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IN NON-NOETHERIAN POLYNOMIAL RINGS

FELICITAS LINDNER

(Communicated by Irena Peeva)

ABSTRACT. In this article, we generalize the well-known result that ideals
of Noetherian polynomial rings have only finitely many initial ideals to the
situation of ideals in the polynomial ring R = Kz; j |1 < i < ¢,j € N] that are
invariant under the action of the monoid Inc(N) of strictly increasing functions
on N. This monoid acts on R by shifting the second variable index. We show
that for every Inc(N)-invariant ideal, the number of initial ideals with respect
to term orders that are compatible with this Inc(N)-action is finite. The article
also addresses the question of how many such term orders exist. We give a
complete list of the Inc(N)-compatible term orders for the case ¢ = 1 and show
that there are infinitely many for ¢ > 1.

1. INTRODUCTION

It has long been known that for ideals of polynomial rings in finitely many vari-
ables, the number of initial ideals with respect to arbitrary term orders is finite
(e.g. [MR], Lemma 2.6). As this result relies on the Noetherianity of such poly-
nomial rings, it cannot be transferred to ideals of polynomial rings in infinitely
many variables in general. However, more recent results show that for certain non-
Noetherian polynomial rings, there are classes of ideals satisfying a weaker kind of
Noetherianity, namely Noetherianity up to the action of certain monoids. Thus, it
seems worthwhile to try to generalize the result on finiteness of numbers of initial
ideals in the Noetherian case to this class of ideals.

Let R := Kz, ;|¢ € [c],j € N] be the polynomial ring over an arbitrary field
K in the variables indexed by [c] x N, where N := {1,2,3,...} denotes the set of
natural numbers, ¢ € N is any fixed number, and [¢] := {1,...,c}. On R, we can
define an action of the monoid

Inc(N) := {p: N = N|p(n) < p(n+1) for all n € N}
of strictly increasing functions on N by a K-linear extension of the map

1 gl (xS xS ) = & . .pCr
Tivgy o T, TP (%,Jl %mh)' xiup(jl) xir,p(jr)

for every p € Inc(N). We call an ideal J of R Inc(N)-invariant if Inc(N) - J = J.

Let < be a term order on R, i.e., a total order on the monomials of R respecting
multiplication and satisfying 1 < f for every monomial f. Note that we do not
require < to be a well-order. If < has the additional property that

f<g=p-f=<pg
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for all monomials f,g € R and every p € Inc(N), then we call < an Inc(N)-
compatible term order on R. In [HS] the authors showed that for any Inc(N)-
invariant ideal J C R and any Inc(N)-compatible term order <, the ideal J has a
finite Inc(N)-Grobner basis with respect to <; i.e., there is a finite subset G C J
such that
in(J) = (Inc(N) - in<(g) | g € G)r-

This can be seen as a generalization of the statement that in Noetherian polynomial
rings, every ideal has finite Grobner bases with respect to arbitrary term orders.
For Noetherian polynomial rings it is also known that for any ideal J, the number of
initial ideals of J with respect to arbitrary term orders is finite (e.g. [MR], Lemma
2.6). In this article, we will generalize this result to the case of Inc(N)-invariant
ideals of the polynomial ring R in the following sense:

Theorem 1.1. Let J be an Inc(N)-invariant ideal of R. Then J has only finitely
many initial ideals with respect to Inc(N)-compatible term orders on R.

Theorem [[L1] is a straightforward consequence of certain finiteness results for
Inc(N)-invariant ideal chains in R, which are also part of this article. Let R, :=
Klz; ;i€ [c],j € [n]] and

Inc(N)y,.p := {p € Inc(N) | p(m) < n}

for each pair of natural numbers m < n. For every n, let J, be an ideal of R,,.
We call the sequence J, = J; C Jy C ... an Inc(N)-invariant ideal chain in R if for
every m < n, we have

Inc(N)yppp - I, C .

In [HS] it was shown that every Inc(N)-invariant ideal chain J, in R stabilizes up
to the action of Inc(N); i.e., there is an index N € N satisfying

(1.1) (Inc(N)nn - IN) g = Jn

for every n > N. We call the minimal N satisfying (LI the stability index of J,
and denote it by Ind(J,).

If J, is an Inc(N)-invariant ideal chain and < is an Inc(N)-compatible term order
on R, then the chain of initial ideals

in<(Jo) = in<(J1) g in<(J2) g
is Inc(N)-invariant, too, and therefore stabilizes. Thus, we can define the set
I(Jo) := {Ind(in<(J5)) | < 1is an Inc(N)-compatible term order on R}

of stability indices of initial ideal chains of J, with respect to Inc(N)-compatible
term orders. In this article, we will prove the following statement:

Theorem 1.2. For every Inc(N)-invariant ideal chain J, in R, the set 1(J,) is
bounded above (and, thus, finite).

Note that the global stability index Ind(J,) of an Inc(N)-invariant ideal chain
can be smaller than max(I(.J,)). For instance, let c=1, J; = Jo = J3 = {0}, Jy =
(x1+x3)R,, and J,, = (Inc(N) g, - J4) g, for n > 5. Let < be any Inc(N)-compatible
term order satisfying x,, < x,+1 for alln € N. As (xo+x4) — (21 +x4) = 2 — 21 lies
in J5, we conclude that x5 € in4(J5). On the other hand, we have in (J4) = (z3)R,-
Thus, z2 is not an element of (Inc(N)4 5-in<(J4)) r,, so Ind(in<(Jo)) > 4 = Ind(J,).
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Hence, the seemingly obvious idea to prove Theorem by showing that I(J,) is
bounded by Ind(J,) must fail.

We will use Theorem to prove that (a) the number of initial ideal chains of
Inc(N)-invariant ideal chains in R with respect to Inc(N)-compatible term orders is
finite (Corollary B.1]), and (b) the number of initial ideals of Inc(N)-invariant ideals
of R with respect to Inc(N)-compatible term orders is finite (Theorem [L[1]). Also,
Theorem will allow us to generalize the notion of universal Grobner bases to the
setting of Inc(N)-invariant ideals of R and prove their existence (Corollary [B.1).

Of course, all of these statements would be trivial if there were only finitely many
Inc(N)-compatible term orders on R. However, for ¢ > 2 it is easy to show that
the number of Inc(N)-compatible term orders is infinite: Choose any term order
<" on the polynomial ring K[y, ...,y.]. For a tuple a = (ay,...,a.) € N§, write

a

x{=al - xgs, y* = yyt - yée. Then define the relation < by

X3 .xBe g xPr P oy P for § = min{j | a; # b;}.
This is obviously an Inc(N)-compatible term order on R, and if we choose two
distinct term orders <, <% of K[yi,...,y.], then the corresponding term orders
<1, =<2 on R are distinct, too. As for ¢ > 2, there are uncountably many distinct
term orders on K[yi,...,y.]. There are also uncountably many Inc(N)-compatible
term orders on R.

As we will see in Section 3, this is not true for ¢ = 1. In this case, the only Inc(N)-
compatible term orders on R are the lexicographic, the degree-lexicographic, and
the degree-reverse-lexicographic term orders with respect to the Inc(N)-compatible
variable orderings x1 < o < -+ or xy = x93 > --- (Corollary H)). This answers
Question 5.5 in [HKT] in the negative.

The article is organized as follows: We begin with some technical preparations
in Section Pl needed for the proof of Theorem [[.2] which will be given in Section [Bl
In Section B we will also discuss the consequences of Theorem described above.
In Section [ we will then study the question of what the Inc(N)-compatible term
orders are in the case ¢ = 1.

2. TECHNICAL PREPARATIONS

Here and in the section that follows, the number ¢ from the definitions of R and
R,, is an arbitrary natural number. We start this section with some observations
concerning the monoid Inc(N) and its action on R.

Lemma 2.1 (cf. [NR], Proposition 4.6). Let ! < m < n be natural numbers. Then
Inc(N);,, = Inc(N)p, n 0 Inc(N)y .

meaning that for every py € Inc(N); , p2 € Inc(N),,.,, we have p2 op1 € Inc(N); ,,,
and every element p € Inc(N); ,, has such a decomposition.

The somewhat technical proof of the following lemma is left to the reader.

Lemma 2.2. Let NI e Nyn>N,andi; < --- <y <N, j1 <---<751<n be
two ascending sequences of natural numbers. Then there is p € Inc(N)y,,, such that
(i) = jr for allr € [I] if and only if j1 > i1, Jro1 —Jr = tpyp1 — iy for 1 <r <[l-—1
and n—j; > N — 1.

Lemma 2.3. Let m < n be natural numbers, let f € R, be a polynomial of degree
deg(f) > 0, and let p € Inc(N) with p- f € R,. Let m’,n’ € N be minimal with
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f € Ry andp- f € Ry Then there isp’ € Inc(N)y, , such thatp' - f =p- f if and
only ifn—n'>m—m'.

Proof. Let 17 < -+ < 4y < mand j; < --- < j; < n be the second variable
indices occurring in f and p - f, respectively. By assumption, we have [ > 1,
iy =m/, and j; = n’. As p(i,.) = j, for all r € [l], Lemma 22 yields j; > i1 and
Jrae1 — Jr = dpy1 — i for 1 < r < [ — 1. Therefore, again by Lemma 22 we can
conclude that there is p’ € Inc(N),, , with p'(i,) = j, for all r € [I] if and only if
n—-n'=n—j5>m-—iy=m-—m. O

Lemma 2.4. Let iy <is < ... be an ascending sequence of natural numbers and let
gi,, € Ri, be monomials. Then there are indices j < k such that g;, is contained in

<InC(N)i]‘7ik : gij>R1‘,k .

Proof. There is nothing to show if g; € K for some n € N, so assume deg(g;, ) > 0
for all n. By Theorem 3.1 in [HS], there is an infinite subsequence (g;, )k>1 of
(9i, )n>1 such that for each k € N we have Gingr, = i (Pk - iy, ) for a monomial
feeRi,
element from IHC(N)ink,inkH- By contradiction, assume that this is not the case.
For each k let my < in, be minimal with g;, € Rp,. By Lemma 23] we have
iny — Mg > in,,, — Mrs1 for every k > 1. But this contradicts the fact that there
are no infinite, strictly decreasing sequences of natural numbers. ]

and py, € Inc(N). We claim that one of the py, can be substituted for an

We now return to our problem of stability indices of initial ideal chains with
respect to Inc(N)-compatible term orders. We begin with the remark that if J,
is an Inc(N)-invariant ideal chain, then every N > Ind(J,) satisfies the stability

condition (L.T]).
Lemma 2.5. Let J, be an Inc(N)-invariant ideal chain in R and let N > Ind(Js).
Then

<IHC(N)N7H . JN>R,, = Jn

foralln > N.
Proof. Let N > Ind(J,). Then by Lemma 2] and the Inc(N)-invariance of J,, we

have
In = <InC(N)Ind(JO),n : JInd(Jo)>Rn
= (Inc(N)nn - (Ic(N)tna(r,),5 - Jmd(s))) g, S MeMN)nn - IN) g, -

The key to our proof of Theorem is the following proposition.

Proposition 2.6. Let J, = J; C Jo C ... be an Inc(N)-invariant ideal chain in R
and let N > Ind(J,). Then for every Inc(N)-compatible term order <, the identity
ing(Jon) = (Inc(N)yon - in<(Jn)) R,y implies that Ind(ing(J,)) < 2N.

Proof. Let N > Ind(J,) and let < be an Inc(N)-compatible term order. Suppose
that in(Jon) = (Inc(N) y2n -in<(Jn)) R,y - To prove the proposition, it is enough
to show that the corresponding identity holds for every m > 2N, as this implies
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that

in<(Jp) = (Inc(N) 5, - in<(JIn)) g
(Inc(N)an,n - (Inc(N)non - in<(JIN))) 5
C (Inc(N)ann - in<(Jon)) g

where we used Lemma 2] in the second line and the Inc(N)-invariance of inL(J,)
in the third line. To this end, it suffices to prove the following.

Claim. If G is a Grobner basis of Jy with respect to <, then G’ := Inc(N)y p, - G is
a Grobner basis of J, with respect to < for every n > 2N.

Clearly, Inc(N) v 2n - G is a Grobner basis for Jon. Let n > 2N. As G generates
Jy and N > Ind(J,), G’ is a generating set for J,, by Lemmal[Z3l Thus, we only have
to show that the S-polynomials of the elements of G’ reduce to zero with respect to
G’. Choose f’,¢g' € G' and write f' =py - f, ¢ = p2 - g with p1,ps € Inc(N)n,, and
f9€G. Let j1 <---<jn <n, ki <---<ky <n be natural numbers satisfying
pl([ND = {j17~-~7jN} and pg([N]) = {kl,...,k]\[} and let i1 < --- < iony < n be
natural numbers such that {ji, ..., jn }U{k1, ..., kn} C {i1, ..., %2n}. Define the map

p by
N 7S j € [2N],
p(y) = { n+j, j>2N.

Then p is an element of Inc(N)apy , satisfying p1([N]), p2([N]) C p(N). Therefore,
p~lopy : [N] — [2N] and p~Lopy : [N] — [2N] are well-defined, strictly increasing
maps which can easily be extended to elements ¢1,¢g2 € Inc(N)yon. Due to the
Inc(N)-invariance of J,, this yields p~!- f' = (p=top1)-f = q - f € Joy and
p g =@ op)-g=q-g€on.

Recall that for polynomials hi, ho € R, the S-polynomial S(hq, hs) of hy and hg
with respect to the term order < is defined as

S(hl’h2) B lcm(in< (h1)7in-< (h2)) <1t<h(1hl) a 1t<h(2h2)) )

where lem(ing(hy),in<(hs2)) stands for the least common multiple of in- (k1) and
in<(hg) and lt<(h;) denotes the leading term of h;, i.e., the product of the leading
monomial of h; with respect to < and its coefficient in h;. Due to the Inc(N)-
compatibility of <, the S-polynomial of p~! - f’ and p~! - ¢’ satisfies

St fptg)

=lem(ing(p~ - f),inz(p~t - ¢)) (

v ptg )

tx(p=t-f)  It<(p~'-g)
v ptg )

p~tlto(f)  pt-lt<(g)

1 . N s ! f, g/
=p - |lem(ing(f"),in<(g")) <lt<(f’) - 1t<(9/))}
(2.1) =p - S(f.9)

Asboth p~!. f" and p~!- ¢’ are contained in Jo, this is also true for S(p~*- f/,p~*-
g'). Therefore, S(p~' - f/,p~1 - ¢’) reduces to zero with respect to Inc(N)y2n - G;

=lem(p~" - ing(f'),p" - ins(g")) (
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i.e., it can be written as
Se - fpt gy = hi(d - g)
i=1
with h; € Ran, ¢, € Inc(N)nan, gi € G, and in<(S(p~t-f/,p~t-¢") = ins(hi(q}-g:))
for all 4 € [r]. This yields

in<(p- S~ fop™ - g) =p-inx (S fLp7 )
= p-ing(hilg; - 9:)) = in<((p- ha)((po i) - 9:))
for all 7 € [r]. As by equation ([2.1) we have

S(fg)=p-S~ - fiptg) =D _(p-hi)(pod) - g)
i=1
and p o ¢; € Inc(N)y,, by Lemma 21 we conclude that S(f’,¢’) reduces to zero
with respect to G'. O

3. PROOF OoF THEOREM AND IMPLICATIONS

Proof of Theorem [[L2. By contradiction, assume the existence of a sequence
(<n)n>1 of Inc(N)-compatible term orders on R with lim,,_, Ind(in<_(J,)) = oo.
Set Ny := Ind(J,) and N; := 2N,;_; for i > 1. We claim that there is a collection
(*%)nzl of infinite subsequences of (<, )n,>1, where i ranges over Ny, such that

(1) (<%)n>1 is a subsequence of (<:71),>1 for all i > 1;

(2) in<% (JNL) 2 <InC(N)Ni717Ni . in<il(‘]Ni—1)>RNi for all 7,n > 1;

(3) ings (Jn,) = ini (Jn,) for all 4,n > 1.
Indeed, we can construct these subsequences as follows: Set (<9),>1 1= (<pn)n>1-
By induction, assume that the subsequence (<% ),>1 has already been defined for
some i > 0. Then lim,,, Ind(in: (J5)) = 0o, so in particular, there are infinitely
many indices n such that Ind(in: (J5)) > Niy1. By Proposition 2.8, these indices
satisfy in_i (JN7+1) 2 (Inc(N)w, w4, -inzi (Jn, ) Ry, - Hence, we obtain an infinite
subsequence of (<},),>1 satisfying (2). As the total number of initial ideals of Jy,_,
is finite, this subsequence contains another infinite subsequence (<%4"),,>1 such that
in_i1 (I, ) = in_en (Jn,,,) for all n and we are done.

For every i > 1, choose a monomial g; € in_;(Jy,) that is not contained in

(Inc(N)n; v, - inzi (I, )) Ry, - Then for any pair i < j of natural numbers, we
have

9; & Inc(N)n,_, v, - in_y (I, 1)) Ry

2 (Inc(N)n,_, N (IHC(N)N“NJ 'in<g(JNi))>RNj
(Inc(N)NJ LN, - (Ine(
= (Inc(N)
2 (Inc(N)

Inc

N) NN, _s - iz (IN:))) Ry,

Inc(N)w, v, - ini (Jn;)) Ry,

Inc(N

Ni,,Nj : gi>Rva

where we used properties (1) and (3) in the third line and Lemma [ZT]in the fourth
line. But by Lemma [2.4] such a sequence (g;);>1 cannot exist, and we have reached
a contradiction. ]
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For any subset A C N, let R4 denote the polynomial ring over K in the variables
indexed by [c] x A.

Corollary 3.1. Let J, be an Inc(N)-invariant ideal chain in R. Then:
(1) The set of ideal chains

{inx(Jo) | < is an Inc(N)-compatible term order on R}

18 finite.
(2) There is N € N such that

(3.1) ing(J,) = > (in<(Jn N Reiyin})) g

1<ii<--<in<n

for all n > N and every Inc(N)-compatible term order < on R. Here, we
regard the intersections Jn 0 Ry, . iy as ideals of Ry,
Furthermore, statement (1) is equivalent to |I(J,)| < oo.

Proof. Let N := max(I(J,)). Then by Lemma 23] for Inc(N)-compatible term
orders <, <’ we have in-(J,) = in-/ (Jo) if and only if inL(J,,) = in=/(J,,) for all
n € [N]. As Ji,...,JJy each have only finitely many initial ideals, there are only
finitely many sequences Ly C --- C Ly such that L,, = in.(J,) for all n for any
term order < on R. This proves (1). It is clear that conversely, the boundedness
of I(J,) can be deduced from (1).

For the proof of (2), choose any Inc(N)-compatible term order < on R. Then by
Remark and the Inc(N)-compatibility of <, in<(J,) is generated by

{inz(p- f)[p € nc(N)nn, f € IN}.

As J, is Inc(N)-invariant, each of the polynomials p - f in the above set lies in one

SIN

of the intersections J, N Ry, . iy}, Where i1 < .-+ < iy ranges over all strictly
ascending sequences of [n]. This proves the inclusion C in @I). The reverse
inclusion is obvious. (]

Remark 3.2. By equation ([BJ]), for every Inc(N)-invariant ideal chain J, in R, there
is a natural number N such that for every n > N and every Inc(N)-compatible term
order < on R, there is a Grobner basis of J,, with respect to < whose elements each
contain no more than ¢N distinct variables. This is not the case for arbitrary ideal
chains in R. For instance, set ¢ = 1 and consider the ideal chain J, defined by

Jl = {0},
Jon 1= (Jan—1,Ton-141 + -+ + Tan)Ryn for n > 1,
Jm = (Jon) g, for 2" <m < 2"F1,

Then for any term order < on R and n > 1, every polynomial f € Jan with in(f) |
ing(zgn-141+---+x2n) must contain a non-trivial K-multiple of zon-1,1+-- -+ zan
and, hence, at least 2" ! distinct variables.

We can now prove our statement on the number of initial ideals with respect to
Inc(N)-compatible term orders for Inc(N)-invariant ideals of R:

Proof of Theorem [l For every term order < on R, we have

in.(J) = |J in<(J N Ry).

n>1
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Thus, if <, <" are term orders on R with inL(JNR,,) = in< (JNR,) for all n, then
ing(J) =in</(J). Astheideal chain J, := JNRy C JNRy C ... is Inc(N)-invariant,
Corollary B(1) tells us that there exists a finite number of Inc(N)-compatible term
orders <1,..., <y on R such that for every Inc(N)-compatible term order < on R
there is ¢ € [N] with in<(J,) = in<,(J5). This proves our claim. O

Remark 3.3. If we only consider initial ideals with respect to Inc(N)-compatible
term orders that are also well-orders, there is a more direct way to prove Theorem
[L1] that does not depend on Theorem Note that in the case where a term
order < on R is also a well-order, for any subset S C R and any f € R we can
find a decomposition f = fi + fo, where f; is an element of (S)g and f> does not
contain any monomials from (in-(g)|g € S)g. In particular, if J C R is an ideal,
then the residue classes of the monomials of R that are not contained in in<(J)
(i.e., the standard monomials with respect to <) form a K-basis of the quotient
ring R/J. As in the Noetherian setting, this implies that there can be no proper
containments in~/(J) C in4(J) for term orders of R that are also well-orders. This
is not true for general Inc(N)-compatible term orders: For instance, consider the
Inc(N)-invariant ideal J = (Inc(N) - (x1 — z2)) g and let <, <’ be the lexicographic
term orders with respect to the variable orderings x; < ;11 and z; >’ z;,1 for all
i > 1, respectively. Then in (J) = (z;|i > 2)r C (z;|i > 1)p = iny/(J). Note
that as 1 is the only standard monomial with respect to <’ and x1 + ¢ & J for all
¢ € K, the residue classes of the standard monomials with respect to <’ do not
form a K-basis of R/.J.

Using these observations on term orders on R that are also well-orders, we can
modify the proof of Lemma 2.6 in [MR] to show that any Inc(N)-invariant ideal
of R has only finitely many initial ideals with respect to Inc(N)-compatible term
orders that are also well-orders. For f € R, let supp(f) be the set of monomials
occurring in f with a non-zero coefficient. Let J C R be an Inc(N)-invariant ideal.
By way of contradiction, assume that the number of initial ideals of J with respect
to Inc(N)-compatible term orders that are well-orders is infinite. Let ¥ be an
infinite set of Inc(N)-compatible term orders on R that are also well-orders such
that in(J) # in/(J) for distinct term orders <, <’€ X. Choose any polynomial
f1 € J and let X1 C ¥ be an infinite subset such that inL(f;) = my for all <€ 3.
Let my := (Inc(N) - mq) g and choose any <€ ;. Then my C in.(J), so there is
fo € J with inc(f2) € m;. We may assume that supp(f2) Nm; = @. Again, let
Y5 C ¥4 be an infinite subset such that in, (f2) = my for all <’€ X5 and set mg :=
(Inc(N) - mq, Inc(N) - mg) g. Tterating this procedure, we obtain an infinite sequence
(m;);>1 of monomials such that m;1; is not contained in (Inc(N)-m; | j € [i])g for
all ¢ > 1. But this contradicts the fact that Inc(N)-divisibility is a well-partial-order
on the monomials of R (cf. [HS], Theorem 3.1).

Remark 3.4. One might wonder if it is possible to deduce Theorem from Theo-
rem[[T Indeed, for any Inc(N)-invariant ideal chain J, in R, the ideal J := 5, J»

is an Inc(N)-invariant ideal of R, and for every term order < on R, we have
in<(J) = U, in<(Jn). Hence, Theorem [T yields

#{ U ing(Jp)| < is Inc(N)—compatible} < 0.

n>1
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However, Theorem provides more information than that: By Corollary BII(1),
not only the number of unions of the initial ideals of the ideals J, with respect
to Inc(N)-compatible term orders is finite but also the number of sequences
(in(Jpn))n>1 giving rise to the same union. Thus, Theorem seems to be a
stronger result than Theorem [T}

Remark 3.5. Theorem [I.I]does not hold for the number of initial ideals with respect
to arbitrary term orders on R: Let ¢ = 1 and let J := (Inc(N) - (x2z2 + x123)) g be
the ideal that is generated by the Inc(N)-orbits of the polynomial z3x5 + z12%. For
every n € N, define the term order <,, by

a

Lol gy ~x§’;(k) <n zzln(l) e ~xi’;(k) = a; < b; for i = min{j|a; # b},

where the map o,, € S, is defined by

ot ={ =

For example, if n = 3, then (03(1),03(2),05(3),03(4),03(5)) = (3,2,1,4,5). We
claim that for every pair n < n’ of natural numbers, 23z, € ing, (J) \ in< ,(J).
We have ing, (222, + 2122)) = 232, as 0, (n') = n' > n = 0,1(1), so 23z, €
ing, (J). Let f be a polynomial in J that contains the monomial z3z, . We may
assume f to be homogeneous, so f = Zle cipi - (23w +2123) with ¢; € K\ {0} and
pi € Inc(N), where p; - (z3z2 + 2123) # p; - (#3202 + 2123) for i # j. As f contains
x3x,/, there is exactly one i with p; - (z329 + 2123) = 232, + x122,. Therefore,
[ contains the monomial z;22,. But 2}z, <, 122, so ziz, ¢ ing ,(J). We
conclude that the initial ideals in-  (J) are pairwise distinct. Thus, J has infinitely
many distinct initial ideals with respect to arbitrary term orders.

Definition 3.6. Let J C R be an Inc(N)-invariant ideal. Then we call a subset
G C J a universal Inc(N)-Grobner basis of J if for every Inc(N)-compatible term
order on R, we have in(J) = (Inc(N) -in<(g) |g € G)r.

Corollary 3.7. Every Inc(N)-invariant ideal J C R has a finite universal Inc(N)-
Grébner basis.

Proof. Define the Inc(N)-invariant ideal chain J, by setting J, := J N R, and
let N := max(I(J,)). Let G be a finite universal Grébner basis of Jy. Then
for every n > N and every Inc(N)-compatible term order <, we have inL(J,) =
(Inc(N)n,r, - in<(9) | g € G)r,,.- As inL(J) is the union of all initial ideals in(J,),
this implies that in(J) = (Inc(N) -in<(g) |g € G)&. O

4. Inc(N)-COMPATIBLE TERM ORDERS FOR ¢ = 1

In this section, we will always assume ¢ = 1. Observe that any term order < on
R can be regarded as a total order of N := [, -, N by setting (m;)i>1 < (ni)i>1
if and only if [[,5, 27" < [[,>, 7. This order relation is compatible with addition
on N*°: ie., (m;) < (n;) implies (m;)+ (I;) < (n;) + (1) for all (I;), (m;), (n;) € N,
Thus, by Lemma 1.3 in [KTV] the order relation < on N°° can be uniquely extended
to an order relation on Q> := (-, Q™ which satisfies

(01) (gi) < (ri) = (q:) + (si) < (ri) + (s;) for all (g;), (ri), (s:) € Q>

(02) (¢:) < (ri) = a(q;) < a(r;) for all (g;), (r;) € Q*° and a € Q.
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Using terminology from [KTV], we call such an order relation a total order of
the vector space Q. The monoid Inc(N) acts on Q> by Q-vector space homomor-
phisms

(p-—):Q° =Q%, (p-(¢:); := { g’,)_l(j)’ ; Zﬁg;j

for every p € Inc(N). We call an order of the vector space Q> Inc(N)-compatible if it
is compatible with this action. Hence, the problem of finding all Inc(N)-compatible
term orders on R is equivalent to finding all Inc(N)-compatible total orders of the
vector space Q°°.

In what follows, we will not only consider total orders < but also partial orders
of Q> satisfying (O1), (02) and

(03) (@) + (si) < (rs) + (s:) = (@:) < (ri) for all (g;), (), (s:) € Q>

(O4) incomparability with respect to < is transitive.

Again using terminology from [KTV], we call every such partial order < a weak
partial order of the vector space Q°°. If < has the additional property that for
every p € Inc(N) the implication (g;) < (r;) = p- (g;) < p- (r;) holds, we call < an
Inc(N)-compatible weak partial order of the vector space Q.

For any weak partial order < of the vector space Q°, the set E~ of vectors
incomparable to 0 forms a Q-subspace. Furthermore, the relation (¢;) + E< <
(r;) + E< if and only if (¢;) < (r;) is a well-defined total order of the vector space
Q>/E< (ct. [KTV], Lemma 1.4).

Now let < be an Inc(N)-compatible weak partial order of the vector space Q>
and let <,, denote its restriction to Q™. In [KTV] it was shown that thereism <n
and a matrix A € R™*™ such that for any (¢;), (r;) € Q™, we have

(@) < (1) & A~ (i) <1ex A~ (12),

where <jex denotes the lexicographic order on R™ corresponding to the order e; >jex
ejt1 of the standard basis of R™.

Lemma 4.1. Let n > 4. If <, is non-trivial (i.e. E<NQ™ # Q™), then <, is
represented by a matriz A € R™*™ such that for the first row Ai., we have

A € {+e1,ten, £(1 -+ 1)},
and, if A1. is constant, either m =1 or m > 2 and the second row As, satisfies
Ay, € {:I:el,:I:en}.

Proof. Let A € R™*™ be a matrix representing <. Note that for any vector (¢;) €
Q" 1, the Inc(N)-compatibility of < yields the following implications:

A Az Avg o Ar) (@) <0
A A An_ e < 0= ( 11 13 14 1 ’
(A1 Arz 1n-1) - (¢) { (Ao A1z Ay -+ A1) - (g;) <0.

This means that the matrices

A A Az oo A
A Az A - A ’

( A A Az o A )
A Az Ay - Ay,

have rank < 2. It is easy to show that this is only the case if Ay, is constant or if
either Aj;=---=A1,_1=00r Ajo=---= A, =0.
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Now assume that A;, is constant and m > 2. Then for any rational numbers
qi, the vector (q1 -+ ¢n-2 (—q1 — - — ¢n—2) 0) lies in the orthogonal complement
of Aj.. Therefore, setting (r;) := (@1 -+ gn—2 (—q1 — -+ — gn—2)), the Inc(N)-
compatibility of < again yields implications

(Agp Agg Aoy -+ Agyp) - (1) <0,
Aoy Aoy -+ Agp1) - (1) <0 =
(A21 Aso 2n—1) * (i) { (Ago Aoz Aoy -+ Agy) - (1) <0.

Hence, the matrices

Aoy — Aoy Agg —Agp1 Agz—Agp oo+ Agpo— Ay
Ay — Agy Azz — Agy Aoy — Agpy -+ Agp_q — Agp ’
Aoy —Agpy Agg —Agp1 Agz—Agp oo+ Agpo— Aoy
A22 - A2n A23 - A2n A24 - A2n T A2n—1 - A2n
must have rank < 2. This is only possible for either Ay; = -+ = Ay, 1 or Ags =
-++ = As,, and the claim follows. O

Definition 4.2. For weak partial orders <, <’ of the vector space Q°°, define their
product <’ * < by (g;) <’ * < (r;) if and only if (¢;) < (r;) or [(¢;) — (r;) € E< and
(¢;) <’ (r;)]. Clearly, this is again a weak partial order of the vector space Q.
Lemma 4.3. Define weak partial orders -<(iNr)n
space Q> by
o (¢;) <4 min (r;) = q; <r; for the minimal j such that q; # r;;
(qZ) <—,min (Ti) = (Qz) >‘—4—,Inin (Ti);
e (q:) <$\21ax (ri) & for the mazimal j such that q; # r;, we have j > N
and q; < 1;;

(@) <D (1) 1 (@) =P ()

e (ai) =4 ,deg (i) = 2121 q; < Zizl Ty
(Qi) < — deg (7‘1') = (QZ) >+ ,deg (ri)-

Then for n > 4, the weak partial order <, is either trivial or agrees with one of the
following weak partial orders:

L4 '<:|:,deg7'

L4 '<i,min;'

L4 '<i,min * '<i,deg;'
(V) ax for some 1 < N <n;

o _<:|:,m
max ¥ =+,deg fOT some 2 < N <n.

axs =,min; N4 <+ deg Of the vector

. %g[]\f)
Proof. Assume <, to be non-trivial. As a consequence of the Inc(N)-compatibility
of <, <, is fully determined by the first two rows of the matrix A representing it.
This can be seen from the following distinction of cases:
e A has only one row and Ay, = const: In this case, we have <, =<4 deg-
o Ay, = const, Ay, = en: For any (¢;) € Q" satisfying > ,.,¢; = 0 and
¢n < 0, we have (¢;) < 0. Let N € [n] be minimal such that e; — ex < O.

As every (¢;) € Q" with ) .., ¢; =0 and gy = --- = ¢, = 0 can be written
as -
N-1
(¢:) = Z gi(—e1 + ei),
i=2

the inclusions —eq +e; € E- for 2 < i < N — 1 imply (¢;) € E<. Now
assume that there is j > N with ¢; # 0 and let j be maximal with this
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property. Suppose that ¢; < 0. If j = IV, we have

j—1

(2) =Y ai(—e1+e) +qn(—e1 +en) < 0.

i=2
On the other hand, if j > N and (g;), 0 were incomparable with respect to
<, then (¢;) + (—e1 + en) = 0, contradicting the Inc(N)-compatibility of
<. Thus, we obtain <n:<+ﬂ){mx * <4 deg for some N > 2. If Ay, = —ey,
the same argument shows that <n=<(f\21ax * <4 deg for some N > 2.

e A, = en: In this case, any (¢;) € Q™ with ¢, < 0 satisfies (¢;) < 0.

Again, choose N € [n] minimal such that —ex < 0. For (¢;) € Q™ with
qN =+ = qn = 0 we have

N—1
(@:) = Z g;e; € B.
=1

If on the other hand there is j > N with ¢; # 0 and the maximal such

J satisfies ¢; < 0, then an analogous argument to the one above shows
(N)

that (¢;) < 0. This yields <, =< ., for some N > 1. In the case that
A1 = —ey, we obtain <n=<(_]\21ax for some N > 1.

e A, = const, Ay, = ey: If 2121‘12’ = 0 and ¢1 < 0, then (¢;) < O.
Therefore, the Inc(N)-compatibility of < yields <,==4 min * <+ deg- If

Ao, = —eq, we have <, ==_ min * <4 deg-

o A = eq: As for every (¢;) € Q" with ¢1 < 0, we have (¢;) < 0, the
Inc(N)-compatibility of < yields <,==<4 min. If A1, = —e1, we obtain
"<n:'<7,min~

O

From our results for the restrictions <, of < to Q", we can now easily deduce:

Theorem 4.4. If < is non-trivial, then it is equal to one of the following Inc(N)-
compatible weak partial orders:

® <4 deg;

1 <i,min;’

® <4 min ¥ <& deg;s
) ax for some N > 1;

* _<:|:,m
N
i —<£|:,Izlax * -<:‘:,dcg fOT some N Z 2.

Proof. It is easy to see that if there is n > 4 such that <, == min, then <, =<4 min
for all m > n. This implies <=~ min. The same is true for <,==<_ i, and

<n==<4,min * <4+ deg- Likewise, if there is n > 4 such that <n=<$\%ax for some

N <'n, then -<m:-<$\721ax for all m > N and thus -<:-<$Yr)nax. The same holds for
<n:<(_]\721ax and <n:<§[]\721ax * <4 deg. 1f none of the aforementioned cases applies,
we must have <, ==<4 geg for all n > 4, which implies <==<1 geg- O

The Inc(N)-compatible term orders on R induce Inc(N)-compatible total orders
of the vector space Q> which satisfy 0 < (¢;) for all (¢;) € Q. Thus, we obtain:

Corollary 4.5. The lexicographic, the degree-lexicographic, and the degree-reverse-
lexicographic term orders with respect to x1 < X9 < -+ or xy > x9 = --- are the
only Inc(N)-compatible term orders on R.
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