The Question of Finitely Many Steps in
Polynomial Ideal Theory *

Grete Hermann in Gottingen

In the present work, the domains in which ideals are defined are polyno-
mial domains. An ideal will be called given if a basis of the ideal is known,
and computable if a basis can be computed. This work deals with computing
characteristic ideals and polynomials for a given ideal m. The computation is
based on ideal theory and elimination theory as developed by E. Noether and
K. Hentzelt [2,8,9]'. T especially recommend the summary [9, §1] for the basic
ideas used here. Some changes to the definitions and further corollaries will be
given in §1 of this work.

The computational methods below are computations in finitely many steps.
The claim that a computation can be carried out in finitely many steps will
mean here that an upper bound for the number of necessary operations for the
computation can be specified. Thus it is not enough, for example, to suggest
a procedure, for which it can be proved theoretically that it can be executed
in finitely many operations, if no upper bound for the number of operations is
known 2. In particular, the bounds appearing in the present work will depend
only on the number n of variables, the number ¢ of basis elements of the ideal,
and the maximum degree g of these basis elements; they are independent of
the coefficients of the basis elements. Using these bounds, which indicate up to
what degree the variables must be considered, the problems can be reduced to
problems of determinant and elementary divisor theory, which can be settled in
finitely many steps by known methods.

The methods provided in §§6-8, with which all of the characteristic ideals
and polynomials for the ideal m can be computed, must be preceded by some
preparatory theorems in §§2-5. The search for the associated prime ideals of
an ideal m corresponds to, and reduces to, the simpler problem of factoring
a polynomial into prime functions. Thus §2 deals with the factorization of a
polynomial into prime functions. The methods used here were suggested by

*Die Frage der endlich vielen Schritte in der Theorie der Polynomideale, Math. Ann. 95
(1926), 736-788. Translation by Michael Abramson.

IFor useful concepts from field theory, [10] is recommended.

2Macaulay, who indicates a way based on Lasker’s work [6] to compute the associated
prime ideals and the exponents of the associated primary ideals associated of an ideal, has no
such upper bound [7, p. 81].



Kronecker [5]. Kronecker restricted everything to fields of characteristic zero,
and then only to finite algebraic and transcendental extensions of prime fields.
His methods can be extended directly to fields of arbitrary characteristic, and
specifically to finite algebraic, and finite or infinite transcendental extensions of
prime fields. For the case of infinite algebraic extensions, we need help from
ideas of Steinitz.

The theorems in the paragraphs which follow are ideal theoretic. In §§3-5,
the basics for the computation of the upper bounds are given which make the
later calculations possible. It is of utmost importance to be able to carry out
the simplest computational operations, the formation of products and quotients,
least common multiples, and greatest common divisors in finitely many steps. As
long as the methods for this are not trivial, they appear in §3 as an application of
a theorem of Hilbert [3]3. §§4-5 bring criteria for the divisibility of a polynomial
by an ideal. In particular, the criterion supplied in §4 is purely formal; the
divisibility depends on the solvability of a linear system of equations, which can
be computed from the coefficients of the given polynomials and those of the basis
elements of the ideal. It is not necessary to know the inner structure of the ideal
to apply this criterion. On the other hand, Hentzelt’s Nullstellensatz provides a
criterion in §5, which also gives us substantial insight into the structure of the
ideal. There is of course a bound on the degree to which a polynomial must
vanish, at least at the transcendental zeros of the ideal, in order to be divisible
by the ideal. Because of its theoretic formulation as opposed to the one given
in §4, this criterion is itself of some interest; in the most special case, it reduces
to Noether’s fundamental theorem on algebraic functions. Moreover, it will be
shown that the number computed here is indeed an upper bound for the smallest
exponent of prime ideals which appear in a decomposition of m.

Now as an application of the theorems in §§2-5, the computations of the
important ideals and polynomials are carried out in §§6-8. §6 provides the com-
putation of fundamental ideals, which simultaneously yields the computation of
the norm and elementary divisor form of the ideal. The polynomials essential
for elimination theory are thereby computed, from whose factorization, we ob-
tain the zeros of the ideals. In §7, methods for computing the associated prime
ideals of the ideal m are proposed. This is more complicated when the underly-
ing coefficient domain for the polynomials of the ideal is an imperfect field than
in the case of perfect fields. Finally, by applying Hentzelt’s Nullstellensatz, we
show in §8 how to find a primary ideal for each associated prime ideal of the
ideal m that can appear in a decomposition of m. Of course with these primary
ideals, we also have the isolated components of the ideals.

The theorems of §§4-5, as well as Theorem 6 in §6, were taken from a
manuscript of K. Hentzelt. Hentzelt gave them there using only very com-

3The theorem used here is a part of Theorem 3 on the termination of the syzygy chain.
The same theorem can be found in Konig [4]. Ko6nig uses the same methods as Hilbert, but
starts errantly from only one equation, without noticing that the induction step actually leads
to a system of equations.



plex formulas that lack conceptual meaning. I have replaced this formulation
with a conceptual one, and explicitly specified the bounds, at whose computa-
tion Hentzelt only hinted. Furthermore, it was necessary to extend the claim
in Hentzelt’s Nullstellensatz somewhat by using the concept of transcendental
zeros. Hentzelt spoke only of the set of algebraic zeros of an ideal and thus
did not have the vital partitioning of zeros by dimension of the prime ideals
for what followed. The method used in Hentzelt’s proof of reducing the degree
numbers by a regular determinant, i.e. by a determinant representing a regular
polynomial, was taken by Hentzelt from Hilbert’s proof, which is given in §3 so
that the proofs of the theorems in §§3-5 are completely parallel. With his theo-
rems, Hentzelt intended only to take care of the question of elimination theory
in finitely many steps. He wanted to compute the norm and elementary divisor
form of an ideal, but as the applications §§6-8 show, all of the characteristic
ideals for the ideal can already be computed on the basis of his theorems.

81. Fundamental Concepts

The definitions of the underlying domain, transformed ideals, module represen-
tation of ideals, its isolated components, the elementary divisor form and norm,
as well as the decomposition theorems valid for ideals are given in [9,§1.1-3,5-
7,9].

1. Notation. The degree of a polynomial f(x1,...,x,) in all variables will be
denoted by [f], the degree of f in x1,...,2, by [fl,- f@, gV, b ete.
will denote polynomials which are dependent only on «;, ..., z,.

If P denotes any field and aq,...,a, are algebraic or transcendental ele-
ments over P lying in any extension field of P, then P(aq,..., ;) is the
field obtained by adjoining a1, ..., a, to P, and Play, ..., «.] is the ring
of polynomials in a,...,a, with coefficients in P. If P is the underlying
field of the non-transformed ideals, and P is the one for the transformed
ideals, then with the notation of [9, §1.1],

P = @(uu, e 7unn);

where the u;; denote the transformation coefficients, whence the domains
R and R of the non-transformed and transformed ideals can be written
as: . .

R = ]P[yla"'ayn]v _

R = Play,...,zn] = Plugr, ..., unn)[@1,. .., 0]

4Translator’s Note: A transformed ideal is the image of an ideal in the domain of a linear
transformation of the variables of a polynomial ring, where the transformation coefficients are
indeterminates added to the underlying field in the image. The module representation of ideals
arises from viewing the polynomial ring P[y1, ..., yn] as the set of all linear combinations of
power products in y;, . .., yn with coefficients in the ring Ply1, ..., y;—1]



2. In contrast to [9, §1.8], the dimension of a prime ideal not equal to the
unit ideal o may now be defined in the following way: The residue class
ring of R modulo a prime ideal p not equal to o is, by definition, a ring
without zero divisors, so it can be extended to a residue class field R/p
by adjoining pairs of elements. 93/p is an extension field of a field (P)
isomorphic to P. The transcendence degree v of R/p over (P) is called the
transcendence degree or dimension of p, and we have 0 < v < n. It follows
directly from [9, Theorem 5] that this definition does in fact agree with
the one from [9, §1.8].

3. The definition of fundamental ideal can now be properly tied to the di-
mension of a prime ideal. The isolated component of an ideal m to which
every associated prime ideal of dimension n — p and higher belongs, and
only these belong, is called the p-th fundamental ideal g, of m. It fol-
lows immediately that g,—1 is the (¢ — 1)-th fundamental ideal of g, and
go coincides with its p-th fundamental ideal. Ideals, for which the first
fundamental ideal not equal to o equals the ideal, have only associated
prime ideals of a fixed dimension. By [9, Theorems 8,10], this definition
for transformed ideals agrees with the one given in [9, §1.4]°, so we may
refer to that one as well.

4. In addition to transformed ideals, transformed modules and systems of
equations will also appear. A module of linear forms® with coefficients
in Plz1,...,2,] is called transformed if it can be made into a module of
linear forms with coefficients in P[yi,...,y,] by the transformation y =
U(z) and the adjoining of indeterminate transformation coefficients to
the field P. Similarly, a system of linear equations with coefficients in
Plxy,...,xy,] is called transformed if it can be made into a system of linear
equations with coefficients in Py, . . ., y,] by the transformation y = U(x).
For transformed modules and systems of equations, the existence of a
nonzero determinant, whose rank agrees with that of the module or system
of equations, can always be assumed to represent a regular polynomial
relative to the z;, i = 1,...,n.7. Such a determinant will also be called a
regular determinant.

By [9, Lemma 1], prime and primary ideals are mapped by the transfor-
mation y = U(x) to prime and primary ideals. The converse is also true.
For non-transformed ideals, transformed prime and primary ideals corre-
spond again to prime and primary ideals. Indeed, let q be a transformed
prime ideal, and q the corresponding non-transformed ideal. Let @ and b

5Translator’s Note: Noether defines g; as the set of all polynomials G(z) for which there
exists a non-zero polynomial b(*) such that b)) G(z) = 0 (M). Let E() be the greatest common
divisor of all such b(¥). Then the elementary divisor form is the product of these E(%).

STranslator’s Note: This is a free module in today’s terminology.

"Translator’s Note: A polynomial of degree d in variables x1, ...,y is regular in x; if the
coefficient of a:? is non-zero. A polynomial is regular if it is regular in every z;.



be elements of R, and a and b the polynomials obtained from them under
the transformation. Then it follows from @b = 0 (§), b # 0 (§) for all
k, and also from ab = 0 (q), b® # 0 (q) for all x, that a = 0 (q) and
consequently @ = 0 (§). Therefore, q is a primary ideal. If q is a prime
ideal and we replace  in this argument with 1 accordingly, then we ob-
tain: @ is a prime ideal. Since divisibilities are retained under forward
and backward transformations, associated prime and primary ideals map
to associated ones, respectively. Furthermore, the dimension of a prime
ideal is not changed by the transformation (see [9, footnote 12]). By [9,
Lemma 2], we can transform the individual primary components in the
representation of a non-transformed ideal as the least common multiple
of maximal primary ideals, and thereby obtain a representation of the
transformed ideal as the least common multiple of maximal primary com-
ponents. By the definition of fundamental ideals, since the dimension of
these components remains unchanged, the p-th fundamental ideal of the
transformed ideal is the transformed ideal of the o-th fundamental ideal
of the non-transformed ideal, so corresponding prime ideals map to each
other, and similarly the isolated components of the non-transformed ideal
map to those of the transformed ideals under the transformation.

Since the mapping of transformed to non-transformed ideals can be carried
out in finitely many steps - inverting the transformation, partitioning the
basis elements as power products of transformation coefficients - we can
restrict the computation of basis elements of associated prime, primary
and fundamental ideals and the isolated components of an ideal m to
transformed ideals.Indeed, as long as these ideals are unique, they are
also transformed in m. The primary ideals are the only ones which are
not unique. So for their computation, there is more to prove to obtain
transformed ideals.

5. The elementary divisor form of a prime ideal in perfect and imperfect
fields. The field P is called perfect if every prime function in it factors into
distinct linear factors over a suitable extension field; otherwise it is called
imperfect. We have the theorem: The elementary divisor form of a prime
ideal is a prime function, and that of a primary ideal is a power of a prime
function which is the elementary divisor form of the associated prime ideal
[9, Theorem 1]%. In a perfect field, the converse is true: If the elementary
divisor form of an ideal is a prime function, then the ideal is a prime
ideal [9, Theorem 13]. In imperfect fields, we have only: If the elementary
divisor form of a (proper or improper) ideal is a primary function, then the
(proper or improper) ideal is a primary ideal. In imperfect fields, there are
proper primary ideals whose elementary divisor form is a prime function
[9, §6, Example 2].

8Translator’s Note: A prime function is an irreducible polynomial over IP and a primary
function is a power of a prime function.



82 Factoring Polynomials in Finitely Many Steps

Let f(z1,...,7,) be a polynomial defined over a field P. The factorization of f
into prime factors in an extension field of IP will be considered, and in particular,
a factorization in finitely many steps. By the Kronecker substitution [4, Chapter
2, §53-4]
n—A\
oy =&,

in which d must be chosen greater than the degree of f, a polynomial in only
one variable £ can be assigned uniquely to f in such a way that every factor of
f corresponds to a factor of this polynomial. Because of the unique assignment
of the polynomials, if the number of factors of the polynomial in £ is known,
then so is the number of factors of f. Therefore, we can restrict ourselves to
factorization of polynomials in one variable. It will become evident that the
feasibility of factorization depends on the nature of the field over which we wish
to factor. The simplest case is the problem where the extension field is formed
by adjoining finitely many algebraic and transcendental elements to the prime
field. Here Kronecker’s theorem holds®:

Theorem 1. Hypothesis: Let K be a prime field, zx, k = 1,...,m, be tran-

scendental over K(z1,. .., 2k—1,2k41y -+ 2m, Q1s---,0q), and oz, & = 1,...,1,
be algebraic over K (21, ..., Zm, Q1y oy Qi1 Qg 1, -« 5 Q).
Claim: Every polynomial f(z) can be factored over K(z1,...,2zm,Q1,...,0q)

into prime factors in finitely many steps.

Proof (by two applications of induction). 1. [ = 0. The case m = 0 must be
treated separately according to when the characteristic of K has the value 0,
or is a prime number p. The proof is very simple in the second case since then
P = K contains only finitely many elements. In the first case, the proof of the
conclusion from n — 1 to n runs completely parallel, so that they both can be
brought together.

(a) First, let m =1 =0. If P = K has characteristic p, then it has only p
elements. Now if f(z) has degree r, then we need only consider factors of poly-
nomials of degree ¢ < 5. Since K has only p elements which come into question

as coefficients of these polynomials, there are only p( [g] H) polynomials of de-
gree ¢ < 3, where [%] denotes the largest integer < 5. These polynomials can
be individually tested in finitely many steps to determine whether or not they
are factors of f.

(b) If P contains infinitely many elements, then either it is the prime field
of characteristic 0, or P = K (z1,...,2zn). If K is of characteristic 0, let [K] be
the ring lying in K which is isomorphic to the ring of integers. Otherwise, let

[K] = K. Let [P] = [K][z1,- .., 2m]|. Without loss of generality, we may assume

9See [5]. Kronecker proved this theorem only for the case of characteristic 0, where finitely
many algebraic extensions can be combined into a single one. However, the methods used
there can be carried over immediately to the general case.



f(x) is an element of [P][x]. Furthermore, by well-known theorems on primitive
functions, we need only consider factors of f which also lie in [P][x].

Let ¢ < 5. We investigate the existence of a factor ¢(x) of degree q. Let
S0,...,8¢ be any ¢ + 1 distinct elements in [K][z;]. If K has characteristic 0,
then K already contains infinitely many integers, so in this case, sq,..., s, are
already elements in [K]. Then

¢(x) = B(s0)go(w) + ... + ¢(s4)g4(T),

where

(—50) (= sim1)(@ = si41) -~ (x = 5¢)

8;—80) (80— sic1) (85 — sit1) - (8i — 5¢)

If ¢(x) is a factor of f(x), then ¢(s;) must be a factor of f(s;). But only finitely
many values for ¢(s;), which will be discussed separately, come into question. If
m = 0, then f(s;) is an integer whose finitely many divisors can be written down.
Since the theorem was already proved in (1a) for prime fields of characteristic
p, the case m =1 = 0 is now completely settled.

Thus we may assume that the factorization of a polynomial in [K][z1,. .., Zm]
can be achieved in finitely many steps. As an element in [K][z1,...,2m], f(si)
may now be viewed as a polynomial in z,, with coefficients in [K][z1,. .., Zm—1].

Therefore, by hypothesis, it can be factored into irreducible factors in finitely
many steps.

2. We assume the theorem is already proved for | — 1 algebraic extensions.
Let «; be algebraic over K(z1,...,2m,@1,...,0q—1). By substituting x =y —
u - aq, where u denotes an indeterminate adjoined to the field and which by (1)
does not affect the factorization, we find that f(y — uq;) depends explicitly on
a;. We multiply f(y — uqy) by all polynomials obtained by replacing «; in f
by its conjugates over K(z1,...,2Zm,a1,...,—1). The product is a polynomial
whose coefficients lie in K(z1, ..., 2m,a1,...,q;—1), which then, by hypothesis,
factors over this field into irreducible factors in finitely many steps. The greatest
common divisor of these factors with the polynomial f(y — uay) are the factors
of f(y — uay). By substituting y = = + ucqy, we obtain the desired factors of
f(z), which can therefore be computed in finitely many steps. O

The case where infinitely many transcendental elements are adjoined to the
prime field can be immediately reduced to the case just considered. Indeed, the
polynomial can contain only finitely many of these infinitely many elements,
and if we again restrict the factorization to [P][x], no factor can contain any
transcendental element that the polynomial itself does not contain. Thus it
suffices to carry out the factorization in the field formed by adjoining to the
prime field the necessary algebraic elements and the finitely many transcendental
elements that appear in the polynomial.

Otherwise, infinitely many algebraic elements are adjoined to the prime field.
In this case, it is not true that an algebraic element not appearing in the polyno-
mial f(z) cannot appear in a factor of f. The methods of Kronecker’s theorem



fail here. However, there is a factorization of the polynomial into linear factors
that can be carried out symbolically in the algebraic closure of P.

In any case, it is possible to factor the polynomial into prime factors over
the field specified by its own coefficients, since only finitely many algebraic
elements over the prime field appear among the coefficients. By Steinitz, we can
now introduce symbolically a zero j of such a prime function g(z), so for which
g(j) = 0, since the domain obtained by adjoining such a symbol to the coefficient
field is isomorphic to the residue class field modulo the prime function, itself a
field. If we apply this procedure finitely often, then we obtain a factorization of
the polynomial into linear factors, in which case it is well-known that a finite
extension field is sufficient. If this itself is not isomorphic to a subfield of the
given field in which the factorization occurs, then at least it holds for one of the
finitely many intermediate fields corresponding to the possible combinations of
finitely many factors.

§3. Computational Operations in Ideal Theory

The theorem of §3 will show how to carry out the simplest computational op-
erations of ideal theory in finitely many steps. It deals with the formation of
the least common multiple and greatest common divisor, and of products and
quotients. The set of all basis elements of two ideals forms a basis of the greatest
common divisor of two ideals that can be written down immediately. Similarly,
the basis of the product of two ideals is easily found. It consists of the set of
all products of each basis element of one ideal with each one of the other. The
construction of the basis of least common multiples and quotients is harder.
Hilbert’s theorem'® will provide the additional methods.

Theorem 2 Hypothesis. Let f;; be polynomials in x1,...,x, with coefficients
in P, that is elements of Plxy,...,xy,].
Claim: A complete solution for the system of equations

fuuzi+ ...+ fiszs = 0
ft121+~'~+ftszs = 0,
also consisting of elements of Plxy,...,x,], can be computed in finitely many

steps. If q is the maximum degree of the f;;, then the degree of the polyno-
mials of the complete solution set does not exceed m(t,q,n), where m satisfies
the reduction formula m(t,q,0) = 0, m(t,q,n) = qt + m(t?>q,q,n — 1). Thus

n—1

m(t,q,n) = 3 (qt)?".

=0

10Macaulay hints at the possibility of using Hilbert’s theorem to obtain these results.



By a complete solution, we mean here a set of solutions to the system of
equations, on which every other solution is linearly dependent with coefficients
in Plxy,...,x,].

Proof (by induction). 1. n = 0. The coefficients f;; and the desired solutions z;
are constants, elements of the field P. As is well-known, the system of equations
can be solved in this case in finitely many steps, the problem is reduced to one
in determinant theory. Since no indeterminates appear at all, the degree of all
polynomials is 0.

2. Assume the theorem is already proved for n =r—1 (r > 0). Let n = r.

(a) Suppose the system of equations is transformed. Without loss of gen-
erality, we may assume that there are no other linear relations among the equa-
tions, so clearly t < s. If t = s, then 21 = ... = z5 = 0 is the only solution, so
it forms a complete solution, and hence the theorem is proved for this case.

Thus we may assume then that s > ¢ and ¢ is the rank of

fir oo fis
ftl e fts
We set
i oo 1
Diyav=| :
ftil s ftit
where i1, ...,4; denote any t distinct integers in the sequence 1,...,s. Without
loss of generality, we may assume that
Juuoooo fu
D=Dy..=| L |#0,
fuo o fu

and that D has the highest degree u < gt < m(t,q,r) among all of the D;, ,,
which appear. Since the system of equations is assumed to be transformed, we
may assume D is regular in z1, i.e. the coefficient of 2/’ in D does not vanish.
Then the given system of equations has the solutions

z21=Diyi2.4, ooy Z=Di 1441, Zy1=D, zqpo=...=2,=0

21 =Dgo 4, ..., 2z = Dlu.t—l,S? Zt41 = ... = 2s—1= VU, Zs= D,

which may be called the canonical solutions of the system of equations. The
degree of the polynomials of these solutions do not exceed p. Because of the
regularity of D in x1, from each solution another (y, ..., (s is derived, for which

(Gl <[Dh=p .y [Ghi<p



and the equations

Lh = fluGa+...+fis¢c = 0

L= faCit ot fuls = 0

hold. Now let Fj; denote the (¢ — 1)-row subdeterminant of D corresponding to
fik~ Then

0 = Fubh+...+Fql, = D¢+ Diy19.4Cy1+ ...+ Dga 1 G
0 = Fuli+...+Fuly = DG+ Dy —1)0+1)Ger1 +-o-+ D115
Because of

[Diy.i,1 <
Graly < n forA=1,...,s—t
(D],

|
=

it follows that
[Glh<p  fori=1,....¢,

so in general
[Gli<p fori=1,...,s.

Therefore,
2) u— 2
G = a4 el
2 _
(G = ggl)x‘f e+ §§f),
where 52(]2) are elements of P[zg, ..., 7] in accordance with the notation in §1.6.
We put these expressions in the equations I; = ... =[; = 0 and arrange them by
powers of x1. Then each of the coefficients of these powers, which still depend
on o, ...,x,, must vanish. Thus we obtain equations of the form
el +... 1022 = 0
2) ~(2
¢(71)§§1) to.t (ZS(T%c)ggi) = 0,

where [¢;;] < ¢ and ps = o > 7 = put < gqt?. By hypothesis, since n = r — 1 for
this system of equations, a complete solution, whose elements have degrees not
exceeding m(qt?,q,7 — 1), can be computed in finitely many steps.

10



=2 =2
If ¢ :(u), o ,{i u) is a solution to this system of equations, then

= =(2) - —=(2)
& = 11$¥1+---+51u
- —(2) _ —+(2)
55 = gslel+"'+§su

is a solution to the original system of equations, and conversely, every solution
of the above system of equations can be brought into the form of the canonical
solution. Therefore, a complete solution to the given system of equations is
constructed from the complete solution of the system of equations independent
of 1 formed by the indicated combinations of powers of x1, together with the
canonical solutions. Hence, this complete solution can be computed in finitely
many steps and the degree of its solutions does not exceed p+m(qt?,q,r—1) <
qt +m(qt?,q,r — 1) = m(t,q,7)

(b) Suppose the system of equations is non-transformed. We transform it
by x = U(z') and compute the complete solutions of the transformed system
by (a). Since the coefficients of the system of equations for the inverse trans-
formation o’ = U~!(x) are again independent of the indeterminates Uy, the
factors resulting from similar power products of the u,, in the inversely trans-
formed solutions form a complete solution of the given equations. Thus in this
case, they can also be computed in finitely many steps. Since the degrees of
the polynomials do not grow under transformation, the degree restrictions hold
here also. O

Corollary to Theorem 2. If in the case t = 1, the coefficients f; of the
given equation are homogeneous in 1,...,%, (0 < g < n), then the polynomi-
als appearing in the complete solution may be assumed to be homogeneous in
Z1,...,%,, and the degree restrictions of Theorem 2 remain unchanged.

Proof. Let z1,...,zs be any solution to the equation, so
f121+...+f525 = 0.
Let

Z1+t...+z215, = 2

Zst ..ot 255, = Zs

be the partitioning of these polynomials into summands that are homogeneous
in x1,...,x,, such that any two summands have different degrees in z1,...,z,.
Thus f;z;k is homogeneous in 1, ..., Z,, but fi(zik, + Zik,) is not for ki # k.
If we split up the equation

f1z1—|—...—|—fszs=0

11



into components which are homogeneous in z1, ..., x,, but which have different
degrees from each other, so that they must each vanish individually, then we
obtain equations of the form

flzlkl + ... +fszsks = 07

where there are sufficiently many such equations that each of the summands

zik, k=1,...,7;, 2 =1...,s, appears in exactly one equation.
Therefore, the sets z1x,, - .., 2sk, are solutions of the equation. The solution
Z1,...,2s 18 linearly dependent on these; this results from summing over these

solutions. By the appropriate partitioning of the solutions appearing in a com-
plete solution, which can be computed in finitely many steps by the procedure
indicated, we obtain a complete solution of the equation, consisting of polyno-
mials homogeneous in z1,...,z, and having the same maximal degree as the
original solution set. O

Application of Theorem 2

1. Computation of the Least Common Multiple [a,b] of Two Ideals
a=(f1,...,ft) and b =(g1,...,9s) in Finitely Many Steps.

We have
c=0 ([a,b])

if and only if
c=0 (a) and c¢=0 (b),

holds, i.e. if
c=difi+...+difi =e1g1+ ...+ esgs.

Thus in this case
difi+...+dift —e1g1 — ... —esgs = 0.

By Theorem 2, a complete solution of this equation can be computed. Let

dllv e 7d1t7 €11,.--,€1s
dkh e 7dkt7 €kly.-.4,€Eks
be such a solution. Then
ci = dufi+...+duft = engi+...+ €19
ek = dpfi+.. o tdufe = erigr+...+ersgs
is a basis of [a, b]. Therefore [a,b] = (¢1,...,ck).

12



2. Computation of the Quotient a: b.
It is well-known that a: b ={[a: (g1),...,a: (gs)]. Now

c=0 (a:(g5))

if and only if
cgj =difi+ ... +defs,

so when
cg; — d1f1 — ... — dtft =0.
By Theorem 2, a complete solution of this equation can be computed. Let
Cj1,---,Cjm; be the associated factors of g; above. Then
a: (gj) = (le, ceey ijj).

By 1, the basisof a: b= [a:(g1),...,a: (gs)] can also be computed in finitely
many steps.

84. Degree Restrictions in Formal Divisibility
Theorems

Theorem 3 now provides a criterion to help determine in finitely many steps
whether or not two ideals are divisible by each other '!.

Theorem 3. Hypothesis: Let M = (l1,...,1l;) be a module of linear forms
in z1,...,2s, whose coefficients are polynomials fi;(x1,...,Ty) in Plxy,. .., xy]
which are independent of z1,...,2s. Let [fi;] < q and

Lh = fuizi+...4 fiszs

ly fuz+ .o+ fiszs.
Suppose | =0 (IM), so that
i =a1ly + ...+ al;.

Claim: This representation can be chosen so that

[ai] < [l] + Qm(t’ q, n),

1K 6nig offered such a criterion by solving the inhomogeneous equation f1z1 +. ..+ fszs = f
using the solvability of the homogeneous equation, where the induction conclusion had to be
modified according to footnote 4 [Translator’s Note: This is footnote 3 in this translation].
Ko6nig did not produce the degree restrictions calculated in Theorem 3, which are important
for what follows.
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where m(t,q,n) is defined exactly as in Theorem 2.

Proof (by induction). 1. n = 0. In this case the theorem is clear since every

polynomial in which = appears has degree 0. So certainly [a;] = [I]] +0 = 0.
2. Assume the theorem is already proved for n =r — 1. Let n =r. Let p
be the rank of
Jii o fis
ftl cee fts
Clearly p <t. As in Theorem 2, we set
frio oo S,
: - =Dy,
fpi1 s fpip
and assume
fuu o fip
: D |=Di.,=D#0.
for oo fop

(a) Assume 9 is transformed so then D can be assumed to be regular in
z1. Then
[Dl = [D] < gt.

If F;; denotes the (p — 1)-row subdeterminant of D corresponding to f;;,
then 9 contains the forms

m1:F1111+...+F1plpEO (937)

miq :Fp1l1—|—...—|—Fpplp =0 (93?)
and in particular,

m; = Dzl + Dp+1,2...pzp+1 +...+ Ds2...pzs

my = DZp + Dl.“p—l,p-‘rlzp-i-l .t Dl"'p_l’sz‘g.

We have [Fi;] < (t — 1)g, [l;] < g, so [m;] < gt, and in fact this holds for every
term of the representation by the [’s.

Now let g(z) = g121 + ... + gs2s be a linear form in z with coefficients in
Plxq,...,2,]. Because of the regularity of D in x1, there exist polynomials G;
and j; such that

gi = Gy + Dy,

14



fori=1,...,p, where
[Gilx < [D]

and we will show that
[7i] < lgi] < gl

To prove this, suppose that [j;] > [g:]. Let j; = ji1 + ... + Jjir, be the parti-
tioning of j; into homogeneous summands of different degrees, and in particular
let [j;1] = [ji]. Let ji(f) (z1,...,2,) # 0 be the coefficient of the highest power of

x1 appearing in j;;. Thus j;; = ji(f)a:'f +... and [11(12)] = [j;] — . Because of
the regularity of D in x,
D=bal 4

where b # 0 is an element of P. Thus
JiD = f(Q);UTHD] +...,
where
F@ =pi 4

is a term of smaller degree. Therefore, f2) # 0 and [f(2)] = [ji] — k. Since
[Gi]1 < [D], £® is the coefficient of x'f’HD] in g;, and [g;] > [m’fHD}f(?)} = [D]+

i;] > [D] + [g:] > |gi], so the assumption [j;] > [g;] has led to a contradiction.
J g g J g

Therefore, [j;] < [gi] as claimed.
We can set

P
9(z) = G(2) + Zmiji
i=1
where
G(Z) = GlZl + e + szp + Gp+12p+1 + PPN + GSZS

and

[Z mz]z‘| <lg] + gt < lg] + m(t,q,r),
im1

which indeed holds for every term of the representation by the I’s. If g(z) =
0 (91), then since m; =0 (M), G(z) = 0 (M) as well, so by the above, we need
only to prove the theorem for G(z).

It follows from

that
G(z)=aily + ...+ aily,

SO

Gi=aifa+...+afu.
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Since p is the rank of 9, I, is linearly dependent on [;,...,l,, 0 <A <t —p,
provided that % is allowed as a multiplier. So

Dlp+,\ =0 (ll, cee ,lp).
Because of the regularity of D in x1, we can choose the a’s such that

[ap+a]1 < [D] for 0 <A<t —p.

Now
P t P
ZGiFik = Dak + Z ar Z fTrTFTrka
=1 T=p+1 =1
where
|:Z fﬂTFﬂk:| S qt,
la-]; < [D] forr=p+1,...,t,
[Gi]; < [D] fori=1,...,p,
[Fik S Q(t - 1)a
SO
[ak]; < gt for k=1,...,t,
i.e.

[ak]r < 2mf(t, g, 1).

Therefore the theorem is proved for r = 1. Let » > 1. Then

G(z) =0 (B),
where
B = (I1,z1l,..., 28, lo,. .., 271,)
is a module of linear forms in z1,z121,... ,fotzl, e x‘ftzs with coefficients in
P[za,...,7,]. The number T of basis elements of 9B is ¢t2. Since the coefficients

of B depend only on r — 1 variables, there is by hypothesis a representation
G(z) = agz)ll +...+ ag‘,?)xgtlt7

where
[az(?)} < [G] +2m(qt?* 1,7 — 1)
holds. Now since »
g=G+Y mij;

i=1
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and
P
lz miji] < lg] +at,
i=1

we have
[G] < [g] + qt.

Therefore,
[GEQ)] < [9] + gt +2m(qt®, g, 7 — 1).

If we order the representation of G(z) by the I’s
G(z) = a1ly + ... + aily,

then
[a;] < max {a,(f)} + qt,

i.e.
la;] < [g] + 2qt + 2m(qt?,q, v — 1) = [g] + 2m(t, q, 7).

(b) Suppose M is non-transformed. The theorem holds for the correspond-
ing transformed module. Since inverting the transformation does not raise the
degrees, the theorem holds for non-transformed modules as well. O

Application of Theorem 3
Criterion for the Divisibility of Two Ideals by Each Other

If we set s = 1 and drop z; which appears as a factor in every element of 91,
then 9 reduces to an ideal m = (f1,..., fi) of polynomials in z1,...,z,, and
the theorem reads: If g =0 (m), then there is a representation

g=ofi+...+gft,

where
l9] < [g] +2m(t, g, n).

So if we also assume that the g; are polynomials of degree [g] + 2m(t,q,n)
with indeterminate coefficients, then the equations, which arise by comparing

t

coefficients from the equation g = > f;¢;, must be solvable. Conversely, if they
i=1

are solvable, then g = 0 (m). The system of equations in question, on whose

solvability we therefore depend, is now linear in the unknowns. By determinant
theory methods, the solvability can then be decided in finitely many steps. Thus
we can decide in finitely many steps whether or not each individual polynomial
in P[xy,...,x,] is divisible by m. Now since for the divisibility of an ideal by
another it is necessary and sufficient that the basis elements of the first be
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divisible by the second, a criterion for the divisibility of an ideal by another is
easily produced.

It will be important later to completely ignore exceeding the degree. Theo-
rem 4 will show that there is in fact an ideal basis, for which this is possible.

Theorem 4. For every ideal m = (f1,..., ft), there exists a canonical basis
Jots--s fot,, 0= 1,...,n, such that for every g = 0 (m), there exists a repre-
sentation
tQ
9= gifoi
i=1
where

9]0 = (9]0 — [foilo
for gi # 0. This basis can be computed in finitely many steps, and [fpi] <

n—1 oi
m(l,q,n) = > q° .
=1

Proof. We set

g [f-] Z1 Lo
fr(x07x17"‘7x’n):‘r0rgf7 ey Loty T
Zo Zo
so that f, is homogeneous in zg,r1,...,7,. Let g =0 (M) and
— _ .l Z1 Lo
g(anxlv"'vmn)_l'O Qg P EERE I RL7 = RPN
Zo Zo

By Theorem 3, there exists a representation

g=cfi+...+cfe

such that
[ci] < [g] + 2m(t, q,n).

Consequently,
t
_ ki= 7
:C’;:g = Zxo Cifi,
i=1

where the ¢; are formed analogously to f; and g;, and the k; can be chosen so
that the exponent k; = 0 for at least one ¢, and

k <q+2mf(t q,n).

Therefore, _ _
x3m+q§50 (f1s-os o) in Plzo, x4, ..., xn].

Conversely, if this congruence holds, then we obtain ¢ = 0 (M) by setting
To = 1.
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Hence by the methods presented in Theorem 2, we form a complete solution
to the equation

" TIX e f — ... —Cfy =0,

which may be assumed to be homogeneous in g, z1, ..., ¥, by the Corollary to
Theorem 2, and where we let X = f,..., X = f, . Thus

n—1 )

[fgi] S m(laQ7n) = ZQQ .

i=0

Let
9=0(M),

SO

tQ
7= Tifoi
i=1

where, without loss of generality, we may assume that the g, are homogeneous in
Z1,...,%,. Since all members of this equation are homogeneous in g, z1, . . ., Ty,
the g, can be chosen such that

9:]0 = [glo = [£ uile

provided g; # 0. B
Now if we set 9 = 1, and thereby derive f,; from f

m= (f917~~'afgtg)

oi» then

with )
[Foil <D d,
i=0
and it follows from
g=0 (m)
that
tE’
9= gifoi
i=1
where

[9i]0 = (9]0 — [foilo
provided g; # 0. O
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85. The Hentzelt Nullstellensatz

In contrast to the purely formal divisibility criterion of Theorem 3, Hentzelt’s
Nullstellensatz brings a criterion which indicates how strongly a polynomial
must vanish at the zeros of an ideal in order to be divisible by the ideal. To
prove this theorem, three lemmas are needed.

In the lemmas, it must be assumed that the underlying field P [§1.1], in which
the ideals and modules appear, have infinitely many elements. This condition
is certainly satisfied if we replace P with P(s), where s is transcendental over

P. Therefore in the lemmas, P will contain infinitely many elements. It will be
shown that adjoining s is not a restriction of Hentzelt’s Nullstellensatz.

Lemma 1. Hypothesis: Let m = (I1,...,l;) be a module of linear forms
= fuz+... + fiszs
ly = fazi+ ...+ frszs

with [fi;] < q. Let p be the rank of m.

Claim: After a homogeneous linear transformation x = U’ (2') of 21, ...,z with
transformation coefficients in P, and having a nonzero determinant, we have: If
&, is the set of all linear forms g for which there exists a polynomial k(z!) # 0
dependent only on x!, such that k(x})g =0 (M), then there exists a polynomial
K(x}) # 0 dependent only on x!, such that

1. K(2/)8,=0 (M)
2. [K(z7,)] < M(t,q,n)
where

M(t,q,1) = gt
M(t7Qan) = M(thaQ7n_1)

Therefore,
M(t,q,n) = (at)*" .

Proof (by induction.) 1. n = 1. &; = & is the fundamental module for O 2.

Let
fii oo fip
D=| : ©|#£0.

for e fom

12The definition of fundamental module is given in [9,§1.5].
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By [2, Theorem 3],
D&=0 (M)

” [D]y < [D] < gt = M(t,q,1).

2. Suppose the theorem is already proved for n = r — 1. Let n = r > 1.
Since P consists of infinitely many elements, we can always cause D to be regular
in z{ by a transformation that satisfies the conditions specified in the claim. In
order to simplify notation in what follows, the accents on = will be omitted. Let

k(z.)g=0 (9M).

As in Theorem 3, we set
g:glzl+~~~+gszs

and
9i = Gi + D]za
so that
[Gi]1 < [D] < qt
[7i] < [g:] < lg]-
Then
P
9=G+>_ miji,
i=1

where the m; have the same meaning as in Theorem 3. Because m; = 0 (9),
k(z,)G=0 (IM).

Thus
[k(xy)Gi]1 < qt fori=1,...,p.

Let
k(.’l;r)G = a/lll + . + atlt.

Then we can show, just as in Theorem 3, that
[a;]1 < qt fori=1,...,t.

Thus
k(z,)G=0 (B),

where 9B again denotes the module of linear forms (l1,...,1,... ,x‘{tlt) whose
coefficients are polynomials in xs,...,z,. Therefore, after a transformation of
Za,...,T, which can be combined with the first, there exists, by hypothesis, a
polynomial K (z,) independent from the choice of g, such that

K(z,)G=0 (®)
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and
[K(IT)] S M(qt27Q7 r—= 1)

Furthermore,

K(z,)G=0 (M),
SO

K(xz.)g=0 (IM).
Hence

K(z,;)6, =0 (M),
SO

(K (2,)] < M(qt?,q,r = 1) = M(t,q,r). O

Corollary 1 to Lemma 1. If M is transformed, then the claim holds without
applying the specific transformation.

Proof. Let M be the result of y = U(z) to M. M maps on M by x = U’ ().
Thus 9’ is the result of the composite transformation y = UU’(2') = V(') on
9. Hence the equations

VvV =UU, U=vu'!

hold between the transformation matrices, so since U’ has a nonzero deter-
minant, the transformation is uniquely invertible. Using these equations, the
elements of V' and those of U can be expressed linearly with coefficients in P
in terms of each other. So the elements of U, as well as the elements of V are
indeterminates, and the fields P(u) and P(v) coincide. Therefore, 9t is also the
associated transformed module of 9, so M’ and M are isomorphic and they
differ only in notation. If we replace 2’ by z in 9" and V by U, then 9V maps
to M. Since the theorem is proved for M, it is also true for M. O

Corollary 2 to Lemma 1. For transformed ideals in the special case s = 1,
the theorem provides an upper bound on the degree of the n-th level elementary
divisors.'3

Proof. In this case 99t maps to an ideal m because the factor z;, which appears
unnecessarily in every element, can be cancelled. Let 99t and hence m be trans-
formed. Then &,, maps to the (n — 1)-th fundamental ideal g,,—1 of m. Now
if E(x,) is an n-th level elementary divisor of m, then F(z,) is the greatest
common divisor of every K(x,) for which

K($n)g7t—1 =0 (m)
holds [9, §1.5]. Therefore, by Lemma 1 and the first corollary,
[E(z,)] < M(t,q,n). O

13Translator’s Note: This is just E£(") as defined in footnote 5.
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Lemma 2. Hypothesis: Let §pi1,...,8u be any elements lying in an extension
field of P, perhaps adjoined to the field P. Let the following ideals be defined:

m = (fi,..., fe), q>|[fi] fori=1,...t
0 = ((xl_?-‘rl 759+1)eg+13"'7(xn 7571)6")
a = (m0)

Claim: After a homogeneous linear transformation x = U'(z") of the form

x = unzi+...+ ulga:’g
— / /
To = UplTy F .. U,
— /
Tot1 = Tot1
— /
Tn, = xy,

with coefficients from P and a nonzero determinant: If go denotes the set of all
polynomials g for which there exists a polynomial k(x’g) dependent only on x’g
such that k(x,)g =0 (a), k # 0, then there exists a polynomial K (x},) dependent
only on x,, such that

L. K(2})g,=0 (a)

5. [K(x'g)]gzv(t,q,g, 1 e>

i1=p+1
where
n n n 20-1
N<taq7 0, H ei) = M(t H €i, g, Q) = <qt H ei)
i=p+1 i=p+1 i=0+1
Proof. Let X, p =1,...,5, S = [[e;, be the power products of (2,41 —
Eot1), - - -, (T — &) where the exponent of (z; — &;) is less than e;. Set
S K = 1,...,t
[ Xu =D Xofory, (@1,...,20)  (9) w = 1,...,8
o=1 Tep = 17...,tS.

If 7 is one of the numbers 1,...,%S, then let
li=X1fri+ ...+ Xsfsi-

Then M = (I1,...,l:s) is the module of linear forms which maps to m modulo
0. 9 will be transformed in the manner indicated by Lemma 1. The accent
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on the z’s will again be omitted. Since the coefficients 91 are just polynomials
in x1,...,,, the transformation applies only to z1,...,%,. Using the identity
transformation on Z,41,...,%,, it can be extended to x = U’(2’). Then by
Lemma 1, there exists a polynomial K (z,) dependent only on z, such that

and
[K (2,)] < M(tS,q,0) = N(t,q,0,5).

If we again view the elements of &, and 9 as polynomials in z1,...,z,, then

(ng, ) = (gga 0)

(M, 0) = (m,0) = a.
Thus

K(70)(80,0) =0 (a),

SO

K(2,)8,=0 (a)
all the more. O

Corollary to Lemma 2. If m is transformed, then the claim is true without
applying the specific transformation.

Proof. Let m be the result of the transformation y = U(z) on m. Let m’, o/,
and ¥’ come from m, a, and 9 via x = U’(a’), o’ = (m’,0’). Now since, in the
basis elements of ', only zy4+1,...,2, appear , which are simply transformed
by the identity, ® and 9" are isomorphic. The same is true for m and m’ because
m is transformed, as was proved in the Corollary to Lemma 1. Furthermore,
since the isomorphism in both cases consists of interchanging x with z’ and
the elements of U with those of UU’, a and a’ are also isomorphic. Since the
theorem is already proved for a’, it holds for a as well. O

Lemma 3. Hypothesis: Let

m= (fl(xlw"amn7y)7'"aft(xly-"axn7y))

be an ideal in P(y)[z1,...,x,], where y is transcendental over Plxy, ..., x,].
Let mg = (fi(z1,...,20,8), .., fe(21,...,20,€)) be the ideal in Play, ..., )
formed by substituting an element & inP fory inm. Let k(xq,...,2,,y) Z0 (m).
Without loss of genmerality, the polynomials f;, i = 1,...,t, and k may be as-
sumed to be integral in y, so that for all £ in P, the polynomials fi(x1,...,Tn, &)
and k(z1,...,z,,€) are defined.

Claim: There exists & in P such that

kE(xi,...,2,,6) Z0 (mg).
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Proof. 1. The connection between questions of divisibility and rank.
Let

g(z1,...,zn,y) =0 (m).

By Theorem 3, there exists a representation

g(xla"'ax’ruy) = ¢1(x1a"-axn7y)f1(x17~-~7mnay)+"'
+ d)t(‘rlv"'7xnvy)ft(m1w~~awn7y)

such that [¢;] < [g] + 2m(t,q,n), where ¢ is again the maximal degree of the
filxy, o T, y) In @y, ... 2y

Let z,, 0 =1,...,s, be the distinct power products of z1,...,z, for which
(2] < 9] + g+ 2m(t,q,n). Let ¢y, 0=1,...,r, be the distinct power products
for which [¢,] < [g] + 2m(¢, ¢, n).

Because of the degree restrictions on the individual terms of the representa-
tion of g, we can bring this representation into the form

G(Zla .. .,zs,y) = gl(y)Fl(Zla .. '7Zsay) +.. +$tr(y)FtT(Zla .. .,zs,y),

where G(z1,...,25,9) = g(x1,...,Zn,y), the Fi(z1,...,2s,7) are of the form

Cofu(x1, ... xpn,y), and the F; and G are linear in zq,...,2,. Now since G
depends linearly on the F;, the matrices

gy fuly) - frel) fuly) o frie(y)
A= : : : and B = : :

9s(W) faly) . four(y) faly) - faer(y)
have the same rank, where g; and f;; denote the coeflicients of z; in G and Fj,
respectively.

On the other hand, if both of these matrices have the same rank, then G is
linearly dependent on the F;. If we again replace the z, in G and F; by the power
products of x1, ..., x,, then we get g = 0 (m). Therefore, the two matrices have
the same rank if and only if g is divisible by m. These same observations hold if
we set y equal to an element £ of P. Then polynomials ¢¢;(x1,. .., ,) satisfying
the same degree restrictions in x1,...,z, take the place of ¢;(x1,..., 2, y).
Therefore, it is also true that g(x1,...,zy,§) is divisible by mg if and only if the
two matrices formed by the substitution y = £ in A and B have the same rank.

2. Because k(x1,...,2pn,y) Z 0 (m), the matrices A’ and B’, formed from
k(z1,...,2n,y) analogously to the matrices A and B , have different rank. Thus
there is a non-zero determinant in A’ whose rank is 1 higher than that of B’.
Now since P consists of infinitely many elements, y can be specialized to £ in P
in such a way that these determinants remain nonzero. If we replace y by this
¢ in A" and B’, then they retain different ranks. Therefore,

E(x,...,2n,8) Z0 (m). O
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With Lemmas 2 and 3, Hentzelt’s Nullstellensatz can now be proved.

Definition 1. By a complete zero-set of an ideal m, we mean a set of one zero
of each transcendence degree from each associated prime ideal of m.

Definition 2. If fgi), ceey ,(f), i =1,...,m, is a complete zero-set of m, then
0, = (1’1 — Y), ey Ty — 7({0) is called the associated zero-set ideal of m.

It follows from the definition that o; is a prime ideal in

%:m@@wqﬁgngﬁwwﬁguhwwﬁ

Theorem 5 (Hentzelt’s Nullstellensatz). Hypothesis: Let 5@, e ,(f), 1=
1,...,m, be a complete zero set of m = (f1,..., ft). Leto;, i=1,...,m, be the
corresponding zero-set ideal. Let q be the maximal degree of f1,..., ft. Let

n—>A\

n 2A71 H (2n7i+1)
st =+ L) = 1] =ar ot
A=1

Claim: It follows from
g=0 (m,0f) in f)‘ii:i)i(y),...,,(f)) (fori=1,...,m)

that

In the following second version, Hentzelt states the theorem only for algebraic
ZEros.

Theorem 5a. Hypothesis: Let &1, ...,&, be an arbitrary set of values in the
algebraic closure of P. Let

a:(fl_glv"wxn_fn)'

Claim: It follows from

g=0 (m,of)
that for every such set of values,
g=0 (m).
If &,...,&, is not an algebraic zero of m, then (m,a”) = o, so clearly g =

0 (m, 0f). So instead of the condition ”for every arbitrary set of values”, we can
also use ”for every algebraic zero of m”.

Proof. Both versions of the theorem will be proved. A few preparatory remarks
are needed for the proof.
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1. Without loss of generality, it may be assumed that the underlying field P
has infinitely many elements. The theorem will be proved for this specific

case. Let m be defined in R = Plzq,...,z,] = P(uir, ..., unn)[21,- - -, Tnl,

where P contains only finitely many elements. Suppose P = P(s), where
s is transcendental over P. Let m’ be defined in R’ = P'[z1,...,2,] =

@/(un, ey Upp)[x1, ..., 2] with the same basis as m. Then the zeros of
m and m’ coincide. Thus a polynomial g in fR that satisfies the hypothesis
of Theorems 5 and 5a for m satisfies it for m’ as well. So by hypothesis

g=0 (m).

Therefore, there exists a polynomial k(s) in P(s) whose lowest coefficient
may be assumed to be the identity F of P, such that

k(s)g=g1f1+ ...+ gift,

where the g; are integral in s. By comparing coefficients of the smallest
power of s appearing in k, we obtain

g=gfr+...+aife
with g, = 0 (). But that means g =0 (m).

2. We already have
KZ(L q, ’fl) Z H(ta q,n — 1)

In particular, if £t = ¢ = 1, then

v(l,1,n) =v(1,1,n—1) =0,
SO

k(1,1,n) =k(1,1,n—1)=1.

Let gt > 2. If we separate the last factor of v(t,q,n), then we obtain the
equation

n—>A\
n 2)\71 H (2n7'i+1)

v(t,gn) = ] [(qt) =1 - 1] [((115)2%1 - 1]

A=1

since gt > 2. Furthermore, because

n—>\ . n—A—1 .
[T +n> II @'+,

i=1 i=1



it follows that
vl(t7 q, Tl) Z Ul(tv q,n — 1)
Hence
’U(t7 q, n) Z ’U(t7 q,n — 1)u
SO

K’(t‘]an) Z K(ta q,n — 1)

. Let I > ] (Ix — 1), then
A=1

alEO ((xl751)117'~~a(xn7§n)ln)'

In particular,

U.l: ((x1—§1)17 N H (SL’)\—E,\)EA, ey (l’n—fn)l>
1t ten=t
For > ex =1 in general,
A=1

HJ?A—@\ =0 ((&1—&)" (@ — &)™)

For the proof, some further notation must be defined.

. Let E,(x,) be the n-th level elementary divisor of m [9, §1.6] and I,, be
an integer > [Ey,(x,)]. By Corollary 2 of Lemma 1, we can set

ln = (qt)THI
for transformed ideals, to which we first restrict the proof. Furthermore,
let
n n A1
i=A+1 i=A+1
Then

n
H )\_1 —’th, )<K’(t7q7n)'

By the third remark, the representation of v leads to the conclusion: It
follows from
g=0 (m,a")
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that

For brevity, set

that

5. Let

3

&

0;

g =

(@i = &)" o (2 — &)™)

Thus it follows from

&n

&

0

(m, (131 — 51)117. ., (xn _ fn)ln) )

fori=1,...,n.

be the zeros of the associated 0-dimensional prime

ideal of m. The roots of E,,(z,) belong to the row &7,... &2 [9, §1.9].

The proof of the theorem can now be carried out by induction.
1. n=1. m=(f(x)) is a principal ideal. Both formulations of the theorem
assert precisely the same thing, that every zero has transcendence degree 0, and

is therefore algebraic. Let

Then £, ...

Let

Then

Therefore,

i.€e.

Fl) = (=€) o (o = ™).

9=0

,&€™ are the only zeros of m and

k(1,¢,1) > ¢> max ¢;.

i=1,....,m

(m,(a:fg)“) fori=1,...,m.

g=hi + hia(x — &)~ fori=1,...,m.

n

9=0 (H<zsi>0i>,

i=1

g=0 (m).

2. Assume the theorem is already proved for n =r — 1. Let n = r.
(a) Assume m is transformed. Now according to the hypotheses of the
second formulation of the theorem, let



for every set of values &1, ...,&.. By the substitution x,, = &., m is mapped to
ﬁ, g to g, atoa= (931 — 51, ey L1 — 51"—1)7 and

g=0 (m,a").

By hypothesis, this congruence holds for every &, lying in P. Therefore by
Lemma 3, it also holds if &, is replaced by a transcendental element over P, e.g.
by x,, adjoined to P. But then g = ¢, and m is formed from m by adjoining
x, to P. The polynomials of m that are integral in z, form then the (r — 1)-th
fundamental ideal g,_; of m because m is transformed. Therefore,

g=0 (W aen).
Since k(t,q,7) > k(t,q,r — 1), it follows that
g= 0 (67 a/{(uq,rfl))

for every set of values &1,...,&._1. Since t is the number of basis elements in m
and ¢ is an upper bound for its degree, it follows by hypothesis that

Since g is integral in z,,
9= 0 (grfl)'

The same holds under the hypothesis of the first version of this theorem.
Let g = 0 (m,0f) for i = 1,...,m accordingly. By adjoining x, to the field
P, the zero-set ideals 0; corresponding to the zeros of transcendence degree 0
map into the unit ideal 0. The other zero-set ideals, in which &, is a parameter
that can be set equal to x,, consist of ideals 0; formed by deleting the last basis
element from o0;. Since the zeros of g,._; are formed by deleting the zeros of
transcendence degree 0 from m, these 0; are the associated zero-set ideals of the
ideal m. As above, it follows therefore from

g=0 (m,of) for i=1,...,m
that
9=0 (gr—1).

If m contains no 0-dimensional prime ideal, then g,_1 = m, so g = 0 (m),
and the theorem is proved.
It may be assumed therefore that m has a 0-dimensional prime ideal with

zeros &1,...,&0, j = 1,...,p. Instead of entire sets of values, it suffices for the
additional proof of the second wversion of the theorem that we consider only
sets fil, ..., & where iq,...,4, are any 7 identical or distinct numbers of the
sequence 1,...,p.
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Up to now, we have:

1. ¢g=0(gr—1). Thus E,.(z,)g = 0 (m), where the roots of F,(z,) belong
to the sequence &1,... &P, Since m is transformed, there exists, by reasons of
symmetry, polynomials F;(x;), ¢ = 1,...,r, such that E;(z;)g,—1 = 0 (m), so
E;g =0 (m). The roots of E;(x;) belong to the sequence &}, ..., &0

2. g=0(m,01). It will be shown that the divisibility of g by m follows
easily. Assume it has already been shown that

g=0 (m,0,),
i.e.
g=0 (m,(z,— &), 0041),
SO
g=h(x1,... 2 (2 — &) (M, 0,41).
By 1,
E,(x,)9=0 (m).
Therefore,

Euh(xv - gli;,)lu =0 (mvau+1)'

By the Corollary to Lemma 2, there exists a polynomial K%+ (z,) such
that _ '
Kv v (z,)h =0 (m,0,41)

and

[P+t ()] < N (t,qyu, II lz-) =1

i=v—+1

Both (z, — &%) E,(x,) and K%+ (z,) have the property that their product
with h is divisible by (m,,.1). Thus the same is true for their greatest common
divisor, whose roots are clearly all those which are also roots of both of these
polynomials, and which does not have higher degree than them. Thus for

EiUiUJrl.“ir(xu) = (K“Hmir(wV)a E,,(:E,,)(x,, - fzizu)lu) )
1. Ei”mir(l‘y)h(fﬂl,...7l’7ﬂ) =0 (m,DH_l).
2. [Etir(x,)] <1, since the same is true for K+ (z,).

3. The roots of E% i (z,) belong to the sequence &£., ..., P, since the same
is true for B, (x,)(x, — ).

Let o ) o
Ez”m“(l‘y) _ (:]Cl, _ é‘;u)di,j.,-irDZu"'Zr(zy)’

where £/ are not roots of D i (z,) and

diumir <l,.
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Since all of the polynomials E'% % (z,), ..., EP% i (z,) have only roots in the
sequence £1 ... £P the polynomials D% (z,),..., DP% ir(z,) are relatively
prime. Thus

o= (DYwin(z,),..., DP*ir(z,)) = o.

Now

D ir(z))g = (z, — ) h(xy,. .., z,) DY i (2,)
= (x, — &)l divir Bloin (g Vh(xy, .. 2,) =00 (m,0,41).
This holds for i, =1,...,p, so
0g=0 (m,0,41).
Now since 0 = o contains the identity element,
g=0 (Mm0,41).
If we set v to the values 1,...,r successively, then we obtain
g=0 (m).

Therefore, the second version of the theorem is proved for transformed ideals.
For the full proof of the first version, it suffices to show that

g=0 (m,o")
for every zero-set ideal of m implies
9=0 (m,a")

for every
a= ($1—§1,...,$T—§7~).
Therefore, let
g=0 (m,o0"%)

for every zero-set ideal of m, and &3, ...,&,. be an arbitrary set of values with
a= (.’L‘] —51,...,357‘—6,).

It must be shown that g = 0 (m, a”). There are three cases to consider.

1. &,...,& is not an algebraic zero of m. Then (m,a”) = o, so clearly
g=0 (m,a").
2. &1,...,& is a zero of one of the associated 0-dimensional prime ideals of

m. Then a belongs to the set of zero set ideals, so again

g=0 (m,a").
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3. &,...,& is an algebraic zero of m, but not a zero of an associated 0-
dimensional prime ideal of m.

Now (m,a”) is a O-dimensional prime ideal, so (m,a") = 0 (a) because
m =0 (a). On the other hand a® = 0 (m,a”). Therefore, all of the associated
prime ideals of (m,a”) are divisors of the prime ideal a, and this itself is an
associated prime ideal of (m,a”). However, as a 0-dimensional prime ideal, a
has no proper divisor except for o, so it is the only associated prime ideal of
(m,a”). Therefore, (m,a") is a primary ideal and is associated to a. Now let t
be the least common multiple of the O-dimensional primary ideals which appear
in a decomposition of m. Then

m= [gr—la t]
By hypothesis
t£0 (a).
Since a is a prime ideal,
" £0 (a)

for all A. Because (m,a”) =0 (a), it follows that
N £0 (m,a®)
for all A. On the other hand,
m=[g—1, =0 (ma"),

SO
gr—1t=0 (m,a").

Since (m, a”) is a primary ideal it follows that
gr—1 =0 (m,a").

But as already proved in the inductive conclusion, it now follows by the
hypothesis g = 0 (m, o) for every zero-set ideal and by the assumption that the
theorem is already proved for r — 1 variables, that

g=0 (gr-1)

Therefore,
g=0 (m,a")

for every a. Since the second version of the theorem is already proved, it follows
that

g=0 (m).

The first version of the theorem is now proved for transformed ideals.
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2. Suppose m is not transformed. The theorem is true for the associated
transformed ideal m’ of m. The transcendental zeros of m map to those in m’
under the transformation. Thus the zero-set ideals 0; map to zero-set ideals o]
of m’. The polynomial g maps to g’. Let

g=0 (m,of) fori=1,...,m.
Consequently, )
g =0 (m, o) fori=1,...,m.
Therefore,
g =0 (m).
Since ¢’ is transformed, it can be be inversely transformed:
g=0 (m).

The same is true if we consider the ideals a from the second version instead
of the o;, for then the algebraic zeros of the non-transformed ideals, as well as
those of the transformed ideals, map to each other under the transformation.
Both versions of the theorem are now completely proved. O

§6. Fundamental Ideals

In the next paragraphs, the characteristic ideals and polynomials for an ideal
will be computed. This deals mainly with the formation of the fundamental ideal
as well as the norm and elementary divisor form. To do this, it will be necessary
to pass to the module 9017, defined in [9, §1.5] which consists precisely of the
polynomials of m whose degree in z1,...,2,-1 does not exceed a fixed degree
no—1 when viewed as linear forms in the power products of x1,...,z,—1. The
computation of the number n,_; is given in Theorem 6.

Theorem 6. Hypothesis: Let m be a transformed ideal in Plry,...,z,] =
P(uit, ..., Unn)[21,...,7,] and q the mazimal degree of the given basis of m.

Claim: For the set of residue classes g,/m, there are residue class representatives
which do not exceed a fized degree n, in the power products of x1,...,x,, where

n, is given by the recursive formula
Np1+0—1\]= ,
wee e (]
i=0

Proof (by induction). 1. ¢ = 0. The theorem places absolutely no restric-
tions on the representatives of the set of residue classes, so this is clear.
2. Assume the theorem is already proved for o =0,..., A — 1.
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(a) Assume that P has infinitely many elements. Let

m=(fa-1,1, - fa-1.5_,)
be the (A — 1)-th canonical ideal basis for m which exists and is computable by
n—1 )
Theorem 4, and whose basis elements do not exceed the degree g = 3 ¢ by

=0
Theorem 4. For simplicity, the index A — 1 in this basis will be omitted in the
proof that follows. Thus we write

m = (flv"' 7ft>\71)'
Let z,, 0 = 1,...,s, be the power products of x1,...,x)x_1 whose degrees do
_ -1
not exceed ny_1. Hence s = ( " ;t)\l . Let (., e = 1,...,my, be
the power products of x1,...,z)_1 whose degrees do not exceed ny_1 — [f]r—1-

Hence m,; < s.

Let M3 _, = (fl7"‘7ftk—17<1f1’"'7<mtk71ft>\—1) = (l1,...,z). Then t <
ta—15, and 9M3_; can be viewed as a module of linear forms in the z, with
coefficients in P[zy,...,z,]. Since it is formed from the canonical ideal basis
defined in Theorem 4, it consists precisely of those elements of m whose degree
does not exceed ny_1.

The methods of Theorem 3 will be applied to the module 9t5_;, so the
existence of a regular determinant of the rank of the module must be verified.
Since P has infinitely many elements, the transformation x = V (y)

x = WU

Tr—1 = Yx-1

T = VaYUxt ...+ Unln
Tn = UnAYx +...+ UnnlYn

maps M3 _; to a module 93?}‘\/_1 which has a regular determinant in y,, where v;;
are elements of P and V has a nonzero determinant. Since the transformation
leaves the z, unchanged, that is nothing changes in the construction of the
module, Sﬁf\/_l can also be formed by first applying the transformation = V (y)
and then constructing the module in the way indicated. m is transformed, hence
is formed from an ideal 7 in P[Zy,...,Z,] under the transformation 7 = U(x)
and the adjoining of the elements u;; of U to the field P. m maps to m’ under
z=V(y). NowZ = UV (y) = W(y). The elements w;; of the matrix W are
therefore linear combinations of the w;; with coeflicients in P. Furthermore,
since V has a nonzero determinant, U = WV ™!, so conversely, the elements
of U can be expressed as linear combinations of the w;; with coefficients in P.
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Like the u;j, the w;; are also indeterminates, and the fields P(u;;) and P(w;;)
are identical. Thus the correspondence u;; ~ w;; and xj ~ y; establishes an
isomorphism between m and m’ as well as between 905 _, and 9 _,, since both
of these modules are formed from isomorphic ideals in entirely analogous ways.
Since the existence of the regular determinant for sm;’_l was verified, it is also
true therefore for 93 _;.
Let
L = fuz+...+ fiszs

l; = lezl +...+']%SZS.
Let p < s be the rank of 9} _,. The polynomials D;,...; , specifically Dy..., = D,
F;; and m; are defined relative to 913 _; exactly as in Theorem 3. This is possible
since M3 _; has a regular determinant.
Now let

k=0 (ax)

Then since m is transformed, there exists only one polynomial KX+ =£ 0
dependent on xx41,...,Z, such that

KMDE=0 (m).

Furthermore since y) = 0 (g»),

k=0 (gr-1)

Then by hypothesis,
k=g (m),
SO
KXDg=0 (m),

where

[9la—1 < naq
Thus

so therefore
KOtDg=0 (m5_,).

As in Theorem 3, we set

g=9gMz +.. Wz,

g§>‘) = GEA) + Dji()‘) fori=1,...,p,

so that
[G(’\)}A<[D})\:[D] fori=1,...,p



and
[ji()‘)} < 9] fori=1,...,p.

Then as in Theorem 3,

P
i=1
G = Gg/\)zl +...+ Gz(f‘)zp + G;ﬁ_)lzp_,_l +... 4+ GWz,.

Since K(**1D is independent of xy, we obtain the corresponding factorizations
of KA*thg by multiplying g, ng), Gl(-)‘) and ji()‘) by KA1 in these equations
and inequalities. So it remains that

[K@“)GE”L <[D).

Because g = G (m§—1)7
K(AJrl)G = O ( ;—1);
i.e.
K(A‘i’l)G = alll + ...+ a{l{
KOG, = aifi+...+afz

Here, as in Theorem 3, we can set
[a;]x < [D] fori=1,...,p,
and can easily show,'* as we did there, that
[ai]x < gp fori=1,....¢,

i.e.
[ai]x <q< n,\_;\—t?—l ) fore=1,...,t.

Hence it follows that

[Gi]x < q—i—q(n/\i\t?_l fori=1,...,t,

_ A—1
< nx—1+Q[1+<n’\ ;\tl )] =N

Moreover, since k = g (m) and g = G (m),

Q
>
AN

k=G (m)

141n Theorem 3, the number t of basis elements of the module is used instead of p. But
we only needed this number to be no smaller than the rank of the module. Hence the rank p
does the same thing in this inequality.
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as well. Therefore, G is a representative of the residue class k in gy/m that is
bounded in xq,...,x).

(b) Suppose P contains only finitely many elements. Let s be transcen-
dental over P. Then clearly P(s) contains infinitely many elements. Let m’ be
the ideal in P(u11, ..., Unn, $)[T1, ..., 2,], whose basis coincides with that of m.
The theorem holds for m’ by (a). Then the o-th fundamental ideal g, of m’ is
the ideal formed by adjoining s in g, to the p-th fundamental ideal of m.'5

Let g =0 (go). Then g =0 (g},) as well, so there exists &'(s) such that

g=k () and k', < np.
Therefore,
g=K+cfi+...+cf
By multiplying by a polynomial (s) in P(u11, ..., Uny)[s], this equation can be

made integral in s. Hence, without loss of generality, we may assume that the
identity E of P is the smallest coefficient in x(s) appearing in x(s). If we split
up the equation B ; B

kg=k +c fhi+...+¢fi

by powers of s and set the coefficients of the lowest power appearing in x(s)
equal, then we obtain on the right and left

g=k+afi+...+taf.

Thus k, ¢y, ..., c; are the corresponding coefficients of k”, clll, e 7c;,. Therefore
g=k (m) and [kl <np. O

Lemma 4. Hypothesis: Let M be a module of linear forms in z1,...,zs with

coefficients in Plx,,...,n]. Let & be the corresponding fundamental module.

Let M and &' be modules of linear forms in z1,...,2zs with coefficients in

Plzy)(zot1,---,n), whose basis elements coincide with those of MM and &, re-

spectively.

Claim: &' is the fundamental module of .

Proof. Let ¢'g’'(2) = 0 (M), where ¢’ # 0 is an element of P[z,](xot1,...,7)
and ¢'(z) is a linear form in z1,...,zs with coefficients in Plz,|(zpt1,-..,n).
Then there exists a polynomial d@*1) # 0 in P[z,,1,...,n] such that

detdg(z)=0 (M),

and
dlet) — e(@-i-l)f(g-i-l)’

158ee §1.4: Adjoining indeterminates to the field does not change the property of an ideal
being a fundamental ideal of another.
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where

eletDd — ¢ and Fetg () = g(2)

are integral in x,41,...,%y. Therefore,

9(z) =0 ()
Hence
/()= =0 @)

Thus the fundamental ideal of 9 is divisible by ®&’. On the other hand,
g'(z)=0 (&),
so there exists a polynomial f(¢*t1) =£ 0 such that
fetg =g=0 (&)
Thus there exists a ¢ in Plz,, ..., z,] such that
cg=0 (M)

and consequently
cg =0 ().

Therefore, g’, and hence &’ as well, are divisible by the fundamental module of
M. So & is the fundamental ideal of M’'. O

Corollary to Theorem 6. g, has a basis mod m consisting of elements whose

degree in z1,...,2, does not exceed n,. Now since the degree in z1,...,x, of
the basis elements of m does not exceed ¢ already, and since n, > ¢ for o > 0,
g, has a basis for o > 0 consisting of elements whose degree in z1,...,2, does

not exceed n,.

As noted in the proof of Theorem 6, the module 9} consists of all elements of
m whose degree in 1, ..., z, does not exceed n,. We now stipulate accordingly:

Definition.

1. Let &7 be the module of linear forms in the power products z, of z1, ..., z,
consisting of all elements of g, whose degree in z1,...,z, does not exceed
no. Then by the Corollary to Theorem 6, &}, contains a basis of g,.

2. Let MM, and &, be modules of linear forms in the power products z, of
Z1,...,%, consisting of all elements contained in m and g,. So infinitely
many z, appear in 9, and &,, even though each individual linear form
contains only finitely many z,.
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For what follows, assume m, and hence g, as well, are transformed [§1.4].
Then clearly &, is the fundamental ideal of 9. For the modules Dﬁz_l, Z_l,
M,—1, and G,_1, we have:

Theorem 7.
1. &} _, is the fundamental ideal of M},_,.

2. The set of residue classes &, /9, of &, 1 modulo M}, _, is isomorphic
to that of &,_1 modulo M,_1. Notationally,

6271/937271 ~ Gy 1 /My

3. M,_1 has only finitely many elementary divisors not equal to the identity
E, namely those in M,_,.

Proof. 1. Let ®,_; be the fundamental ideal of M*_,. Let g = 0 (&%_,).

Then g = 0 (gp—1) and [g],—1 < ny—1. Consequently, there exists a polynomial
£(@ £ 0 such that f(@g =0 (m). [f@g],_1 <np_1,50 f@g=0(M:_,), and

o—1
—%

hence g =0 (&,_;).
On the other hand, if g = 0 (&}_,), then there exists a f(@ =£ 0 such that
]

f@g=0 (9, _1). Hence, [fl@g o—1 < Mp_1, 50 [g],—1 < ny_1 also. Moreover,
g =0 (gy—1). Therefore, g =0 (&;,_,), and thus

*
o—1*

6* 1:6

2. Let {g} be a residue class of &,_1/M,_1. By Theorem 6, g may be
chosen so that [g], 1 < n,_1, hence g =0 (&}_,). Therefore,

69_1/93?9_1 ~ (’5;_1/93?9_1.
Now let {g} be the residue class of zero in &} _; /M, 1, i.e.

g=0(&, ) and  g=0(M,),

o—1

S0
[9)o—1 < Mp1 and g =0 (m).
Hence it follows that
g=0( 2—1)-
Thus {g} is also the residue class of zero in &}_;/9M;_;. On the other hand,

if {g} is the residue class of zero in &;_,/9;_;, then since M; ; =0 (M,_1),
the residue class {g} is also the residue class of zero in &}_, /M ;. Therefore,

(‘5;_1/93?9_1 ~ (’5;_1/93?;_1.
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So then
69_1/9379_1 ~ Qj2—1/9312—1-

3. For the proof of the third claim, let z,y1,..., 2, be adjoined to the un-
derlying field. By Lemma 4, the property of G,_; and G,—1 being fundamental
modules of M;_; and M,_1, respectively, remains valid. Therefore, the coef-
ficient domain of these modules is now the ring Plz,|(zg+t1,...,2y), in which
every ideal is a principal ideal. The modules can then be viewed as generalized
abelian groups under addition whose operator domain is the coefficient ring of
the module. The theorem on the unique representation up to isomorphism of
an abelian group of finite order as a direct sum of finitely many cyclic groups,
whose orders are divisible by each other, is also valid here, since for its proof, we
need only assume that every ideal in the operator domain is a principal ideal.
The order of a group I' is defined here as an element a of the operator domain
such that aI” vanishes, and that a is the greatest common divisor of all elements
having this property.

Now there exists a representation

SﬁZ—l = (e, .., eny) Z—l =(m,.--,nr)
Mo—1= (e, ...eml,Caynl) By =i, 0, Cryel)  [9, 81.5]
where
e1#£FE,...,es#E, e1=...=e.=E,
ey #E,....ey#E, e, ,=...=e.=E,

FE is the identity of the field, and 7, 779, and (. are linearly independent from
each other. Group theoretically, it follows then that

G, /My ={m}+...+{n}  Gor/Mer={m}+...+{n}

These sums are direct, {n;} and {n}} are cyclic groups of order e; and e/.
Since this representation is unique up to isomorphism and since &;_; / M,y ~
Gp_1/My_q, it follows that » = 7’ and e; = e]. Therefore, the elementary

divisors of Dﬁz_l and 9,1 not equal to the identity ' coincide. O

Theorem 8. The basis of the p-th fundamental ideal g, of m = (f1,..., fi) can
be computed in finitely many steps.

Proof (by induction). 1. ¢ =mn. Then g, =m = (f1,..., f1).

2. Assume the theorem is already proved for o > A. Let o = A — 1. The
proof is composed of two parts.

(a) Module computations.

In these paragraphs, define 95_; and &5_; to be the modules of linear
forms in the power products z of z1, ..., zx_1 with coefficients in P[x}, ..., z,].
As shown in Theorem 6, a basis for 91} _; can be computed in finitely many
steps. Let 9%, and &% _, be the modules of linear forms in the power products
z in with coefficients in P[zx](xr+1, - - ., Tn), which have the same basis as 95 _,;
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and &3 _,, respectively. Thus they are formed by adjoining zx41,..., 2z, to the
field P. By Theorem 7.1 and Lemma 4, Qﬁf\/_l is the fundamental ideal of 93”(;/_1.
We first consider the computation of a basis for 6;:1.

Let A be the matrix of the computed module basis of sm;/_l. Let p be
the rank of this module. Then by elementary divisor theory, there exists two
matrices R and S of rank ¢, which have a nonzero t-row determinant independent
of x, such that

ex11 0 - 0

ras=| ©

: 0
0 0 eaiy

R and S can be computed in finitely many steps (e.g. using Bocher’s method [1,
Chap. 20]). If we set I’ = R(I), then the I form a new basis for 95 _,, since, due
to the nonzero t-row determinant of R independent of x, the transformation is
invertible. This new module basis has the matrix RA. Moreover, if we transform
the variables z, of the linear forms by S, that is set z = S(2’), then the matrix
of 93?;;1 achieves the form RAS, i.e.

MYy = (ex—1,121,---,€x 1p Z;))
Thus we obtain immediately a basis of the corresponding fundamental ideal
6;71 = (Zi, ceey Z;)

By back-substitution of the transformation, which is permitted because S has
a nonzero determinant independent of ), we obtain a basis for &5_; in the
primal variable z

S1 = (ks k),
where the k; can be viewed as linear forms in the z’s with coefficients in
Plxa, ..., ZTn].
(b)  Computation of gr_1 in &5 _,.
Since ®§/_1 and &3_; were formed by adjoining xx_1,...,%,, the linear
forms in G5§L1, whose coefficients belong to P[zy,...,z,], are divisible by the

A-th fundamental ideal of gy_1, which is identical to gx—;. Thus they consist of
all g for which

L. g=0 (ga_1) 2. [g] <naa.

Therefore, k; = 0 (gx—1) and [k;] < nx_1, where k; may still be assumed to be
integral in the transformation coefficients. Let

‘Ur{kl = Upk}il + ...+ Unkin,
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where the U; are power products of the transformation coefficients w,,,, while
the k;; will be independent of the u,, after the inverse transformation. Since
gx—1 is transformed, k;; = 0 (ga—1) and [k;;] < nx_1. Therefore,

(klh LR kpn) =0 (63‘\71)
On the other hand, )
( 371)50 (klla“'vkpn)v
SO ,
(B3_1) = (K11, .-, kpn)-

Now we again set the power products z1,...,xx—1 equal to the z, and view
t = (ki1,...,kpn) as the ideal in P[z4,..., 2, which is transformed after con-
struction of its basis.

Let

g=0 (gr-1)
Since by the Corollary to Theorem 6, &3 _;, and hence (6;;1) as well, already
contains a basis for gy_1, there exists a1 # 0 such that
aMVg=0 (1.
Conversely, if
aMYg=0 (1),

then
g=0 (gr-1)

This means therefore that since t is transformed, gx_; is the A-th fundamental
ideal of t. Now by hypothesis, the A-th fundamental ideal can be computed in
finitely many steps. Therefore, g)_1, and hence every fundamental ideal of m
as well, can be computed in finitely many steps. O

Corollary to Theorem 8. Set
(0 o _T
Egéil = €o—1,ps Rgg—l = H €o—1,i-
i=1

Without loss of generality, we may assume that Eﬁ(fi)l and R(gg_)l are integral and
primitive'® in x,_1,...,x,. Then

n
E=][EY,
i=1

16Translator’s Note: The coefficients are relatively prime.
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is the elementary divisor form of m and

n

R=[] R,

i=1
is the norm of m.

These are both important polynomials to recover for characterizing ideals
by their zeros.
By [9, Theorem 11], the norm of m can be factored

R = H(sz - tli?lv e tnignu)é
7,V

_ _ §
H [tli(yl - ylv) +.+ tni(yn - ynv)] )

7,V

where the ¢;; denote coefficients of the inverse transformation U~!, and the
Yips -+ > Yny Tun through a complete zero-set of the non-transformed ideal m
that is independent of the ¢;;. By §2, the above factorization of the norm, and
hence the computation of the complete set of zeros, can be carried out in finitely
many steps.

87. Prime Ideals

Although the methods up to now, with the exception of the factoring of polyno-
mials in §2, have required absolutely no consideration of the special properties
of the original field, whether the field is perfect or imperfect is essential for com-
puting the associated prime ideals of m. The reason for this lies in the theorems
cited in §1.5, by which we can conclude from the fact that if the original field is
perfect then the elementary divisor form is a prime function, that the ideal is
prime, whereas this conclusion is not permissible in imperfect fields. Now since
by previous computations, the elementary divisor forms of the desired prime
ideals are known to be prime factors of the norm [9, Theorem 10], but we know
nothing else about these prime ideals, the computation of their basis must orig-
inate from their elementary divisor form, and here a distinction will be made in
the computation of prime ideals between perfect and imperfect fields. Theorem
9 gives the methods which will be applied in both cases. For perfect fields, this
takes care of everything, but for imperfect fields, one further calculation that is
given in Theorem 10 will be necessary. Theorem 11 then ties both together and
applies the discovered methods to specific prime ideals of the given ideal.

Theorem 9. Hypothesis: Let the prime function P(®) be the elementary divisor
form of the transformed prime ideal p of dimension n — o in Plry,...,z,] =
P(u)[z1,...,2,]. Let P be the polynomial obtained by the inverse transformation
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z = U~ (y) and multiplication by |U|" = |u,,|?, which is integral in the u,,,.

Let
l

P = Z U\ Py,
A=1
where Uy are power products of the transformation coefficients u,, and the Py
are elements of Ply1,...,yn]. Then

E:(P)lr"aPl)

is an ideal in Plyy,...,yn]. Let v be its transformed ideal resulting from the
transformation, and p’ the o-th fundamental ideal of t.

Claim: p = p' if P is a perfect field. Otherwise, p’ is only an associated primary
ideal of p.

Proof. Since P(@ = 0 (t), the 1st to (¢ — 1)-th fundamental ideal of ¢ are equal
to the unit ideal 0. The same is true for p’ because v = 0(p’). But since p’
is the p-th fundamental ideal of t, it is identical to its p-th fundamental ideal.
Therefore, only one of the highest level elementary divisors of p’ is not the
identity, and all of the associated prime ideals of p’ have dimension n — p.
Now since P(@ =0 (p’), P(@ is a multiple of the elementary divisor form of
p’, which is either P(@ or the identity E because P(@ is a prime function.
Suppose the elementary divisor form of p’ were E. Then p’ = o;, i.e. there

exists a polynomial
Gleth £

such that
Gt =0 (v).

By definition of ¥, it follows clearly from P(@) =0 (p) that T = 0 (p), where p
is the associated non-transformed ideal of p. Thus, T = 0 (p) as well. Therefore,

Gt = 0 (p).

Thus p would have dimension at most n — g — 1, contradicting the hypothesis.
Hence the assumption was false and P(@) is the elementary divisor form of p’.

Now if P is a perfect field, then by [9, Theorem 13], p’ is a prime ideal
whose elementary divisor form coincides with p. Since the zeros of the ideal are
determined from the elementary divisor form, both prime ideals have the same
zeros, so they are identical. If P is imperfect, then we can conclude that p’ is a
primary ideal. Since p’ has the same zeros as p, p is the associated prime ideal
of p/. O

Example. The example at the end of [9, §6] shows that p’ can be a proper
primary ideal in the case of imperfect fields.

Let P be the residue class field mod 2, to which the indeterminate X is
adjoined. n = 2. Let p = (y? + A\, y1 + v2) be the non-transformed ideal.
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Then p= ((U111‘1 + U12$2)2 + )\,331(11/11 + U21) + .232(1&12 + u22)). The resulting
elementary divisor form is

P = a3 + \(t], + 13,),

where t;; are the coeflicients of the inverse transformation U —1. Since n = 2,
ideals which have P(?) as the first elementary divisor not equal to the identity
have P as the only elementary divisor. Since P(?) is a prime function, these
ideals are primary ideals. Thus in the notation of Theorem 9, v = p’. Using
x = U~ 'y, we obtain from P(?)

P =13,y + ) + t5(y3 + A)-
Therefore using y = U(z), p’ corresponds to the ideal
(Wi + A 43 +2) = (47 + A (31 +12)°).

But this is easily seen to be a proper, associated primary ideal of p, since it
contains (y; + y2)?, but not (y; +y2). Of course, the corresponding result holds
for the transformed ideal.

Now to prove Theorem 10, two lemmas are necessary.

Lemma 5. Hypothesis: Suppose q is an ideal in | = Play,...,x,], where
x; is algebraic or transcendental over Plxy,...,x;_1]. Let ¢’ be the ideal in
P(xy,)[x1,...,2,—1] whose basis elements agree with those of q. The elements

of Plz1,...,xy,] belonging to q' are divisible by q. Then q and q' are uniquely
determined from each other.
Claim: If q is a prime or primary ideal, then so is q', and conversely.

Proof.

1. Suppose q is a primary ideal.

Suppose a'b’ =0 (q’), but b'* 2 0 (¢') for every x. Then there exist polyno-
mials f(z,) and g(x,) such that

fa'=0 (Plxy,...,z,]) and gt =0 (Plxy,...,z,]).

Thus

fd'gt =0 (q).
But since it follows directly from

g =0 (q)

that b =0 (¢'),
(gt)" #0 (a)

for every k. Since q is primary, it follows that



and thereby

i.e. q' is primary.
2. Suppose q' is a primary ideal.
It follows from
ab=0 (q) 0"#0 (q)
for every k that
ab=0 (q) D"F0 (q)

for every x. Thus by hypothesis,

and hence

as well, ¢.e. q is a primary ideal.
If we set x equal to 1 in this proof, we obtain: if q is a prime ideal, then so
is ', and conversely. O

Lemma 6. Hypothesis: Let q be an ideal in P[xq, ..., x|, wherex;,i=1,... n,
are transcendental over Plxy, ..., x;_1]. Let P (x,) be a prime function such
that

P™(2,) =0 (a)-

Let &, be algebraic over P, and in particular, let

PM(g,) =0.
Then Plz1, ..., 24, &) is a ring without zero divisors. Let q' be the ideal in
Plxy,...,Tn, ] whose basis elements are formed from those of q by substituting

&, for x,. Then conversely, the basis elements of q are formed from those of ¢
by substituting x,, for &, and adding P (x,) to the basis.
Claim: If q is a prime or primary ideal, then so is q', and conversely.

Proof. The proof is carried out exactly like the proof of Lemma 5. However, it
results from the following additional consideration: q is prime or primary if and
only if the same is true for the ring o/q, i.e. if it has no zero divisors, or if a
power of every zero divisor vanishes, respectively. The substitution of &, for z,
means passage to the residue class mod (P(™(z,)). Therefore

of (PU@) =o' af (Pw) =

Now it is known that o/q and o’/q’ are isomorphic. (Both residue classes of zero
contain the same elements when reduced by elements in 0.) Therefore, if 0/q is
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prime or primary, then so is o’/q’, i.e. if q is a prime or primary ideal, then so
is q’, and conversely. O

Theorem 10. Hypothesis: Let q be a prime ideal in Plz,...,z,] whose ele-
mentary divisor form is a prime function P9 . Thus q is a prime ideal if P is
perfect.

Claim: A basis of the associated prime ideals p of q can be computed in finitely
many steps.

Proof (by induction). 1. n = 1. q is a principal ideal, g = (Q). It follows
from P(@ = 0 (q) that P© = 0 (Q). Then since P is a prime function,
either @ = P or Q = E. But Q # E, since otherwise q = 0, contradicting
the hypothesis that P(®) % E is the elementary divisor form. Thus q = (P(9>).
Therefore, since P(@ is a prime function, q is also a prime ideal.

2. Assume the theorem is already proved for n = r — 1. Let n = r. As
shown in §1, it suffices to prove the theorem for transformed ideals, because the
unique calculation of prime ideals for non-transformed ideals is given with it.
So in what follows, let q be transformed.

(a) Suppose q has dimension greater than 0. ¢ # r. Let q' be the ideal
in P(z,)[x1,...,2,—1] formed by adjoining x, to g. Then the polynomials in
q' belonging to Plxy,...,x,] form the (r — 1)-th fundamental ideal of ¢, which
coincides with g since q has dimension at least 1. By Lemma 5, ¢’ is a prime ideal
in P(z,)[z1,. .., 2r—1]. Since the zeros of q agree with those of ¢’, the elementary
divisor form of ¢’ is a primary function corresponding to P(@ which is identical
to P(@ because P(® = 0 (q'). Then by hypothesis, the basis elements of
the associated prime ideals of q can be computed in finitely many steps. Let
p' = (p1,...,pv), where the p;, i = 1,...,v, may be assumed to be elements of
Plzy, ..., 2.

p contains precisely the polynomials in p’ belonging to P[zy,...,z,]. By
Lemma 5, p is a prime ideal. It follows from

=0 (p) and pr=0 (p)

that
q=0 (p) and p" =0 (p).

Then divisibility remains unchanged when z, is adjoined, and if the ideal t
consists of all polynomials of p/" lying in P[z1,...,x,], then certainly p* = 0 (t)
since every polynomial divisible by p is also divisible by p’.

Thus p is the associated prime ideal of ¢, so p is transformed. Now a ba-
sis for p can be computed from the basis elements of p’. If p = 0 (p), and
|U|"p = Uipr +...+U,p, is a decomposition of p into transformed components
p; such that the U; are power products of the transformation coefficients and
the p; will be independent of these after the inverse transformation, then since
p is transformed, p; = 0 (p), and hence p; = 0 (p’) as well. Then the basis ele-
ments (pq,...,py) of p’ can be chosen so that they will be independent from the
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transformation coefficients after the inverse transformation. Thus (p1,...,p,) is
a transformed ideal in P[xy, ..., x| consisting of all polynomials in p’ belonging
to P[x1,...,x,]. Thus the elements of p form the (r — 1)-th fundamental ideal
of (p1,...,pv), which can be computed in finitely many steps by Theorem 8.

(b) Suppose q has dimension 0. Then the prime function P(")(z,) is a
function of x, alone. Let &, be an element algebraically dependent on P by the
equation P(")(&,) = 0. Let ¢’ be the ideal in Pz, ..., 2, 1,&,] formed from q
by passing to the set of residue classes modulo P(") (2), in which &, and z, are
interchanged in q. By Lemma 6, q’ is a primary ideal. By adjoining &, to the
field P, q’ is mapped to an ideal q”. The set of all polynomials in q” which are
integral in &, is divisible by ¢’. In particular, if

Q(Il,---,fﬂr_hfr)zo (q//)v
then it follows that

F(&?‘)g(‘rh s 7xT—17£T) =0 (q/)7
where
F(&) #0.

Hence it follows that

F(z.)g(z1,. ., xr—1,2-) =0 (q)

and

Fa)#0 (P(,)).

Since P("(z,) is a prime function, it follows that F*(z,) # 0 (P (z,)) for
every k. Since P (z,) is, as the elementary divisor form of q, the great-
est common divisor of all polynomials in q dependent only on z,, it follows
that F*(x,) #Z 0 (q) for every k. Thus g(x1,...,2.—1,2,) = 0 (q), and hence
g(z1,...,2—1,&) =0 (q) as well. Thus by Lemma 5, q” is a primary ideal.

The elementary divisor form of q” is a power of a prime function, and in fact
not always the first power. By Theorem 1, the corresponding prime function can
be computed in finitely many steps, and by Theorem 9, we can find the basis of
a primary ideal q” whose elementary divisor form is this prime function, which
therefore belongs to the same prime ideal as q”. By hypothesis, the associated
prime ideal p” of ¢’ , and hence of q”, can be computed in finitely many steps.

Let p” = (p1(z1,- s 2r—1,& )5 - -, Do (@1, . o, 21, &)). Without loss of gen-
erality, the p; can be assumed to be integral in &,.. Let

\UPipi(21s. s ar—1,2e) = Upin (@1, 20) + oo+ Uppip(@1, - @)
|U|’YP(T)(1'T-) = U1P1(131,...,$7«) + ...—|—UHPN(JL‘17...,$7~)

be the decomposition of these polynomials into transformed components. Let
p =z, ... 20), . pop(@n, . 2y), Pr(z, .oy 2y), -, P, .., 2)) be
an ideal in P[zq, ..., 2,]. By construction, p’ is clearly a transformed ideal. We
must still show that p’ is the desired associated prime ideal p of q. In particular:
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1. p' =0 (p), for it follows from

pi(z1,. .2 1,&) =0 (p”)
that

pi(xy,. .2 1,6) =0 (q7).
By what was proved about q”, it follows from

pf(xlv"'axr—laxT)EO (q)
that

pi(irlv"'axT*l?x’f‘)EO (p)
Furthermore, since P(")(x,) = 0 (p), and since as a transformed ideal, p
contains a polynomial and also its transformed components, p = 0 (p’).

2. p’ is a primary ideal. Indeed, since p’ is transformed, it follows from
P (z,) = 0 (p') that p’ has dimension at most 0, and from p # o and
p’ =0 (p) that it has dimension exactly equal to 0. So since P(")(z,) is a
prime function, it is the elementary divisor form of p’. Thus p’ is a primary
ideal, and P(")(z,) is the greatest common divisor of all polynomials in p’
dependent only on z,..

/

3. p=0(p’). In particular, suppose p(x1,...,2r—1,2-) =0 (p). Then either
p(z1,... &1, x) =0 (P(T) (xr)), so then clearly p;(z1,...,2.—1,2,) =
0 (p'); or p(x1,...,2r—1,2,) Z 0 (P(T)(xT)), so p(x1,. ., Tr—1,&)
0 (p”). But then there exists an F'(x,) such that F(z)p(x1,...,2r—1, )
0 (p) and F(z,) # 0 (P™)(x,)). Therefore, F*(z,) # 0 (P (z,))
every k, and as remarked in 2, P(")(z,.) # 0 (p’) for every s. Since p’ is
a primary ideal, it follows that p(z1,...,z—1,2,) =0 (p’), and therefore

p=0().

1 and 3 yield p = p’. Therefore, since the basis of p’ is known, so is the basis
of p. O

¥
=

Theorem 11. The associated prime ideals of an ideal m can be computed in
finitely many steps.

Proof. By [9, Theorem 10], the elementary divisor forms of the associated prime
ideals of m are the prime functions which belong to the primary factors of the
individual norms 8 of m. Theorem 8 permits the computation of the 8 in
finitely many steps and §2 gives methods for calculating the corresponding prime
factors. By Theorem 9, an ideal can be computed for each such prime function,
which is an associated prime ideal of m in perfect fields, and is, at the very
least, an associated primary ideal of this prime ideal in imperfect fields, whose
elementary divisor form is a prime function. By Theorem 10, the corresponding
prime ideal can also be computed in the latter case. Thus Theorems 9 and 10
produce the methods by which we can find the prime ideals in finitely many
steps. O
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§8. Primary Ideals and Isolated Components

The primary ideals, which appear in a representation of m as the least common
multiple of the largest primary components, are not unique. So we can deal
only with the computation of any one possible set of primary ideals in such a
representation.

Let p,» be an associated (n — g)-dimensional prime ideal of m. If A is greater
than the exponent of any associated primary ideal q of p,, that can appear
in a representation of m, then the p-th fundamental ideal of (m,pg‘a) is also
such an ideal. Thus to compute the primary ideal, it suffices to find an upper
bound for A. It will be shown that the number x(¢, g, n) computed in Hentzelt’s
Nullstellensatz is such a bound.

This bound certainly reaches much higher than is necessary. This is shown
in the simple example

m= (azQ,xy) = [(1‘), ($27y)]‘

The associated prime ideals of m are (x), and (x,y). Hence the exponents of
the primary ideal that can appear are all at most 2. Thus A = 2 suffices for the
present case, whereas Theorem 5 produces x(2,2,2) = 256.

Theorem 12 Hypothesis: Let po1,...,Pom,, ¢ = 1,...,n, be the associated
(n—o0)-dimensional prime ideals of m. Let k = k(t,q,n) be the number computed
in Theorem 5. Let qy5 be the o-th fundamental ideal of (m,py,). Thus q,0 is an
associated prime ideal of p,o. As a fundamental ideal of a transformed ideal, it
1s itself transformed.

Claim: m = [q11, .- -, 9nm,,]-

Proof. Let 5;0, -+, &p, be zeros of the prime ideal p,, of transcendence degree
n — o. So fé’;‘l, ..., &y, are transcendental over P.

Then 0,5 = (21 — &}y - - -, Tn — £),) is the associated zero-set ideal of these
zeros. It is a 0-dimensional prime ideal in P(ﬁ;a, oo &pp)Te, - ], and

Poo =0 (040),
SO
(M, poe) =0 (m,o0p,).

In order to apply Theorem 5, we need only show that the fundamental ideal
qgo is divisible by (m, 0f,).

Since (m,05,) =0 (0y,) and o}, =0 (m, 0}, ), and since 0,, has dimension
0, (m,05,) is an associated primary ideal of 0,

(m,07,) contains no nonzero polynomials free of x1,...,7,. In particu-
lar, if G (zyq1,...,2,) # 0, then since £2f',... ¢ are transcendental

over P, GletD(gerl [ ¢n ) £ 0, ie. GOV (zpp1,...,20) Z 0 (0,0), SO

eo
Gt (pp1,.. . 2,) Z0 (m, 050 )-
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Now let ¢ = 0 (qp0). Then there exists an f(@+1) # 0 such that fletlg =
0 (m,p%,). Then fletDg =0 (m,o0%,). But now since every power of f(e1)
is independent of xy,...,x, and therefore not divisible by the primary ideal
(m,0%,), g =0 (m,o0},) and hence

doo =0 (m,03,).

Therefore,
[q11>"'7qnmn] =0 (m70fj)7

where 0;; denotes an arbitrary associated zero-set ideal of m. Then by Theorem
5,
[qllv“'aqnmn] EO (m)

On the other hand,
Hence it follows that

Therefore,
m:[q117~",qnmn]~ o

The isolated components of m are now found by combining associated pri-
mary ideals of isolated groups under the prime ideals, where an isolated group
consists of associated prime ideals of m, and for any associated prime ideal p of
m, contains all associated prime ideals of m that are also multiples of p. Since
by Theorem 3, we can determine in finitely many steps whether an ideal is di-
visible by another, we can compute these isolated groups in finitely many steps.
If we divide the ideal m by the product of x-th powers of prime ideals of the
complementary group, then we obtain the corresponding isolated components
also, since by Theorem 12, k is indeed an upper bound for the exponent of the
primary ideals which appear.
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