2y —2,_,) = G —xn, .
Since m = 2d 4+ r where 1 <r < d — 1 we know 2z} — 2}, € B. So by the division algorithm
we have

Ty — T = (T — T3g) + (254 — 275, _4)-

Since m < 3d implies m — d < 2d, the leading term of x5, — z7. _, is x], _,. Since z]!_, — %,
is a none zero remainder in F’ since 2z, _, is not the leading term of any polynomial in F”.
So F” is not a Groebner Basis.Q.E.D.

Propostion 2: If m = 2d, then F’ is a universal Groebner basis.

Proof:

First note (a7 —a% :0<i<m—1,d; =i+ d(mod m)) = (AJC) since m = 2d so B is
empty. Also, we see each polynomial in A is the same as one in C' and vice versa. So, we can
eliminate each polynomial in C since they are redundant and consider (A). Since each leading
term is disjoint from the other so A is a Groebner basis. Then, F” is a Groebner basis.Q.E.D.

So now we know that if m < 3d then F'is a universal Groebner basis if and only if m = 2d.
For the m > 3d case we start of with two preliminary lemmas that will be used to be
sure that each step in the multivariable division algorithm can be made and that the algo-

rithm terminates.

Lemma 2: Let m = (¢ + 2)d for some positive integer ¢, equivalently d divides the or-
derof Byand 0 <i <d—1. If 1 <w < qgthenit+wd <i+(m—d)andd <i+wd <m-—d—1.

Proof:
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Let 1 <w < gthen, i+wd <i4+qgd<i+(¢q+1)d=i+(¢q+2)d—d=1i+m—d and
d<i+wd<i4+qgd=i+m—-2d<m-d—1for0<i<d—1.

Lemma 3: If m = (¢+2)d+rfor1 <r < d-—1, then d < kd < m —d—1 for
1<k<g+land m—d< (¢+2)d.

Proof:
Let 1 <k < g+1then, d < kd < (¢+1)d < (¢+1)d+1 < (¢+1)d+r = (¢+2)d+r—d = m—d.
Also, m —d = (¢ +1)d+7r < (¢ +2)d.

Lemma 2 is used in the forward direction of Proposition 3 and Lemma 3 is used for the
converse. The converse is proved by the contrapositive.

Proposition 3: Let m > 3d. m = (q + 2)d for some positive integer ¢ if and only if
F" is a university Groebner basis.

Proof:

First, Lemma 1 shows there is only one way to order the terms in each polynomial so we
need to show that F” is a Groebner Basis. Also, since division of the S-polynomial by F’ of
polynomials with relatively prime leading terms results in a remainder of zero, it suffices to
check polynomials with the same leading term.

S(al

DT T~ T ) = Tihd — T megy Pt 0 S0 < d — 1

Let Ry = a2, ;.q — 21 so in the first iteration of the multivariable division algorithm we

i+(m—d)’
have
T g — T = Ix(xl,—aloy) + (2l gy — )
i+d i+(m—d) i+d i+2d i+2d i+(m—d)

We can see the previous equations takes on the form R; = 1% f + Ry for some f € B.
Does Ry = 1% g + Ryy1 for some g € B provided k < ¢7 We have

T hd — x?+(m—d) = 1 (24 — x?—&-(k—l—l)d) + (I?—i-(k—i-l)d - x?—i—(m—d))

According to Lemma 2, (27,44 — @7, ,1)4) € B since k < ¢. So now in our multivariable
division algorithm we have a sequence of “remainders” Ry, R, -, Rs. The following shows
that Rq+1 = O,

n n _ n n
Titgd = Tig(m-d) = L* (xiJrqd - xi+(q+1)d)

Since m —d = (¢ +2)d —d = (¢ + 1)d, so R, € B. So now we can conclude that F' is a
universal Groebner basis.
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For the converse let m = (q + 2) + r where ¢ is positive integer and 1 < r < d — 1.
Consider the division of S(zf — 2, xf — a2, _,) =« — 2" _, by F’. Then proceeding with
the first iteration of the multivariable division algorithm we have

Ty — Ty g = (T — Toy) + (¥55 — 77, _g)-

We know from Lemma 3, x}; — 25, € B. Now consider 3, — 2! _, for 1 <k < ¢+ 1. Using
the division algorithm we have

Ta = Tmea = (Tha — Tler1ya) T (@t1ya — Tmea)-

We know (24 — 2{}.,1)q) € B by Lemma 3. We will eventually need to divide a7, ), — 27, .
So by the division algorithm that we have,

:ﬂ(lq—l—l)d — Lppyg = (x?q—f—l)d - 37?q+2)d) + (x?q-&-Q)d — Tp_q)-

Once. again .by Lemma 3 we knoW Tlor1)a — Tlyra)a € B Also, we have 7, - x’(?q“)d as the
remainder since the leading term is x,_, from Lemma 3 and no other polynomial in " shares

the same leading term. Hence, F’ is not a Groebner basis. We have now shown the following:

Theorem: The generators of F', which is denoted by F’, is a universal Groebner basis
if and only if d divides m.

For an example for finding the reduced Groebner basis, let’s consider F' for m = 9 and
d = 3. The polynomials are listed below.

T —Ty
Y —Ty
Ty —Ty
T3 —xg
Ty —z7
Ty —Tg
-z +xg
-y +ar
— Ty +xg

We know from the previous theorem we have a universal Groebner basis. We will now
construct a reduced universal Groebner basis. Since the last 3 polynomials share a leading
term with the first three polynomials, we can remove them and be left with

Lo —T3
Y —Ty
Ty —Ty
T3 —xg
Ty —x7
n n
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No monomial in any polynomial can be the leading term of another polynomial. So zf, x7,
xy, ok, ), v¥ may only exist in this system as leading terms. So to remove z% from the first
polynomial, we will add (zf§ — x%) + (2% — 2f) = x — z to the system and remove z} — z%.
So the Groebner basis is now

n n
Ty —Z7
n

To remove x) and z} from their respective polynomials are similar process will be used. So

we will add (27 — 27) + (27 — 27) = 27 — 2% and (25 — 22) + (22 — 2%) = 23 — 2% and remove

x} — ) and 2§ — xZ. So the system is now

L —Zg
Ty —z7
Lo —g
T3 —Tg
Ty —x7
Ty —Tg

All the conditions necessary to be a reduced Universal Groebner basis are satisfied. The
corollary builds off this example and the proof is parallel to the example above.

Corollary: If m = (¢ + 2)d for some positive integer ¢, then F' has a reduced Universal
Groebner basis(RUGB) taking the form {:c?+kd — T gy 1 0 < 1<d—1,0<k<% — 2}.

Proof:

From the theorem we know F” is a universal Groebner basis. Also, since the polynomials in
C have the same leading terms as those in A, we can eliminate each polynomial in C. So
now we have F = (2 — a7 ,:0 <i<m—d—1). Define f; = a} — a7, for simplicity. We
will now construct a reduced Groebner basis.

Jieka + firginyd + firga2a + o+ fivgd = Tliga — Tlkga1)d = Tlikd — Tl (m—d)
for0<I<d—1and 0 <k < Bl = m _ 9 S6 we now have

d d

<k<

[ 3

_2}

n n n n n n n n .
{xO-i-kd = Lot (m—d)r Ti+kd ~ Li+(m—d)s T2+kd ~ L24+(m—d) """ s L(d—1)+kd ~ Tm—1 - 0
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and we must check to be sure it is infact a Reduced Groebner Basis. With the use of the
following inequality,

zy <ap <-ee < x?d71)+(%72)d = Tpg1 < Tpg < Tymed) " < Tm_1

we can see that the criteria necessary for a Reduced Groebner Basis has been satisfied.Q.E.D.

2.3 Symmetric Ideals and Computational Difficulties

See [11] for more information on what this section is presenting. To a more general and
interesting connection between Groebner bases and (0,1,---,m — 1)-Symmetric ideals we
consider the ideal generated by the following polynomials:

To+ - Tm—1

ToT1 + T1Xo + -+ + Typ—2Tm—1 + Tm—1%0

ToT1" " Tm—2 T T1T2 " Tp—1 + -+ Tm—2Tm—1" " T—a + T—1T0 " * * Tyn—3

ZL’O"'l’m_l—l.

This ideal is called cyclic(n) and the variety V' (cyclic(m)) are called cyclic n-roots. Finding
a Groebner bases for m greater than 7 is computationally difficult and Stefan Steidel makes
use of the fact cyclic(n) is a (0,1, -+ ,m — 1)-Symmetric ideal in [S] to compute a Groebner
basis for m = 9.

There are other systems that carry on this notion of circulation that are much more elaborate.
One such example is

Notice in this system =™, y™, and z™ are fixed while y”, 2", and 2" are shifted.

The following is an image of the graphs of each of the three polynomials above with n = 3
and m = 4.
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Figure 2.1: Graph for n = 3 and m = 4 case
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The variety of these polynomials is the intersection of these three graphs. The circulation
in the original polynomial system seems to have a connection with the graphical symmetries
seen above. The following is the list of the polynomials that compose the reduced Groebner
basis under graded lexicographical order.

y ot ottty eyt 2T T oyt 3t 2ty e — ey R 4 272 et byt
P2y — T4 2yRT, 0 Byt 3B 10 g8 T T8 6o B T L g2 T 2 T
PO a0yt 10 U TS 8B L 6o 0Ty 308 88Ty g d 6 08 T
222" 4 20Tyt P2 2y P B oy 2 38y — wyt T a2y — 2028 —
yre® — 320 2?yt2C 4 ayP 20 a2yl 3ayt T P P 4yt B a2t Fday 2t
PRy 2P — TPy A8 2y 09 20 9,300 B18 712, 12 40,10 8 4 694
2ay" 20+ 2825 + 4720 — 229527 — 9827 — 2028 — 6y*2? — 93210 — Tyttt —Ty2'2 — 5213, —27yld —
39922 — 39y 2% — 57y1023 + 122982* — 409”2 2* — 6982° + 629525 — 3y720 4 262y°27 4+ 9y527 +
18zy*2® + 201228 + 22932° 4 32y*2° + 4593210 + 39y2 21! + 39y212 4 29213, 79y13 + 13y'22 +
13yM 22+ 4ay® 23427y 0234281 24 +64/8 25 — 6210 20 +y 7 25— 26215 2T — Ty5 2" —302y* 28— 20y 28 —
62132° — 2072 2% — 1593210 — 13221 — 13y212 — 11213, 3y122 + 3y 22+ 3y1023 + 9924 + 3ay®20 +
3y 20 +4xy® 2"+ 9y 2T+ 3wyt 2B 4+ 4P B a3yt 432221 — Byt — 3yt — 2213, —9yld —
15y'22 — 15y11 22 — 2191023 — 16y22% + 629525 + 159725 + S8xy®27 + 9y027 + 6xy*2® + Sy°28 +
221329 + 20y429 + 622y — 622210 + 2793210 4 159221 + 15y212 + 11213, 48y 132 + 73y 1222 +
T4y 23 4+ 23y10 24 +61°2° + 59820 — 5y 28 — 69527 — 231210 — 74321 — T3y 212 — 48y 213, 24y —
19y122% — 14yt 23 + 4391024 4+ 309%2° + 1820 — 928 — 309°2° — 4394210 + 149321 + 1992212 —
242 1159222 + 1858y 23 +6355902* —6421°2° +1033y82° — 48y " 2" +935¢5 28 +3618y° 2" +



Ryan Shifler Computational Algebraic Geometry Applied to Invariant Theory 21

2717y* 210 + 5429221 + 11592212 + 451222 + 2112y2"% + 1041621, 15779222 + 730y 122 —
8873y102% — 4026y 2° + 469y° 26 48y7z7+1499y6z8+7002y529+4512xy3 1041794594210 +
61821321t — 15772212 + 2112y213 + 59042, —167y122% — 166y 2% + 1447y102% + 4549°2° —
1871825448y 2" — 27715 28 +1504xy* 2° —4229° 2° — 1495¢* 210 — 73012 211 4+ 16792 212 — 608y 213 —
139221 9191222 4158y 23— 193051024 — 15424025 — 1214820 — 168y 27+ 11282y° 25+ 24140 25 +
678y°2 +979y4210+346y3211 91922124624y 213 +14882, —519222 — 510y 23 +2099y10 2%+
21741° 2541059820 +15042° 27+ 528y " 2" +807y° 28 —318y°2? 1123y4210 322y8 211 +51y% 212 —
672y2" — 177624, 1197y° 26 — 24599827 — 7490y " 28 — 29252152 — 533631° 21 — 33881y 21! —
02601%212 — 51985221 — 19649y214 — 23705215, 6391025 + 1305527 + 364y7 2" + 14265529 +
2587y5 104 1612y%210 + 4393212 + 25312213 + 931y21* + 1105215, 1197yt 24 — 18671527
5047y72" — 20087y — 37278y — 22045211 — G106y 4042221 13993yz14
15502z15 1300y1223 27y BTy — 1607y02° — 305135210 — 234134211 — 767,312
198y2213—|—35y214 90521° 717y6210+2615y5211+1997y4z12+488y3z13 320y2214+298yz15+
109026, 717y72° —5191y° 211 — 4282y 2124135293 2134573112 214 +4105y 21° — 812216, 7174828+
2546y5 11+1238y4zl2 7657y3 213 —15008y2 214 — 12983y 21 — 408821, 1221 -6y 215 + 69216 +
51T Az18 _yypl6 512 py2a15 G 16 G174 2006 40T 4 18

Groebner bases are usually computationally preferable, however the reduced Groebner basis
is large. The complexity is of interest since the original polynomial system is clean and has
nice graphical symmetries.



Chapter 3

More Computational Algebraic
Geometry

3.1 Elimination Theory

Everything from this section can be found in [2]. Other useful references are [1] and [3].
Thus far we have discussed a what a Groebner basis is, but why do we care. One easy reason
is the ideal member problem. Let I C Kl[zy---x,] be an ideal. Let f € Klxy---x,]. Is
f € I? To answer this question we compute a Groebner basis G of I and find f¢. Then the
theorem below answers the question.

Theorem: Let {g1, -+, ¢} be a Groebner basis for an ideal I C Kz, -+ ,z,] and let
f € Klzy,-- ,x,]. Then there is a unique r € K|xy,--- ,z,| with the property that there is
agel with f=g+r.

Proof: Using the division algorithm we have f = ai1¢91 + - - + a;9: + r where ay,--- ,a; €
Klxy,--+ ,x,]. Thenlet g =a1g1+---+awge € I. So f =g+r.

For the uniqueness of r let f = g +r = ¢ + r’ where g,r,¢',7’ are found using the di-
vision algorithm. Then r — ' = g —¢ € I. If r % o' then LT(r — ') € LT(I). So
LT(g;)|LT(r — ). for some g;. But this is a contradiction so r = . QED.

So we can infer from above that f € [ if and only if 7G = 0, since r was found by us-
ing the division algorithm.

Another important reason to study Groebner bases is finding solution sets, the varieties,
corresponding to a system of polynomials. For an easy example, let’s consider the system in

22
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Clxyz]
4+ 2=0
VP —2=0
2 —-1=0.

One can readily check that that {z? + z,4% — 2, 2% — 1} is a reduced Groebner basis under
lexicographic order with x > y > z since the GC'D of the leading terms for any pair is 1. In
addition neither 22,92, 22 divide z.

Now we will consider {z? + z,4* — 2,22 — 1} N C[z] = {2? — 1}. So we now have z? — 1 =
0 if 2 = £1. Then for {2% + 2,y — 2,22 — 1} N Clyz] = {y* — 2,2> — 1} we have
(1,1),(1,1), (2, —1),(—4,—1) as the solution set for > — 2 = 0 and 22 — 1 = 0. Fi-
nally by repeating the step above one more time we find that V(2% + 2,y? — 2,22 — 1) =
(5, 1,1), (=i, 1,1), (6, —1,1), (=i, =1, 1), (1,4, —1), (1, =, — 1), (—1, 4, —1), (=1, =i, —1)}.

The procedure seen above does generalize with a much deeper theory known as elimination
theory. We begin with a definition given I = (fy,--- , fs) C K|xy - - - x,] the [th elimination
ideal [, is the ideal of K[z ---x,] defined by [, = I N K[z - - - x,]. For a check, I and
K[xp4q -+ x,] are subrings of K[zy---x,| so [} is aring. Let f € I, and h € K[z -+ - xy).
Since f € I we may say that f-h € I since h € Klxjpq-- 2, C Klxy---2,]. Also
f-he€ K[z, -x,] since K[z 1---x,] is aring. So I is an ideal in K[z, - - x,)].

We follow with a theorem that gives the relationship between Groebner bases and elimi-
nation ideals. This will be a first glimpse to understand the general strategy of the example
given above. This result can also be found in [2].

The Elimination Theorem: Let I C K|z ---z,]| be an ideal, let 0 < [ < n and let G be
a Groebner basis of I with respect to a monomial ordering where any monomial involving
x1,- -+ ,x; is greater than all monomials in K[x;;; - - - z,]. Then the set G; = GNK [x41 - - 2]
is a Groebner basis of the [-th elimination ideal I;. When using lexicographic order with
Ty > T9 > -+ - x, the theorem is true for all 0 <[ < n.

Proof: Let 0 < [ < n and note that G; = G N K[z ---x,] C IN Kz ---x,] = 1
since I C G. We need to show that (LT([;)) = (LT(G;)) to satisfy the definition of a
Groebner basis. Let f € (LT(Gy)). So LT(g;) divides f for some g; € G,. Since g; € I; as
well, we see that f € (LT(I;)), thus proving the easy inclusion (LT (G,)) C (LT(l;)).

Let f € (LT(L;)), that is f = LT(f") for some f" € I,. Now [’ € I which indicates
LT(g) divided LT(f") for some g € G. Since f" € I;, this means that LT(G) involves only
the variables x;,1, -+ ,x,. Since we are using an order in which any monomial involving
x1,- -+ ,x; is greater than all monomials in K[x;yq---x,], LT(9) € Kz -z, implies
g € K|x;11---x,]. Thus we may say that g € ;. So we have proven the desired equality.
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QED

3.2 Extension Theorem

Relating this theorem back to the previous example we see that {2* —1} and {y* —z,2% — 1}
are Groebner bases of (22 + 2,y — 2,22 — 1) N K[z] and (z* + z,9* — 2, 2% — 1) N K[yz], re-
spectively. There is another theorem, the Extension Theorem [2], that is used as a second
part to elimination theory and will be stated and not proved. The geometric version of
the Extension Theorem will then be stated and not proved so we can then prove Hilbert’s
Nullstellensatz, David Hilbert’s Lemma in invariant theory that is taken as a theorem in
commutative algebra.

The Extension Theorem: Let K be an algebraically closed field. Let I = (f1,---, fs) C

K[xy---x,] and let I; be the first elimination ideal of I. For each 1 < i < s, write f; in
the form f; = g;(z, - ,xn)xiv‘ + terms in which z; has degree < N;, where N; > 0 and
gi € Clxg - - x| is nonzero. Suppose that we have a partial solution (ag, - ,a,) € V(I;). If
(ag, -+ ,a,) € V(g1,- - ,9s), then there exists a; € C such that (a1, -+ ,a,) € V().

With this theorem we can justify the steps we took to find the solutions in the exam-
ple above by first finding the solution to 2> — 1 = 0, 4> — 2z = 22 — 1 = 0, and finally
P?4z=9y—2=22-1=0.

Geometric Extension Theorem: Give V = V(f1,---,f,) C K", let g; be as the Ex-
tension Theorem. If I} is the first elimination ideal of (fi,-- -, fs), then we have the equality
in K1

V([l) = 7T1(V) U (V(gb T ags) N V(ll))>

where m; : K™ — K" ! is a projection onto the last n — 1 components.

3.3 Nullstellensatz

We start with the statement and proof of the Weak Nullstellensatz which will then be used
to prove the Hilbert Nullstellensatz.

Weak Nullstellensatz: Let K be an algebraically closed field and let I C Klx;---x,]
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be an ideal satisfying V(1) = 0. Then I = K[z ---x,)].

Proof by induction: If n = 1 and I C Kl[z] satisfies V(I) = () which means I = (c)
where ¢ is a nonzero constant since K|x] is a P.I.D and k is algebraically closed. Then

l=c---(1/c) € 1. So I = K|[x].

Assume the result has been proved for the polynomial ring in n — 1 variable, which we
write as K[z -+ - x,]. Consider any ideal I = (f1,---, f,) C K|z -+ z,] for which V(I) = ().
We may assume that f; is not a constant since, otherwise, there is nothing to prove. So,
suppose f; has total degree N > 1. We will next change coordinates so that f; has an
especially nice form. Namely, consider the linear change of coordinates

Ty = 'f/la
Ty = Iyt aply,
where a; are as-yet-to-be-determined constants in K. Substitute for z,--- ,z, so that f;
has the form
fl(mla"'wrn) = fl(-ﬁ7@+a2'ﬂ7."aﬁ+anf/1)
= c(ag, - ,an)le + terms in which z; has degree < N.

Since K is a field, it does not have zero divisors, or else, f; does not have degree N. So
c(ag,- - ,a,) is nonzero for some ag, -+ , a,.

With this choice of ay,--- ,a,, under the coordinate change above every polynomial f &
K[z, -+ -x,) goes over to a polynomial f € K[z, ---z,]. Note that we still have V(I) = 0
since if the transformed equations had solutions, so would the original ones. Furthermore,
if we can show that 1 € I, then 1 € I will follow since constants are unaffected by the tilde
operation.

By the previous paragraph f; € I transforms to ﬁ € I with the property

]?1(:171, s X)) = c(ag, - - ,an)le + terms in which z; has degree < N,
where c(ag, -+ ,a,) # 0. This allows us to use the Geometric Extension Theorem, to
relate V(I) with its projection into the subspace K with coordinates 7,---,7,. Let

Ty o I_g” — K™ ! be the projection mapping onto the last n — 1 components. If we set
I, = INK[zy---7,] as usual, then parital solutions in K" always extend. By the in-

duction hypothesis, it follows that I, = K[zy---x,]. But this implies 1 € [; C I, and this
completes the proof.QED.
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Hilbert Nullstellensatz: Let K be an algebraically closed field. If f, f1,---, fs € f([:cl .
are such that f € I(V(fi,---,fs)), then there exits an integer m > 1 such that f™ €
(f1,-+-, fs)(and conversely).

Proof: Given a nonzero polynomial f which vanishes at every common zero of the polynomial
fi,++, fs, we must show that there exists an integer m > 1 and polynomials Ay, -, A
such that f™ =757 A fi.

Consider the ideal I = {fi, -, fs, 1 —yf) C K[zy---z,y], where f, fi, -, f, are as above.
We claim that V(1) = 0. To see this, let (a1, -+, an, any1) € K™ Either (i) (ay,--- ,ay)
is a common zero of fy,---, fs, or (ii) (a1, -+ ,a,) is not a common zero of fi,--- | fs.

In case (i) f(ay,- -+ ,a,) = 0 since f vanishes at any common zero of fi,---, fs. Thus the
polynomial 1—y f takes the value 1—a, 1 f(a1, -+ ,a,) =1 # 0 at the point (ay, - , an, Gpi1)-
In particular (ay,- -, an, ans1) € V(I).

In case (ii), for some ¢, 1 < i < s, we must have f;(a,--- ,a,) # 0. Viewing f; as a function of
n+1 variables which does not depend on the last variable, we have f;(a1, - , an, ani1) # 0. In
particular, we again conclude that (a1, - - , @y, any1) € V(). Since (a1, -+ , ap, Gpyy) € K1

was arbitrary, we conclude that V(I) = ) as claimed.

Now apply the Weak Nullstellensatz to conclude that 1 € I. That is,
1= sz‘(xh s, y) fi ta(z, o mn, y) (1= yf)
i=1

for some polynomials p;, ¢ € K[z, - -+ z,y]. Now set y = 1/f(x1,--+ ,2,). Then relation
above implies that

1 = Zpi(l’l, ce L, T, 1/f>f2

Multiply both sides of this equation by a power f™, where m is chosen sufficiently large
to clear all the denominators. This yields f™ = Yoi_Aif;, for some polynomials A; €
Kz, - x,). QED.

Radical ideals and their relationship with Groebner bases have an important application
to invariant theory. An ideal is a [ is radical if f™ € I for some integer m > 1 implies that
f € I. As a consequence let V' be a variety and f™ € I(V). If x € V then f™(x) =0 if and
only if f(z) =0,s0 f € I(V). So I(V) is a radical ideal [2].

We will denote and define the radical ideal of and ideal I € K[z; ---x,| by
VI ={f:f™ el for some integer m > 1}
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Theorem: Let I € K[zy,--- ,x,] be an ideal, then v/T is an ideal and I C /1.
Proof: First 0 € I, thus 0 € /I by definition.

Let f,g € VI. So, fi,¢/ € I for some i,j € Z*. Then every term in the expansion
(f + g)"" has the form f™g™. Either m > i or n > j since m < i, and n < j implies
m +n < i+ j since we should have m +mn = i 4+ j. Thus, either f™ or g™ is in I so each
term is in I. Thus (f + g)"*7 € I. We may conclude f + g € V1.

Let f € VT and h € Klx;---2,). So fi € I for some i € Z* and h' € Kz ---x,).
Thus (fh)! = f'h' € I. So, fh € /I. Therefore /T is an ideal.

Let f € I, then f! € I which implies f € V/I. So I ¢ VI.QED.
We have developed enough machinery to present our next major theorem.

Nullstellenstaz Theorem: Let K be an algebraically closed field. If [ C Klxy---z,] is
an ideal then I(V(I)) = /1.

Proof: Let K be an algebraically closed field and I C K|z - - - x,] be an ideal. Let f € v/T.
Then f' € I for some i € Z". So f' vanishes on V(I) be definition and as a consequence f
vanishes on V(I). So f € I(V(I)).

Let f € I(V(I)). Then f vanishes on V(I) be definition. Now, by the Hilbert Nullstel-
lensatz, there exist ¢ € Z* such that f? € I. So f € VI by definition.

We have proven both directions of the inclusion so I(V/(I)) = v/I.QED.

We have now presented and proven the two lemmas necessary for our study of invariant
theory. Moreover, notice that we used Hilbert’s Basis Lemma to prove theorems about
Groebner basis, and then used Groebner basis theory to justify a step in the proof of the
Hilbert Nullstellensatz.



Chapter 4

Invariant Theory

4.1 Invariant Rings

This paper is about invariant theory using Groebner bases as an aid, but first it is impor-
tant to mention that invariant theory is useful for the study of Groebner basis. Examples
can be found in [7] chapter 2.6, and in many papers. One such example is [11] where an
alternative algorithm is presented for finding a Groebner basis when certain invariant condi-
tions are satisfied. We now discuss the key ideas of this invariant theory related to this paper.

We are working in the polynomial ring K[z ---x,|, and let & = (z1,--- ,2,). For nota-
tional purposes, for all f € Klz;---z,]| we define f(Z) := f(x1,---,x,). Let G be a group
that acts on {Z}. We will say K[z;---x,]¢ is the set of all polynomials f € Klx;---x,]
where f(oZ) = f(Z) for all o € G.

We will define a polynomial f to be symmetric if f € K[z, x,]°" were f(of) :=
f(®s), -, To(m)) for all o € S,. Let GL,(K) denote the general linear group of n x n
matrices with entries coming from K. We let GL,(K) act on {Z} by matrix multiplica-
tion as A - 7T for all A € GL,(K). An immediate question that one can ask is: what are
Kz - 2,])% and K|z - - - 2,]9%5)? This is one of the main questions in invariant theory.
To answer this question satisfactorily, we must find fi,--- |, fs € K[z - - - z,], a finite number
s, such that K[z, -+ x,]% = K[f--- f,], a similar notion for a finite subgroup of G L, (K),
and for GL, (K). Part of this notion is a case of Hilbert’s 14th problem which asks “Is the
ring of invariants of an algebraic group acting on a polynomial always finitely generated?”
We will eventually see that the answer to this question is yes for both S, and finite subgroups
of GL,(K). We wish to find these generators.

We define S := {0, = E¢1<¢2<---<zr xiy -2, 1 < r < n} to be the set of elementary
symmetric polynomials and P = {s, = 28 +.--+2* : 1 <k < n} to be the set of power

28
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sums. By our construction we have S,P C K[z ---z,]°".The answer for S, is elementary

involving S and P for two different solutions which will be presented later. The answer is
not simple for a finite subgroup GL,(K) and GL,(K) in general. Heavier mathematical
machinery is needed and these solutions, non-constructive and constructive, will eventually
be presented.

4.2 Preliminary Results

These results can all be found [2] as either a stated result or problem.
Theorem: K <p K[z;---2,|% <p K[z1- - 1,).

Proof: (i) First note that Kl[r;---z,]® contains K since the group G acts on the inde-
terminates, thus all constant polynomials must be invariant.

(ii) It suffices to show that K|z, ---x,]¢ is nonempty, which was shown by part (i), and
closed under subtraction and multiplication. Let f,g € Klx;---2,]¢ Let 0 € G, and
o(xy, -+ ,x,) = (4, -+ ,x;, ) then

(f=9)o(@,-20)) = (f—9)(@i, -, 2i,))
= f(xilv"' 7'rln>> _g<xi17"' 7xin))
= f(xlf"7xn)_g(xl7"'axn)

Therefore, f —g € Klxy---x,]%. Also,
((fg)((f(lﬁ, T 7$n))) = (fg)(xiu T 7‘T1n))

= (fg)(xla al‘n)‘
Therefore fg € Klxy,- - ,2,)%. So, K[z, -+ 1,]% <g K[zy -+ 2,].QED.

Defintion: A polynomial f € K[z;---x,] is homogeneous of total degree k provided
that every monomial appearing in f has total degree k.

As an easy example of this definition, f(z,y,2) = z*y*z + 2° + y?z° is a homogeneous
polynomial of degree 5. We follow with a theorem that connects the notion of homogenous
and symmetric polynomials. A homogeneous component is the sum of all the mono-
mials that share the same degree. For example f(x,y,z) is a homogeneous component of
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g(z,y,2) = 2®y°2 + 2° + 223 + oy + 2lyz + yz + 22

Theorem: A polynomial f € K[zy---x,]| is symmetric if and only if all of its homoge-
neous components are symimetric.

Proof: Given a symmetric polynomial f, let x;,---,x; be a permutation of xy,--- , x,.
This permutation takes a term of f of total degree k to one of the same total degree. Since
f(ziy, -, x,) = f(x1, -+ ,x,), it follows that the k-th homogenous component must also
be symmetric. The converse is true since symmetric polynomials are closed under addition
as seen in the proof above.QED.

The following theorem is important since we can, in some situations, only worry about
homogeneous components which will simplify certain questions.

Theorem: A polynomial f € Klzy---x,] is invariant under a group G C GL,(K) if
and only if its homogeneous components are.

Proof: «<Let f € Klz;---x,] and the homogeneous components of f be invariant under
a group G C GL,(K). Then f is invariant under G since its homogeneous components are
invariant, and we have already proved closure under addition.

= As for the converse, let f be invariant under G. Write f = >, ..., fx where f; is
the homogeneous component of degree k. The claim is f,(AZ) is a homogeneous polynomial
of degree k for all A € G. Therefore, it suffices to show if ! - -- 2% is monomial of total
degree k =i+ -+1i, then (a1 1014+ a1,2,)" -+ (@114 -+ apnTn)™ is a homogenous
polynomial of degree k. The justification is that fx(AZ) will be a homogeneous polynomial

of degree k since all the monomials change to homogeneous polynomials of degree k.

Let A = (a;;). Then,

(@121 + - a1 )" - (81 + o A Q)" = [Z bnaXa] . [Z bimXa]

a€iy a€in

— Z (biy, - by, )X X0

;€15

where i; = {a € Z%; : « is the multinomial of a monomial in (a; 21 + - - - a;,)™ expanded}
and b;; is the respective coefficient. Finally, since X % is of degree j, then we have
X ... X% has degree k. The the theorem is proved.QED.

Theorem: Let A, ---, A, generate a group G. Then, f € K[z, --2,]¢ if and only if
f(Z) = f(A;Z) for all 1 <i < m.
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Proof:= Let f € K[z ---x,]% Since Ay, , A, € G then f(Z) = f(A;7) forall 1 <i < m.

< Let f(Z) = f(AX) for all 1 < i < m. Let A € G, then A = By---B; where B; €
{A,---, A} for each i. The proof precedes by induction. Then, f(AZ) = f(B1Z) = f(Z)
which is true by assumptions. Now suppose that f(B;--- B;_1Z) = f(&). Then,

f(A) = f((BiBy:-- Bi1)Bi7)
= f(B:T)
= f(7).

Therefore, f € K[z ---2,] and our theorem is proved.QED.

4.3 Examples, Solutions, and a New Theorem

We will first show that K[z ---z,]%" = K[S] by proving a well known theorem found in [2],
and [4]. This theorem was initially proved by Gauss on his way to a second proof of the
Fundamental Theorem of Algebra. The earliest known statement of lex order was for the
theorem to follow.

Fundamental Theorem of Symmetric Polynomials: Every symmetric polynomial in
K[xq---x,] can be written uniquely as a polynomial in the elementary symmetric functions
01,°*" ,0n.

Proof: Let f € K[zy---x,] be any symmetric polynomial. Then the following algorithm
rewrites f uniquely as a polynomial in oy, -+ ,0,. We fix a monomial order < to be graded
lex order.

Qn

For any monomial z7" --- 2% occuring in the symmetric polynomial f also all its images
1.041 P :L'O‘TL

o1 om under any permutation o of the variables occurring in f. This implies that
LT(f)=c---x]'x)---x)r of f satisfies y1 > 72 > -+ > v,.

In our algorithm we now replace f by the new symmetric polynomial

f .: f_c,g’vl—"fz Y273 Yn—1—""n Y1—7Y2 Y2773 Tn—1—7n

e g . e o
1 Poy o,"7 "olm we store the summand c-0/" "0y o o

n—1 n o

and, if f is nonzero, then we return to the beginning of the previous paragraph.

This process will terminate and here is why. By construction, the leading monomial of

c-oV e g T g equals LT(f). Hence, in the difference defining f the two lead-

ing monomial cancel, and we get LT (f) < LT(f). The set of monomials {m : m < LT(f)}
is finite because their degree is bounded and by well ordering. Thus, the algorithm must
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terminate.

For uniqueness, we will fix the monomial order to be lex. So suppose, in K[z;---x,] we
have gi(o1, -+ ,0,) = ¢2(01,-++ ,0,) and then define ¢ = g; — ¢g2. For a contradiction,
suppose g # 0 in Klyi---y,]. If we write g = 4 agy®, then g(oy,---,0,) is a sum
of the polynomials gg = aﬁafl coooPr where 8 = (B, -+, 8,). Furthermore, LT (gg) =
agxfﬁ"ﬂ"xgﬁ"'ﬁ" -~ a8 Also note that (B, ,B,) = (Br+ -+ Buy B2+ By -+, Bu) is
injective. Thus, the gs’s have distinct leading terms. If we pick 3 such that LT (gg) > LT(g-)
for all v # B, then LT (gg) will be greater than all monomial terms of the g,’s. It follows
that nothing can cancel with LT (gs) and we arrive at the contradiction g(oy,--- ,0,) # 0.
QED.

With this we can conclude K[z, ---1,]°* = K[S| and each f € K[z ---x,]%" is written
in terms of S uniquely. We will now follow with computer implementation using Mathe-
matica. The command SymmetricReduction will rewrite polynomials in terms of sigk where
sigk = o.

In[l]:=f =2l %22 % 23 % 24® + x1 * 22 % 3% % 24 + 21 % 12% * 3 x x4 + x1? * 22 % 13 * 14;
In[2]:= SymmetricReduction[f, {x1, x2, x3, x4}, {sigl, sig2, sig3, sigd}]
Out[2]= {sigl sig4, 0}.

The output is an ordered pair and 0 to the right of the comma in the output signifies f
is a symmetric polynomial. Moreover, the output also tells us f = o7 - 04.

To show that generators of K[z ---x,]°" are not unique we will prove PP is also a viable
set of generators. This result is found in [2].

Theorem: Let Q C K. Every symmetric polynomial in k[z;---x,] can be written as
polynomials in the power sums S for 1 < k < n.

Proof: From the Fundamental Theorem of Symmetric Polynomials it suffices to show that
every element of S can be written in terms of elements of P. We will now introduce the
well-known Newton Identities namely
S — 01Sg—1 + -+ (—1)k0']€,181 + (—1)k/€0'k = 0, 1 S k S n
sp— 01551+ 4+ (=1)" " op_18kns1 + (=1)onsi—n = 0,k >0.
To complete this proof. We will now proceed by induction. For £ = 1, s; and o; are defined
to be equal summands.

For the inductive hypothesis assume our claim is proved for 1,2,---  k — 1, then directly
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from the Newton identities we see that

1 .
Ok = (—1)k 1E(Sk; —01Sk—1+ -+ (—1)1’C 10k,151).

We can divide by k since Q C K. Now, by our inductive hypothesis, we have prove that oy
can be written in terms of elements in P, thus our theorem is proved.QED.

As an example, we find generators for K|xy|%4, where K, = <( _01 (1] ) ) ( (1) _01 )> )

(K, is actually the Klein-4 group.) This example can be found on page 332 of [2].

. -1 0 x —T 1 0 T T
First note that ( 0 1)(y> = ( y ) and (O —1)(y) = (—y)' So
f € K[zy]® if and only if f(x,y) = f(—z,y) = f(z,—y). Now we will write f = > i T
Then we have the following

flzy) = fl-z,y)
& ey = ) ai(-2)y
ij ij
& Z a; o'y = Z a;;(—1)'z'y’
ij ij
= Qi = (—1)iai7j for all ’L,j
< a;; = 0 wheniis odd.

Similarly,

fla,y) = flz,—y)
oY nay = Yoy
ij ij
< Z aivjxiyj = Z az‘,j(—l)jxiyj
ij ij
Sa; = (—1)jam~ for all 4, j
& a;; = 0 when jis odd.

Thus f € K[zy]®* if and only if f can be written in terms of 22 and y?. Therefore, we may
conclude K[zy]®+ = K[F] where F := {22, 4°}.

2 0
0 2 '
So now, doing a similar procedure, f € K[zy] if and only if f(z,y) = f(2z,2y). Then we

For another example we will find a set of generators for K[xy]“t where G| =
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will write f = 37, a;j2'y’. So,

flwy) = f(22,2y)
< Z a;a'y = Z aij(2x)'(2y)’
pr —

v}
=4 E ai’szy] = E 22+7a,-7jx1y3
= Q4 = 21+j Qg j

Sa;=0 or 27 =1

So i + j = 0 which implies i = j = 0 since 4,7 > 0. Thus f € K[zy]9 if and only if f is
constant. That is, K[xy]' = K[F,] where F; = {1}.

Now for another less trivial example, we will find a set of generators for K[zy]“? where

Gy = <( g 2 )>.So now f € K[zy] if and only if f(z,y) = f(2z, 1y). Then we will write
f=22 a7y So,
1
o ~ Yty
ij ij
& Z amziyj = Z 2i_ja,~7jxiyj
ij ij
= Qj, = Qf_J.ai,j
= Qi = 0 or 27 =1
So i — j = 0 which implies i = j since 7,j. Thus f € K[zy]“ if and only if f is written in
terms of xy. That is, K[xy]“t = K|[F,] where Fy = {zy}.

Let’s take a closer look at Ky4,Gp, and Gs. First, K, = <( _01 (1) ) , ( (1) _01 )> =
10 -1 0 1 0 -1 0 s finit
o1)'\o 1)\o-1)\ 0o —1)f5me
2 0 2 0 . 20\ . . 21 ()
ForG1:<(O 2>>:{(0 2) .]EZ}—{(O 2j).j€Z}.Itlstrue(0 ot
2720 . . 2710 2720 AAREL 0
0 922 implies ji = jp and 0 9on 0 92 ) 0 9d1+52

J 2j
Likewise for Gy = 2 8 = 2 JELy = 10] cJEZLy. It
0 5 0 0 3

= O
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- (2]’1 o) (2]’2 0)_ log . d(2j1 0)(29'2 0)
1S true 91 = 32 mphes 71 = Jjz2 an 7 J2 =
0 3 0 3 U 0 3

( 9J1+72 0 )
1J1+J :
0 5 1 2

Thus ¢, : Z +— G defined by ¢1(n) = ( P

0 on > and ¢y : Z — G defined by ¢o(n) =

( 20 lon ) are both isomorphisms. So G = Z = (G,. The first point is that G; and G5 are
2

infinite matrix groups. The second point is that even though these group are isomorphic,
the associated generators were different, that is 'y # Fy. The following is a new theorem
that was motivated by the examples above.

Theorem: Let n € ZT U {0}. For all m > n there exists G € GL,,(K) where G = Z and
K[xla'“ 7$m]GgK['x17"' 7'7;11}-

Proof: Let n € ZT U {0} and m > n. Choose primes with p; < py < -+ < pp_n. Let

- 0 0 0 0 0
0o = 0 0 0 0
p2
0 0 0 0 0 0
1

G - 0 O Pr— 0 0 0

0 0 0 HO""p; 0 0

0 O 0 0 1 0

0 O 0 0 0 0

0 0 0 0 0 1
Now the claim is K[z, ,1,,]¢ = K21, -+ ,x,]. To see that note that f € K[xy, -+, 1,,]
if and only if f(}%xl? pizxé? T ;ﬁxm*na " pitm—nt1s Tmont2,++  Tm) = f(T1,  T).

Then

1 .1 1 , N 4 4
Z iy i (1) (—@2)" - ( Tm—n) " " (2" DiTm—nt1) ™ (Bmon) "2
i1 im

D1 D2 Pm—n

- Z Qi e i (ml)il (x2>i2 T (xmfnym_n (SUmfnJrl)im_nle (xmfn+2)im_n+2 T (xmym
11, ,im

1. 1. 1 . L
< Clzd,-..,im(p_l)”(p:)m e (pm_n)szn( )T = e,
~ Ay o iy, = 0 or il == im,nJrl.
So Klxy,  + ,xm]% = K[Z1+* Tpni1, Tm-ni2;* > Tm]. To check to make sure we have the
correct number of indeterminates, note that m—(m—n+1)+1=mn. Thus K[z, -+, x,])% =

K[z, -+ ,x,]. Finally, since G is generated by a diagonal matrix, G = Z. Q.E.D.

(xmym



Chapter 5

Groebner Bases and Invariant Theory

5.1 Invariant Rings and Decidability Theorems

These results and proofs can be found in [2]. The following theorem gives a way to rewrite a
symmetric polynomial in K[z, ,x,] in terms of the elementary symmetric polynomials.
As we will see, an analogous result exists for GL, (K).

Theorem: In the ring K[zy---2,y1- - ,yn], fix a monomial order where any monomial
involving one of xy,--- , x, is greater than all monomials in K[y; ---y,]. Let G be a Groeb-
ner basis of the ideal (o7 — y1,- -+ , 00 — Yn) C K[z1 -+ 2py1 -+ yn). Given f € Klxy---x,].
Then:

(i) f is symmetric if and only if f¢ € K[y; - - - yn].

(ii) If f is symmetric, then f = f%(oy,---,0,) is the unique expression of f as a poly-
nomial in the elementary symmetric polynomials in oy, -, 7,.

Proof: In the ring K|xy, -, Zpn, Y1, , Yn), fix a monomial order where any monomial in-
volving one of xy, - - - , x, is greater than all monomials in K[y, -+ ,y,]. Let G = {g1, -+ ,9:}
be a Groebner basis of the ideal (o7 —y1, -+, 0, —yn) C Klz1- -2y ---yn). Let f €
Klzy---x,). Then, after division by G,

f = higi+- +hg + f¢ where hy, -+ hy € K[z1 - Zoy1 -+~ Yn)-

We may assume g # 0 for all g € G.

First for (i). First suppose f¢ € K[y;---yn]. Let y; := o; for each i in the formula
above. Note that f will not change since f is a function of the indeterminates x1,--- , x,.
Now, (o1 —y1, + , 00 —yn) = (0), thus ¢y = -+ = g, = 0. So we can now see that

36



Ryan Shifler Computational Algebraic Geometry Applied to Invariant Theory 37

f=f%o01,---,0,). In other words, f is symmetric.

Let f € Klzi---x,] be symmetric. Then f = g(01,---,0,) for some g € Ky -yl
We want to show g = f¢. First we have in K2y -+ 2,y1 - Y]

0'?1"'0-5” = <y1+(01_yl)al"'<yn+(an_yn)an
= yi' -yt + Bi(or—y) -+ Bulon — yn)

for some By, -+, B, € K[z 2,41 - yn). Then g(oq,--- ,0,) can be written in the mono-
mials given above. Thus

f:g(alu"' 7Un) :Ol<01_y1)++Cn(0'n—yn>—|—g<y1,yn)

where Cy,---C,, € K|x1, -+ ,Zn, Y1, ,Yn) by grouping in an appropriate way.

For a contradiction, suppose there is a term of g is divisible by an element of LT (&), that
is suppose for some i, LT(g;) divides a term of g. This immediately implies g; € K[y; - - - Y]

by our choice of monomial order and since g € K[y, ,¥y,]. Now define y; := o;. Since
gi € (01 — Y1, ,0n — Yn), we have already seen that g; equals zero after f the substitution
given above. Then ¢g; € K[y, - - - y,| means g;(o1,- - ,0,) = 0. Thus, the uniqueness guaran-

teed by the Fundamental Theorem of Symmetric Polynomials implies that g; = 0, which is
a contradiction. So, no term of g is divisible by an element of LT'(G). Thus, by the division
algorithm, g = f¢.

As for (ii), this is true by the construction of (i).QED.

The following theorem is analogous to the one above and shows that we can use Groeb-
ner bases to rewrite polynomials in terms of the generators.

Theorem: Suppose that fi, - f,, € K[x1---x,] are given. Fix a monomial order where
any monomial involving one of xy,--- ,z, is greater than all monomials in Ky, - - - yy).
Let G be a Groebner basis of the ideal (fi —y1, -, fo —yn) C Klz1- 2001 yn]. Let
f € K[z, ---x,]. Then:

(i) f € K[fi--- fm] if and only if f¢ € Ky, - - - yn].

(ii) If f is symmetric, then f = fE(fi,---, f,) is the unique expression of f as a poly-
nomial in the elementary symmetric polynomials in fi,--- | f,.

Proof: In the ring K[z1, -+ ,Zn, Y1, * , Ym], fix a monomial order where any monomial in-
volving one of 1, - - - , x,, is greater than all monomialsin K[y, -+, ym]. Let G ={g1, -, 9:}
be a Groebner basis of the ideal (f; —v1, -, foo — Ym) C K[z1, -+ ,Zn, Y1, ,Ym]. Let
f € Klzy -+ x,]. Then, after division by G,

f - hlgl+"'+htgt+.fG where hla”' 7ht€K[I17"' y Ly Y1, 0 7ym]
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We may assume g # 0 for all g € G.

First for (i). First suppose f€ € K[yi---Ym]. Let y; := f; for each i in the formula above.

Now f will not change since f is the indeterminates zy, - -+ , 2. Now, (fi —y1,*+ , fin — Um) =
(0), thus g; = --- = g; = 0. So we can now see that f = f9(fi, -+, f,n), in other words
feK[fi - ful

Let f € K[fi---fm]. Then f = g(f1,---,fu) for some g € K[y, ---y,]. We want to
show g = f¢. First we have in

U?l"'ggn = (y1+(gl_y1)a1"'(yn+(gn_yn>an
g ylal...yf:n+Bl(0-1_y1)+...+Bn<o'n_yn)
for some By, -, B, € K[x1, -+ ,Zn, Y1, ,Yn]. Then g(oq,---,0,) can be written in the

monomials given above. Thus

f:g(o-lv"' 70n) :Cl(o-l_yl)++Cn(gn_yn)+g(y1,yn)

where C4,---C,, € K[x1---xny1 - - ys] by grouping in an appropriate way.

Unlike before, f¢ need not equal g. To remedy this, let G' = G N K[y, -+ %,). Thus
G' ={g}, -+ ,9.}. Dividing g by G we find

g=Dyg1 + -+ Dsgs + ¢ where By,--+ ,Bs, ¢ € K[y -+ ym].

Since for each i g; € (fi — 1, fmn — Ym), We can combine the two previous equation and
fine

f=Clf =)+ +CLfn = ym) + 9 (W1, Ym)-

The claim is ¢’ = f¢. For a contradiction and using the division algorithm, suppose there is
a term of ¢’ is divisible by an element of LT (G), that is suppose, for some i, LT (g;) divides
a term of ¢’. This immediately implies g; € K[y - ym] by our choice of monomial order
and ¢ € K[y1,--+ ,Ym]. So ¢g; € G'. Since ¢’ is a remainder on division by G’, LT (g;) cannot
divide any term of ¢’ which is a contradiction. So, ¢’ = f©.

As for (ii), this is true by the construction of (i).QED.

We have two theorems which are implemented in Mathematica in the next section. The
results in the section are both intriguing and computationally useful.
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5.2 Decidability Algorithms Based on the Previous The-
orems

The first Algorithm is for the first Theorem in the previous section. We define a function
gbsym and f is the polynomial we wont to rewrite and n is the number of variables.

gbsym[f_, n_|:=Do[{X = Union[Array|a, n|, Array[sym, n]],

F={},

Do[{F = Union[{SymmetricPolynomial[j, Array[a, n]] — sig[j]}, F1}, {4, 1,n}],
{b, ¢} = PolynomialReduce|f, GroebnerBasis[F, X], X];

Print[c]}, {k,0,0};

gbsym[a[1]*10 + a[2]*10 + a[3]*10, 3]

sig[1]10—10sig[1]8sig[2]+35sig[1]%sig[2]2—50sig[1]*sig[2]+25sig[1]3sig[2]* —2sig[2]°+10sig[1] “sig[3] —
60sig[1]°sig[2]sig[3]+100sig[1]?sig[2])?sig[3] —40sig[1]sig[2]3sig[3]+25sig[1]*sig[3]* —60sig[1]*sig[2]sig[3]*+
15sig[2]?sig[3]? + 10sig[1]sig[3]?

The output above rewrites a[1]'® + a[2]'® + a[3]'® in terms of the elementary symmetric
polynomials. The next Algorithm is for the second theorem in the previous section. We
define a function gbinv. Where f is the polynomial we want to write in terms of F' in n
variables.

gbinv[f_,n_ F_|:=

Do[{X = Union[Array[a, n|, Array[y, Length[F]]], S = {},
Do[S = Union[S, {inv[j]}], {7, 1, Length[F]}],

{b, ¢} = PolynomialReduce|f, GroebnerBasis[F — S, X], X];
Print[c]}, {k,0,0}]

F = {a[1]*2 + a[2])"2, a[1]"3a[2] — a[1]a[2]"3, a[1]"2a[2]"2};
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gbinv[a[1]"8 + 2 * a[1]"6 * a[2]"2 — a[1]"5 * a[2]"3 + 2 x a[1]4a[2]"4 + a[1]"3a[2]"5+

2 x a[1]"2a[2]"6 + a[2]"8, 2, F]

inv[1]* — 2inv([1]2%inv[3] — inv[2]inv|[3]

gbinv[a[1]*2 + a[2]"2,2, F]

inv(1]

We give two samples of output above to verify the algorithm works. So now we can com-

putationally, using Groebner bases, rewrite polynomials in terms of the invariant generators
for S,, and finite subgroups of GL,(K).

5.3 Finding Invariants

The next definition and theorem can be found in [7].

Definition: Given a finite matrix group G C GL,(K), the Reynolds operator of GG
is the map R : K|z -z, = K|z - - x,] defined by REYq(f)(Z) = ﬁ Y oace [(A- ) for
f(7) € K[7].

Theorem: The Reynolds operator on a finite group has the following properties:
DRa(Af +vg) = ARa(f) + vRg(g) for all f,g € K[zy---x,] and A\, v € K;

ii)Rg|¢ is the identity map;

iii) Rg(fI) = Rg(f)-I forall f € K[z, +-x,) and I € K[xy---2,]°.

Proof: Let G C GL,(K) be a finite group.

Let f,g € K[zy---x,] and A\,v € K. Then

REYa(Mf + vg)(7) = ﬁZ(Af+vg)(A-f)
AeG
= LN A ) +eg(A- )
Gl 52
A ., v o
= @%f(A'$)+@§f(A'm)

— AREY4(f) + vREY(g).



Ryan Shifler Computational Algebraic Geometry Applied to Invariant Theory 41

So i) is proven true.

Let f € K[7]9 then f(A-7) = f(f) for all A € G. Then we see that

REY(f Zf = =S @) = £(@)

= AeG
So i) is proved.
Let f € K[z, x,) and I € K|x;---x,]¢ Then
REYG(I1(&) = 7 S(D(A-)
AeG
1
= = > (fA-D)U(A- D))
e

AeG
= (- REYG(f))(JF)-

So, iii) is proved and we now know that G is reductive. QED.

A nonconstructive theorem that proves finite generation for K[7]¢ when G is finite will
be presented which uses the Hilbert Basis Lemma. This result can be found in [4] and [7].

Hilbert Finiteness Theorem: The invariant ring K[7]“ of a finite matrix group G C
GL,(K) is finitely generated.

Proof: Let K|[#]¢ denote the set of all homogeneous invariants of positive degree. From the
Hilbert Basis (Theorem) Lemma we see that (K [Z]) = (I1, -, L) for some Iy, -+ , I, €
K[Z]$. Now it will be shown that K[7]¢ = K[I1,- -+ , L,).

For a contradiction suppose I € K[#]% — K[I,--- ,I,] and where I is homogeneous of

minimum degree. Then [ = > f;I; since I € (I1,--- ,I,,) for homogeneous polynomials
fi € K[7] and deg(f;) < deg(I). Now we see applying the Reynolds operator

I = REY;(I) = REYg (i fi[i) = i REY(f)1
=1 =1

Note that deg(REYq(fi)) = deg(f;) < deg(I). This means REYs(f;) € K[I4,--- ,I,] and as
a consequence I € K[Iy,- -+, I,,] which is a contradiction. So K[#]% C K|[Iy,--- , I,,,] since we
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proved it suffices to only consider homogeneous polynomials. Also, K[I;,--- ,I,,] C K[#]¢
by construction. QED.

Since any I € K[#] takes on the form I = Y. REYq(f;)];, as we see in the proof,
and by the linearity of REYy I can be written in terms of {REYs(z®) @ a € Z%,}. A
theorem proved by Noether provides a way to find all the invariants algorithmically. This
new process does not yet use Groebner bases and is inefficient for large groups. Moreover,
redundancies are likely to exist. This result is found in [2] and [7].

Noether’s Degree Bound: Given a finite matrix group G C GL,(K), we have k[7]¢ =
KIREY(«?) : 8] < |G

Proof: First note that (zq + -+ + z,)" = > laf=k GaT® Where a, € Z7.

Let A; denote the ith row of A so A;7 = 2?21 aijrj. Let a = (a1, -+, ) € Z%; and
define (AZ)® := I, (A;7)*. Now we can see
1
REYg(z®) = —= Y [ (afhar + - + af,2,)™]
Gl =
1 n 2\
= al Z [I17 (As)™]
Gl te8
1
= — (AZ)“.
P>
Now we will introduce the new indeterminates uq, - - - ,u, and substitute u;A;¥ for each x;.
Then we have

k. _ —\ o1 A\
1 n‘indn - a n<in
(up A1z + -+ upApxy) E o (ug A1 2) -+ - (up A X)

|a|=k
= Z ao (AZ)u.
|a|=k
Then
Sk L= Z(ulAlf—i— R ulAnf)k
AcG
= Z (g (Z(A:E)“) u®
la|=k AedG
= ) |GlaaREYg(z")u®.
la|=k

Now let Uy = uy A1 + -+ + u1 A, @ where A; is the ith row of A € G. Any symmetric
function in terms of the U4 can be written in terms of Sy by a previous theorem. Now Sy is
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a symmetric polynomial in terms of Uy, so S, = F(S1,- -, S|¢). Now substituting we find
> |GlaaREY(z*)u® = F [ Y |GlaaREYa (2’ -, Y |GlagREYs(2”)u”
|| =k |Bl=1 181=1G]|

Expanding the right side and equating the coefficients of u®, it follows that |G|a,REYs(2®)
is a polynomial in REYg(2?) where |3| < |G|. Since k has characteristic zero, then |G|a, is
nonzero, and hence REYq(z*) has the desired form.QED

The implementation presented above is not efficient if G is large, but it will work and ter-
minate based on the theorems above.

5.4 Finding Invariants with Groebner Bases

This entire section is pulled from [7]. We are looking for a set of fundamental invariants
{01, 00,11, ,m:} where each I € C[#] can be written uniquely as I(%) = >_'_, (%) -

pi(61(Z), -+ ,0,(%)) where py,-- -, p; are n-variant polynomials. We will define the Hironaka
decomposition @'_, 7; - C[fy,- - - ,0,] to be the set of polynomials of the form S"!_ n:(Z) -
pi(61(Z), -+ ,0,(%)) where py,--- ,p; are n-variant polynomials. We will call 8y,--- ,0, to
be primary invariants and 7, --- ,7; be secondary invariants. So to restate our goal given a

finite group G' we want to find {61, , 0,71, -+ ,m:} so C[F]¢ = @221 n; - Cloy, -+, 0,

Let’s take G = {1} then C[z]¢ = C[z] = C[z}] @ 2C[2?]. The first equality is a result
from previous sections and the second is a direct result from the paragraph above. This
establishes the fact that Hironaka decompositions are not unique for GG in general and in fact
the example given before has infinitely many decompositions.

Now that us prove a lemma that will be used in an algorithm for finding {61, - ,0,,m1,- -+ ,n: }
Lemma: Let G C GL,(C) be any finite matrix group, and let

I =T cC[z]: I(A-7)=I(Z) for all A€ G, degl >0)
Then /(I%) = (21, ,2,).

Proof: Let the assumptions be as above. It suffices to show V(I%) = V({xy, - ,2,)).
Once this is accomplished we have I(V(I%)) = I(V({x1,--- ,1,))). Then using the Hilbert
Nullstellensatz we have VIG = I(V (1)) = I(V({x1, -+ ,2,))) = (x1, -, Tp).
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Let @ € C* — {0}. Define Gz = {A-d : A € G}. Since G is finite then Gz is finite
thus we can find a polynomial f € C" where f(0) =0 and f(A-d) =1 for all A € G. Then
consider f*(x) = \_él > e f(A - Z) which lies in 19 since f*(0) = 0, thus deg f* > 0. Then
f*(a) =1 so we may say that a ¢ V(I%). So V(I®) = V({xy,--- ,x,)) and our desired result
is proven.QED.

Now we can begin to develop our first algorithm for finding a set of fundamental invari-
ants. This process will use Groebner bases, is algorithmic, and will be more efficient than
the brute force effort already presented.

We will start off with the study of the Hilbert series. Hilbert series will help us avoid
making frivolous checks and will save on computation time. We define the Hilbert series to

be
= Z dim(C[7]§
d=0

where C[7]§ is the set of all homogeneous invariants of degree d. Now the claim is
]G | < Z det( I —zA)

The invariant of degree d exists if and only if the coefficients of z? are nonzero since the
coefficient is dim(C[Z]$). To prove our claim above we begin with a lemma. The following
is the code for computing the Hilbert series in Mathematica

HilbertSer[G_,n_,S_]:=
Do|Print[Series|Together[(1/Length[G]) * Sum[1/CharacteristicPolynomial[L[i], 2], {3, 1, Length[G]}]],
{2,0, S}]], {¥,0,0}]

Lemma: Let G C GL,(C) be a finite matrix group. Then the dimension of the invariant
subspace V¢ = {7 € C": A¥ = ¥ for all A € G} is equal to |G| Y acq trace(A).

Proof: Let Py = ﬁ Y accA. This linear map is a projection onto the the invariant sub-

space VY. Since the matrix Py defines a projection, we have Py = P2, which means that
Py has only the eigenvalues 0 and 1. Therefore the rank of Py equals the multiplicity of its
eigenvalues 1, and we fine dim(V%) = rank(Pg) = trace(Pg) = |G‘ > acq trace(A).QED.

This leads us to the proof of our claim above.
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Theorem: The Hilbert series of the invariant ring C[7]“ equals ®¢(z) = ﬁ Yo aca m.

Proof: We write C[#], for the ("7 ')-dimensional vector space of d-forms in C[7]. For
every linear transformation A € G there is an induced linear transformation A% on the vec-
tor space C[Z]g. In this linear algebra notation C[Z]$ becomes precisely the invariant sub-
space of C[Z]4 with respect to the induced group {A¢: A € G} of (”+g ") x ("+j ")-matrices.
In order to compute the trace of an induced transformation A¢, we identify the vector space
Cn with its linear forms C[Z];. Let {41, ,lan € C[Z];. be the eigenvectors of A = A%, and
Pal, ,Pan € C denote the corresponding eigenvalues. Note that each matrix A € G is
diagonalizable over C because it has finite order.

The eigenvectors of A? are precisely the ("79 ') d-forms li{l e lj‘f{jn where dy +---+d, = d.
The eigenvalues of A? are therefore the complex numbers Pil,l e pj’fn where dy+---+d,, = d.
Sine the trace of a linear transformation equals the sum of its eigenvalues, we have the equa-

tion
dy dy d
trace(A?) = E Pa1 " PAn:
di+-+dn=d

By the previous lemma, the dimension of the invariant subspace C[Z]$ equals the average
of the traces of all group elements. Rewriting this dimension count in terms of the Hilbert
series of the invariant ring, we get

Bo() = z z( 5 pzal---psafn) v

AeG di+--dn=d

1
= il Z Z Piﬁ o 'Pﬁfnzdﬁ i

G| AXG; det(I — zA)

A Graded Ring is a the direct sum of additive subgroups: S = Sy & S; & Sy & - -+ such
that SlS] g Si+j

Lemma: Let pi,ps,- -+, pm be algebraically independent elements of C[Z] which are ho-
mogeneous of degrees dy,--- ,d,, repectively. Then the Hilbert series of the graded subring

R := Clp1,p2, -+, pm) equals

o 1
= (dim = )
)= 2 me R =
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Proof: Let Ry denote the C-vector space of degree d elements in R. By the algebraic indepen-
dence of py,- -+, p, we have {pl1 2. pim iy, i, € Noand iydy +dade + - - + ity dy, = d}
is a basis for R;. This implies dim(Ry) = |A4| where Ay = {(i1,42, - ,im) € N™
i1y + -+ iy = d}.

So

i dlm(c Rd = i |Ad|zd
d=0 d=0
-y ¥

d=0 (i1, ,im)EAq

oo oo
— E Zzldl .. E szdm
11=0 im=0

1 1
1—2zh 1 — zdm
1

which is exactly what we wanted to show. QED.

If R=@._,nCl0y,- - ,0,] then by the previous lemma

t
= (@ m@) D @ @ 77@9” Hzn
i=1

(i1, in)ENT {0} i=1

we see that the Hilbert series for R is

1=
01— 20)

Then we conclude the following theorem immediately from the results above.
Theorem: &qg(z) - 17, (1 — zdest) = Z;‘;:l odegn;

The significance of the theorem above is that it allows us to know the degrees of the sec-
ondary invariants.

This section gives all the preliminary mathematical development in order to give and under-
stand an algorithm for finding and computing the primary and secondary invariants.
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5.5 Algorithms

Algorithm 2: Let [ := (f1, -+, fm). Let G be a Groebner basis of (fi,- -+, fi, gz — 1), where
z is a new ordered after all the previously existing variables. Then ¢ € v/T ifand only if 1 € G.

Proof: Let 1 € GG then

U= piw,any) i+l y)(1—yf)
i=1

1

for some p;,q € K[z1, -+ ,x,,y]. Let y = o m and the equation above implies

- 1
I = Zpi(xla"'axm?)fi
i=1

Choose m € Z* so that when f™ is multiplied by the equation above on both sides that the
denominator is cleared. So we have

o= ihifi el
i=1

for some h; € K[z, -+ ,2,]. So f € V1.
Let f € V/I. Then f™ € I C G for some m € Z*. Note that 1 — yf € G so
L=y "+ A=y ™) =y "+ A=y /)AL +yf+ +y" ") G
Therefore the algorithm with is implemented will work. QED.
Alg2[F_,g_,n]:=
Do[{G = GroebnerBasis[Append[F, g * z — 1|, Append[Array[a, n], 2]],

If[Length[G']==l,p =l,p= 0], Print[p]}, {i, 1, 1}]

Algorithm 3: Compute the Groebner basis G for an ideal I = (fi,---, fm). Then VI =
(x1,-++,xy,) if and only if a monomial of the form z* occurs among the initial monomials in
G for every i, for 1 <i < n.

Proof: = Suppose VI = (w1,--+,2n). Then we have G = I D {x{l,--~ ,zd»} wich im-
mediatly implies LM (G) D {',--- ,zir}.

< The key is to use the fact fi,---, f,, are homogeneous and consider the monomial order
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as Lexicographic. First we must have z/» € G since /" is the leading term. Then we see that

x, = 0. Now suppose .1 = --- =z, = 0. Then :cfg’“ + Zi1+---+in=jk akx?ﬁ .-zl is a poly-
nomial in G' by hypothesis for some a;, € C. But by our inductive hypothesis sum summand
equals zero so x¥ = 0. Therefore, ; = -+ =, =0 so VI=+G = (z1,--- ,1,).QED.
Alg3[F_,n ]:=

Do[{LmF = {}, A = GroebnerBasis[F, Array|[a, ]|,

While[A # {}, {f = Take[A, 1], A = Delete[A, 1],

LmF = Flatten[Append|LmF, Take[MonomialList[First[f]], 1]]]}], H = {},
While[LmF # {}, {h = Take[LmF, 1], LmF = Delete[LmF, 1],
If[Length[Variables|h]] == 1, H = Flatten[Append[H, h]]]}],

If[Length[H] == n, Print[1], Print[0]]}, {7, 1, 1}]

Algorithm 1: Fix a monomial order m; < my < mg < --- which refines the partial order
given by the total degree on the set of monomials of C[Z]. Let M = (xy,- -, x,)

0. Let t := 1 and Q := 0.

1. While m} ¢ Rad({Q)) let t =t + 1.

2. Let Q :=QU{m;}.

3. If |Q| < n and \/(Q) # M then return to 1.

4. FEither @) is a primary set of generators P or () can be modified to an algebraically
independent set of primary generators P of n invariants with /(P) = M. See [10] for more
on this piece of the algorithm.

5. Find secondary invariants which are linearly independent module the ideal generated
by P.

Proof: The termination of steps one and two is guaranteed by the lemma above. First note
that V(Q) = {0}. From this we see that {z{',--- 2%} c (Q) for some d,--- ,d, € ZF.
Then we can see

Clz] = {ria1 + - -+ rmay 11 € C[Q] and a; € A}

where A = {xf :0 < j;<diforall0 <i<n}. A similar statement can be made about
C[#]¢ thus |Q| > n. Then we are able to determine P using Algorithm 3 which is stated
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below. Step 5 will work by taking Noether’s bound into account.QED

For step 1, to check if m} ¢ Rad((Q)) use algorithm 2. Moreover, the Hilbert series can be
used to skip the power that will not be included.

For step 2, to check if \/(Q) # M use algorithm 3.

For step 4, let Q@ = {q1, - ,qm}, d; = deg(¢g;) now find a n x m-matrix matrix (a; ;)
where

d/d; d/d,
<Za1,jqj/ Ty 7Zan,jq]‘/ J> = M.
j=1 J=1

This can be verified using algorithm 2.

For step 5, use ®g(z) - I (1 — z98%) = S 2987 and the Reynolds operator to find
the secondary invariants 7y, --- ,7; which are linearly independent modulo the ideal gener-
ated by P. Let GB be a Groebner basis of (P) then 7;%% = 0 if and only if 7; is linearly
independent modulo the ideal generated by P. It was discussed early on how to make this

computation.

See the Appendix for code.

5.6 Algorithm Implementation

The algorithm is used to study cyclic and dihedral groups which can be represented by 2 x 2

matrices. Recall
D - 1 0 cosf) —sinb
mo 0 —1 J’\ sin@ cosf

where 0 = %’r Also the cyclic group of order m is

cosf) —siné
Cm = <<sin8 cos f )>
The generators of C[z, y]P?m and Clx,y]|“" are interesting and, at first glance, unexpectedly

related. For some values of m, for example 5 and 7, Mathematica has computational difficulty.
The following tables presents the findings.
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Table 5.1: Primary and secondary generators for C,,. (F means there was a computational

fail)

m Primary Secondary
2 x?, y? 1, zy
3 x? 4+ y* a® — 3xy? 1
4 2+ y* at + oyt 1
5 F F
6 2% + 9%, 112° + 152%y* + 452%y* + 9y° 1
7 F F
8 2?2 + 9%, 92°% + 282%¢% + 70xy? + 282%y° + 9y® 1
9 F F
10 F F
11 F F
12 | 22 + y?, 46322 + 27062 0y? 4 74252%y* + 831625y° + 7425x%y® + 27062%y0 + 463y'2 1
Table 5.2: Primary and secondary generators for Ds,,.(F means there was a computational
fail)
m Primary Secondary
2 22,y 1
3 22 + 9% 23 — 3xy? 1
1 2ttty 1
5 F F
6 22 +y?, 112° + 152%y? + 452°%y* + 9y° 1
7 F F
8 2?4+ y?, 92° + 28252 + T0xy* + 282%y° + 9y° 1
9 F F
10 F F
11 F F
12 | 22 4 2, 46322 4 27062 0y? + 742528y* + 8316255 + 74252%y® + 27062%y0 + 463y'? 1

An analysis of the tables 6.1 and 6.2 us that even though the dihedral groups and cyclic
groups are structurally different and have different orders for each m our generators are
the same for all but one case. For cases three through twelve which worked this is easily
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1 0
0 —1
y must be an even power. In each of the aforementioned cases y has an even power. For
the case m = 2 y can not have and odd power so the secondary invariant is, in a sense,
eliminated from C,, to D,,,.

explained by the fact that the flip, , which is a generator of D,,,, tells us that

An another intriguing aspect is the radicals of each of the ideals generated by the primary
invariants is equal to (z,y) and this is known immediately from the algorithm, and is true
in general.

An interesting continuation would be to attempt to write this program in a more suitable
computer algebra system and study Clz,y]”?" and C[z, y]|“" and see if the patter continues
for m =5,7,9,10,11 and m > 12. The program may have implication issues when it comes
to mathematica but the algorithm is implementable. Also, this rises the question if we have
a set of generators can we always find which groups will give us these generators? We have

satisfied one of the goals and have given the solution to a special case of Hilbert’s Fourteenth
Problem.



Chapter 6

Generalized Groebner Basis Theory
and The Straightening Law

6.1 (Generalized Groebner Basis Theory

Generalized Groebner basis theory, as it pertains to us, can be found in [9]. So far we have
seen the notion of a Groebner basis in a the setting of a polynomial ring over a field. This
chapter is a consequence of a more general theory. Groebner basis theory can be applied to
non-commutative rings, infinite dimensional algebras, and, in our case, bracket rings. The
initial goal is to introduce Groebner bases in a more general setting and to state its equiv-
alence to the case that has been used up to this point of the thesis. The second goal is to
prove the so called Straightening Law. The Straightening Law gives us a C-vector basis for
the Bracket ring which is a key tool in proving the Fundamental Theorem of Invariant Theory.

Consider C[zy,--- ,x,] with the ordering z; < --- < z,. Now consider the set M =
{2 ---ai : foralli; > 0}. A total ordering on M is said to be admissible if 1 < m
for all m € M, and for all p,q,r € M we have p < ¢ implies p-r < g -r. The monomial
orders presented earlier are all examples of admissible orders.

Let ' C Clzy, -+ ,2,) and g,h € Clxy, -+ ,2,). fh=¢g—0b-u- f for some f € F,b € C,
and v € M where b-u - LM (f) is a monomial of g then g is defined to reduce to h, denoted
g —r h. Moreover, h is in reduced form provided there does not exist A’ where h —r h'.
If there exists a sequence of reduction

g—rh —=p--—=phy—=rh

where h is in reduced form then h is the normal form of g. Now it is important to note
that h is not necessarily unique. In the case where F'is finite the normal form of g is simply
the remainder upon the division of F'.

52
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F is a “Generalized” Groebner basis of (F) if g € Clzy,--- ,x,] has a unique normal
form modulo F'. The thoerem below shows a Groebner basis is a “Generalized” Groebner
basis.

Theorem: Let F' = {f;,---, f;}. Then The following are equivalent:
i) F'is a “Generalized” Groebner basis for (F')

ii) For all f,g € Klxy, -+ ,z,), [+ (F) = g+ (F) if and only if the normal forms, re-
duced using F', of f and g are equal.

(iii) LM((F)) = LM(F)
Proof: (i)<(ii) The result follows immediately from definition.

(iii) =(i) Let LM((F)) = LM(F). Let f,g € Clxy,--- ,x,] with f + (F) = g + (F) and
f,g are both in reduced form. First note that LM(f), LM(g) ¢ LM(F), else either f or g
would be reducible.

Now by definition f — ¢ € (F) which implies LM (f —g) € LM((F)) = LM(F). Thus
we can conclude that LM (f) = LM(g) and LC(f) = LC(g).

Let f'=f—LC(f)-LM(f) and ¢’ = g— LC(g)- LM (g). If f' were reducible then LM(f;),
for some i, would divide some monomial of f’, and consequently f. So f is irreducible. By
analogous reasoning ¢’ is irreducible. So we may conclude, after repeating the steps above,
that f = g. Therefore we have F'is a Generalized Groebner basis.

(i)=-(iii) can be found in [9]. QED.

6.2 Straightening Law in Terms of Groebner Bases

This final section is drawing connections between topics covered in [7] and [6]. Let X = (z; )
be a n X d-matrix. A maximal minor of X is the determinate of the d x d matrix using d
rows from X. We define all the maximal minors of X to be the Plicker coordinates of X.
The Ring of Pliicker Coordinates is the polynomial ring generated by the Pliicker Co-
ordinates.

First Fundamental Theorem of Invariant Theory: Let C[z;;]%© = {f € C[x,,] :
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f(X-A) = f(X)forall A € SLy(C)}. The ring Clr,;]94(© equals the ring of Plucker
coordinates of X.

Example: Let P(z; ;) € C|z; ;] be a Pliicker coordinate. Now, by defintion, P(x; ;) = det M
where M is some maximal minor of (; ;). Let A € SLy(C) then we see that P(A - (z;,)) =
det(A- M) =det A-det M = det M = P(x;;). So P(z;;) € Clx,;;]94®). So we can conclude
that the Pliicker coordinates are invariants.

To help motivate the technique and theory used to prove the statement above we’ll con-
sider an analogous case in a setting made familiar in this paper.

Let Klzy, -+ ,2,]% = K[f1,-+, fm] where G is a finite subset of GL,(K). Define ¢ :
Ky, ym] = Klz1, -+, 2,)% by é(9) = g(f1,- -, fm). ¢ is well-defined by construction.
Let g’h € K[yla U 7ym] then

olg+h) = (g+h)(fi, 5 fm)
= g(fi,- s fo) TR )
= &(g) + ¢(h).

which establishes ¢ as a homomorphism. ¢ is an onto map since K[zy, -+ ,2,]% = K[f1, -, fm]-

Now it is enough to say that K[yi,- -+ ,ym]/ker ¢ = K[z, -+, 2,]¢.

Now by definition ker ¢ = {h € K[y1, -+ ,ym| : h(f1, -+, fm) = 0in Kz, -+ ,x,]}. ker¢
establishes the relationships between elements of Klyi, - ,ym]. Let 91,92 € Kly1,- -+, Ym]

then 91(f1,"' afm) = g2(.f1a"' 7fm) if and only if (91 —92)(f1,"' 7fm) =0. Thus g1 — g2 €
ker ¢.

Let A(n,d) = {XAL"'J\d 1< A <A <-o- <A <n} Let m €S, then Xar(1)y An(d) =
sign(m) - X ag-

Let 6,4 : C[A(n,d)] — C[z; ] be defined by

Tral Ta2 0 Tad

Trg, 1 Thg2 "7 Thod
X>\1,~--,)\d — det . .

x)‘d’l :I;)‘d72 e x)‘d7d

This the image of 0, 4 is the ring of Plucker coordinates. By properties of determinant we
have 6, 4 is a homomorphism. In addition we see that C[A(n,d)]/ ker 0, 4 = Im(6,.4).

Let’s discuss how to use Groebner bases to find the generators of ker ¢ for an arbitrary
ring homomorphism ¢. To see how this can be done we present the following theorem.
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Theorem: Let K|xy, -+ ,2,]% = K[f1, -, fm], and consider theideal J = (f; — y1," -+ , fr. — Ym) C
K[xlv'” y Ly Y1, 70" 7ym]

Then ker ¢ is the n-th elimination ideal of J, and so ker¢ = J N K{y1,- -, Ym]-

Proof: Let p € J. Note if we substitute y; — f; for all ¢ then J = (0). Therefore
p(xla'” ,In,fl,"' 7fm>:O

Let p(a1, -+ T frr- o fn) = 0 in Koy, -+ 2], Now let g = fi — (fi — ;) for all i.
Consider the following monomial

gttty = af i (= (F— ) (= (fn = Ym))
= g0 ... g0n [ylfl"'y%”‘f‘Bﬂﬁ _y1)+"'+Bm(fm_ym)}

for some By,--+, B, € Klx1, -+ ,Tn, Y1, ,Ym). Multiplying by an appropriate constant
and adding over the exponents appearing in p we arrive at

p(wla"' y Ly Y1, 0 7ym) = p(l‘lf" 7xnaf17"' ’fm)+cl(f1_y1)++Cm(fm_yﬂ’L)

For some Cy,---,Cy, € Klxy, -+ ,Tn, Y1, ,Ym). Since p(x1, -+, Tp, f1,-+ , fm) = 0 we
have

p(xlv"' s Ly Y1, 0 7ym) = Cl(fl_y1>+"'+cm<fm_ym) e J

Now we have established p € J if and only if p(xy,--- ,zn, f1,- -+, fm) = 0. Taking intersec-
tions we now have p € J N K[y, - ,yn| if and only if p(fi, -+, fn) = 0in K[z, -, x,].
Therefore ker ¢ = J N Klyp, -+, ym].QED.

Corollary: Fix a monomial order in Kzy, -+ ,Zn, Y1, ,Ym| where any monomial in-
volving xq,--- ,x, is great than all monomials in K[y, - ,y,| and let G be a Groebner
basis of J. Then GN K|y, -+ ,ym] is a Groebner basis for I in the induced monomial order

induced on K[y, -+, Ym]-
Proof: The result follows immediately from work already presented on elimination theory.

The two results above give us an algorithm for finding the generators of ker ¢. Now how do
we find the generators of ker 0, 4.

Let us identify Xy, .., with [A;---As] = A. We will now introduce the van der Waer-
den syzygy with it’s associated notation. First let A € A(n,d) then A\° € A(n,n — d) with
AJUX = {1,---,n}. Let (\,\°) = sign(n) where 7 is the permutation where \; — i for
i=1,---,dand A —d+jfor j=1,---,n—d.
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Let s € {1,---,d}, a € A(n,s — 1), BA(n,d + 1), and v € A(n,d — s). Then the Van
der Waerden syzygy is

[l = Y (mr)-larasiBy oy, 1 Br o Brasro sl

TEA(d+1,s)

For an example of what these look like let d = 5, s = 4 and n large enough and considering

a = [masas] € A(n, 3)
B = [B1P20384055) € Aln, 6]
7 = [m] €An1).

We then have

[[0457]] = [aragas B2 338455 8671
i, C)[Oé10420435556][5152ﬂ354’71]
) anaasBaBs][ 818283 0571
v a0 Ba 35 [B1 B285 Bs 11
oy a3 B3 5] [ 8182848571
0410420435355] [5152545671]
a1 a3 B3 8] [ 815285 5671
0332 36] [ 8183843571
03 B2 B5)[ 5183848671
[ ]

— o — — — — —— ——

e e e e e e e S |
/-\/\A/\/-\A/\;?TA/-\/-\/\/\A/-\

Ty, To ) [cr a3 Ba B4] [B1 8385 Bs 11

710, Tio) |13 Ba B3] [ B1 8485 861

11, Tp) [ a3 81 B6] [ B2 B3 Ba 571 |

Tia, Tio) 1oz 81 85] [Ba B3 Ba e 1]

713, Tig) [z B1 Ba] [ B2 B3 05 B6 11

T4, Try) 1oz 81 B3] [B2 B4 85 861 |

T1s, Tis) 1oz 81 82] [B3 B4 85 861
Just note that (i) = 15 is the number of brackets being summed. Now let’s compute
(11, 7). First note that 7 = [1,2,3,4] so 77 = [5,6]. So the associated permutation

1 2 3 4 5 6
T = ( 12345 6 ) . Thus (71, 7{) = 1 since m; is the identity.
Let’s compute (75, 75). First note that 7, = [1,2,3,5] so 77 = [4,6]. So the associated
: 1 23 45 6 c . .

permutation m = | | 5 o o, ¢ ) (4,5). Thus (79,75) = —1 since my is an odd

permuation.
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For a final example let’s consider (73,75). First note that 73 = [1,2,3,6] and 75 = [4,5].
So m3 = (6,4,5) which is even. So (73,75) = 1.

So we have established what the van der Waerden syzygiess are and an example of what they
look like. A van der Waerden syzygy is called a straightening syzygy provided as 1 < Bs11
and B, < ;. Let

Sn’d = {HOZB’)/H Cag1 < ﬁerl and Bs < 71}

The claim is S, 4 is a Groebner basis for I, 4. This result is a stronger condition than the
Second Fundamental Theorem of Invariant Theory.

Lemma: Let [ be any ideal and < be any monomial order on Clzy,---,z,]. The set
S:={m+1:m¢ LM(I)} is a C-vector space basis for the ring M

Clz1, ,xn

Proof: Let g+ 1 € 7 | where g = fi1 ¢t + Zf;l d;z% where % + I € S and

2P+ 1 ¢ S. So we have

k‘l k'2
g+1 = (Z ™ + Zdﬂm) +1
i=1 i=1
k:l k‘2
- Z (i + 1)+ Z (diz® + 1)
i=1 i=1
kl k2
= ) (ca® +1)+> (0+1)
i=1 i=1
k1

— Z (cix™ 4+ 1)

i=1

Clza, ]

7 can be represented from elements of S.

So every element of

Let 04+ 1 = Zf;l (c;z* +1I). Then Zf;l ciz® € I. Now every polynomial in I must
have a monomial m, by definition, where m + I ¢ S. This implies ¢; = 0 for all 7 and hence
unique representations from elements in S. Therefore we have established S is a vector space

basis. QED.

Define <7 to be the ordering on A(n, d) where [A\] <7 [u] provided there exists m, 1 < m < d,
such that \; = p; for 1 < j <m —1and \,, < . <r ordering the elements of A(n,d)
lexicographically.

<r can be generalized to an order on C[A(n,d)] and we’ll call <7 the tableaux order. Define
T = M-+ [\¥] where [\;] = [N« - ML) [N, -+ (W] € A(n, d), and [A!] <p -+ - <7 [A\¥]. We
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will say T is standard provided )\; <... )\';f for all s. Otherwise T is nonstandard.

Let T be as above and T" = [u'] - [!] where k < I. Then we define T < T’ if either
k <1 or there exists 7 € {1,2,--- ,k} and s € {1,--- ,d} such that A} = ) for all i and j
such that ¢ <ror¢=rand j < s, and A} < pu’.

Lemma: The polynomials [[a37]] are contained in the ideal I,, 4.
The ideal of this proof is to show that [[a37] in the the kernal of ker 6, 4.QED

The significance of the Lemma is to show that we have a subset of [, 4 and the Groebner
basis for I,, 4 are elements of the form [[a37]] with an additional property that a, 1 < Be1
and 8, < 7. This is set is denoted by S, 4 and an element is called a straightening sygyzy.
The following theorem is the formal statement.

Theorem: The set S, 4 of straightening syzygies forms a Groebner basis for the syzygy
ideal I, 4 with respect to the tableaux order.

Proof: Follows from the previous Lemma by the definition of Groebner basis. It is shown
that the set M of monomial idea generated by the initial tableaux of the elements of 5, 4
contains LM (1, 4). It is shown that all nonstandard tableau are elements of M and then it
is proven that each monomial in LM (1, 4) is a nonstardard tableau. QED.

The following theorem makes an important connection with the notion of leading mono-
mials and standard tableaux. It also allows us to know the form of a leading monomial and
is key to proving the straightening algorithm.

Theorem: T is a standard tableaux if and only if 7" ¢ LM (I, 4).

Proof: Follows from the same line of reasoning as the proof above.QED.

We have a Groebner basis of I, 4 we can state the following result. The importance is
we can write any bracket in terms of standard tableaux uniquely and as a result simplifies

many proofs to a single case.

Corollary (Straightening Law): The standard tableaux form a C-vector space basis
for the Plucker ring.

Proof: Follows immediately from the previous Lemmas and Theorems.QED.

The corollary is an essential piece of invariant theory and is a key piece of machinery, which
was developed using Groebner basis theory, when proving the First Fundamental Theorem
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of invariant theory.

This section presents, not only, higher level Invariant theory, but also an example of a
generalized notion of a Groebner basis.



Chapter 7

Appendix A

7.1 Code for algorithm 1

We begin by declaring the group. The L[i] represent the group elements and G is the group
so this first part finds the primary invariants.

Clear[“Global*”]

L[1] = {{1,0},{0,1}};

L[2] = {{-1,0},{0,-1}};

L[3] = {{0,-1},{1,1}}

L[4 ={{-1,-1},{1,0}};

L[5] = {{0,1},{-1,-1}};

Le] = {{1,1},{-1,0}}

G = {L[1], L[2], L[3], L[4], L[5], L[6]};

Now we declare what n, LG, P, and B[i] are for future use.

n=2

LG = Length[G];

P={}

Do[Bli] = L[i], {3, 1, Length[G]}]

60
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Now we are constructing P to equal integer partitions of i into at most n integers.
Do[P = Union|IntegerPartitions(i, n], P], {i,1,LG}];

This piece of the code is parameterizing the integers partitions found above by sli] into the
list S. This code is also permuting the elements so we have, for example, {0,1} and {0,1}.

S={}

Now we are taking the integer partitions of S and using them as weight vectors and creating
a long polynomial composed of all the monomials.

M = 0;

L is the list of monomials in the polynomial above in reverse graded lexicographic order.
L = Flatten[MonomialList[ M, Array[z, n], “NegativeDegreeLexicographic”|];
In this piece of code we are parameterize the monomials of L by mli]

i=1;

Here we are parameterizing the entries of the matrices after multiplication.

U={}L
k=1;

While[G # {}, {U = Flatten|Take[G, 1], 1],i = 1,
While[U # {}, {U1 = Flatten[Take[U, 1], 1], j = 1,

While[U1 # {}, {w[k][i][j] = Flatten|Take[U1, 1], 1], U1 = Drop[UL, 1],
j=3j+1}],U = Drop[U,1],i = i + 1}],G = Drop[G, 1], k = k + 1}];



Ryan Shifler Computational Algebraic Geometry Applied to Invariant Theory 62

Do[Dol[z[j][¢] = Sum[w([j][¢][j1] * z[j1], {i1,1,n}],
{ia l’n}]a {.7, 1aLG}];

This is the Reynold’s operator using the above construction and code. Note that the reynolds
operator only works in two variables.

F = {0};
t=0;

While[Length[F] == 1,
{t = t + 1, Do[mo[j][t] = Flatten[m[t]/.{z[1] — z[4][1], z[2] — z[i][2]}],
{7,1,LG}],

g[t] = (1/LG) * Sum[mo[j][¢], {4, 1, LG}], F = Union[F, g[t]]}];

This piece of code is the algorithm above. Algorithm 2 and Algorithm 3, presented as well,
are also included in this piece of the code.

While[g==1, {While[p!=1;

{t =t + 1, Do[mo|[j][t] = Flatten[m][t]/.{z[1] — z[j][1], z[2] — =[j][2]}],
{4,1,LG}],

glt] = (1/LG) * Sum[mo(3][#], {5, 1, LG}],

glft] = (2/LG) * Sum[mo(j][t], {5, 1, LG},

G = GroebnerBasis[Append|F, Part[gl[t], 1] — 1], Append[Array[z, n], 2]],
If[Length[G]==1,p = 0,p = 1], If[p==1, F = Union[F, {Part[g[t], 1] }]]}],
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LmF = {}, A = GroebnerBasis[F, Array|z, n]],

While[A # {},{f = Take[A, 1], A = Drop|A, 1],

LmF = Flatten[Append[LmF, Take[MonomialList[First[f]], 1]]]}],

H = {}, While[LmF # {}, {h = Take[LmF, 1], LmF = Delete[LmF, 1],
If[Length[Variables[h]|] == 1, H = Flatten[Append[H, h]]]}],
If[Length[H] == n,q = 0,q = 1]

};

F1 = Drop[F, 1];
Print[F1]

{& (217 + (—=[1] — z[2])® + 22[2]* + («[1] + 2[2])?), § (22[1]° + (—=[1] — 2[2])5 + 22[2]° + («[1] + 2[2])°)
The output below is the expected output through step 3 of Algorithm 1.

Now we cover the case when the above returns a list with 3 or more elements. First we are
going to choose a matrix of size 2 by the size of the list above where R[i] is the i row.

R[1] = {1,0}
R2] = {0,1};

This next piece is parameterizing the degrees of the polynomials found above by d[i].

Do|

{vlil =

Part[Part[Flatten[Part[CoefficientRules[Take[F1, 1], Array[z, n]]], 1], 1],
1], d[j] =0,

While[y[j] # {}, {d[j] = Take[y[j], 1] + d3], y[j] = Drop[y[s], 1]}]},
{4,1, Length[F1]}];
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This is find the least common multiple of the degrees.
Dolfe = d[1], ¢ = LCMc, d[j]}}, {4, 1, Length{F1]}];
This is taking each of the polynomials found above and raising them to the ¢/d[j] power.

F2={}

Now we multiply by our previous choice of matrix.
F1 = {R[1].F1, R[2].F1};
The final part uses algorithm 3 to decided whether F1 has the trivial ideal as its radical.

LmF = {};

A = GroebnerBasis[F, Array[z, n]|;
While[A # {}, {f = Take[A, 1], A = Delete[A4, 1],
LmF = Flatten[Append[LmF, Take[MonomialList[First[f]], 1]]]}];

H={}

1
{1 (221 + (—=[1] — z[2])® + 22[2]* + (x[1] + 2[2])?), £ (22[1]° + (—=[1] — 2[2])5 + 22[2]% + (z[1] + =[2])°)

The output above is 1 if our matrix worked. The output is 0 if the matrix did not work. We
also get our new list of polynomials as an output.

Now our goal is to find the secondary invariants. The first part parameterizes the degrees of
the primary invariants.
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Do|

{yli] =

Part[Part[Flatten[Part[CoefficientRules[Take[F1, 1], Array[z, n]]], 1], 1],
1],d[j] =0,

While[y[j] # {}, {d[j] = Take[y[5], 1] + d[], y[s] = Drop[ys], 1]}]},
{41, Length[F1]}];

Now we are finding the polynomial described in step 5 of algorithm 1.

Pr = Expand|Flatten[Product[1 — z*{d[i]}, {, 1, Length[F1]}]]];

HIl =
Together[(1/Length[G]) * Sum[Pr /CharacteristicPolynomial[B[i], z],
{i,1, Length[G]}]];

Now we are find the monomial list for the polynomial above.
Mon = Flatten[MonomialList[HIL, z]J;
Now we are parameterizing the degrees of the monomials in the polynomial above.

a=1,;

SecD = {};

65

Now we are finding the integer partitions for the degree of the monomials above with at

most n integers.

P1={};
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This piece of the code is parameterizing the integers partitions found above by rli] into the
list S1. This code is also permuting the elements so we have, for example, {0,1} and {0,1}.

P2 = P1,

S1={}

Now we are taking the interger partitions of S1 and using them as weight vectors and creating
a long polynomial composed of all the monomials.

M1 =0;

L1 is the list of monomials in the polynomial above in reverse graded lexicographic order.
L1 = Flatten[MonomialList[M1, Array|z, n], “NegativeDegreeLexicographic”]|;
In this piece of code we are parameterizing the monomials of L1 by m[i2]

i2=1;

Here we are are parameterizing the entries of the matrices after multiplication.

U2 ={}
k=1,

While[G1 # {}, {U2 = Flatten|Take[G1,1],1],i2 = 1,

While[U2 # {}, {U3 = Flatten[Take[U2,1],1],5 = 1,

While[U3 # {}, {w[k][i2][j] = Flatten[Take[U3, 1], 1], U3 = Drop[U3, 1],

j =j+1},U2 = Drop[U2,1],i2 = i2 + 1}], G1 = Drop[G1, 1],k = k + 1}];

Do[Do[z[j][i] = Sum[w([j][&][j1] * 2[j1], {j1, 1, n}],
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{i7 1, n}]’ {.7’ 1, LG}];

This is the Reynold’s operator using the above construction and code. Note that the reynolds
operator only works in two variables.

F = {0};
t=0;

Do[{Do[mol[j][t]| = Flatten[m[t]/.{z[1] — z[j][1], z[2] — z[j][2]}], {Jj, 1, LG},
g2[t] = (1/LG) * Sum[mol[j][t], {j, 1,LG}], F = Union[F, g[t]]},
{t,1, Length[P2]}];

The last piece of code reduces the secondary invariants modulo the Groebner basis of the
primary set of invariants to remove redundancy.

GB = GroebnerBasis[F1, Array[z, n]|;

F2={}

Do[{{{@, R[t]}} = PolynomialReduce[g2[t|, GB, Array|[z, n]],
F2 = Union[F2, {R[t]}]}, {t, 1, Length[P2]}];

{0,1}

The output above is the secondary set of invariants.



Chapter 8

Appendix B

8.1 Explanations of Certain Mathematica Commands

Explanations and examples of Mathematica commands used. The explanations and more
examples can be found in the documentation center in Mathematica under help. The ex-
amples I give are very specific but are the most relevant to how I used the commands.

Clear[” Global*”] clears all the variables globally.

Length[G] outputs the length of G. For example if G = {1,1,7} then the output would
be 3.

IntegerPartitionsfi,n] returns all the partitions of ¢ in at most n integers. For example if
i =3 and n = 5 the output would be {{3},{2,1},{1,1,1}}.

Flatten[A] takes a layer of parenthesis off A. If A = {{1,3,4}} then the output would
be {1, 3,4}.

MonomialList[f] gives all the monomials of the polynomial f. If f = 2%y + yz + 2* then the
output would be {z?y,yz, 2*}.

Take[A,1] returns the first element in the list A. So if A = {5,4,6} then the output would
be 5.

Drop[A,1] deletes the first element of a list. So if A = {5,4,6} then the output would
be {4,6}.

Append[A, z] includes x at the end of the list of A. If A = {a,b,c,d} then the output

68
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would be {a,b,c,d, z}.

CoefficentRules|[f, {z,y}] gives a list of vectors which represent monomials and correspond
the monomials to the respective coefficient. If f = 2%y + 623y + 92y + 8z* then the output
would be {{2,1}— > 1,{3,1}— > 6, {0, 1}— > 92, {4,0}— > 8}.

Part[A,1] is similar to the command Take but works in a more general fashion. For exam-
ple if A = {{2,1}— > 1,{3,1}— > 6,{0,1}— > 92,{4,0}— > 8} then the output will be
{2,1}— > 1.

GroeberBasis[F,{x,y,z}] returns a reduced Groebner basis of F' using lexicographic order-
ing with z > y > 2.
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