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Rational Invariants of Finite Abelian Groups

Evelyne Hubert * George Labahn |

December 22, 2013

Abstract

We investigate the field of rational invariants of the linear action of a finite abelian group in the non
modular case. By diagonalization, the group is accurately described by an integer matrix of exponents.
We make use of linear algebra to compute a minimal generating set of invariants and the substitution
to rewrite any invariant in terms of this generating set. We show that the generating set can be chosen
to consist of polynomial invariants. As an application, we provide a symmetry reduction scheme for
polynomial systems the solution set of which are invariant by the group action.

Keywords: Finite groups, Rational invariants, Matrix normal form, Polynomial system reduction.

1 Introduction

Recently Faugere and Svartz [4] demonstrated how to reduce the complexity of Grébner bases computations
for ideals stable by the linear action of a finite abelian group. Their strategy is based on the diagonalization
of the group. We observe that these diagonal actions have strong similarities with scalings that we had
previously investigated in [10, 11]. Scalings are diagonal representations of the torus and can be defined by
a matrix of exponents. In [10, 11] integer linear algebra was applied to compute the invariants of scalings
and develop their applications. It was shown that the Hermite form of the exponent matrix, together with
an associated unimodular multiplier, provide the exponents of monomials that describe a generating set of
invariants and rewrite rules.

In this article we specify diagonal representations of finitely generated abelian groups with a similar exponent
matrix. When the group is finite, an order matrix is also needed. We show that analogous, though slightly
more complex, results can then be established for determining generating sets of invariants and rewriting
rules. From a unimodular multiplier associated to a Hermite form of the exponent and order matrices, we
can compute a minimal set of generating rational invariants. This provides a direct constructive proof of
the rationality of the field of invariants. More remarkable is the fact that any other invariant can be written
in terms of these by an explicit substitution. An additional great feature we exhibit is that we can choose
the generating set of invariants to consist of monomials with non negative powers. Such a set comes with a
triangular shape. Furthermore it provides generators for an algebra that is the localisation of the polynomial
ring. This latter can therefore be obtained with subsequent computations.

As an application we show how one can reduce a system of polynomial equations, whose solution set is
invariant by the linear action of an abelian group, into a reduced system of polynomial equations, with the
invariants as new variables. The reduced system has the order of the group times less solutions than the
original system and its the number of variables is the same. The complete set of solutions of the original
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system is obtained from the solutions of the reduced system by solving a binomial triangular set. To compute
the reduced system, we first adapt a concept of degree from [4] to split the polynomials in the system into
invariants. We then use our special set of polynomial invariants and the associated rewrite rules to obtain the
reduced system. Obtaining our reduced system is efficient as our main cost is a Hermite form computation,
which in our case is O((n + s)*d) where n is the number of variables in the polynomial system, s is the
number of generators of the finite group and d is the log of the order of the group.

The results generalize to linear representation of finite abelian groups. In the non-modular case, the action
can be diagonalized, possibly over an extension of the base field. As a result, the field of rational invariants
for an n-dimensional representation of an abelian group is generated by n polynomial invariants and we
have an explicit substitution to rewrite any invariants in terms of these. This result on the field of rational
invariants is to be contrasted to the situation for the ring of polynomial invariants. There the minimal
number of algebra generators can be combinatorially high, even in the basic case of cyclic groups.

The computational efforts for invariant theory have focused on the ring of polynomial invariants [21, 3]. Yet
some applications can be approached with rational invariants'. Indeed a generating set of rational invariants
separates generic orbits. The class of rational invariants can furthermore address a wider class of nonlinear
actions, such as the those central in differential geometry? and algebraically characterize classical differential
invariants [9, 7]. General algorithms to compute rational invariants of (rational) action of algebraic groups
[8, 12, 13, 14] rely on Grobner bases computations. It is remarkable how much simpler and more effective
the present approach is for use with abelian groups.

The remainder of the paper is organized as follows. Preliminary information about diagonal actions, their
defining exponent and order matrices, as well as linear algebra are to be found in the next section. Section 3
shows the use of integer linear algebra to determine invariants of the diagonal action of finite groups, giving
the details of invariant generation and rewrite rules. Section 4 gives the details of the symmetry reduction
scheme for polynomial systems. Section 5 deals with the case of arbitrary finite abelian group actions
including examples illustrating our methods. Finally, we present topics for future research in the conclusion.

2 Preliminaries

In this section we introduce our notations for finite groups of diagonal matrices and their linear actions.
We shall use the matrix notations that were already introduced in [10, 11]. In addition we will present the
various notions from integer linear algebra used later in this work.

2.1 Matrix notations for monomial maps

Let K be a field and denote K \ {0} by K*. If a = [ay,...,as]T is a column vector of integers and \ =
[A1,...,As] is a row vector with entries in K*, then A® denotes the scalar

AT = AT NS,
If A = [A1,...,s] is a row vector of  indeterminates, then A can be understood as a monomial in the
Laurent polynomial ring K[\, A™!], a domain isomorphic to K[\, u]/(A1pt1 —1,..., Aspts — 1). We extend this
notation to matrices. If A is an s X n matrix with entries in Z then A\* is the row vector

)\A = [)\A.’la T 7)\14.,"]

where A. 1,..., A, are the n columns of A.

LFor instance multi-homogeneous polynomial system solving in [10] and parameter reduction in dynamical models [11].
2Like conformal transformations or prolonged actions to the jet spaces.
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Rational Invariants of Finite Abelian Groups

Ifx=[z1,...,2,) and y = [y1,...,Yyn] are two row vectors, we write x x y for the row vector obtained by
component wise multiplication:

TxY = [xlyla"wxnyn]

Assume A and B are integer matrices of size s x n and C of size n X r; A\, x and y are row vectors with s
components. It is easy to prove [10] that

2.2 Finite groups of diagonal matrices

Consider the group Z = Zj,,, x ... X Zp,. All along the paper we assume that the characteristic of K does not
divide p = lem(py, ..., ps). We asssume furthermore that K contains a pth primitive root of unity £. Then

K contains a p;th primitive root of unity, which can be taken as &; = fp%, forall 1 <i<s.
An integer matrix A € Z**" defines an n-dimensional diagonal representation of this group:
Lp, X oo X Lp, — GL,(K)
(my,...,ms) +— diag (( ’1”1,...§§”S)A)

The image of the group morphism above is a subgroup D of GL,,(K). We shall speak of D as the finite group
of diagonal matrices defined by the exponent matriz A and order matriz P = diag (p1,...,ps) € Z°**.

Let U,, be the group of the p;th roots of unity. The group Z = Z,, x ... X Z,_ is isomorphic to the group
U=TU,, x...xU,,, an isomorphism being given explicitely by (m1,...,ms) — (&"*,...,£7*). The group
D of diagonal matrices defined by an exponent and order matrix A € Z**™ and P = diag (p1,...,Dps) is also
the image of the representation

U — GL,(K)

A = diag(\4) -
The induced linear action of U on K" is then conveniently noted

UxkKr —» K=
A z) = Mxz®

One then draws a clear analogy with [10, 11] where we dealt with the group (K*)" instead of . We shall
alternatively use the two representations for convenience of notations.

Example 2.1 Let D be the subgroup of GL3(K) generated by

£ £
Ig = f and ME = 62
¢ 1

where €2+ ¢ +1 =0, ie. £ is a primitive 3rd root of unity. D is the (diagonal matrix) group specified

by A = 1 ; (ﬂ with order matrix P = 3 3l In other words D is the image of the representation of

Zs X Zs explicitly given by
[ emen

(m,n) € Zo X Lz — gmg2n eD.
é‘m

http://hal.inria.fr 3
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Example 2.2 Let D be the subgroup of GL3(K) generated by

¢ £
I = ¢ and M¢ = £2
¢ 1

1 1 1

where (+1 =0 and 2 +£+1 = 0. D is the (diagonal matrix) group specified by A = [1 2 0

} with order

matrix P = [2 3} . In other words D is the image of the representation of Zo X Z3 explicitly given by

G 3
(m,n) € Zy x Zz — ¢men cD.
CTI’L

Obviously Zo X Zs3 is isomorphic to Zg and D is also obtained as the image of the representation

n
ke Zg— nk eD

where n = (¢ is a primitive 6th root of unity. Thus D is also specified by A = [1 -1 3} with order matrix
P= [6] |

Just as in the example above, any finite abelian group is isomorphic to Z,, X ... X Z,_ where p1|pa]...|ps
[18]. In this article we do not enforce this canonical divisibility condition.

2.3 Integer linear algebra

Every s x (n+ s) integer matrix can be transformed via integer column operations to obtain a unique column
Hermite form [17]. In the case of full rank matrices the Hermite form is an upper triangular matrix with
positive non-zero entries on the diagonal, nonnegative entries in the rest of the first s columns and zeros in
the last n columns. Furthermore the diagonal entries are bigger than the corresponding entries in each row.

The column operations for constructing a Hermite normal form are encoded in unimodular matrices, that is,
invertible integer matrices whose inverses are also integer matrices. Thus for each A there exists a unimodular
matrix V such that AV is in Hermite normal form. In this paper the unimodular multiplier plays a bigger
role than the Hermite form itself. For ease of presentation a unimodular multiplier V' where A -V is in
Hermite form will be referred to as a Hermite multiplier.

We consider the group D of diagonal matrices determined by the exponent matrix A € Z**™ and the order
matrix A € Z°*™. Consider the Hermite normal form

[A —P|V=[H 0]

with a Hermite multiplier V' partitioned as

Vi Va
v=li ]

4 December 2013
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with V, € Z"*% V, € Z"*"™, P, € 7°*%, P, € Z**™. Breaking the inverse of V into the following blocks

V71:W: |:Wu Pu:|

W P
where W, € Z5*", W, € Z"*", P, € Z°*°, P, € Z"™**® we then have the identities
‘/iWu'i‘VnWD:In, VviPu'i‘VnPD:Ov PiWu+PnWD:0a PiPu"f‘PnPD:O

and
WWi+ PP =1 W\Vi+P.P=0, WVi+BRF=0 WVW+HFhP=I

Furthermore
AV,— PP,=H, AV,—PP,=0, A=HW,, and P=-HP,.

From the last equality we see that P, is upper triangular and the 7th diagonal entry of H divides p;.
The indices were chosen in analogy to [10, 11]. The index i and n stand respectively for image and nullspace,

while u and 0 stand respectively for up and down.

Example 2.3 Let A € Z?*3 and P = diag(3, 3) be the exponent and order matrices that defined the group
of diagonal matrices in Example 2.1. In this case [A — P] has Hermite form [I; 0] with Hermite multiplier

0 1 1 2 -2 1 1 1]-3 o0

0 3 |-2 2 1 1 2 0] 0 -3

V = D/; g”} =1 -1} 1 -1 1 and inverse W = [&V;‘ iu} = 0 0 0] 2 -1
Lo 0 1[0 1 0 o te -1 -2 0] 1 3

0 2| -1 2 0 -1 -1 0| 2 1

The Hermite multiplier is not unique. In this case a second set of unimodular multipliers satisfying [A —
PV =[I; 0] and W =V~ are given by

2 -1 13 0 1 11 1 [|-3 0

1 1 1]0 3 1 01 2 0 -3

V:[l‘f m: 0 0|0 0 1], W:Wu ]IZ“]: 00 O 1 -1
toAn 0 0 |1 1 1 o e 00 —-11] 0 1

0 0 |1 2 1 00 1] 0 0

As noted in Example 2.3, Hermite multipliers are not unique. Indeed any column operations on the last n
columns leaves the Hermite form intact. Similarly one can use any of the last n columns to eliminate entries
in the first s columns without affecting the Hermite form. We say V' is a normalized Hermite multiplier if it
is a Hermite multiplier where V,, is also in Hermite form and where V; is reduced with repect to the columns
of V,.

Lemma 2.4 We can always choose a Hermite multiplier

Vi Vi
v=[r 5]
for [A — P] such that
0 In . Pn Pi _ Vn Vz (1)
-P A Vo Vi| | 0O H

is in column Hermite form. Then V is the normalized Hermite multiplier.

http://hal.inria.fr 5
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The uniqueness of V;, in the normalized Hermite multiplier is guaranteed by the uniqueness of the Hermite
form. While the notion of normalized Hermite multiplier appears to only involve V;, and V; and does not say
anything about P, nor P, it is the additional fact that V' is a Hermite multiplier that ensures uniqueness.

Finding a normalized Hermite form costs O((n + s)*d) where d is the size of the largest p; (c.f. [19, 20]).
Furthermore, since V' is produced from column operations the W matrix can be computed simultaneously
with minimal cost by the inverse column operations.

Taking determinants on both sides of Equation (1) combined with the fact that diagonal entries of a Hermite
form are positive gives the following corollary.

Corollary 2.5 Let V' be the normalized Hermite multiplier for [A — P]| with Hermite form [H 0]. Then
V. is nonsingular and
p1-p2---ps = det (H)- det (Vy). (2)

3 Invariants of finite groups of diagonal matrices

We consider A € Z5*™ a full row rank matrix, P = diag (p1,...,ps), where p; € N, and K a field whose
characteristic does not divide p = lem(py,...,ps). In addition we assume that K contains a pth primitive
root of unity. The pair (A4, P) thus defines a finite group D of diagonal matrices that can be seen as a
n-dimensional representation of Y = U,, x ... x U,_, where U,, is the group of p;th roots of unity. With the
matrix notations introduced in Section 2, the induced linear action is given as

UxkKr —» K=
A z) = Mxz®

A rational invariant is an element f of K(z) such that f(A* % z) = f(2) for all A € U. Rational invariants
form the subfield K(2)? of K(z). In this section we show how a Hermite multiplier V of [A — P] provides
us with a complete description of the field of rational invariants. Indeed we will show that the matrix V'
along with its inverse W provide both a generating set of rational invariants and a simple rewriting of any
invariant in terms of this generating set. In a second stage we exhibit a generating set that consists of a
triangular set of monomials with non negative powers for which we can bound the degrees. This leads us to
discuss the invariant polynomial ring.

3.1 Generating invariants and rewriting
We recall our notations for the Hermite form introduced in the previous section :
[A —P]V=[H 0

with a Hermite multiplier V' and its inverse W partitioned as

_v W _[we A
i AR ]

A Laurent monomial 2%, v € Z", is invariant if (A x 2)V = z? for any A € Y. This amounts to A\ = 1, for
all A\ € Y. When we considered the action of (K*)" in [10, 11] then 2" is invariant if and only if Av = 0. In
the present case we have:

Proposition 3.1 For v € Z", the Laurent monomial z¥ is invariant if and only if v € colspany; V.

6 December 2013
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PROOF: Assume 2z? is invariant. Then Av = 0 mod t(ph ...,Ds), that is, there exists k such that [Z} €

kery, [A fP} = colspany, F/"] . Hence v € colspan,V,,. Conversely if v € colspan,V,, there exists u € Z"
n

such that v = V,u. Since AV, = PP, we have Av = Pk for k = Pyu € Z°. Thus z" is invariant. [J

The following lemma shows that rational invariants of a diagonal action can be written as a rational function
of invariant Laurent monomials.

Lemma 3.2 Suppose % € K(2)P, with p, q € K|[z] relatively prime. Then there exists u € Z" such that

p(z) = Z a, 2"t and q(z) = Z b, 24 tY

v € colspan, v, v € colspan, V.,

where the families of coefficients, (a,), and (by),, have finite support.?

PROOF: We take advantage of the more general fact that rational invariants of a linear action on K™ are
quotients of semi-invariants. Indeed, if p/q is a rational invariant, then

p(2) q(/\A *2) = p(/\A *x2)q(z)

in K(\)[z]. As p and q are relatively prime, p(z) divides p(A“  z) and, since these two polynomials have the
same degree, there exists x(A\) € K such that p(A? x z) = x()\) p(z). It then also follows that q(A* % z) =

X(A) q(2).

Let us now look at the specific case of a diagonal action. Then

p(z) = Z a2’ = pAMxz)= Z A 27,
w € Z" w € L™

For p(A x 2) to factor as x(\)p(z) we must have A4™ = A\ for any two vectors u,w € Z" with a, and a, in
the support of p. Let us fix u. Then using the same argument as in Theorem 3.1 we have w—u € colspan, V;,
and x(A\) = A", From the previous paragraph we have Y <. b A" 2% = q(A* x 2) = Muq(z) =
\Au Y wezn bwz?. Thus Au = Aw and therefore there exists v € colspanyV}, such that w = u + v for all w
with b, in the support of ¢q. O

Lemma 3.3 For v € colspany(V,) we have v =V, (Wy — PPy W) v.

PROOF: Note first that —P = HP, so that P, is invertible. By hypothesis, there is u € Z" such that
v = Vyu. Then Wyv = W, Vau = — P, P,u and thus Pu_lwuv = — P,u. Multiplying both sides on the left by
P, we obtain Py P *Wyv = —PyPyou = (W Vi, — I)w so that u = (W, — Py P, W,) v. Finally, multiplying
both sides by V;, we obtain the desired result. OJ

Remark 3.4 Note that Wy — P, P, W, is the Schur complement of P, in the matrix

_ W Py
W[ )
Here P, is nonsingular since H - P, = —P and H is nonsingular. The Schur complement in this case describes

the column operations that eliminate the top left matrix in W. That is,

W, P, I 0 0 I
Wy Po| |-P'W, Pl |Wy— PP W, PP Y|

3In particular a, = 0 (respectively b, = 0) when u + v ¢ N,

http://hal.inria.fr 7
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Theorem 3.5 The n components of g = z"» form a minimal generating set of invariants. Furthermore, if
f €K(z,...,2,) Is a rational invariant then

f(z) = f (e Portw)
can be reorganized as a rational function of (g1, ...,g,) - meaning that the fractional powers disappear.

PROOF: The result follows directly from the representation of the rational invariants in Lemma 3.2 combined
with the identity given in Lemma 3.3. O

We therefore retrieve in a constructive way the fact that K(z)? is rational, a situation that happens for more
general classes of actions [16, Section 2.9].

Example 3.6 Consider the 3 polynomials in K[z1, 22, 23] given by
fi = 3z120+ 323 — 32§ + 12, fo = —3z120 + 32§ — 15, fs = Z% + Zg + Zg — 3212023 — 13.

They are invariants for the group of diagonal matrices defined by the exponent matrix A = [1 2 0] and order
matrix P = [3]. We then obtain

4 —p]- {g g] —[1000]
with
1 2 10 1 2 0]-3
Vi Va| _ 0| -1 1 0 . Wy Pl [0 -1 0] 1
|:Pi PJ =1 1121 o 1 and inverse [Wa Pa] =10 o ol 1
0] 0 10 1 1 1| -2

Thus a generating set of rational invariants is given by

2
a1

g1 = y 92 = Z1z2, g3 = Z3
Z9Z3

and a set of rewrite rules is given by

2/3
1/3 1/3 1/3 g2
(21, 22, 23) = ( 91/ 92/ 93/ * 173 1737 93)-
g1 93

In this case one can rewrite the polynomials f1, fo and f3 in terms of the three generating invariants as

2
fi = =395 + 395 — 395 + 12, fo = —3g> + 3g3° — 15, f3 = 919293-1—799; + 3% — 39293 — 13.
193

O

3.2 Polynomial generators

Just as the Hermite multiplier, the set of generating rational invariants is not canonical. For each order
of the variables (x1,...,2,) there is nonetheless a generating set with desirable features. This leads us to
discuss polynomial invariants.

Theorem 3.7 There is a minimal generating set of invariants that consists of a triangular set of monomials

with non-negative powers. More specifically this set of generators is given by zV» where V, is the normalized
Hermite multiplier for [A — P]. Therefore:

8 December 2013
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. . . . . . . v v Vp—1,M
(iii) The triangular set of generating invariants monomials is given as (21", z; 2252, ...,z " .2, 0 20,

where 0 < v; ; < m; for all i < j.

(ii) The diagonal entries m; of V, satisfy my ... m, = &b
PROOF: From Lemma 2.4 there exists a normalized Hermite multiplier V for [A — P]. For such a normalized
multiplier V,, is in column Hermite form. Hence V,, € N"*" has nonnegative entries and is upper triangular.
Therefore g = zV» gives the required polynomial generating invariants giving part (i). Part (ii) follows from

Corollary 2.5 since
n

p1-p2-ps = det (H)Hml .

i=1
Part (iii) follows from the fact that V; is in column Hermite form. O

The total degree of the jth monomial is at most Z?Zl m; —j+1< % When det H = 1 we can thus
reach Noether’s bound, as in Example 3.11.

Example 3.8 For the integer matrices A € Z'*3 and P = [3] from Example 3.6 we can also determine that
the normalized Hermite multiplier is

1 0] -3
Vii Vol _ . Wy P |0 -1 0] 1
{Pl Pn] = and inverse {Wa =1 o 1 ol o
0O 0O 1] 0

Thus a generating set of polynomial invariants is given by the triangular set
g = 2}, g2 = mz, g3 = 23
and a set of rewrite rules is given by
1/3 92

(217 22, 23) — ( 91 717/37 93)
91

In this case one can rewrite the polynomials f1, fo and f3 in terms of the three generating invariants as

3
fi = 392 + 3g5— 393> + 12, fo = —3gs + 3g3° — 15, f3 = 91+Z*2+g33*39293 - 13.
1

Note that Theorem 3.5 does not imply that we have a generating set for the ring of polynomial invari-
ants K[z]P. It only implies that we can rewrite any polynomial invariant as a Laurent polynomial in the
(polynomial) generators of K(z)P provided by Theorem 3.7.

If we wish to obtain generators for K[2]P, there are several algorithms, but, to our knowledge, none that would
provide simultaneously rewrite rules. First, the computation of a generating set of polynomial invariants in
the present situation can be directly obtained from a simply described Hilbert basis for ker[A — P]NN" [21,
Corollary 2.7.4]). We can also apply the general algorithm for reductive groups [3, Algorithm 4.1.9]. The
ideal involved is, in this case, binomial and the step that involves Reynold operator can be omitted. Here, in
one round of linear algebra, we nonetheless have an algebraically independent set of polynomial invariants.
They are unfortunately not primary but they can serve as input for the very general algorithm based on
Molien’s series for completion into a fundamental set for K[2]P (see for instance [21, Algorithm 2.2.5] or [3,
Algorithm 2.6.1]).

http://hal.inria.fr 9
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We also have additional information from the rewrite rules so that the following strategy should prove more
efficient, as well as easy to implement. Let h € K[x]P be the product of the generators g; that appear with
a negative power in the rewrite rules. Then Theorem 3.5 implies that the localization K[z]? is equal to
K[h™L, g1,...,gn]- We can thus straightforwardly apply [3, Section 4.2.1] to obtain the following result.

Theorem 3.9 Let h = [],.;9: € K[z]P, where I is the set of indices of the rows of Wy — Py P- W, that
contain a negative entry. If Q is a set of generators for the ideal (g1(z) — g1(2), ..., gn(2) —gn(x)) : h(2)>* C
K[z, z] then {q(z,0)|Q € Q} is a fundamental set for K[2].

The set @ can be obtained by computing a Grébner basis for (h(z)w — 1, g1(2) — g1(x), gn(2) — gn(x)) with
a term order that eliminates w. This ideal is binomial, a case where Grobner basis computations are rather
efficient. Yet, as we shall see in Example 3.11, the output can be combinatorially large.

Example 3.10 Continuing with Example 3.8, we can obtain the generators for K[2]P as follows. Consider
the Grobner basis @) for

(28 — 23, 2120 — 2120, 23 — 23, 23w — 1) C K[z, 2, w]

according to a term order that eliminates w. For instance if we take the default graded reverse lexicographic
order with z1 > zo > z3 > x1 > X3 > T3 we obtain

3 .3

9 2 2 2 2 3 c 3 3 2 2.2 2
Q: {237.’5372’1227131172,22"5171322172’2:1717I22’1,22 — T9, 27 7$1771+I1w,xll‘2w21 722,"511722111)72’2}.

Take Q = QN K[z, z] and subsitute x1, x2, 3 by 0. The non zero elements are the monomials {zg, 21 29,25, 23 }
They form a generating set for K[z]P.

3.3 Additional examples

Example 3.11 Consider the subgroup D of GL,,(K) generated by the single element

£
=1 | (3)
£
where £ is a primitive pth root of unity. D is defined by the exponent matrix A = [1 . 1} € Z**" and
order matrix P = [p] The normalized Hermite multiplier of [A — P] is
1 p p—1 ... p—1 1 1 ... 1 —p
1 o -1 ... -1 1
V= with inverse W = 1
1
0 1 1 1 1
Hence
1 _p-1 _p=1
P P P
L 1
Wa - PDPu_ Wu =

The generating invariants of Theorem 3.5 are thus

g1 =20, and gy = 202, 2 <k <n,

10 December 2013
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and the rewrite rules are
1

5 k
z1 — g7, and zp — g

p—1
I3

2<k<n.

91

All the monomials of degree p are actually invariant. We can use those to demonstrate how the apparent
fractional powers disapear under substitution. For u € N™ such that ), _, u; = p, the rewrite rules imply

up _ua(p=1)  _ un(p=1) glgg1 9n"
. 9n

P P U1 Upn __
9o ...gnnAA

Ul LU Up __ o D
Azt =g T
1

Though simple, this example is interesting as it shows the sharpness of Noether’s bound for the generators
of polynomial invariant rings [21, Proposition 2.15]. A minimal generating set of invariants for the algebra

K[2]P consists of all monomials of degree p. This minimal generating set thus has ( " : g I 1 ) elements.
This is in contrast with the set of n polynomial invariants g; above that generate K(z)P. From the rewrite
rules we can furthermore infer that K[z]gD1 =KoY a1, 590l
Example 3.12 Consider the subgroup D of GL,(K) generated by the single element
3
62
D¢ = (4)
gn—l
1
where £ is a primitive nth root of unity. D is defined by the exponent matrix A = [1 2 ... n—1 0]

with the order matrix P = [n|. This group is the diagonalization of a group of cyclic permutations that we
will examine in Example 5.3.

In order to obtain polynomial generators, we compute the normalized Hermite multiplier for [A —P] :

1ln n2 - -+ 1 0
0 1 0 ce .. 0
00 O 1 o - 0
(W]
sk
0
: . . 1
o1 1 .. .1 0

By Theorem 3.5, a set of generating invariants of the diagonal action are thus {z{’*kzk 1<k < n} In order
to obtain the rewrite rules one notices that the inverse of V is given by

1 2 3 oo o n—1 0|-—m
o -1 -1 --- =1 0 1
0 1 0 0 -+ 01 0
1
W— 0 0 0] O
1 0
| 0 0 1 0 |
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and so

.
0 1 0 -0
Wy — PyP W, = 0
: 1 0
0 0 0 1
By Theorem 3.5, the set of rewrite rules is given by
_ 1 _
z—>gW°_P°Pul"Vu:<gf’7 22;2, ...gnll,gn> ,  that is, zk%%, 1<k<n.
gl n g{l gl n
Example 3.13 Consider the subgroup D of GL,(K) generated by
3 £
§ &
&I, = and D¢ = (5)
5 gn—l
£ 1
. ) . ; . 1 1 1 ... 1 1
where £ is a nth root of unity. The group D is specified by the exponent matrix A = 1 2 3 n_1 0

n 0

and the order matrix P = [0 n] . The Hermite form of [A,—P] is [A,—P] -V = [I,0] and its normalized

Hermite multiplier is

2 -1 1{n 0 1 2 cee e =3 n—2 7
-1 1 /0n n—-2 n-3 - .- 2 1
0 0 |0 O 1 0 0 0
0 0 [0 O 0 1 0
Vil Ve |
V-l -
1 0
1
0 0 [1 1 1 1 1
. 0 0 |1 2 2 2 1 ]
with inverse _ _
1 1 1 1 1 -n 0
1 2 3 n—1 0 0 -—n
0 0 O 0 -1 2 -1
0 0 -1 -1 -1 -1 1
Wy P,
= = 1
W |:WD PJ 0 0 0 0 0 0
1
10 0 1 0 0 |
This gives a set of generating invariants as
g=2z"" = (z{z, 25, zlzg_zzg, 2523_324, ce z?_gzgzn,l, zf_an) ,
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that is, g1 = 27 and g, = z’f_ng_ksz for 2 < k < n. Since
rL o =L ... =3 =02 7
n n n n
0 1 2-n — —1
n n n n
0 O 1 0 0
Wy — PP Wy, = - : ;
L I
the rewrite rules are
Wo—Py-P—L.W, i1 g3 In—1 In
Z—rgnt _<91792’1n—27"" n—3 27 n-2 1 |-
91 92" 91" 92 91" 93
1 2
That is, z1 — g7, 2k = =g for2 <k <n-—1 and z, — A
gln 9o " g "

4 Solving invariant systems of polynomials

We adopt the assumptions of Section 3 regarding K, & = Up, x ... x Uy, A and P. In addition let K be an
algebraically closed field extension of K.

We consider a set of Laurent polynomials F' C K[z, 271] and assume that its set of toric zeros is invariant
by the linear (diagonal) action of U defined by A. In other words we assume that if z € (K*)™ is such that
f(z)=0for all fe Fthen f(M%2)=0,forall A€l and f € F.

We first show how to obtain an equivalent system of invariant Laurent polynomials. The strategy here partly
follows [4, Section 3]. We then show how to find the toric zeros of a system of invariant Laurent polynomials
through a reduced system of polynomials and a triangular set.

4.1 Invariant systems of polynomials

We consider a set of Laurent polynomials F' C K[z, 271] and assume that its set of toric zeros is invariant
by the linear (diagonal) action of I defined by the exponent matrix A € Z*", that is, if z € (K*)" is such
that f(z) =0, Vf € F then f(A%x2) =0,VA €U and Vf € F.

Definition 4.1 The A-degree of a monomial z* = z{*...zu" defined by w € Z" is the element of Z =
Zp, X ... X Ly, given by Au mod (p1,...,ps).

A Laurent polynomial f € K[z, 27| is A-homogeneous of A-degree d € Z if all the monomials of its support
are of A-degree d.

A Laurent polynomial f € K[z,z"!] can be written as the sum f =, - fq where fq is A-homogeneous of

A-degree d. The Laurent polynomials f, are the homogeneous components of f.

The following proposition shows that our simple definition of A-degree matches the notion of Z-degree in
[4, Section 3.1].

Proposition 4.2 If f € K[z, 27!] is A-homogeneous of A-degree d then f ()\A * z) =\f forall A\ e U.
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PROOF: Consider a monomial z* of A-degree d, that is, Au = d mod (p1,...,ps). Then (/\A*z)u =
Az = \dpv [

A question raised in [4] is whether there are monomials of any given A-degree. If the Hermite normal form
of [A —P] is [I s O] then for any d € Z we can find monomials of A-degree d. These are the z“TV»¥ where
u=V,dand v eZ".

The following proposition is a variation on [4, Theorem 4] of which we borrow the main idea of the proof.
Proposition 4.3 Let F C K[z,z Y and F" = {f;|f € F, d € Zy, x...xZ,,} be the set of the homogeneous

components of the elements of F. If the set of toric zeros of F is invariant by the diagonal action of U defined
by A then it is equal to the set of toric zeros of F".

PROOF: Obviously we have the ideal inclusion (F) C (F") and thus the zeros of F'* are included in the set
of zeros of F.

Conversely, since f(A% x z) = 3", A4 f4(2) for all A € U we have a square linear system

(F(M* = Z)),\eu = ()‘d),\eu,dez (fa)aez -

With an appropriate ordering of the elements of & and Z the square matrix is the Kronecker

()‘d)xeu,dez

product of the Vandermonde matrices (fi(k_l)(l_l)) , for 1 < i < s and &; a primitive p;th root of
1<k,i<p;
unity. It is therefore invertible.

By hypothesis, if z is a toric zero of F, then A x z is also a toric zero of F for any A € U : for f in F and z
a toric zero of F, f(A xz) =0 for all A € U. It follows that f4(z) = 0, for all d. The set of toric zeros of F
is thus included in the set of toric zeros of F*. [J

Proposition 4.4 If f € K[z, 271 is A-homogeneous then there is a u € Z" such that f = z"“f where
f € K[z,271] is A-homogeneous of A-degree 0, that is, is invariant.

Starting from a set F' of (Laurent) polynomials we can thus deduce a set F of invariant Laurent polynomials
that admit the same set of zeros in (K*)™.

4.2 Systems of invariant polynomials

We consider now a set F' of invariant Laurent polynomials for the diagonal action of i/ = U, x...U,_ given
by the exponent matrix A € Z**™ and the order matrix P = diag (p1, ..., Ds)-

Consider the normalized Hermite multiplier for [A —P]

V= {Vi Vn] with inverse W = {

Wll P u
PPy '

Wy P,
Recall that V is triangular. By Theorem 3.5, for each f € F

[z, ) = f ((91(2),...,gn(z))WO_PBPJqu>

so there exists a Laurent polynomial § € K[y, ..., ¥n,y; ', -+, ¥ ] such that f(z1,..., 2,) = f(g1(2), ..., gn(2)).
This polynomial is given symbolically by

(Y1, yn) = f ((yl,.-.,yn)W°‘P°P51W“) :

meaning that the fractional powers disappear upon the substitution. The polynomial § is the symmetry
reduction of f.
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Theorem 4.5 Let F be a set of invariant Laurent polynomials in K[z, z7!] and consider the set § C K[y, y ]
of their symmetry reductions.

If z € (K*)" is a zero of F then z"* is a solution of §. Conversely, if y € (K*)" is a zero of § then there

exists BL=Pe zeros of F in (K*)™ that are the solutions of the triangular system z'» = y.

PROOF: The first part comes from the definition of the symmetry reduction: f(z) = f (zV“).

The fact that 2" is triangular follows from Theorem 3.7. Furthermore the product of the diagonal entries of
Vi equals []7_, pi/det H by Corollary 2.5. Hence, for any y € (K*)", the system 2z =y has [];_, p;/det H
solutions in (K*)™.

For y € (K*)™ a zero of § and z € (K*)" a solution of z¥» =y we have f(z) = f(z"») = f(y) = 0. O
Example 4.6 Continuing with Example 3.6, we have that the symmetry reductions of F = (f1, fa, f3)
fi = 32120+323—323 + 12, fo = —3z20 + 325 — 15, fy = 2} + 25 +25 — 3212023 — 13

are given by § = (f1,f2, f3) where
2 2 Y5
fi = 3y2 + 3ys— 3ys” + 12, f2 = —3y2 + 3y3” — 15, f3 = y1+yf+y33—3y2y3 - 13.
1

The toric zeros of § are easily determined as the two points
(yla Y2, y3) = (87 _43 1) and (yla Y2, y3) :( _87 _47 ]-)

Solving the triangular system:
D= £ 8 zzmm=—4, 23=1

we obtain six toric zeros of F' as:
(2a _2a 1)) (_27 27 1)7 (2€a _25271)7 (_25? 2§27 1)a (2527 _2571)a (_2§2a 2£a 1)7

where £ is a cube root of 1.

5 Invariants of finite abelian groups of matrices

Representations of finite abelian groups can be diagonalized. As such that results about invariants of diagonal
representations of finite groups can be generalized to abelian groups. In this section we illustrate such a
diagonalization process and work out some relevant examples.

Consider G a finite abelian subgroup of GL,(K) of order p. Assume that the characteristic of K does not
divide p and that K contains a primitive pth root of unity. Let Gy,...,Gs € GL,(K) be a set of generators
for G whose respective orders are pi,...,ps. Then G is the image of the representation

Ly, X oo X Ly, — GL,(K)
(my,...,ms) +— G- -G~

For any element G of G we have GP = I,,. The minimal polynomial of G thus has only simple factors.
Therefore G is diagonalizable and the eigenvalues of G are p-th roots of unity. Since the elements of G
commute, they are simultaneously diagonalizable [6] : there exists an invertible matrix Z with entries in K
such that =71 - G - Z is diagonal for all G € G. We introduce D = Z~! - G - = the finite subgroup of diagonal
matrices in GL, (K) generated by D; ==Z71.G;-Z,1<i < s.

http://hal.inria.fr 15



E. Hubert & G. Labahn

Proposition 5.1 Take f,g € K(z1,...,2,) with f(z) = g(2z) & f(2) = g(E7'2). Then g is invariant for
D if and only if f is an invariant for G.

Theorem 5.2 Consider an abelian group G of order p, K of characteristic not dividing p containing a
primitive p-th root of unity. A n-dimensional representation of G over K admits a set of n polynomials in
K[2]9, as generators of the field K(2)9 of rational invariants.

In view of Proposition 5.1, this is actually a corollary to Theorem 3.7. We can thus compute the polynomial
generators explicitly, as well as the rewrite rules, by first diagonalizing the representation of the group. We
work out a sample of relevant examples and show how the symmetry reduction scheme of Section 4 extends
to this situation.

Example 5.3 Let G be the subgroup of GL,(K) generated by the single element:

0 1 0 ... 0
0o 0 1 ... 0
0o ... ... 0 1
1 0 ... ... 0

We consider its obvious linear action on K"™. The following n polynomials generate the field of rational

invariants:
n n—k n
Z; Z;
gk:<§ 51) <E g,ﬂ), 1<k<n
=1 i=1

where £ is a primitive nth root of unity. Furthermore, any rational invariants of G can be written in terms
of (g1,...,gn) with the following substitution.

Z1 917;_”/
#2 929, "
Bl =2 :
. * ;1
2n In—1 gln
In
where
3 £ ... gt 17
62 54 o 52(7171) 1
E(f) = (gij)lgi,jgn = . . (7)
gn'fl 52(7171) o g(nfl')(nfl) 1
1 1. 1 1]

and Z(¢)71 = %E (5_1).
Indeed M, is the companion matrix of the polynomial \™ — 1. Therefore the eigenvalues of M, are the n-th
roots of unity. If £ is a primitive n-th root then a matrix of eigenvectors is given by Z(§) above. Hence

G= {Ediag(@...,gn_l,l)z 5—1,£=0,...,n—1}.

The underlying group of diagonal matrices is the group examined in Example 3.12.
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Example 5.4 Let G be the subgroup of GL, (K) generated by the matrices

13 0 1 0 0
§ 0 0 1 0
&ln = and M, = |: (8)
13 0o ... ... 0 1
13 1 0 0

where & is a primitive nth root of unity. We consider its obvious linear action on K". The following n

polynomials generate the field of rational invariants:
n n—k+1 n
Zi Z3
(o) (D) eereen
i=1 i=1

o (5] e (E)
i=1 i=1

k—2

Furthermore, any rational invariants of G can be written in terms of (g1,...,g,) with the following substi-
tution. .
91
1
Z1 g2n
g3
z9 1 n—2>
ey 91" 92 "
S =G R
gn—1
. n—3 2
n 91" 93
In
n—2 1
91" 9

where Z(§) is as in Example 5.3.

Indeed, the group D = =~ G = is generated by the diagonal matrices diag(€,&,...,&) and diag(€, ..., 771 1)
and it was considered in Example 3.13.

6 Conclusion

In this paper we investigated invariants of linear action of commutative finite groups taking advantage of
their diagonal representations. The close relation of such group actions to scalings previously studied by the
authors [10, 11] prompted us to make use of integer linear algebra to compute invariants and rewrite rules.
The primary tool used was the Hermite normal forms and their unimodular multipliers of a matrix derived
from both the exponents of the diagonal actions and the orders of the generators in order to determine
both invariants and rewrite rules. As an application of our methods we showed how to reduce a system of
polynomial equations to a new system of polynomial equations in the invariants.

We have showed how to compute a generating set for the ring of polynomial invariants based on the knowledge
of the localisation provided by our contruction. Our construction could also be applied to compute the
separating set described in [15] by running the computation with different ordering of the variables.

In the present approach of abelian groups, we obtained a minimal set of generating invariants by introducing
a root £ of unity. This gives a direct constructive proof of the rationality of the field of invariants over
K(&) [5, 2]. The real benefit of our approach is that it provides a simple mechanism to rewrite any rational
invariants in terms of the exhibited generators. The question we might address is to determine a generating
set of invariants over K, in which case the field of invariants no longer needs to be rational [22].

We are in the process of extending the concept of symmetry reductions to the case where the finite group
is not abelian. In this case we mention finite solvable groups where one can recursively use our symmetry
reductions to obtain invariants.
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Finally, with respect to our use of integer linear algebra, future research will also include the use of alternate
unimodular multipliers, for example one normalized not via Hermite computation but rather using LLL
reduction for V4. Similarly the Hermite form of [A — P] seems to be closely related [1] to the Howell
form of a matrix [19] and so we wish to learn if using such a form will be an advantage. Finally, in some
applications the matrix of exponents is sparse and hence there is the need for normalized Hermite forms for
sparse matrices.
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