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Abstract
Given an affine algebra R = K[x1, ..., x,]/I over afield K, where I is an ideal in the
polynomial ring P = K|[xy, ..., x,], we examine the task of effectively calculating

re-embeddings of I, i.e., of presentations R = P’/I’ such that P’ = K[y1, ..., ym]
has fewer indeterminates. For cases when the number of indeterminates n is large
and Grobner basis computations are infeasible, we have introduced the method of
Z-separating re-embeddings in Kreuzer et al. (J Algebra Appl 21, 2022) and Kreuzer,
et al. (Sao Paulo J Math Sci, 2022). This method tries to detect polynomials of a
special shape in / which allow us to eliminate the indeterminates in the tuple Z by a
simple substitution process. Here we improve this approach by showing that suitable
candidate tuples Z can be found using the Grobner fan of the linear part of 7. Then
we describe a method to compute the Grobner fan of a linear ideal, and we improve
this computation in the case of binomial linear ideals using a cotangent equivalence
relation. Finally, we apply the improved technique in the case of the defining ideals
of border basis schemes.
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1 Introduction

A finitely generated algebra R over afield K is also called an affine K -algebra. In order
to analyse an affine K -algebra and to perform basic operations effectively, we usually
assume that the algebra is given by generators and relations, i.e., that R = P /I where
P = K[xy, ..., x,]is apolynomial ring over K and / is an explicitly given ideal in P.
The question of whether we can actually perform the intended calculations, many of
which are based on the theory of Grobner bases, depends chiefly on the number n of
indeterminates involved in the presentation R = P/I. If the number # is too large,
essentially all computations, with the possible exception of those which require solely
linear algebra, become prohibitively expensive. Thus it is an important task to find
better presentations R = P’/I’ where P’ = K[y1,..., ym] is a polynomial ring in
fewer indeterminates and 7’ is an ideal in P’.

In the language of Algebraic Geometry, we are given an affine scheme Spec(R)
embedded into an affine space A’} , and we are looking for a re-embedding of it into a
lower dimensional affine space A%} . In this setting, the topic has a long history, begin-
ning with the classical result that a smooth variety of dimension d can be embedded into
A%+ if the field K is infinite. In the fundamental paper (Srinivas 1991), this bound
is generalized to a bound for arbitrary affine schemes over infinite fields. The usual
way to achieve the desired improvements of an embedding in algebraic geometry is by
using generic projections. The obstruction is then mainly given by the secant variety of
the scheme (see Holme 1975, Sect. 7). If we intend to perform actual computer calcu-
lations, computing projections corresponds to calculating elimination ideals, possibly
after a change of coordinates. Herein lies the heart of the problem: finding suitable
projections and calculating the resulting presentations R = P’/I’ is traditionally done
by computing Grobner bases with respect to elimination term orderings, and this is
usually infeasible when the number of indeterminates is large.

In two previous papers (Kreuzer et al. 2022a) and (Kreuzer et al. 2022b), the
authors introduced and developed a new method for re-embedding affine algebras
based on tuples of separating indeterminates. This method can be applied to any
finitely generated K -algebra R = P/I if I is an ideal contained in the maximal ideal
M = (x1,...,x,) of P.If this hypothesis is not satisfied from the outset, it may be
necessary to know a K -rational point of Spec(R) and to perform a suitable change of
coordinates. Then, for a tuple Z = (z1, ..., z5) of indeterminates in P, we say that /
is Z-separating if there exist a tuple of non-zero polynomials (f1, ..., f;) of I and a
term ordering o such that LT, (f;) = z; fori =1, ..., s. Given a tuple Z such that /
is Z-separating, we can eliminate the indeterminates in Z and get a Z-separating re-
embedding @ : P/I — K[Y]/(I N K[Y]) where Y = {x1,...,x,}\{z1, ..., 25}
Here the actual elimination can be carried out by interreducing (fi, ..., fs) such that
they become coherently separating and performing substitutions in the remaining gen-
erators of /. Of course, in this way we will usually end up with a system of generators
of the elimination ideal, but not a Grobner basis with respect to any term ordering.

Notice that the question of whether anideal / in P is Z-separating for some tuple of
indeterminates Z is related to the famous Epimorphism Problem in Affine Geometry
(see for instance van den Essen 2004; Drensky 2005, or Gupta 2022). However, we
are looking for even more special generators of I than required in this problem, and
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therefore we generally cannot expect / to be Z-separating for some tuple Z. Our main
focus is to try to find such tuples Z computationally, even if we cannot know whether
they exist for a given ideal 7, because for larger numbers of indeterminates this is our
best chance to effectively calculate good, and possibly optimal, re-embeddings.

Using the method of Z-separating re-embeddings, the task of finding good re-
embeddings is split into two steps:

(1) Find a suitable candidate tuple of indeterminates Z.
(2) Check if this tuple Z really works.

For the second step we can use a method based on Linear Programming Feasibility
(LPF), if we have a candidate tuple (f1, ..., fy) of polynomials f; € I available (see
Kreuzer et al. 2022b, Section 3). Other algorithms for this task, which are efficient but
not guaranteed to succeed, are in development. The current paper is chiefly concerned
with the first step of finding suitable candidate tuples Z. A first idea of how to restrict
the number of tuples one has to consider was introduced in Kreuzer et al. (2022b,
Section 5), namely the idea is to use the Z-restricted Grobner fan of 1. However, this
approach may still be computationally heavy, and this is where the first new result of
the current paper comes in: it turns out that it is enough to consider the Grobner fan
of the linear part Lingy (I) of I (see Propositions 2.6 and 3.1). The linear part of 7 is
the linear ideal generated by the linear parts of an arbitrary system of generators of 7,
and thus easy to compute.

In Sect.2 we begin by recalling and extending the basic theory of Z-separating
re-embeddings. For the later applications, it is necessary to pay close attention to the
questions of when the newly found re-embeddings are optimal, i.e., when the number m
of indeterminates of P’ is the minimal possible one (see Corollary 2.8), and when the
re-embedded ring is actually a polynomial ring, i.e., when I’ = (0) and Spec(R) is
isomorphic to an affine space (see Corollary 2.9).

Thus we are led to examine the task of calculating the Grobner fan of a linear
ideal Ir in Sect.3. First we reduce the problem to check whether a given tuple of
indeterminates Z consists of the leading terms of a reduced Grobner basis of Iy to
a linear algebra computation (see Proposition 3.1). Then we reduce the calculation
of the Grobner fan of [y to the task of finding the maximal minors of a matrix (see
Theorem 3.5). We note that this step can also be tackled via any method for computing
the bases of a linear matroid (see Remark 3.7.b). Combining all steps, we present an
algorithm for finding Z-separating re-embeddings using the Grobner fan of Lingy (1)
in Sect. 4. Notice that Algorithm 4.1 also allows us to find optimal Z-separating
re-embeddings, if they exist.

As the calculation of the maximal minors of a matrix required by Theorem 3.5
could still be quite demanding, we look at a practically relevant special case in Sect. 5,
namely the case of binomial linear ideals. In this case we define an equivalence relation

on the indeterminates in X = (x1, ..., x,), called cotangent equivalence and based
on the equality of K - x; and K - x; in the cotangent space Coty(R) = m/m?,
where m = (Xy, ..., X,) is the maximal ideal of R generated by the residue classes

of the indeterminates. Using this equivalence relation, the indeterminates in X can
be divided into three types: basic indeterminates which can never by a part of any
separating tuple Z, trivial indeterminates which can be part of such a tuple Z, and
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proper equivalence classes of indeterminates for which a proper subset can be put
into Z. With the help of this equivalence relation we describe the leading term Grobner
fan of alinear ideal explicitly (see Theorem 5.5), apply it to the classification of possible
separating tuples Z (see Theorem 5.6), and spell out an explicit efficient algorithm to
compute those tuples (see Algorithm 5.7).

In the final section we apply the new theory to the case which prompted its devel-
opment in the first place, namely to the coordinate rings of border basis schemes.
These schemes are important moduli spaces in Algebraic Geometry which parametrize
0-dimensional polynomial ideals. Their vanishing ideals have exactly the correct struc-
ture to make Z-separating re-embeddings work: they are contained in the maximal
ideal generated by the indeterminates, their linear part is a binomial linear ideal, and
the cotangent equivalence classes can be calculated quickly (using the algorithm given
in Kreuzer et al. 2020). In this setting the indeterminates of the underlying polynomial
ring can be classified further into interior indeterminates and rim indeterminates, and
we are able to provide additional information about their distribution in the cotangent
equivalence classes (see Theorem 6.7). Our final Example 6.8 shows the machinery
of Z-separating re-embeddings at work and verifies some claims in Huibregtse (2002,
Remark 7.5.3).

All algorithms mentioned in this paper were implemented in the computer algebra
system CoCoA (see [1]) and are available as a package for ApCoCoA (see [20]) on
the first author’s web page' This package can be applied to perform the calculations
underlying most examples. Their use was essential in the discovery of properties and
features which eventually evolved into theorems or disproved previous conjectures.
The general notation and definitions in this paper follow (Kreuzer and Robbiano 2000)
and (Kreuzer and Robbiano 2005).

2 Z-Separating Re-embeddings

In this paper we let K be an arbitrary field, let P = K|[xi,...,x,], and let
M = (x1,...,xy). The tuple formed by the indeterminates of P is denoted by
X = (x1,...,x,). Moreover, let 1 < s < n, let z1,...,zs be pairwise distinct
indeterminates in X, and let Z = (zy, ..., z5). Denote the remaining indeterminates
by {y1, ..., Yu—s} = {x1, ..., xn}\{21, ..., 25}, andlet Y = (y1, ..., yp—s). Commit-
ting a slight abuse of notation, we shall also write Y = X \ Z. The monoid of terms
in P is denoted by T" = {x{" ---x;" | &; > 0}. Given a term ordering o on T", its
restriction to T(yy, ..., yu—s) is denoted by oy.

Recall that an algebra of type R = P /I where P = K[xy, ..., x,] is a polynomial
ring over a field K and [ is a proper ideal in P is called an affine K -algebra. In this
setting, re-embeddings are defined as follows.

Definition 2.1 Let P = K[x, ..., x,] be a polynomial ring over a field K, let I be a

proper ideal in P, andlet R = P/I.

(a) A K-algebra isomorphism ¥ : R —> P’/I', where P’ is a polynomial ring
over K and I’ is an ideal in P’, is called a re-embedding of /.

1 https://symbcomp.fim.uni-passau.de/en/symbolic-computation/projects.
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(b) A re-embedding ¥ : R —> P’/I' of I is called optimal if every K-algebra
isomorphism R —> P”/I” with a polynomial ring P” over K and an ideal 1”
in P” satisfies the inequality dim(P"”) > dim(P’).

In Kreuzer et al. (2022a) and Kreuzer et al. (2022b), the authors examined re-
embeddings of affine K-algebras, i.e., isomorphisms with presentations requiring
fewer K-algebra generators. For these techniques to work, we need to assume that
the given ideal / is contained in a linear maximal ideal of P. As explained in Kreuzer
et al. (2022a, Sect. 1), we can then perform a linear change of coordinates and assume
that 7 is contained in 9t = (xy, ..., x,). In particular, it was shown that the following
situation leads to such re-embeddings.

Definition 2.2 Let / be anideal in P with I € 9, and let Z = (zy, ..., zy) be a tuple
of distinct indeterminates in X.

(a) We say that the ideal I is Z-separating if there exist a term ordering o on T" and
f1s ..., fs € I\{O} such that LT, (f;) = z; fori =1, ..., s. In this situation o is
called a Z-separating term ordering for /, and the tuple (f1, ..., f;) is called a
Z-separating tuple.

(b) The ideal [ is called coherently Z-separating if it contains a Z-separating tuple
(f1,..., fs) such that for i # j the indeterminate z; does not divide any term in
the support of f;.

Given a Z-separating term ordering o for I, the reduced o -Grobner basis of [ is of
theform G = {z1 —h1, ..., zy—hs, g1, ..., g} Withh;, g; € K[Y]. In this case the
K -algebra homomorphism @ : P/I — K[Y]/(I N K[Y]) given by @ (x;) = x; for
x; € Yand @(%;) = hj forx; = z; € Z is an isomorphism of K -algebras. It is called
the Z-separating re-embedding of / (see Kreuzer et al. 2022a, Theorem 2.13). Notice
that the map @ is are-embedding of 7 such that the new polynomial ring K[Y ] involves
fewer indeterminates, and the size of Z measures the improvement #Z = #X — #Y
we achieved. Geometrically, the original variety can be viewed as the graph of the
functions Ay, ..., hy over the re-embedded variety.

For the choice of a Z-separating term ordering, we have the following observation.

Proposition 2.3 Ler I be an ideal in P which is contained in I, and let Z =
(z1, ..., 2s5) be a tuple of distinct indeterminates in X. Then the following conditions
are equivalent.

(a) Theideal I is Z-separating.
(b) For every elimination ordering o for Z, we have (Z) C LT, (I).
(¢) There exists an elimination ordering o for Z such that (Z) C LT (I).

Proof To show that (a) implies (b), we note that, by definition, there exists a Z-
separating term ordering o for /. By Kreuzer et al. (2022b, Remark 4.3), it follows
that any elimination ordering for Z is then also a Z-separating term ordering for /.
Now the claim follows from Kreuzer et al. (2022b, Proposition 4.2).

Condition (b) obviously implies (c), and the remaining implication (c)=>(a) follows
from the definition. O
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The following example illustrates this proposition.

Example 2.4 Consider the ring P = Ql[x, y, z], the tuple Z = (x), and the ideal
I ={f1,..., fio), where
fi =xy2+ %y3 - %yzz—xz — %xy —y2+ %xz—i—x,
fr =y*2*+3y% —4y?z — x2? — 3xy + 4xz,
f3 =y —xyz—y’z+xz,
fa =y —xy* =y +xy,
fs =x?yr—x3,
o =x3+%x2y+xy2+%y3 _ %x2z— %yzz—xz—y2,
fr =x222 + 9222 +3x%y +3y3 —dx?z — 4y?z,
fs =x%yz4+ vz —x%z —y%z,
fo =x2yr )t —xPy — 2,
fio = x* +x2y2.

At first glance, the ideal I does not appear to be Z-separating, even if we use linear
combinations of the generators. However, for any elimination ordering o for Z, the
reduced o -Grébner basis of the ideal 1 is {x — y2, y* + y2}, and this proves that I is
indeed Z-separating.

The above proposition provides one way to solve the following task.

Remark 2.5 (Checking Z-Separating Tuples) Given a tuple of indeterminates Z, there
are several methods for checking whether the ideal I is Z-separating.

(a) Condition (b) of the last proposition says that we can check (Z) C LT, (/) for any
elimination ordering o for Z. However, the required Grobner basis computation
may be too costly, in particular if the given ideal / is not Z-separating.

(b) If we have a tuple of polynomials (f1, ..., fs;) with f; € I and want to check
whether it is Z-separating, we can use the methods explained in Kreuzer et al.
(2022b, Sect. 4). They use Linear Programming Feasibility solvers and are usually
very fast.

In the following, our main focus is the possibility to weed out many candidate
tuples Z beforehand. In Kreuzer et al. (2022b) it was suggested to use the Grobner
fan of I for this purpose. Actually, as we shall see later, it suffices to use the Grobner
fan of the linear part of / which we introduce now. Recall that Lingz () denotes
the homogeneous component of standard degree 1 of a polynomial f € 1. It is
called the linear part of f. Given an ideal / contained in 9, the K-vector space
Lingn (1) = (Lingn (f) | f € I)k is called the linear part of /.

In Kreuzer et al. (2022a, Proposition 1.6), we showed that Lingy (/) is easy to
compute, since it is equal to (Lingn (f1), ..., Lingn (fs))x, where {f1, ..., f} is any
set of generators of /. In this setting we make the following useful observation.

Proposition 2.6 Let I be an ideal in P which is contained in M. Suppose that I is
Z-separating for some tuple of indeterminates Z in X, let 0 be a Z-separating term
ordering for I, andletY = X \ Z.
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(a) We have (Z) C LT, ({Lingn (1)),

(b) Let Sy be the set of indeterminates which generate LT, ((Lingn(1))). Then we
have Y O X\S,.

(c) We have Z < LT, ({Lingn (1))) for every elimination ordering t for Z.

Proof First we show (a). By assumption, there exists a tuple (fi, ..., fs) of poly-
nomials in / which is the reduced o-Grobner basis of (fi,..., f5) and such that
zi = LT4(f;) fori = 1,...,s. Then we have z; = LT, (Lingi (f;)) fori = 1,...,s,
and thus (Z) C LT, ((Lingy (1))).

Claim (b) follows from (a) and the definition of Y, and claim (c) is a consequence
of (a) and Proposition 2.3. O

Let us denote the image of 9t in P/l by m. Recall that the K-vector space
Cotm (R) = m/m? is called the cotangent space of P /I at the origin.

Remark 2.7 As shown in Kreuzer et al. (2022a, Proposition 1.8.b), the canonical map
P; — m/m? induces an isomorphism of K -vector spaces P;/Lingn(I) = m/m?,
In the setting of the proposition, the set of the residue classes of the elements in X\ S,
is a K-basis of Py/Lingy (/). Therefore the residue classes of the indeterminates in
Y = X\S, generate the cotangent space Coty, (R) = m/m? of P/I at the origin.

When we are only looking for Z-separating re-embeddings of / which are optimal,
the above proposition yields the following characterization.

Corollary 2.8 In the setting of the proposition, assume that s = #Z is equal to the
K -vector space dimension of Lingy (I). Then the following claims hold.

(@) Themap @ : P/I — K[Y]/(I N K[Y]) is an optimal re-embedding of I.

(b) We have (Z) = LT, ((Lingn(1))), and hence Y = X \ S,.

(¢) The residue classes of the indeterminates in Y = X \ Z form a K-vector space
basis of the cotangent space Coty (R) = m/m? of P/I at the origin.

Proof Claim (a) is a consequence of Kreuzer et al. (2022a, Corollary 4.2). Let us
prove (b). By claim (a) of the proposition, we have (Z) € LT, ((Lingr(/))). Since we
have the equality s = dimg ((Z) x) = dimg (Lingy (1)), we deduce that Z minimally
generates LT, ((Lingy (1))).

Finally, let us prove (c). By (b), we have Z = S,. As mentioned in the preced-
ing remark, the set of the residue classes of the elements in X \ S, is a K-basis of
Py /Lingy (). This implies the claim. m]

An important situation in which we obtain an optimal re-embedding is described
by the following corollary.

Corollary 2.9 In the setting of the preceding corollary, the following claims hold.
(a) The localization Pgy [Ion is a regular local ring if and only if I N K[Y] = {0}.
Now assume that these conditions are satisfied.

(b) The map @ : P/I —> K|[Y] is an isomorphism with a polynomial ring and the
scheme Spec(P /1) is isomorphic to an affine space.
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(¢) The reduced o-Grobner basis of 1 is of the form G = {z1 — hy, ..., 2y — hs} with
h; € K[Y] and it is a minimal set of generators of I.

(d) Every Z-separating tuple F = (f1, ..., fs) is a Grobner basis of 1 with respect
to any elimination ordering for Z. It is a minimal system of generators of I and a
permutable regular sequence in P.

(e) The reduced Grobner bases of 1 for all elimination orderings for Z coincide.

Proof Claim (a) follows from Kreuzer et al. (2022b, Proposition 6.7). Parts (b) and (c)
are immediate consequences of (a).

Now we show (d). Since F is separating, we have (Z) = LT, ((Fz)) for every
elimination ordering o for Z. The theorem on the computation of elimination modules
(cf. Kreuzer and Robbiano 2000, Theorem 3.4.5) implies that every o-Grobner basis
of I consists of polynomials with leading terms in (Z) and polynomials in K[Y]
generating / N K[Y]. By (a), we have I N K[Y] = {0}, whence it follows that F is
in fact a minimal o-Grobner basis of 7. Consequently, F is a system of generators
of 1. Moreover, since the leading terms of fi, ..., f; form a regular sequence, also
F =(f1,..., fs) is aregular sequence.

Finally, to prove (e), we use the definitions and results of Kreuzer et al. (2022b,
Section 5). By Thm. 5.5, the map I'z : GFanz(/) — GFan(I N K[Y]) is bijec-
tive. Since we have I N K[Y] = {0}, we obtain GFan(/ N K[Y]) = {#}. Therefore
GFany (1), which is not empty, has cardinality one. O

Let us apply this corollary in a concrete case.

Example2.10 Let P = Q[x, y, z, w], let fi = w> +x —y+3z, o = zw? +w? +y,
fis = wd —xz+4+yz =322+ y,and let I = (f1, f>, f3). By substituting y with
—fr4+y=—zw?—win fi, we get f| = zw? + w3 + w? 4+ x + 3z. Then, by
substituting y with —zw? — w? and x with —fitx= —zw? —w? —w? —3zin f3
we get 0.

Consequently, we have I = (f{, f2) and (f{, f2) is clearly the reduced Grobner
basis of / with respect to every elimination ordering for (x, y). According to the above
corollary, we obtain an isomorphism P/l = Q[z, w], and (fl/ , f2) is a permutable
regular sequence.

The final example in this section shows that not all optimal embeddings fall into
the area of application of the above corollary.

Example 2.11 In Q[x, y], consider the polynomial F = 2x8 + 8x%y + 12x*y? +
8x2y3+2y*+x Then the Q-algebrahomomorphism« : Q[x, y] — Q[x] defined by
a(x) = —2x*and a(y) =x —4x8 satisfies o (x2 +y) = xaswellas Ker(x) = (F). It
follows thata : Q[x, y]/(F) — Q[x]is an optimal re-embedding of ( F), although F
is not x-separating. Unlike the case of Example 2.4, there is no separating term ordering
for the ideal (F') here at all.

Another example of this type is the famous Koras-Russel cubic threefold whose
coordinate ring is R = K[x, v, z, t]/(x + x2y 4 z% + 3). Using completely differ-
ent techniques, it was shown that R is not isomorphic to a polynomial ring in three
indeterminates (see Makar-Limanov 2005 and Crachiola 2005).
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3 Grobner fans of linear ideals

As before, let K be a field, let P = K]J[x1,...,x,], and let I be an ideal of P
which is contained in 9 = (xq, ..., x,). In the preceding section we saw that for
the existence of a Z-separating re-embedding of / it is necessary that we have (Z) C
LT, ((Lingn(/))) for some term ordering o. Here (Lingx(/)) is a linear ideal, i.c.,
an ideal generated by linear polynomials. The possible ideals LT, ({(Lingz(/))) are
classified by the Grobner fan (see Mora and Robbiano 1988) of (Lingy (7)). Therefore
we study Grobner fans of linear ideals in this section with a special emphasis on the
task of computing them efficiently.

In the following we let L = (€y,...,¢,;) be a tuple of linear forms in P, and
we let I = (L) be the linear ideal generated by L. For i = 1,...,r, we write
L; = aj1x1 + -+ + ajpx, with g;; € K. Then the matrix A = (a;;) € Mat, ,(K) is
called the coefficient matrix of L. In view of Proposition 2.6, we are interested in the
condition (Z) C LT, (I1). It can be rephrased as follows.

Proposition3.1 Let L = (£1,...,4,) be a tuple of K-linearly independent linear
formsin P, let I} = (L), andlet A = (a;}) be the coefficient matrix of L. Moreover, let
s <rletZ =(z1,...,2s) be atuple of distinct indeterminates in X = (x1, ..., Xn),
andlet Y = X \ Z. Then the following conditions are equivalent.

(a) There exists a term ordering o such that (Z) C LT, (IL).

(b) The residue classes of the elements of Y generate the K -vector space P1/(L)k.

(c) Letiy,...,iy € {1,...,n} be the indices such that z; = Xi, forj =1,...,s.
Then the columns iy, ..., is of A are linearly independent.

Proof To show (a)=(b), we first note that (Z) C LT, (/1) implies that the canonical
map K[Y] = P/(Z) — P/LT,(Ip) is surjective. Hence the residue classes of the
elements of Y generate the K -algebra P/ LT, (I1). By Macaulay’s Basis Theorem (see
Kreuzer and Robbiano 2000, Theorem 1.5.7), it follows that the residue classes of the
elements of ¥ generate the K-algebra P /I;. We observe that that I, is generated by
linear forms, and therefore P /Iy, is isomorphic to a polynomial ring. Thus the residue
classes of a tuple of indeterminates Y are a K -algebra system of generators of the ring
P /I if and only if they are a system of generators of the K-vector space given by its
homogeneous component P;/(I1); of degree one, where (I1); = (L)k.

The assumption in (b) implies that the indeterminates in Z can be expressed as linear
combinations of the indeterminates in Y. Consequently, any elimination ordering o
for Z satisfies (Z) C LT, (I1). This proves (b)=>(a).

Finally, we show that (b) and (c) are equivalent. Notice that both conditions imply
s <r.Thetuple Y = X \ Z is a system of generators of the vector space P /(L) if
and only if {¢1, ..., £,} together with Y is a system of generators of P;. This means
that, if we extend A with n — s rows that are unit vectors having their non-zero entries
at the positions of the indeterminates in Y, the resulting matrix A of size (r +n—s) xn
has the maximal rank n. Now we consider the matrix A, .. ;) consisting of columns
i1,...,Is of A. By renumbering the indeterminates, we may assume thati; =1, ...,
is = s, and hence that the extended matrix is upper block triangular of the form
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= _ (AGin *
A ‘( 0" I

where [, is the identity matrix of size n — s. Now it is clear that the rows of A
generate K" if and only if the rows of A(;, . ;) generate K*, and this is equivalent to
A(,,....i;) having maximal rank s. This concludes the proof of the proposition. O

Asaspecial case of the proposition, we get the following characterization of tuples Z
which are leading term tuples of a marked reduced Grobner basis in GFan(/7 ). Recall
that a marked Grobner basis of an ideal J is a set of pairs

G = {(LTs(g1), g1),---, LTo(gk), 8) )

where o is a term ordering and G = {gi, ..., g} is the reduced o -Grobner basis of J.
The set of all marked reduced Grobner bases of J is the Grobner fan GFan(J) of J.

Corollary 3.2 In the setting of the proposition, assume that s = r. Then the following
conditions are equivalent.

(a) There exists a term ordering o such that (Z) = LT, (IL).

(b) The residue classes of the elements of Y are a K -basis of P1/(L)k.

(c) Letiy,...,iy € {1,...,n} be the indices such that z; = Xi; forj =1,...,s.
Then the columns iy, ..., is of A form an invertible matrix of size s X s.

Our next goal is to construct a bijection between the Grobner fan of /7 and the
non-zero maximal minors of A. The following terminology will prove useful.

Definition 3.3 Let J be an ideal in P.

(a) For a marked reduced Grobner basis G = {(LT5(g1), g1),--., (LT (gk), g1)}
of J, we call LT, (G) = {LTs(gk), - .., LTs (gx)} the leading term set of G.

(b) The set LTGFan(J) of all leading term sets of marked reduced Grobner bases in
GFan(J) is called the leading term Grobner fan of J.

The following lemma provides some information about changing the basis of Iy .

As above, by A, .. ;) we denote the matrix consisting of columns iy, ...,i; of a
matrix A.
Lemma3.4 Let L = ({1,..., %) be a tuple of K -linearly independent linear forms

in P, let I = (L), and let A = (a;j) be the coefficient matrix of L. Moreover, let
L' = (), ..., L) be a further tuple of linear forms in I, and let A’ € Mat, ,,(K) be
its coefficient matrix.

(a) The tuple L' is a minimal system of generators of I, if and only if r = s and there
exists a matrix U € GLy(K) such that A’ = U - A.

(b) A set of pairs {(x;;, £}) ..., (x;,,€,)}, where 1 <iy <--- <i, <n, is amarked
reduced Grobner basis of 11, if and only ifr = s, the matrix A, ... i, is invertible,
and A’ = (A ,‘S))_l - A.

.....

.....
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Proof Claim (a) follows from the fact that every tuple of minimal generators of Iy, is
also a basis of the K-vector space (I.)1.

To prove (b) we observe that a minimal Grobner basis of a linear ideal is also a
minimal set of generators of I;. This yields r = s. Moreover, it is reduced if and
only if the submatrix A/(l.1 ’’’’’ i of A’ is the identity matrix, and hence the conclusion
follows from (a). O

This lemma can also be interpreted in terms of the Pliicker embedding of the Gral3-
mannian Gr(s, n). Now we are ready to present the key result for computing GFan(/y ).

Theorem 3.5 (The Grobner Fan of a Linear Ideal) Let L = (£, ..., {s) be a tuple
of K-linearly independent linear forms in P, let I} = (L), and let A = (a;;) be the
coefficient matrix of L. Furthermore, let M be the set of tuples (i1, ..., is) such that
1 <iy) < --- < iy <n and such that the corresponding maximal minor of the matrix
A = (a;j) is non-zero.

(@) The map ¢ : LTGFan(Ir) — M given by ¢(Z) = (i1, ..., i) for a tuple
Z = (xj,...,x;;) € LTGFan({) with 1 < i1 < --- < iy < n is well-defined
and bijective.

(b) The map v : GFan(Ip) — M given by ¥ (G) = ¢(LT4(G)) for every G €
GFan(1y) is well-defined and bijective.

Proof First we prove (a). To begin with, let us check that ¢ is well-defined. For
an element G € GFan(/7), the tuple Z = LT, (G) satisfies (Z) = LT, (I1). Let
Z = (xij,...,x;)) with 1 < i; < .-+ < iy < n. Then Corollary 3.2.c shows

det(Ag,,....i;)) # 0, and therefore ¢ is well-defined.

Since the map ¢ is clearly injective, we still need to show that it is surjective. Given
(i1, ...,is) € M, part (b) of the lemma implies that (L)' = AGII ____ i) L' is areduced
Grobner basis of I, with leading term tuple Z = (x;;, ..., x;,). Therefore we have
¢(Z) = (i1, ...,Is), and this proves the desired surjectivity.

To show (b), we note that the map  is clearly well-defined and injective. By the
definition of LTGFan(/y), it is also surjective. O

Based on this theorem, we can compute the Grobner fan of a linear ideal as follows.

Corollary 3.6 (Computing the Grobner Fan of a Linear Ideal) Let I = (€1, ..., L)
be an ideal in P generated by linearly independent linear forms {1, ..., ¢y € P1. Then
we can compute GFan(1Ip) as follows.

(1) Let A be the coefficient matrix of L, and let S = ().

(2) Foreverytuple (i1, ..., is) € M, compute the maximal minor det(A, ... i,)) of A.
(3) Ifdet(A,...i,)) # 0, compute the vector (L) = (A;,...i)) " - LY whose tuple
of leading terms is Z = (x;,, ..., xi,). Append the corresponding marked reduced

Grobner basis of 11, to S. Continue with the next tuple in Step (2).
(4) Return the set S = GFan(Iyp).

Of course, depending on the numbers n and s, computing (",’) determinants could
be quite costly. The following remark may help us out.
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Remark 3.7 Let I, = ({1, ..., {s) be anideal in P generated by linearly independent
linear forms ¢y, ..., £s, € P; as above.

An alternative way of viewing the task to compute GFan(/y ) is obtained by applying
Corollary 3.2. The complements of the leading term sets of reduced Grobner bases
of I correspond uniquely to sets of indeterminates whose residue classes form a
K-basis of P;/(I1);. All sets of indeterminates whose residue classes are linearly
independent in P;/(Iy)| are the independent sets of a linear matroid, and maximal
such sets are the bases of the matroid. The task of computing the bases of a linear
matroid has been studied intensively, and many algorithms are known, see for instance
the reverse search technique of D. Avis and K. Fukuda (cf. Avis and Fukuda 1996).

Let us calculate the Grobner fan of an explicit linear ideal.

Example 3.8 Let P = Q[x, y, z, w],let{y =x+y—z+4w, €, = x —y —z,and let
Ir = (£1, £2). The set {£1, €5} is a set of minimal generators of /7 and its coefficient

matrix is
1 1—-14
A= (1 ~1 —10>'

One 2 x 2-submatrix is singular. The others are
An=(14), Au=(13), An=(_171), Az =(15). Ase=(T10)-

Multiplying their inverses by A we get the matrices

10-12 1 -1 —10 010 2 11 10 -11 10
o1 02)-\lo1201) \=101-2)\ 120-121)\ 01/201)-

They correspond to the following marked reduced Grobner bases of /7 which form
the Grobner fan of I :

{(X,X _Z+2U)), (yﬂy +2U))}, {(X,X -y _Z)s (wv w + %y)}a
{(y7y+2w)7 (sz - X —ZLU)}, {(y’y_x+z)v (w7w+ %X - %Z}a
{@.z—x+y), (w,w+ 3y

4 Finding Z-separating re-embeddings

In this section we show how to apply the Grobner fan of the linear part of an ideal to
find tuples Z which are good candidates for providing Z-separating re-embeddings of
the ideal. In Kreuzer et al. (2022a) we gave some answers to this question which use the
computation of the Grobner fan of the ideal / itself. Unfortunately, the computation of
GFan(/) may be infeasible for large examples. The Grobner fan of the ideal generated
by the linear part of I is in general much smaller and thus provides a better set of
candidate tuples Z.
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Using the definitions and notation introduced in the preceding sections, the follow-
ing algorithm uses the Grobner fan of the linear part of I in order to find Z-separating
re-embeddings.

Algorithm 4.1 (Z-Separating Re-embeddings via GFan ({Lingyn(1)))) Let I € 9M
be an ideal of P, and let s < dimg (Lingyr(1)). Consider the following sequence of
instructions.

(1) Using Corollary 3.6, compute GFan((Lingy (1))).

(2) Form the set S_of all tuples Z = (z1, ..., Zs) such that there is marked reduced
Grobner basis G in GFan((Lingx (1))) for which z1, . . . , zs are among the marked
terms.

3) If S = 0, return "No re-embedding found". While S # 0, perform the
following steps.

(4) Choose a tuple Z = (z1, ..., 25) € S and remove it from S.

(5) Using Remark 2.5, check whether the ideal I is Z-separating. If it is, return Z and
stop. Otherwise, continue with Step (3).

This is an algorithm which, if successful, finds a tuple of distinct indeterminates Z =
(z1y...,25) in X such that I is Z-separating.

Moreover, if s = dimg (Lingy (1)) and the algorithm is successful then the output
tuple Z defines an optimal re-embedding of I.

Proof Every tuple Z such that there exists a Z-separating re-embedding of [ is con-
tained in the tuple of leading terms of a marked reduced Grobner basis of Lingy (1)
by Proposition 2.6.c. The set of all possible such tuples Z is computed in Steps (1)
and (2). If the loop in Steps (3)-(5) finds a tuple Z such that I is Z-separating, we are
done.
In addition, if s = dimg (Lingy (1)) and the algorithm is successful, then Kreuzer et
al. (2022a, Corollary 4.2), shows that the Z-separating re-embedding of / is optimal.
]

If we are looking for optimal re-embeddings and use the method of Remark 2.5.a
to perform Step (5), then Algorithm 4.1 is able to certify that no optimal Z-separating
re-embedding of / exists. However, we may have to compute some huge Grobner
bases. Moreover, the next remark points out some further limitations.

Remark 4.2 Notice that Algorithm 4.1 provides only a sufficient condition for detecting
optimal re-embeddings of 7. On one side, it can happen that an optimal re-embedding
is obtained using a subset of generators of a leading term ideal of Lingy (/) (see
Kreuzer et al. 2022b, Example 6.6). On the other side, it can happen that an opti-
mal re-embedding cannot be achieved by a separating re-embedding, as shown in
Example 2.11.

The following example illustrates Algorithm 4.1 at work.

Example4.3 Let P = Qlx, y, z, wl, let F = (f1, f2, f3), where fi = x — y — w?,
fr=x+y—z%and fs=z+w+z, andlet I = (fi, f>, f3).
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(1) We obtain Lingp(/) = (z + w, x, y)x and the methods explained below
return the two marked reduced Grobner bases {(x, x), (v, y), (z,z + w)} and
{(x,x), 0, y), (w,w+2)}

(2) Weget S = {(x,y,2), (x,y, w)}

(4) We pick Z = (x, y, z) and delete it from S.

(5) We construct an elimination ordering o for Z and find that the minimal set of
generators of Lingy (LT (7)) is L = {x}. Therefore L # {x, y, z} and continue
with the next iteration.

(4) Nextwelet Z = (x,y, w) and let S = (.

(5) We construct an elimination ordering o for Z and compute the minimal set of
generators L of Lingy (LT4 (1)). Since L = {x, y, w}, we return Z = (x, y, w)
and stop.

To get Z-separating polynomials, it suffices to replace f> with f; = f> — fi.
To find the actual polynomials defining the optimal re-embedding, we compute the
reduced o -Grobner basis of 7. It is

(x—%zﬁ—z“—zz, y+%z6+z4, w+z3+z).

This tuple gives rise to a Q-algebra isomorphism P /I = Q[z] viax %z6 +z4+22,

y > —%z(’—z“,andw = —z3 — 2z

5 Cotangent equivalence classes

The task to compute the Grobner fan of (Lingy (7)) in Algorithm 4.1 can be simplified
when (Lingy; (7)) is abinomial linear ideal. Recall thatanideal J in P = K[xq, ..., x,]
is called a binomial ideal if it is generated by polynomials containing at most two
terms in their support.

As before, we let I = (fy, ..., f) be an ideal in P with f; € 9. Letting ¢; =
Lingp(f;) fori = 1,...,rand L = ({1, ..., {,), the linear part of I is Lingy (/) =
(L)k and it generates the ideal I;, = (Lingn(1)).

In the following we assume that the linear forms ¢; are binomials, i.e., for i =
1,...,r,wehave {; = a; x;, + b; x;, witha;, b; € K and iy, i> € {1,...,n}. In this
case the ideal I}, is called a binomial linear ideal.

Recall that, by Remark 2.7 and Corollary 2.8.c, we can detect whether an ideal /
is Z-separating by looking at the residue classes of the entries of ¥ = X \ Z in the
cotangent space Coty, (R) = m/m?, where m is the image of 9 = (xq, ..., x,) in
R = P/I. Moreover, we have Coty, (R) = P;/{L)g. This point of view leads us to
the following definition.

Definition 5.1 For every indeterminate x; € X, let x; denote its residue class in the
cotangent space m/m? of R = P/I at the origin.

(a) The relation ~ on X defined by x; ~ x; & (X;)k = (X;)k is an equivalence
relation called cotangent equivalence.
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(b) An indeterminate x; € X is called trivial if x; = 0. The trivial indeterminates
form the trivial cotangent equivalence class in X.

(c) A non-trivial indeterminate x; € X is called basic if its cotangent equivalence
class consists only of x;. In this case, the cotangent equivalence class {x;} is also
called basic.

(d) A non-trivial indeterminate x; € X is called proper if its cotangent equivalence
class contains at least two elements. In this case, the cotangent equivalence class
of x; is also called proper.

The meaning of these notions will become clear in the next theorems. First we need
a lemma which provides further information about the above definition.

Lemma 5.2 Let us assume to be in the above setting.

(a) The union U of the supports of the elements in a minimal set of generators of the
ideal I}, does not depend on the choice of a minimal set of generators.

(b) The set of basic indeterminates is X \ U.

(¢) The union of the sets of trivial and proper indeterminates is U.

Proof To prove (a) we note that any minimal set of generators of the ideal (Lingy (7))
is also a minimal set of generators of the K-vector space Lingy (7). Let A and B be
two such sets. Since every linear form £ in A is a linear combination of linear forms
in B, each indeterminate in Supp(€) is in the support of some linear form in B. By
interchanging the roles of A and B, the conclusion follows.

Since ~ is an equivalence relation on X, to prove claims (b) and (c) it suffices to
show that basic indeterminates are not in U, while trivial and proper indeterminates
are in U. Firstly, let x; be a basic indeterminate. For a contradiction, assume that
x; € U.From x; € U and the fact that x; is the only element in its equivalence class,
we deduce that there is a polynomial in I of the form x; + ¢ with ¢ € 9t>. Hence we
get x; = 0, a contradiction to the fact that x; is basic. Secondly, let x; be trivial. Then
there is a polynomial in 7 of the form x; + g with ¢ € 9t%, and hence we get x; € U.
Thirdly, let x; be proper. Then there exist another indeterminate x; and a polynomial
in I of the form ax; + bx; +q witha, b € K\{0}andg € 9M2. Hence we get x; € U.

O

Our next step is to order the indeterminates in the cotangent equivalence classes
using a term ordering. The following definition will come in handy.

Definition5.3 Let £ = {x;, ..., x,-p} be a proper equivalence class in X, and let o
be a term ordering on T" with x;; >4 -+ >4 x;,. Then the set E \ {x;,} is called the
o-leading set of E and denoted by E°.

Notation 5.4 Let o be a term ordering on T”. In accordance with the notation intro-
duced in Proposition 2.6, the unique minimal set of indeterminates generating the ideal
LT, (I1) will be denoted by S, .

In the following theorem we give an explicit representation of S, for every term
ordering o on T" and show the importance of o -leading sets. This implies a description
of LTGFan(/;) which has several advantages compared to the general description
given in Theorem 3.5. For instance, it does not have to deal with huge matrices.
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Theorem 5.5 Let Eg be the trivial equivalence class, and let E1, . . ., E; be the proper

equivalence classes in X. Let I, = (Lingyr (1)) be the ideal generated by the linear

parts of the polynomials in I.

(a) Let o be a term ordering on T". Then we have So = Eq U E{ U ---U Eg, and
hence #S, = #Eo + Y ¢, #E; — q.

(b) Fori=1,...,q,let E} be aset obtained from E; by deleting one of its elements.
Then there exists a term ordering o on T" such that we have S, = Eo U ET U
..U E*.

q

(c) Let X be the set of all sets of the form EgUETU- - -UE;‘, where E is obtained from
the set E; by deleting one of its elements. Then the map ¢ : LTGFan(I) — X
given by 9(Sq) = Eo U E] U --- U E[ is well-defined and bijective.

q
(d) We have # LTGFan(I.) = # GFan(I.) = [] #E;.
i=1

Proof To prove claim (a) we observe that the inclusion Eg C S, follows from Ey C
Lingy (1), and that the inclusion Sy € EqU EU---U E, follows from Lemma 5.2.c.

Fork € {1, ..., q}, we write the proper equivalence class £y = {x;;, ..., xip} such
that x;; >4 -+ >4 xj,. Using the definition of a proper equivalence class, it follows
that x;, —xi, € Lingy (7), so that LT, (x;,, —x,-p) =x;, foreverym e {1,..., p—1}.

Hence we have proved
E()UE‘ITL.Ju-UE:I7 C S € EUEU---UE,.

As the o-smallest element in each proper equivalence class does not belong to Sy,
claim (a) follows.

Claim (b) follows from (a) if we show that there exists a term ordering o such
that EY = El* fori = 1,...,q. By definition, the sets E; are pairwise disjoint.
Consequently, a term ordering which solves the problem can be chosen as a block term
ordering, and hence it suffices to consider the case g = 1. So, let £ = {x;, ..., Xi, }.
W.l.o.g. assume that E{ = {x;,, ..., Xi, }. As we observed before, we have x;, —x;, €
Lingy (1) for k = 2, ..., p. To finish the proof it suffices to take a term ordering o
such that x;, >, x;, fork =2,..., p.

Claim (c) follows immediately from (b). To prove claim (d) we note that the first
equality is obvious. To show # LTGFan(/;) = ;1:1 #E;, it suffices to deduce from (b)
that the number of the leading term ideals of /; equals the number of g-tuples of
indeterminates x;, exactly one chosen in each proper equivalence class. O

Now we are ready to classify the indeterminates in X which can be used for a
Z-separating re-embedding of I as follows.

Theorem 5.6 Let Z be a tuple of indeterminates from X such that there exists a Z-

separating re-embedding of I, andletY = X \ Z.

(a) The basic indeterminates of X are contained in Y.

(b) Each proper equivalence class in X contains at least one element of Y.

(c) If #Z = dimg (Lingp (1)), then the Z-separating re-embedding of I is optimal,
the trivial indeterminates of X are contained in Z, and each proper equivalence
class in X contains exactly one element of Y.
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Proof To prove (a), let o be a Z-separating term ordering for 7, let S, be the minimal
set of indeterminates generating LT, (1), and let U be the union of the supports of
the elements in a minimal set of generators of 1. Note that Proposition 2.6.c implies
Y 2 X\S;. From S, € X we deduce the inclusion ¥ 2 X \ U, and thus the claim
follows from Lemma 5.2.b.

Claim (b) follows from the mentioned relation Y 2 X\S, and Theorem 5.5.a.

Finally, we prove (c). If #(Z) = dimg (Lingyx (7)) then Corollary 2.8.a implies that
the Z-separating re-embedding of 7 is optimal. Moreover, Corollary 2.8.b implies that
Z = S,, and hence the claim follows from Theorem 5.5.a. O

Based on the preceding results and on Algorithm 3.8 in Kreuzer et al. (2020) for
computing the cotangent equivalence classes, we can now check effectively whether
a given ideal I admits a Z-separating embedding. Notice that we are excluding some
trivial cases (namely n = 1 and I = 90) in order to be able to apply Kreuzer et al.
(2020, Algorithm 3.8), but these cases can be dealt with easily by a direct computation.

Algorithm 5.7 (Z-sep. Re-embeddings Via Cotangent Equivalence) Let I C 9 be an

ideal in P = K|[x1,...,x,], wheren > 2, and let X = (x1, ..., x,). Consider the

following sequence of instructions.

(1) Compute the trivial cotangent equivalence class Eq and also the proper cotangent
equivalence classes E1, . .., Eg.

(2) Let S =0.

(3) Turneachset ZoUZU---UZ, suchthat Zg C Eoand Z; C E; fori =1,...,q
into a tuple Z and perform the following steps.

(4) Using Remark 2.5, check whether the ideal I is Z-separating. If it is, append Z
to S.

(5) Continue with Step (3) using the next tuple Z until all tuples have been dealt with.
Then return S and stop.

Then the following two claims hold.

(a) This is an algorithm which computes the set S of all tuples Z of distinct indeter-
minates in X such that there exists a Z-separating re-embedding of I.
(b) Assume that Step (3) is replaced by the following step.

(3") Turn each set Eg U ET U ---U EJ, where E7 is obtained from E; by deleting
one element, into a tuple Z and perform the following steps.

Then the result is an algorithm which computes the set S of all tuples Z of distinct
indeterminates in X such that there exists an optimal Z-separating re-embedding

of I.
Proof Both claims follow from Theorem 5.5 and Theorem 5.6. O

For an example to illustrate this algorithm, we refer the reader to the next section.

6 Application to border basis schemes

In this section we apply the methods developed above to the ideals defining border
basis schemes. These affine schemes are moduli spaces of O-dimensional ideals which
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are canonically embedded into very high dimensional affine spaces. To study them
carefully, it is imperative to re-embed them into lower dimensional affine spaces. For
instance, one important question is whether a given border basis scheme is an affine
cell, i.e., isomorphic to an affine space. As we shall recall below, the natural generators
of the defining ideals of border basis schemes have binomial linear parts, so that the
theory developed in the preceding section is perfectly suited to re-embed border basis
schemes. In fact, we also provide some information complementing Theorem 5.6 in
this situation.

In the following we assume that the reader has a basic knowledge of border basis
theory, e.g., to the extent it is covered in Kreuzer and Robbiano (2005, Section 6.4).
Let O = {11, ..., 1} be an order ideal of terms in T", and let 9O = {b1, ..., b,} be
its border. By replacing the coefficients of an O-border prebasis with indeterminates
cij, we obtain the generic O-border prebasis G = {g1, ..., g}, where g; = b; —
Zf‘zl cijjti fori = 1,...,uand j = 1,...,v. Furthermore, let C be the set of
indeterminates C = {c;; | i = 1,...,u; j =1,...,v}. Theideal /(Bp) in K[C]
defining the border basis scheme B can be constructed in several ways (see Kreuzer
and Robbiano 2008, 2011; Kreuzer et al. 2020):

(1) AsinKreuzer and Robbiano (2008, Definition 3.1), construct the generic multipli-
cation matrices Ay, ..., A, € Mat, (K[C]) and let I (Bp) be the ideal in K[C]
generated by all entries of all commutators A4; A; — A; A; with1 <i < j <n.

(2) Construct the set of next-door generators NDp and the set of across-the-rim gen-
erators ARp of I (Bp) and take the union NDp U AR (see below).

For us, the most important properties of these sets of polynomials { f1, ..., f-} are
that f; consists for i = 1,...,r of a linear and a quadratic part. In the following
we describe these homogeneous components in more detail. We begin by making the
construction in (2) explicit.

Definition 6.1 (Neighbour Generators) Let O = {t1, ..., t,} be an order ideal in T"
with border 00 = {by, ..., b,}. Let Ay, ..., A, be the generic multiplication matri-
ces,andfor j =1,...,ulete; = (cij, ..., cuj)" be the j-th column of (c;j).

(a) Let j,j’ € {1,...,v} be such that b; = x¢bjs for some £ € {I,...,n}.
Then bj,b; are called next-door neighbours and the tuple of polynomials
(cj — Agcjr)'™ is denoted by ND(jj, j’).

(b) The union of all entries of the tuples ND(J, j’) is called the set of next-door
generators of /(Bp) and is denoted by NDg.

(c) Let j, j" € {1,...,v} be such that b; = x¢b,, and bjy = x;by, for some m €
{I,...,v}. Then bj, b are called across-the-corner neighbours.

(d) Let j, j/ € {1,..., v} be such that bj = x¢tyy and bj = xity, for some m €
{I,...,u}. Then by, bjr are called across-the-rim neighbours and the tuple of
polynomials (Axc; — Agcj)™ is denoted by AR(j, j).

(e) The union of all entries of the tuples AR(j, j') is called the set of across-the-rim
generators of / (Bp) and is denoted by ARp.

(f) The polynomials in NDp U AR are called the neighbour generators of 7 (Bp).

In Kreuzer and Robbiano (2008, Proposition 4.1), it is shown that the polynomials
corresponding to across-the-corner neighbours are not necessary to generate I (Bp)
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and that the neighbour generators are precisely the non-trivial entries of the commu-
tators A; Aj — .Aj A;.

An important property of the neighbour generators is that they are homogeneous
with respect to the following multigrading. Recall that the logarithm of a term ¢ =
xy" -+ xy" is defined by log(t) = (a1, . . ., o).

Definition 6.2 The Z"-grading on K[C] defined by degyy, (c;;) = log(b;) —log(t;) for
i=1,...,nand j =1,...,vis called the arrow grading.

As mentioned above, the neighbour generators of /(Bp) have (standard) degree
two and no constant term. Their linear parts can be described in detail as follows.

Proposition 6.3 (Linear Parts of Neighbour Polynomials) Let O = {t1, ..., t,} be an
order ideal in T" with border 00 = {by, ..., b,}.

(@) Let j, j € {l,...,v}besuch that bj, bj/ are next-door neighbours, i.e., such that
bj = x¢bj, and leti € {1, ..., u}. Then the linear part of the corresponding
next-door generator ND(j, j); is (up to sign) given by

cij —cpj if xg divides t;,

Cij otherwise.

The polynomial f = ND(j, j'); is homogeneous with respect to the arrow degree
with degy, (f) = degy (cij).

(b) Letj, j €{1,...,v}besuchthat bj, bj are across-the-rim neighbours, i.e., such
that bj = X¢ty and by = Xityy for some m’ € {1, ..., u}. Form € {1, ..., u},
the non-zero linear part of the corresponding across-the-rim generator AR(j, jm
is (up to sign) given by

C,‘j — Ci’j’ iftm = Xpt; = Xxptjr,
Cij if ty, = xpt;, but xy does not divide t,,,

cirjr if tmw = Xgtyr, but xi does not divide t,,.
The polynomial g = AR(j, j'),, is homogeneous with respect to the arrow degree
with degy (g) = degy (cmy) + ex = deg(cmy?) + er.

Proof The claims for the linear parts are shown in Kreuzer et al. (2020, Corollary 2.8).
The claims for the arrow degree follow from Kreuzer et al. (2020, Lemma 3.4), and
the description of the linear parts. O

To describe the quadratic parts of the neighbour generators in detail, the following
concepts are convenient.

Definition 6.4 Let O = {#{, ..., t,} be an order ideal in T".

(a) The rim OV of O consists of all terms # such that x;t; € 9O for some k €
{1,..., n}. The indeterminate c;; is called a rim indeterminate if #; € OV, and
the set of all rim indeterminates is denoted by C"V.
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(b) The interior of O is ©O° = O \ OV. The indeterminate c;  is called an interior
indeterminate if #; € O°, and the set of all interior indeterminates is denoted
by C°.

Clearly, we have a disjoint union C = CY U C°. One more definition, and we are
ready to go. The following notion was introduced in Huibregtse (2002, Section 4.1).

Definition 6.5 Let j € {I,...,v},and let £ € {1, ..., n}. Then the border term b; is
called xg-exposed if it is of the form b; = x¢#; withi € {1,..., u}. In this case we
also say that #; x¢-exposes the border term b;.

Finally we are ready to describe the homogeneous components of (standard) degree
two of the neighbour generators of I (Bp).

Proposition 6.6 (Quadratic Parts of Neighbour Generators) Let O = {11, ..., t,} be
an order ideal in T" with border 00 = {by, ..., b,}.

(@) Let j,j" € {1,...,v} be such that bj, b are next-door neighbours with b; =
xebj, andleti € {1, ..., u}. Assume that by, ..., b, € 00 are the xp-exposed
border terms, and let b, = x¢ to, for p =1,...,s. Then the quadratic terms in

the support of ND(j, j'); are the products Cirp Copjt With p =1, 5.
In particular, all terms in the quadratic part are of the form ciscojr with A €
{1,...,v} and a rim indeterminate c, ;.

(b) Let j, j € {1,...,v} be such that bj,bj are across-the-rim neighbours with
bj = xytyy and bj = xyt,y for some m' e{l,...,u}. Foreverym € {1, ..., u},
the quadratic terms in the support of AR(j, j))m are of the following types.

(1) Letby,, ..., b, € 00 be the xi-exposed border terms, and let us write b,(p =
xeto, for p =1,...,5s. Then the terms ¢y, co,j may appear in the support
of AR(j, /).

(2) Letb,,, ..., b, €30 be the x;-exposed border terms, and let us write bxq =
Xelo, for g = 1,..., u. Then the terms cmy, o, j» may appear in the support
of AR(j, j)m-

In particular, all terms in the quadratic part are of the form cyj.Coj OF CmpCpj
with A € {1, ..., v} and rim indeterminates c,j and c, j, respectively.

Proof Let G = {g1,..., gy} be the generic O-border prebasis. We shall use the
construction of the neighbour generators using the lifting of neighbour syzygies
(see Kehrein and Kreuzer 2005, Sect. 5 and Kreuzer and Robbiano 2005, Proposi-
tion 6.4.34).

First we prove (a). The polynomials in ND(j, j’) are the coefficients of 71, . . ., f, in
the reduction of x¢g ;s — g, viewed as a polynomial in K [C][x, ..., x,]. The leading
terms x¢b ;» and b; cancel by definition. Hence we only have to reduce the x¢-exposed
border terms in xgg ;. The coefficient of b)»p in xegj is Copi'- The coefficient of ¢;
in 8, is Cidp- Therefore the coefficient of #; in Copi’ &hp is Co,j'Cin,y and it will be a
part of the coefficient of 7; in the final result of the reduction, i.e., in ND(j, j);.

Next we prove (b). Again the entries of AR(j, j') are obtained as the coefficients of
t1, ..., t, inthe reduction of x; g; — x¢g 7, and again the highest terms xxb; and x¢b ;/
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cancel. To reduce x; g, we have to reduce the x;-exposed border terms by, ..., by,.
The coefficient of b, in x¢g; is ¢, j. The polynomial AR(j, J)m has arrow degree
degy (cmj) + ex. It is therefore the coefficient of 7, in the reduction of x;g; — x¢g ;.
The coefficient of ¢,,, in 8k, is Cmic,- Hence the coefficient of #,, in ¢, i 8k, isco i Cmicys
and it may appear in AR(jj, j'),. These quadratic terms are the ones listed in case (1).

The analysis of the terms in the reduction of x,g ;s is completely analogous and
leads to the quadratic terms in case (2). O

Based on this detailed study of the support of the neighbour generators, we are now
able to provide some additional information on the distribution of the rim indetermi-
nates in the cotangent equivalence classes.

Theorem 6.7 Let Z be a tuple of indeterminates from C such that there exists a Z-
separating re-embedding of | Bp) and let Y = C\ Z.

(a) All basic indeterminates of C are rim indeterminates.
(b) Each proper cotangent equivalence class in C contains a rim indeterminate.

Proof For the proof of (a), we assume that ¢;; € C is a basic indeterminate and
that 1; € O°. If there exists an indeterminate x, such that x,b; € 9O then we let
j' e {l,...,v} such that by = x¢b;. As we have t; € O°, there exists an index
i’ € {1,..., u} such that t;; = x¢t; € O. Hence we have a next-door neighbour pair
(bj, bjr) and Proposition 6.3 implies ¢;; ~ c¢;s .. This contradicts the hypothesis that
c;j is a basic indeterminate. Thus no next-door neighbour pair (b}, b ;) exists.

Since the border 9O is connected with respect to the neighbour relations (see
Kehrein and Kreuzer 2005, Proposition 19), there exists an across-the-rim neigh-
bour pair (b;, b;s). Thus we may assume that there are m' € {l,...,u} and
k, € €{l,...,n}suchthath; = x¢t,y and bj = xit,y € 0O forsome j' € {I,...,v}.
Now, if #; is not divisible by x, then Proposition 6.6 implies that c;; is a trivial indeter-
minate, in contradiction to the hypothesis. Hence #; has to be divisible by x;. The term
tixg/x¢ cannot be in the border of O, because then also f; x; would be outside O, in
contradiction to the hypothesis ; € O°. Therefore there exists anindex i’ € {1, ..., u}
such that x¢t;; = xit;. By Proposition 6.3, we get ¢;; ~ c¢;/jr, in contradiction to the
hypothesis that ¢;; is basic.

Now we show (b). For a contradiction, assume that ¢;; € C is proper and that every
element in the cotangent equivalence class of ¢;; is an interior indeterminate. Since O
is an order ideal, the term #; is not a multiple of b; ¢ O. Thus there exists an index
£ € {1,..., n} such that the arrow degree degy, (c;;) = log(b;) — log(z;) of ¢;; has
a positive £-th component. Let j* € {1, ..., v} be such that the ¢-th component of
log(b ;) is zero. (For instance, let k # £ and consider the unique term of the form
bj = x,ﬁv € 00 with N > 1.) Since the border is connected, we can find a sequence
of border terms bj = bj ~ ---~bj = bj suchthatb;, and b, are next-door or
across-the-rim neighbours for p =1,...,qg — 1.

Notice that it is not possible to find indeterminates ¢;, ~ --- ~ ¢; i because the
equality of arrow degrees degyy (c;, j,) = degy (i j;) would imply that the x,-degree
of 7;, is negative. Let us try to construct such a sequence of cotangent equivalences
inductively. When we have found terms ;,, ..., ;, € O with the property that ¢;, j, ~
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-~ ¢i,j, and try to find a term #;,,, € O such that ¢; three things

pjp ~ Cip+1jp+l’

can happen:

(1) Aterm 7, of the desired kind exists in O°.

(2) Atermi;,,, of the desired kind exists in OV.

(3) No term ¢; o1 of the desired kind exists in O because one of the components of
log(#,,,) would be negative.

In case (1), we can continue our inductive construction for one further step. By the
hypothesis that ¢;; is not equivalent to a rim indeterminate, case (2) never occurs. Hence

case (3) has to happen for some p € {1, ..., g — 1}. In this case we have ¢; ,j, = 0
by Proposition 6.3, and thus ¢;; = 0. Hence we have arrived at a contradiction to the
hypothesis that c;; is proper, and the proof is complete. O

The following example illustrates the results of this section and the preceding
one. The readers may also check that it verifies some claims in Huibregtse (2002,
Remark 7.5.3).

Example 6.8 In P = Q[x, y], consider the order ideal O = {r1, ..., 13} given by
h=Lt=y,nB=x1= yz, ts = xy, te = X2t = y3, and tg = xy2. Then we
have dO = {by, ..., bs} withb| = x2y, by = x>, b3 = y*, by = xy3,and b5 = x?y?.

1

Thus Q[C] = Q[cy1, - .., cs5] is a polynomial ring in 40 indeterminates. Notice that
the dimension of By is dim(Bp) = un = 16, and that there are 32 neighbour
generators of the ideal /(Bp). The linear parts of these generators are

€65, €51 — €85, €45, C44, C55, €43 — C54, C42, C4]1 — €75, €52 — C75, (35,
C34, €33, €31, €25, C24, C23, €22, C21, C32, C15, Cl4, C13, C12, CI1-.

If we let U be the union of the supports of these elements, we get
C\U = {cs3, ce1, c62s €63, Co4, CT15 CT2, €73, CT4, €81, €82, €83, C84}

which is exactly the set of basic indeterminates by Lemma 5.2.b. Moreover, note that
C \ U is contained in the set of rim indeterminates (see Theorem 6.7.a).
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For the trivial cotangent equivalence class Eq and the proper cotangent equivalence
classes E1, ..., E;, we get

Eo ={c11, c12, €13, 14, C15, €21, €22, €23, €24, €25, €31, €32, €33, C34, €35,
C42, C44, C45, C55, C65)
E1 ={cs1, css), E> = {c43, ¢34}, E3 = {ca1, ¢52, €75).

Using 0 = DegRevLex, we obtain E{ = {cs1}, EJ = {c43}, and ET = {c41, c52}.
Next we compute the set S, of the minimal generators of the leading term ideal
of I; = (Lingp (/ (Bp))) and get

So = {c11, c12, €13, C14, C15, €21, €22, €23, €24, €25, C31, €32, €33, C34, €35,
C41, C42, C43, C44, C45, C51, €52, €55, C65 }

which coincides with Eg U E{ U E5 U EF (see the first claim of Theorem 5.5.a). Here
we have #S, = 24, #E¢y = 20, #E| = 2, #E, = 2, #E3 = 3, and therefore

#S, =#Eo +#E| +#E>, + #E3 — 3

in accordance with the second claim of Theorem 5.5.a.
The minimal sets of terms generating the sets in LTGFan(/) are

Zy =Eo U {cs1} U {eaz} Ufcar, csn}
Zy =Eo U {cs1} U {caz} Ufcar, c75}
Z3 =Eo U {css} U {ca3} U {ca1, cs2}
Zy =Eg U {cgs}t U {caz} Ufcar, c75}
Zs =Eo U {cs1} U {csa} Ufcar, csn}
Ze =Eo U {cs1} U {csa} U{car, c75}
Z7 =Eo U {css} U {cs4} U {ca1, cs2}
Zg =Eo U {css} U {csa} U {car, c75}
Zg =Eo U {cs1} U {caz} U{csz, c75}
Z1o =Eo U {cgs} U {ca3} U {cs2, c75}
Z11 =Eo U {cs1} U {csa} U sz, c75}
Z12 =Eo U{cgs} U {csa} U{csz, c75}.

Thus we see that H?:l #E; = 12 = # LTGFan(/Iy) (see Theorem 5.5.d). As remarked
before, C\U is the set of basic indeterminates, and we notice that Z; N (C\U) = 0
fori =1,..., 12 (see Theorem 6.7.a).

@ Springer



Beitr Algebra Geom

The complements of the sets Z; in C are

Y1 = {cs3, €54, C61, €625 €635 Co4» €71, €72, €T3, €74, €75, C81, €82, €83, €84, €85}
Y2 = {c52, €53, C54, C61, €62, €63, Co4» CT15 €725 €T3, €74, C81, €82, €83, €84, €85}
Y3 = {c51, €53, €54, C61, C62, €635 C64» CT1, €72, €T3, C74, CT5, C81, €82, €83, C84}
Y4 = {cs1, ¢52, €53, C54, Co1, C62, €63, C64> CT15 €72, €T3, CT4, C81, €82, €83, C84}
Y5 = {c43, €53, C61, C62, €635 C64» €715 €72, €T3, CT4, €75, C81, €82, C83, €84, C85)
Y = {c43, c52, €53, C61, €62, C635 C64» CT1, €72, €T3, CT4, C81, €82, C83, C84, €85}
Y7 = {c43, €51, €53, C61,5 €625 €635 C64» CT1, €72, €T3, €74, €75, C81, €82, €83, €84}
Y = {c43, c51, €52, €53, Co1, €62, €635 Co4» €15 €72, €T3, CT4, C81, €82, €83, €84}
Y9 = {ca1, c53, €54, C61, C62, C635 C64» CT1, €72, €T3, CT4, C81, €82, €83, C84, €85}
Y= {ca1, c51, €53, C54, Co1, C62, €635 C64> CT15 €72, €T3, CT4, C81, €82, €83, C84}
Y1= {ca1, c43, €53, C61, €62, C635 C64» CT1, €72, €T3, C74, C81, €82, €83, C84, €85}
Y= {c41, €43, €51, €53, Co1, €62, €63 C64» CT1, €725 €73, €74, €81, €82, €83, €84}

It is straightforward to verify that C \ U, the set of basic indeterminates, is contained
in each set ¥; (see Theorem 5.6.a). Since we have #Z; = dimg(Lingn(/ (Bp)))
for every i = 1,...12, we are in the situation considered in Theorem 5.6.c. Using
Algorithm 5.7, we check that for each Z; there exists an optimal Z;-separating re-
embedding of /(Bp). Finally, for i € {1, ..., 12}, we use #Z; = 24 and conclude
that the set Z; defines an isomorphism By = Q[Y;], where Q[Y;] is a polynomial ring
having 16 indeterminates.
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