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ABSTRACT. For a commutative finite Z-algebra, i.e., for a commutative ring R whose
additive group is finitely generated, it is known that the group of units of R is finitely
generated, as well. Our main results are algorithms to compute generators and the structure
of this group. This is achieved by reducing the task first to the case of reduced rings, then
to torsion-free reduced rings, and finally to an order in a reduced ring. The simplified
cases are treated via a calculation of exponent lattices and various algorithms to compute
the minimal primes, primitive idempotents, and other basic objects. All algorithms have
been implemented and are available as a SageMath package. Whenever possible, the time
complexity of the described methods is tracked carefully.

1. INTRODUCTION

In the study of the structure of a commutative ring, one important aspect is its group of
units. A famous result in this direction dating back to 1846 is L.G. Dirichlet’s unit theorem
(see [7]) which says that the group of units of the ring of integers of a number field is a
finitely generated abelian group. Much later, in 1972, this was generalized to orders in such
rings by H. Zassenhaus (see [30]). With the advance of computer algebra, the computation
of an actual system of generators of such a unit group and its set of relations have become
feasible, and algorithms achieving these tasks have been developed (see, for example, [6, 3]).
Also for other types of rings, for which the group of units is known to be finitely generated,
explicit algorithms for computing their generators or their presentations have been described,
including for orders in (not necessarily commutative) finite dimensional Q-algebras (see [4]),
for integral group rings over finite abelian groups (see [10]), and for the affine coordinate
rings of rational normal curves and elliptic curves (see [5]).

In this paper we improve on many of these results and consider the general case of a
commutative finite Z-algebra, i.e., a commutative ring which is a finitely generated Z-module.
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In [24], P. Samuel proved that the unit groups of such rings are finitely generated. The
main results of this paper are algorithms for computing a system of generators of these unit
groups, as well as for calculating their structure.

Let us describe the path we follow to reach these goals. After recalling some basic
results about finite Z-algebras in Section 2, we devise algorithms for computing exponent
lattices in such a ring R, i.e., lattices of the type A = {(a1,...,a;) € Z* | f*--- fi* =1}
where f1,..., fr € R. Using several techniques from our previous paper [19], we reduce
the calculation of exponent lattices to the cases of 0-dimensional algebras over the fields Q
and F,, with a prime p. For this characteristic p part, we solve the problem first modulo p and
then refine the answer modulo higher powers of p with a method resembling the well-known
technique of Hensel lifting (see Proposition 3.6). Altogether, we obtain Algorithm 3.8 and
discuss several methods to improve its implementation (see Remark 3.9).

The next step is taken in Section 4 where we consider the case of a reduced finite
Z-algebra. If the algebra is even integral, algorithms for computing its unit group are known
(see Remark 4.1). The general case is treated by calculating the primitive idempotents
and computing the unit group of an order via reduction to the case of orders in number
fields (see Lemma 4.4 and Algorithm 4.5). This solves the torsion-free reduced case (see
Corollary 4.7) and allows us to deal with the general reduced case using a version of the
Chinese Remainder Theorem (see Lemma 4.9 and Algorithm 4.10).

Finally, in Section 5, we attack the general case of a finite Z-algebra. The main additional
task is to find generators of 1 + Rad(0) (see Lemma 5.1). We provide two different solutions
(Algorithm 5.3 and Lemma 5.4). All in all, we are able to compute a system of generators of
the unit group of a finite Z-algebra (see Algorithm 5.3) and also its structure in terms of its
rank and invariant factors (see Corollary 5.6).

Throughout the paper we tried to keep track of the complexity of the presented al-
gorithms. First of all, this depends on the way the algebra R is given: either explicitly
(via generators and relations of Rt plus the structure constants) or through a presentation
R = Z[z1,...,xy,])/I with an ideal I given by explicit generators. In the first case, many
steps of the algorithms can be performed in probabilistic polynomial time plus (possibly)
one integer factorization. In the second case, we may have to first compute a strong Grobner
basis to get going. After we reduce everything to the case of an order in a number field, we
have to rely on previous work whose precise complexity estimates are apparently not known.

All algorithms in this paper are illustrated by explicit examples. They were computed
using an implementation by the second author in the software system SageMath [27]. The
complete package is available freely from his GitHub page [28]. As for the basic definitions
and notation, we adhere to the terminology given in the books [17] and [18].

2. PRELIMINARIES ON FINITE Z- ALGEBRAS

In this section we collect basic properties of finite Z-algebras, i.e., Z-algebras which are
finitely generated as a Z-module. Given such an algebra R, we denote its underlying Z-
module by R*. Subsequently, we assume that a Z-algebra R is either given by an ideal I in
P =7Z[z1,...,x,] such that R = P/I or that it is given as follows.

Remark 2.1. A Z-algebra R is said to be explicitly given if it is given by the following
information.
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(a) A set of generators G = {go,...,gn} of the Z-module RT, together with a matrix
A = (ag;) € Maty, n11(Z) whose rows generate the syzygy module Syz;(G) of G.
(b) Structure constants c¢;;, € Z such that g;g; = > p_o cijrgr for i,7 =0,...,n.

Notice that we may assume gy = 1 and encode this information as an ideal

n n
I= <xi:nj— > CijkTh, . Qeegk | 4,5 =1,...,n, Kzl,...,m>
k=0 k=0

in P=7Z[z1,...,z,] such that R = P/I.

If R = P/I is not explicitly given, then we can obtain an explicit representation from a
strong Grobner basis of I.

Definition 2.2. Given an ideal I C P and a term ordering o, a set of polynomials
G = {g1,...,9-} in I is called a strong o-Grobner basis of I if, for every non-zero
polynomial f € I, there exists an index ¢ € {1,...,r} such that LM,(f) is a multiple
of LM, (gi)-

Strong Grobner bases can be computed using a generalization of Buchberger’s algorithm
(see for example [1, Ch. 4] or [9]). For some ideal-theoretic operations which can be performed
effectively using strong Grobner bases, we refer to [1, Ch. 4] and [17, Ch. 3|. Generators of
the Z-module R™ can be deduced from a strong Grobner basis as follows.

Proposition 2.3. (Macaulay’s Basis Theorem for Finite Z-Algebras)

Let I C P be an ideal such that P/I is a finite Z-algebra, let o be a term ordering on T",
and let L = {m € LM,(I) | LC,(m) = 1} be the set of all monic leading monomials of I.
Then the residue classes of the terms in O, = T™ \ L form a generating set of the Z-module
P/I.

Proof. See Proposition 6.6 in [20]. ]

Given generators of RT as in the preceding lemma, it is also possible to determine
an explicit presentation of R (see Algorithm 6.7 and Corollary 6.8 in [20]). From such a
presentation we can then determine the structure of R™.

Remark 2.4. By the structure theorem for finitely generated modules over a principal ideal
domain there exist r and k1, ..., k, in N such that k; divides k; for 4 < j and such that

RY27"0Z/kZ® - ©L/k,L.

The numbers r and ki, ..., k, are uniquely determined by RT. We call r the rank and
k1,...,k, the invariant factors of R™. The largest invariant factor k, is the exponent of
the torsion subgroup of R™. We call it the torsion exponent 7 of RT.

The rank, the invariant factors, and the torsion exponent can be determined using a
Smith normal form computation (for details we refer to Section 2 in [20]). Algorithms which
compute the Smith normal form of an integer matrix can for example be found in [13] or [26].
If an explicit presentation is given or has been determined from a strong Grébner basis,
many computations that we need in the following sections can be performed efficiently, i.e.,
in (probabilistic) polynomial time in the bit complexity of the input. More precisely, we
have the following complexity results.

Remark 2.5. Assume that R is an explicitly given finite Z-algebra.
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(a) The minimal prime ideals of R can be computed in zero-error probabilistic polynomial
time except for the factorization of one integer (see Algorithm 4.2 in [20]).

(b) The primitive idempotents of R can be obtained from its minimal prime ideals in
polynomial time using Algorithm 5.8 in [20].

(c) The intersection of ideals in R can be determined in polynomial time using Proposition 2.9
in [20].

3. EXPONENT LATTICES IN FINITELY GENERATED Z-ALGEBRAS

Let R = P/I be a finitely generated Z-algebra. In the following we present an algorithm
which computes the multiplicative relations between units in B. We emphasize that in this
section we do not require that R is a finite Z-algebra.

Definition 3.1. Let R be a ring and let f1,..., fr € R*. Then the lattice
A={(ar,...,ax) €Z* | fi* - fF =1}
is called the exponent lattice of (fi,..., fx) in R.

The goal of this section is to provide an algorithm which computes a basis of the
exponent lattice of the tuple (f1,..., fx) in a finitely generated Z-algebra. In the following
we refer to this task simply as computing an exponent lattice. Let us recall how this task is
solved in affine K-algebras, i.e., in finitely generated algebras over a field K.

Remark 3.2. (Computing Exponent Lattices in Affine K-Algebras)

The problem of computing the exponent lattices has been considered by many authors. For
units in a number field algorithms can be found in [11], in Section 7.3 of [14], in Section 3
of [15], or in [31]. Based on these algorithms, a method for computing the exponent lattice in
zero-dimensional Q-algebras is presented in [21]. Recently, we generalized these results and
presented a method (see Algorithm 5.3 in [19]) for computing exponent lattices in arbitrary
affine K-algebras where K is a field such that exponent lattices in finite extensions of K
can be effectively computed. Note, that this includes the cases K = Q and K = F),.

Now the main idea is to reduce the problem of computing an exponent lattice in R to
computing exponent lattices in affine Q- and IF,-algebras.

Lemma 3.3. Let R be a ring, I an ideal in R, and f € R. If m € N is such that
I:f°=1:f" then

I=(I: f™)n L, fm.
Proof. See [12], Lemma 3.3.6. [

Together with the following proposition this lemma is the main tool for reducing the
exponent lattice computation to Q- and [F,-algebras.

Proposition 3.4. Let I be an ideal in P, let G = {g1,...,9s} be a minimal strong Grébner
basis of I, and let N € Z be the least common multiple of the leading coefficients of the
elements of G. Then the following holds.

(a) I =(I:(N))N(I+(N))

(b) If INZ = (0), then IQ[x1,...,zy) NP =1:(N).
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Proof. See [16], Proposition 4.3. []

The following example given in Section 4 of [16] illustrates the fact that the least common
multiple N of the leading coefficients of a strong Grobner basis as in the proposition is in
general not the smallest number satisfying I : (N) =1 : (IV)*°.

Example 3.5. Consider the ideal I = (22,92, 2%, vz + yz, 2y, 2 — y,32) C Z[z,y, z]. The
generators form a strong Grobner basis of I and the least common multiple of the leading
coefficients is 6. But we have I : (3) =1:(6) = I : (6)°.

Let {g1,...,gxr} be a strong Grobner basis of I and let N be the least common multiple
of the leading coefficients of the g;. Then we have I = I : (N) N (I, N). The property
I : (N) = IQ[z1,...,2,] N P then allows us to compute the exponent lattice modulo
I : (N). This can be done using Remark 3.2. The ideal (I, N) can be further split into
(I,N) =(;_,({L,p;") where N = p{'---pt" is the prime factorization of N. Let p € N be a
prime number. The exponent lattice modulo an ideal of the form (I,p) can be computed
using the fact that the polynomial f*--- fi* —11isin I if and only if its canonical residue
class is in IF,[x1,...,xy,]. We can therefore again apply Remark 3.2. It remains to handle
ideals of the form (I, p¢) with e > 1.

Proposition 3.6. Let I be an ideal such that I N7 = {0}. Consider the finitely generated
Z-algebra R = P/I, and let fi,..., fr € R*. Let p be a prime number, let e be a positive
integer, and let by, . .., by, € Z* be a basis of the exponent lattice A of (fl, ce fk) in P/{I,p°).
Then the following conditions are equivalent.

(a) The Z-linear combination ¢ = aiby + -+ + amby € A with ay,...,am € Z is in the
exponent lattice of (fi,..., fx) in P/{I,p°*).
(b) The tuple (ai,...,an) is a solution of the linear equation over Z in the indeterminates

Y1y -+ Ym given by
hiyt + -+ hoym =0 in P/(I,p), (i)
where h; = (ffi1 . -f,i’““ —1)/p° € R and h; is its residue class modulo (I,p).

Proof. Since all tuples b; are in A we have ff“ e f]g““ = 1 modulo (I, p°). Therefore there
exists g; € P such that ff“ e f]i’““ =1+p°; in Rfor i =1,...,m. This shows h; = g,.
Now the tuple c is in the exponent lattice of (fl, - ,fk) in P/{I,p°t') if and only if

fc = falbl . fa‘mbm — (1 —|—peg1)a1 . (]_ +p€gm)am =1+ alpegl 4+ 4+ ampegm =1

in P/(I,p“"1). This is equivalent to ajhy + - -+ + amhy = 0 in P/(I, p), which is satisfied if
and only if (ai,...,an) is a solution of the linear equation (i). ]

At this point we are ready to compute the exponent lattice of (f1,..., fxr) modulo
an ideal of the form (I,p¢). This is achieved by first computing the exponent lattice of
(fi,..., fr) modulo IF,[x1,...,x,] and then iteratively applying Proposition 3.6 to obtain
the exponent lattice modulo (I,p') for i =2,...,e.

Example 3.7. Let I = <ac2 +r+ 1,y +y+1, 8>, and consider the finite Z-algebra R =
Zlz,y]/I. For fi =2x+ 1, fo = 4y + 1 and f3 = —2y — 1 let us compute the exponent
lattice of ( fi, f2, fg) in R. To compute the exponent lattice modulo (I, 2) we form the zero-
dimensional Fy-algebra Fy[x, 3] /IF3[x, 3], and obtain the exponent lattice A; = Z3. We then
solve the linear equation in the indeterminates z1, 22, 23 given by xz; +2yze — (y + 1)z3 =0
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modulo (7,2), and obtain the solution space M; = ((0,1,0),(2,0,0), (0,0,2)). Since A; = Z3,
this yields Ao = M;. Then we solve the linear equation in the indeterminates z1, 23, 23 given
by yz1 — 22 — z3 = 0 modulo (/,2) and obtain the solution space Ms = (b1, ba, b3) with
by =(0,1,1), bo = (0,—1,1) and b3 = (2,0,0). Finally, we compute the exponent lattice

A3 = {c1b1 + cabe + esbs | c € My} = ((0,2,0),(2,0,2),(—2,0,2)).
Combining the previous results we now obtain the following algorithm.

Algorithm 3.8. (Computing Exponent Lattices in Finitely Generated Z-Algebras)
Let R = P/I be a Z-algebra, and let f1,..., fr € R*. Consider the following sequence of
instructions.
1: Compute I NZ = (gq).
2: if ¢ =0 then
3. Using Remark 3.2, compute the exponent lattice A C ZF of (f1, ..., f) in the Q-algebra
Q®z R.

4:  Compute a strong Grobuer basis {g1,...,g¢} of I.
5. Let N =lem(LC(g1),...,LC(g¢)).
6: if N =1 then
7 return A
8: else
9: Recursively apply the algorithm to compute the exponent lattice M C ZF of
(froeeos fi) in P/(T+ ().
10: return AN M
11:  end if
12: else
13:  Compute the prime factorization ¢ = p{* - - - pg.
14: fori=1,...,rdo
15: Using Remark 3.2, compute the exponent lattice M; C ZF of (f1,..., fi) in the
Fp-algebra F, ®z R.
16: for j=1,...,¢;,—1do
17: Assume that M; is generated by {b1,..., by} C ZF.
18: For s =1,...,m form the elements h, = (f ... f,g‘““ —1)/p! € R.
19: Compute the solution space M’ C Z™ of the linear equation over Z in the
indeterminates y1, ..., ym given by
hiyi + -+ + hypym = 0 inP/<vai>'
20: Replace M; by the lattice {c1by + -+ + cmbm | (c1,...,cm) € M'} C ZF.
21: end for

22:  end for
23:  return the lattice MiN---NM,
24: end if

This is an algorithm which computes the exponent lattice of (fi,..., fx) in R.

Proof. A tuple a = (ay,...,ax) € Z* is in the exponent lattice of (f1,..., f) if and only
if fi*---fi* —1 € I. By Proposition 3.4 we have I = (I : (N)) N (I,N). In the case
INZ = (0), we have I : (N) = IQ[z1,...,2,] N P by the same proposition. Line 3
therefore yields the exponent lattice of (fi,..., fx) in P/(I : (N)). It remains to prove
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that lines 12-24 determine the exponent lattice of (fi,..., fx) in P/{I, N). Since we have
(I,N) =(i_1(I,p;"), it is enough to show that lines 15-21 compute the exponent lattice
of (fi,..., fx) in P/(I,p5"). Line 15 yields the exponent lattice of (fi,..., fi) in P/(I, p;).
It then follows from Proposition 3.6 that the j-th iteration of the for loop in lines 16-21
correctly computes the exponent lattice of (f1,..., fx) in P/(I,pfrl). ]

Let us collect some remarks about the implementation of this algorithm.

Remark 3.9. Suppose we are in the setting of Algorithm 3.8.

(a) A non-zero generator ¢ of the ideal INZ in line 1 is given by the unique integer contained
in a reduced strong Grobner basis of I. If R is a finite Z-algebra, then ¢ is zero if and
only if the rank of R is non-zero. The rank of an explicitly given finite Z-algebra can
be determined in polynomial time using a Smith normal form computation.

(b) As illustrated in Example 3.5 there can be a proper divisor M of N satisfying I : (M) =
I:(M)n({I,M). By determining the smallest number with this property, unnecessary
iterations in the else-branch of this algorithm can be avoided. If R is a finite Z-algebra,
then the smallest number with this property is given by the torsion exponent of R. It
can be determined in polynomial time using a Smith normal form computation if R is
explicitly given.

(c) If R is a finite Z-algebra, then the Q-algebra in line 3 and the Fj-algebra in line 15 are
zero-dimensional. Exponent lattices in an explicitly given zero-dimensional Q-algebra
can be computed in polynomial time (see Algorithm 8.3 in [21]). For zero-dimensional
[F,-algebras, the problem can be reduced to the discrete logarithm problem in finite
fields (see Algorithm 3.20 in [19]).

(d) In line 19 we need to compute the solution space of the linear equation over Z in the
indeterminates y1, ..., ym given by

giy1+ -+ GmYm =0

in P/(I,p;). This can be achieved by checking for all (aq,...,a,) € Z™ with 0 < ay < p;
for ¢ =1,...,m whether ajg1 + - - + amgm € (I,p;). Alternatively, one can perform a
syzygy calculation using Grobner basis techniques. In particular, for large p;, this might
be more efficient. If R is an explicitly given finite Z-algebra, we can use [20, Prop. 2.6]
to solve this linear equation efficiently.

The following example illustrates how Algorithm 3.8 can be applied to compute exponent
lattices in finite Z-algebras.

Example 3.10. Let [ = <x2 +x+1, 92 +y+1, 622 z3>, and consider the finite Z-algebra
R =12Z[x,y,z]/I. Let fi = —zyz—xzz+1, fo=y+1and f3 =zy+x+y+ 1. We apply
Algorithm 3.8 to compute the exponent lattice of (fl, fa, fg) in R.
1: Since R is a finite Z-algebra, we compute its rank given by 8.
2: The rank of R is non-zero, which implies I N Z = (0).
3: Using Remark 3.2, we compute the exponent lattice A = ((0,6,0),(0,0,3)) in the
zero-dimensional Q-algebra Q ®7 R.
4,5: Since R is a finite Z-algebra, we compute its torsion exponent given by 6.
9: We recursively apply the Algorithm to compute the exponent lattice of ( fi, fos f_3)
in P/(I,6).
1: We have g = 6.
13: We determine the factorization 6 = 2 - 3.
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15: Using Remark 3.2, we compute generators (4,0,0), (0,3,0) and (0,0, 3) of the exponent
lattice My of (f1, fa, f3) modulo IF;[z,y, 2] and generators (3,0,0), (0,6,0), and (0,0, 3)
of the exponent lattice My modulo IF3[z,y, z].

20: The exponent lattice of (f1, f2, f3) in R is given by A N My N M, = ((0,6,0), (0,0,3)).

It is an open question to what extent Algorithm 3.8 can be generalized to the non-
commutative case. A straightforward generalization does not seem to be possible, since in
this case the multiplicative relations between units are in general not computable. This
follows from the fact that the subgroup membership problem is undecidable for 4 x 4 integral
matrices (see [23]). Also note that multiplicative relations in general do not form a lattice in
the non-commutative case.

4. THE UNIT GROUP OF REDUCED FINITE Z-ALGEBRAS

Let us begin by considering the case of integral finite Z-algebras, i.e, algebras of the form
P/p where p is a prime ideal in P.

Remark 4.1. (Computing the Unit Group of Integral Finite Z-Algebras)
Let p be a prime ideal in P such that R = P/p is a finite Z-algebra.

(a) If pNZ = (0), then K = Q ®z R is a number field. Since P/p is integral over Z and its
rank equals dimg(K), the ring R is an order in K. Generators of the unit group of R
can therefore be computed using for example the algorithms given in [6] or [3]. These
algorithms require that the field K is given by a primitive element. Such an element
can be determined using one of the methods described in [29] or Algorithm 6.3 in [21].

(b) If pNZ = (p) for a prime number p, then P/p is isomorphic to the finite field K = F,®zR.
The problem therefore reduces to computing a primitive root of K. Algorithms for this
task can be found in [25] or in [8].

Let us now consider the case of a reduced finite Z-algebra R = P/I. If INZ = (n)
for some n € Z \ {0}, then the minimal prime ideals of R are maximal ideals and therefore
pairwise coprime. By the Chinese Remainder Theorem computing the unit group then
reduces to the case discussed above. If I NZ = (0), then the minimal prime ideals of R need
not be pairwise coprime.

Example 4.2. Consider the ideal I = (x> + z + 1,y? 4+ y + 1). Its minimal prime ideals
are given by p; = (z —y,y®> +y+ 1) and po = (x +y + 1,2 +y + 1) and we have
pr+p2 = <$+27y+2’3>

This example demonstrates that we cannot directly reduce to the integral case. Instead
we notice, that if R is torsion-free, then R is an order in the reduced zero-dimensional
Q-algebra Q ®z R.

Definition 4.3. Let A be a zero-dimensional reduced Q-algebra. A subring O of A is called
an order if there is a basis a1, ..., a,, of A such that O = Zaq + - -+ + Zay,.

The unit group of an order in a zero-dimensional reduced Q-algebra, can be computed
using the algorithm presented in Section 3 of [10]. In the following we present a modified
version of this algorithm.
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Lemma 4.4. Let A be a reduced zero-dimensional Q-algebra and let ey, es be orthogonal
idempotents with e; + ez = 1. Let O be an order in A. Consider the ideal J = (1O NO) +
(e20 N O) and form the ring S = O/J. Consider the ring homomorphisms ¢; : ;0 — S
given by p;(e;a) =a+ J fora € O. Then we have

O = {a1 +az | a; € ¢,0 and p1(a1) = pa(az)}

Proof. See [10], Lemma 3.1. []
Given an order O in a reduced zero-dimensional Q-algebra A and primitive idempotents
ei,...,ex of A, we can compute generators of (e;0)* since e;O is an order in the number

field e;A. We can then iteratively apply Lemma 4.4 to determine O*.

Algorithm 4.5. (Computing the Unit Group of an Order)
Let A be a reduced zero-dimensional Q-algebra, and let O be an order in A. Consider the
following sequence of instructions.

[y

: Compute the primitive idempotents ey, ..., e, of A.
2: Compute U = (e10)*.
3: for j=2,...,mdo
4: Setf:el+---+ej,1.
5. Compute generators of fONO and e;ONO and form the ideal J = (fONO)+(e;ONO)
in O.
6:  Compute generators ejhy,...,e;jhy of (e;0)*.
7. Assume that U = {fg1,..., for}
. Compute a set of generators B C ZFt of the exponent lattice A of the tuple
(gl, - ,gk,hfl, .. .,h;l) in Q/J.
9:  Set U = {fglfl Y SRy Vs B}.
10: end for
11: return U.
This is an algorithm which computes a set of generators of O*.

Proof. Tt suffices to show that after the j-th iteration U generates the unit group of the
order (e;+---+¢€;)O in (e1 +---+e€;)A. Let r € O and consider the group homomorphisms
@r: fO = O/J given by o¢(fr) =r+J and @, : ¢;0 — O/J given by o (e;r) = r+ J.
Let g = fgi*---gi* in U and h = e;jh{*"" -+ h*™ in (e;0)*. Then by Lemma 4.4 the
element g — h is in the unit group of (e; + --- +€;)O if and only if

or(a) = 0 oot + T =BT = g h),
This is equivalent to (c1, ..., cx1e) € A. []

Let R = P/I be a finite Z-algebra. If R is torsion-free and reduced, then it is an order
in the zero-dimensional Q-algebra A = Q ®z R. Consequently, Algorithm 4.5 can be applied
to compute the unit group of the order R in A. In this case the steps of this algorithm can
be performed as follows.

Lemma 4.6. Let R = P/I be a reduced torsion-free finite Z-algebra, and let py,...,pm be
the minimal prime ideals of I.

(a) The Q-algebra A = Q ®z R is zero-dimensional and its mazximal ideals are given by
m; = pQx1,...,x,] fori=1,...,m. We can therefore compute elements q; € ﬂi#]— m;
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and p; € m; such that q; + p; = 1. The residue classes @, ..., qm in A then form the
primitive idempotents of A

(b) The ideal g;R in A is isomorphic to q;(P/p;).

(c) We have ;RN R = (; 4 pE/I.

(d) For f=3_,,;q we have fRNR =p;/I.

Proof. Part (a) is a direct consequence of the Chinese Remainder Theorem (see Lemma 3.7.4
in [17]), and (b) follows from the fact that A is isomorphic to A/m,.

To proof (c¢), we notice that the ideal ¢ R N R is contained in the right-hand side,
since ¢; € ﬂ#j m;. To show the opposite inclusion, let f € P such that f e ﬂi# p;/l.
Then we have f = ¢;f + p;f. Since p; € m;, this implies p;f € ﬂi:Lm’m p; = I. Hence,
f=af € @RNR. Part (d) follows analogously. L]

Using these observations, we can adapt Algorithm 4.5 as follows.

Corollary 4.7. (Computing the Unit Group of a Reduced Torsion-Free Finite
Z-Algebra)
Let R = P/I be a reduced torsion-free finite Z-algebra. Consider the following sequence of
instructions.

1: Compute the minimal prime ideals p1,...,pm of I.

2: fori=1,...,m do

3: Compute elements q; € ﬂi# p;Qlx1,...,zn] and p; € p;Qx1, ..., xy,] such that ¢; +
pi = 1.

4: end for

S

Using Remark 4.1, compute a set of polynomials U such that their residue classes

generate (P/py)*.

s forj=2,...,m do

7. Form the ideal J = (\j<;c; 1 Pi + ;-

8:  Using Remark 4.1, compute polynomials hy,...,hy such that their residue classes
generate (P/p;)*.

9:  Assume that U = {g1,...,9x}, and compute a set of generators B C ZF+t of the

exponent lattice of (gl, s Oks Bfl, e le) in P/J.

10:  SetU = {fgll’l---g,li’c —I—qjhl{’““---hlgk” |be B} where f=q1 + -+ qj—1.

11: end for
12: return U.

(=

This is an algorithm which computes a set of polynomials such that their residue classes
generate R*.

Proof. Since R is torsion-free and reduced, it is an order in the zero-dimensional Q-algebra
Q®zR. Now we show that the steps of this algorithm correspond to the steps of Algorithm 4.5.

Assume that at the start of the j-th iteration of the for-loop in lines 6—11 the residue
classes of the elements in U generate the unit group of Rj_1 = P/(p1N---Np;—1). Consider
the finite Z-algebra R; = P/(p1 N ---Np;). The residue classes of the elements f =
q1 + -+ + gj—1 and ¢; form orthogonal idempotents in Q ®z R; with f+ gi = 1. By
Lemma 4.6.b we then have g;R; = q;(P/p;) and fR; = fR;_1. Furthermore Lemma 4.6.c
yields jR; N R; = (p1 N---Np;—1)/I and fR; N Rj = p;/I. This shows that the ideal J in
line 7 corresponds to the ideal J in line 5 of Algorithm 4.5. []
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Let us apply this algorithm to a concrete example.
Example 4.8. Let I = <x2 +z+1L,y2+y+1,22 42+ 1>, and consider the finite Z-algebra
R = Z[z,y, z]/I. We follow the steps of Corollary 4.7 to compute generators of R*.

1: We compute the minimal prime ideals of I and obtain
pr={(y—zr+z+1,2>+z+1)
p2:<y—z,x—z,z2—|—z+1>
ps={(y+z+Llo+z+122+z+1)
p4:<y+z—|—1,x—z,z2—|—z+1>

2-4: We compute the primitive idempotents
e1=1/3zy+1/3zz—1/3yz+1/3z+1/3
eo =—1/3zy—1/32z2—1/3yz—1/3z —1/3y — 1/3z
es =—1/3zy+1/32z2+1/3yz+1/32+1/3
es = 1/325 — 1/322 4+ 1/35z + 1/35+ 1/3
of the zero-dimensional Q-algebra Q ®z R.
: Using Remark 4.1, we determine a set of generators U = {Z + 1} of (R/p1)*.
: Form the ideal J =p1 +p2=(z+ 1,y +2,2+2,3).
: Using Remark 4.1, we compute (R/p2)”* = (Z + 1).
: Using Remark 3.2, we compute generators (1,1) and (0,2) of the exponent lattice of
(z+1,(2+1)71) in the finite field R/.J.
10: Compute e1(z + 1) +ex(z +1) = z+ 1 and e; + ea(y + 1)2 = —yz — 7 and set
U={z+1,—yz —y}.
7: Form the ideal J = (p1 Np2) +p3 = (x + 2,y + 2,2+ 2,3).
: Using Remark 4.1, we compute (R/p2)* = (Z + 1).
: Using Remark 3.2, we compute generators (1,0,1), (0,1,0) and (0,0, 2) of the exponent
lattice of (2 +1, -7z —9,(2+1)"Y) in R/J.

© 00 =3 Ot

O

10: Set U ={z+1,-yz—y,zz+ T+ z+ 1}.
7: Form the ideal J = (py Npa Np3) +ps = (22 + 2+ 1,2+ 2z2,y+ 2+ 1,3).
8: Using Remark 4.1, we compute (R/p2)* = (Z + 1).
9: Using Remark 3.2, we compute generators (1,0,0,1), (0,1,0,2), (0,0,1,2) and (0,0,0,6)

of the exponent lattice in R/J of
(z+1,-gz—g,224+2+2+1,(z+1)7").
10: Set U ={z+1,-yz—y, 22+ +z+ 1,1}.
12: The algorithm returns the generators z + 1, —yz — y, 2z + & + z + 1 of R*.

A reduced finite Z-algebra need not be torsion-free, but we can decompose it into a
direct product of finitely many finite fields and a torsion-free algebra.

Lemma 4.9. Let R be a reduced finite Z-algebra. Let p1,...,p, be the minimal prime ideals
of R of height n, let mq, ..., mg be the mazimal ideals of R, and let J =p1 N ---Np,.. Then
R/ J is torsion-free and we have R= R/J x R/my X -+ X R/mj.

Proof. As a reduced ring, R does not have embedded prime ideals. Therefore J is not
contained in any m;. Since myq, ..., m, are maximal ideals the isomorphism follows directly
by the Chinese Remainder Theorem. To prove that R/J is torsion-free, we note that the



6:12 MARTIN KREUZER AND FLORIAN WALSH Vol. 16:1

prime ideals p; satisfy p;Q[z1, ..., 2, P. Now let f € P and assume there exists k € Z\ {0}
with kf € J. Then we have kf € p; and by the above observation f € p; forallt =1,... k.
This shows f € J. ]

Thus we can now combine our results and obtain the following algorithm.

Algorithm 4.10. (Computing the Unit Group of a Reduced Finite Z-Algebra)
Let R = P/I be a reduced finite Z-algebra. Consider the following sequence of instructions.

1: Let G = []

2: Compute the prime decomposition I = p; N---Np-Nmy N---Nmg where py,...,p, are

prime ideals of height n and my,..., ms; are maximal ideals.

3: Compute J =p1 N---Np,.

4: Apply Algorithm 4.5 to compute a set of polynomials H such that their residue classes

generate the unit group of the order P/J in Q[z1,...,2z,]/JQ[z1,. .., xy)].

5: Using the Chinese Remainder Theorem, compute eq, ..., es1r1 € P such that their residue
classes form orthogonal idempotents of R with R 2 &R x --- x €541 R and ¢,R = P/ny
fori=1,...,s and e;1R = P/J.
for all h € H do

Add ésp1h+ >0, € to G.
end for
fori=1,...,sdo
10:  Using Remark 4.1, compute g; € P such that g; generates (P/m;)*.
11: Add e;g; + Zﬁéi €; to G.
12: end for
13: return G.

This is an algorithm which computes a generating set of the unit group R*.

Proof. By Lemma 4.9, we have R* = (P/J)* x (P/m1)* x --- x (P/mg)*, and P/J is
torsion-free. This shows that the units in R are given by the residue classes of elements of
the form ey fi + - +esfs + es119 where f; is a unit in (P/m;) and h is a unit in (P/J). We
therefore conclude that the elements computed in line 7 and in line 11 generate R*. ]

As noted in Remark 2.5, the computations in lines 2,3 and 5 can be performed efficiently
if R is explicitly given.
Example 4.11. Consider the reduced finite Z-algebra R = Z[z,y, z]/I where
I:<3$, vz —x, y: + 2, 22 + xy, 2371>.
Let us apply Algorithm 4.10 to compute generators of R*.
1: Set G =]
2: We compute the minimal prime ideals of I and obtain p; = (z — 1, 2,92 + 1), ps =
(.22 +2z+ 1,92 +2)and m = (3,2 — L,z +y,9y% + 1).
3: Compute J = p1 N po.
4: Using Algorithm 4.5, we obtain the following generators of (P/J)*.

hi = 9yz% — 17§z — 152° + 95 + 152
ho = 153% + 922 — 155 — 1724+ 9
hs = —567Z — 322 + 567 + 652 — 32
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5: Determine orthogonal idempotents e; = Z + 4> + Z and ey = —Z§ + 1 of R such that
e1+ex=1eR> P/mand eaR = P/ J.
7: Add e1 + eshy, e1 + eaho and e1 + eghg to G.
10: Using Remark 4.1, we compute a generator g =y + 1 of (P/m)*.
11: Add ejg + e2 to G.
13: The generators of R* are given by

e1 + eshy = 97Z° + T — 17§z — 1522 + T + 95 + 152

e1 + eghy = 1552 +92% — 155 — 172+ 9

e1 + eahg = —567z — 3222 + 567 + 652 — 32
elg+e=—-x+1.

5. THE UNIT GROUP OF NON-REDUCED FINITE Z-ALGEBRAS

Using the results of the previous subsection, in particular Algorithm 4.10, we can now
compute generators of the unit group of R/ Rad(0). The next task is to lift these generators
to a generating set of R*.

Lemma 5.1. Let R be a finite Z-algebra.

a e canonical homomorphism ¢: R — al mduces a surjective group homomor-
Th Lh h R — R/Rad(0) ind h

phism ¢*: R* — (R/Rad(0))*.
(b) The kernel of ¢* is given by 1 + Rad(0).

Proof. See [22], Lemma 1.1.5. [

This lemma shows R* /(1+Rad(0)) = (R/Rad(0))*. Therefore, if we have generators of
(R/Rad(0))* and generators of 1 4+ Rad(0), we obtain generators of R* using the following
well-known result.

Remark 5.2. Let M be a Z-module and N C M a submodule. Assume that the residue
classes of my,...,my € M generate M /N, and let N be generated by ni,...,ns. Then
mi,...,Mg,N1,...,Np generate M.

Since we already saw how to determine generators of R/ Rad(0)*, it remains to compute
generators of 1 + Rad(0). If Rad(0)? = 0, then elements 1 + f, 1+ g of 1 + Rad(0) satisfy
(14 f)(1+g) = 14+ f+g. In this case generators of the additive group of Rad(0), immediately
yield generators of 1 4+ Rad(0). If the nilpotency index of Rad(0) is greater than 2, we can
inductively compute generators of 1+ Rad(0)*~! in R/ Rad(0)".

Algorithm 5.3. (Computing Generators of the Unit Group)
Let R = P/I be a finite Z-algebra. Consider the following sequence of instructions.
1: Let G = []
2: Compute the nilradical Rad(0) of R.
3: Apply Algorithm 4.10 to compute elements in R such that their residue classes generate
the unit group of R/ Rad(0). Add these elements to G.
4: Compute the nilpotency index s of Rad(0) in R.
5. fori=2,...,s do
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6:  Compute fi,..., fr € R such that the residue classes fi,..., f, in R/Rad(0)* gener-
ate 1+ Rad(0)"~L.

7 Add f1,..., foto G.

8: end for

9: return G.

This is an algorithm which computes a generating set of the unit group R*.

Proof. After line 3 has been executed the list G’ contains generators of the unit group
of R/Rad(0). Now assume that the elements in G generate R/ Rad(0)"~! after iteration
number ¢ — 1 of lines 5-8. By Lemma 5.1 the group homomorphism

¢ (R/Rad(0)~1)" — (R/Rad(0)))"
is surjective and its kernel is given by 1+ Rad(0)*~!. This implies
(R/Rad(0)™1)™ / (1 4+ Rad(0)""!) = (R/Rad(0)") .
The generators of R/Rad(0)"~! together with the generators of 1 + Rad(0)*~! therefore

generate (R/ Rad(O)i) . Hence, after iteration number s the list G contains generators of
(R/Rad(0)*)* = R*. []

The loop in lines 5-8 can be avoided as follows.

Lemma 5.4. Let R = P/I be a finite Z-algebra, and let G = T™ \ L be a set of terms as in
Lemma 2.3 such that the residue classes of the elements in G generate RT. Let fi,..., fn € P
such that their residue classes generate Rad(0). Then H = {1+1tf;|i=1,....k, t € G}
generates 1 + Rad(0).

Proof. Clearly, H is contained in 1 + Rad(0). By the proof of Algorithm 5.3, it is then
enough to show that there are g1,...,gs € H such that gi,...,gs in R/Rad(0)’ generate
1+ Rad(0)*!. Every element in Rad(0)*~2 can be written as a Z-linear combination of the
residue classes of the terms in G. Thus, every element in Rad(0)*~! can be written as a
Z-linear combination of the terms in {f fili=1,....k, teg } The claim now follows from

the fact that (14 f)(1+g) =1+ f + g for f,g € Rad(0)*"!, since fg € Rad(0)". L]
Let us apply Algorithm 5.3 using this simplification to a concrete example.

Example 5.5. Consider the finite Z-algebra R = Z[z,y]/I, where I = <:1:3, 62, 9y% +y + 1>.
1: Let G =].
2: Compute Rad(0) = <:z=,g2 + 7+ 1>.
3: Using Algorithm 4.10, we compute (R/Rad(0))* = (g + 1) and add g+ 1 to G.

4-8: Using Lemma 2.3, we determine Z-module generators G = {:E 7,77, 7, T2, T, 1} of R.
Then for every generator g of Rad(0) and for every term ¢ € G we calculate 1+ NF, 1(tg)
and obtain generators 1+ Z,1 + 22,1 + 2y, 1 + 2%y of 1 + Rad(0).

9: We obtain
R*={(1+y1+z,1+2* 142y 1+2%).

The generating set produced by Algorithm 5.3 is in general not minimal. But we can
compute the exponent lattice of these generators to identify redundant ones. Furthermore,
the isomorphism type of the unit group can be determined by computing the Smith normal
form of the exponent lattice.
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Corollary 5.6. (Computing the Isomorphism Type of the Unit Group)
Let R = P/I be a finite Z-algebra. Consider the following sequence of instructions.

1:
2:

3:

4:

5:

Using Algorithm 5.3, compute generators g, ...,gr of R*.

Using Algorithm 3.8, compute generators vy, ..., vm € Z* which generate the exponent
lattice of (g1,...,9x) in R.

Form the matriz whose rows are given by vi,...,vy, and compute its Smith normal
form S.

Let r be the number of diagonal entries of S equal to zero, and let k1,...,k, be the
non-zero diagonal entries of S.

return r and ki,...,ky.

This is an algorithm which computes the rank and the invariant factors of the group R*.

Algorithm 5.3 for computing generators of the unit group of a finite Z-algebra raises

the natural question whether it can be extended to finitely generated Z-algebras which are
not necessarily finite Z-modules. The unit group of such rings is finitely generated if and
only if the Jacobson radical is finitely generated as an additive group (see [2, Thm. 1]). In
particular, the unit group of a finitely generated, reduced Z-algebra is a finitely generated
group. However, the previous results cannot be directly applied to compute a set of generators.
For example, in the integral case, the algebra no longer needs to be a finite field or an order
in a number field. To the best of our knowledge, there exist no algorithms which compute
generators of the unit group in this case. We leave this problem for future research.
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