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Abstract: We study the Betti numbers of graded ideals containing the squares of the
variables, in a polynomial ring. We prove the lex-plus-powers conjecture for such ideals.

1. Introduction

Throughout the paper S = k[z1,...,2,] is a polynomial ring over a field k graded by
deg(z;) = 1 for all i, and P = (2%,...,22) is the ideal generated by the squares of the
variables.

It is well known how the Hilbert function changes when we add P to a squarefree
monomial ideal [; this is given by the relation between the f-vector and the h-vector,
cf. [BH]. It has been an open question how the Betti numbers change. We answer this
question in Theorem 2.1, which provides a relation between the Betti numbers of I
and those of I + P. In Theorem 3.3, we describe a basis of the minimal free resolution
of I 4+ P in the case when [ is Borel.

By Kruskal-Katona’s Theorem [Kr,Kal, there exists a squarefree lex ideal L such
that L + P has the same Hilbert function as I + P. The ideal L + P is called lex-plus-
squares. It was conjectured by Herzog and Hibi that the graded Betti numbers of L+ P
are greater than or equal to those of I+ P. Later, Graham Evans conjectured the more
general lex-plus-powers conjecture that, among all graded ideals with a fixed Hilbert
function and containing a homogeneous regular sequence in fixed degrees, the lex-plus-
powers ideal has greatest graded Betti numbers in characteristic 0. This conjecture is
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very difficult and wide open. Some special cases are proved by G. Evans, C. Francisco,
B. Richert, and S. Sabourin [ER,Fr1,Fr2,Ri,RS]|. An expository paper describing the
current status of the conjecture is [FR]. In 5.1 we prove the following:

Theorem 1.1. Suppose that char (k) = 0. Let F' be a graded ideal containing P =
(x2,...,22). Let L be the squarefree lex ideal such that F and the lex-plus-squares

ideal L+ P have the same Hilbert function. The graded Betti numbers of the lex-plus-
squares ideal L + P are greater than or equal to those of F.

The methods used in [Bi,Hu,Pa,CGP| to show that the lex ideal has greatest
Betti numbers are not applicable; see Examples 3.10 and 3.11. We use the technique
of compression. Compression was introduced by Macaulay [Ma], and used by [Ma,
CL,MP1,MP2,Mel,Me2] to study Hilbert functions. It is not known how Betti numbers
behave under compression, but it is reasonable to expect that they increase. We address
this in Section 4.

The proof of Theorem 1.1 consists of the following steps:

o In Section 5 (the proof of Theorem 5.1.), we reduce to the case of a squarefree Borel
ideal (plus squares); this is not immediate because a generic change of variables
does not preserve P.

o In Section 3, we reduce to the case of a squarefree {z1,...,x,_1}-compressed
Borel ideal (plus squares).

o In Section 4, we deal with squarefree {x1, ..., z,_1 }-compressed Borel ideals.

Given the intricacy of the proof in the Borel case (Section 3 and 4), we think that the
following particular case of the lex-plus-powers conjecture is of interest:

Conjecture 1.2. The lex-plus-powers ideal has greatest graded Betti numbers among

all Borel-plus-powers monomial ideals with the same Hilbert function.

A refinement of the lex-plus-powers conjecture is to study consecutive cancellations
in Betti numbers. In view of the result in [Pe], it is natural to ask:

Problem 1.3. Under the assumptions of Theorem 1.1, is it true that the Betti numbers
of L+ P and those of F' differ by consecutive cancellations?
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2. Squarefree monomial ideals plus squares

A monomial ideal is called squarefree if it is generated by squarefree monomials. If T
is squarefree, then I 4+ P is called squarefree-plus-squares.

For a monomial m, let max(m) be the index of the lex-last variable dividing m,
that is, max(m) = max{i | z; divides m}.

The ring S is standardly graded by deg(x;) = 1 for each i. In addition, S is N"-
graded by setting the multidegree of x; to be the i’th standard vector in N™. Usually
we say that S is multigraded instead of N™-graded, and we say multidegree instead of
N™-degree. For every vector a = (aq,...,a,) € N™ there exists a unique monomial of
degree a, namely x* = z{* --- %", If an element g (say in a module) has N"™-degree a,
then we say that is has multidegree x* and denote deg(g) = x®. Denote by S(—x?) the
free S-module generated by one element in multidegree x®. Every monomial ideal is
multihomogeneous, so it has a multigraded minimal free resolution. Thus, the minimal
free resolutions of S/I and S/(I + P) are graded and multigraded. We will use both
gradings.

For a subset o C {1,...,n}, let |o| denote the number of elements in 0. We will
abuse notation to sometimes identify a subset with the squarefree monomial supported

on it, so 0 may stand for H x;. It will always be clear from context what is meant.
jeo
By S(—20) we denote the free S-module generated in multidegree H z2.
€0
Theorem 2.1. Let I be a squarefree monomial ideal.

(1) Set F; = @ S/(I : 0)(—20), where o C {1,...,n}. We have the long exact

lo|=1
sequence
(2.2) 0— F, 2. 2 2S5 Fy=8/T—S/(I+P)—0
with maps ¢; the Koszul maps for the sequence x3,. .., x2.

(2) Each of the ideals (I : ) in (1) is a squarefree monomial ideal.
(3) S/(I + P) is minimally resolved by the iterated mapping cones from (2.2).
(4) For the graded Betti numbers of S/(I + P) we have

n

by (S/(T+ P) =3 (Z byiaran(S/(1 a))) |



Proof: Since the ideal I is squarefree, it follows that (I : 0%) = (I : o) is squarefree.

2.
n-

OH@Sﬂ»...H@S& @ S — ...

lo|=n |o|=1 lo|=i—1

.- P S:ésﬂ@ S=8 —-S/P —0.
j=1

lo|=1 |o|=0

We have the exact Koszul complex K for the sequence 22,. ..,z

We can write K = K’ ® K”, where K’ consists of the components of K in all multi-
degrees m ¢ I, and K" consists of the components of K in all multidegrees m € I.
Both K’ and K" are exact. We will show that (2.2) coincides with K’. Consider K
as an exterior algebra on basis ey, ...e,. The multidegree of the variable e; is x? Let
f =mej;, N...Nej, be an element in K; and m be a monomial. The multidegree of
fis ma:?l . xi We have that f € K’ if and only if mm?l :z:i ¢ I, if and only if
mxj, ...x;, ¢ I,if and only if m ¢ (I : xj, ...z;,). Therefore, we have the vector space
isomorphism
K, — @ S/(I: o)

lo|=1

mej, N...Nej,—m¢eS/(I:xj ...xj).

This proves (1).
We will prove (3) by induction on n —i. Denote by K; the kernel of ¢;. We have
the short exact sequence

O—»Ki—>€B S/(I:0)— K;—1 —0.

|o|=1

Each of the ideals (I : o) is squarefree. By Taylor’s resolution, it follows that the Betti

numbers of @ S/(I : o) are concentrated in squarefree multidegrees. On the other
lo|=i

hand, the entries in the matrix of the map ¢; are squares of the variables. Therefore,

there can be no cancellations in the mapping cone. Hence, the mapping cone yields a

minimal free resolution of K;_1.



(4) follows from (3). O

The Hilbert function of a graded finitely generated module T is

For squarefree ideals, we consider also the squarefree Hilbert function, sHilb, that
counts only squarefree monomials. It is well-known that if I and J are squarefree
ideals, then S/I and S/J have the same Hilbert function if and only if S/(I + P)
and S/(J + P) have the same Hilbert function; thus, I and J have the same Hilbert
function if and only if they have the same squarefree Hilbert function.

Proposition 2.3. Let I and J be squarefree monomial ideals with the same Hilbert

function. Fix an integer 1 < p < n. The graded modules @ (I :0) and EB (J:0)
lo|=p lo|=p
have the same Hilbert function and the same squarefree Hilbert function.

Proof: We consider squarefree Hilbert functions. Set I(p) = @ (I :0). Let 7 be a
lol=p

squarefree monomial of degree d in (I : v). Then v7 € I4y,. If [N 7| = s, choose i so

that p = lem(v, 7) is a squarefree monomial in Ig4,_s.

Let o be a squarefree monomial in I44,_,. We can choose v in (d+£ _S) ways so
that |v| = p and v divides p. For each so chosen v, we can choose 7 in (’S’) ways so

that [v N 7| = s and 7 divides p. Therefore, the monomial u contributes (d+z ) (®)

monomials in (I(p))d. For such a monomial, we say that it is coming from I44,_s, or
that its source is Ig4p—s.

Suppose that one element in (I (p)) can be obtained in two different ways by

d
this procedure. Since we have the same element in (I(p)) it follows that v and 7
are fixed. But then, pu and s are uniquely determined. Hence, both the source and g
are uniquely determined. Therefore, one and the same element in (I (p)) ;4 cannot be
obtained in two different ways by the above procedure.

For a vector space () spanned by monomials, we denote by sdim(Q) the number

of squarefree monomials in Q. We have shown that

(2.4) sdim( P - a> - i <d+§ - 5) <Z> sdim(Iyqps) -

lol=p d =0



The same formula holds for J as well. Now, the proposition follows from the well-
known fact that for each j > 0 we have that sdim(/;) = sdim(J;) since I and J are
squarefree ideals with the same Hilbert function. O

Let I be a squarefree monomial ideal, and A be its Stanley-Reisner simplicial
complex. Let ¢ C {1,...,n}. We remark that it is well-known that the Stanley-
Reisner simplicial complex of (I : o) is stara(c) = {Tr € A|TU0c € A}.

3. Squarefree Borel ideals plus squares

A squarefree monomial ideal N is squarefree Borel if, whenever mx; € N is a squarefree
monomial, and ¢ < j and ma; is squarefree, we have mx; € N as well. A squarefree
monomial ideal L is squarefree lex if, whenever m € L is a squarefree monomial and
m’ is a squarefree monomial lexicographically greater than m, we have m’ € L as well.

If N is squarefree Borel, then by Kruskal-Katona’s Theorem [Kr,Ka], there exists
a squarefree lex ideal L with the same Hilbert function.

Lemma 3.1.

(1) Let N be a squarefree Borel ideal. For any o C {1,...,n}, the ideal (N : o) is
squarefree Borel in the ring S/({xz;|i € o}).

(2) Let L be a squarefree lex ideal. For any o C {1,...,n}, the ideal (L : o) is
squarefree lex in the ring S/({z;|i € o}).

The ideals (N : o) and (L : o) are generated by monomials in the smaller ring
S/({x;|i € 0}), so we may view them as ideals of S/({z;|i € o}).

For a monomial ideal M, we denote by gens(M) the set of monomials that generate
M minimally.

Construction 3.2. If N is squarefree Borel, then the minimal free resolution of S/N
is the squarefree Eliahou-Kervaire resolution [AHH] with basis denoted

{1} U { (h,a)|h € gens(N), a C {1,...,n}, ha is squarefree, max(a) < max(h) } .

The basis element (h, «) has homological degree deg(a) + 1, degree deg(h) + deg(«),
and multidegree ha; the basis element 1 has homological degree 0 and degree 0. In
order to describe a basis of the minimal free resolution of S/(N + P) we introduce
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EK-triples. For o C {1,...,n}, we say that (o, h, ) is an EK-triple if (h, «) is a basis
element in the minimal free resolution of S/(N : o). By Lemma 3.1, it follows that
(o, h, &) is an EK-triple (o, h, «) if and only if:
o hegens(N : o)
o a = {j1,...,j¢} is an increasing sequence of numbers in the set {i|i ¢ o}, such
that 1 < j; <...<j; <max(h)
o oha is squarefree.

By Theorem 2.1, Lemma 3.1, and Construction 3.2, it follows that:

Theorem 3.3. Let N be a squarefree Borel ideal. The minimal free resolution of
S/(N + P) has basis consisting of {1} and the EK-triples. An EK-triple (o, h, «) has
homological degree |o| + |a| and degree 2|o| + |a| + |h|; it has multidegree o*ha. In
particular, for all p,s > 0, the graded Betti number b, s(S/(N + P)) is equal to the
number of EK-triples such that p = |o| + |a| and s = 2|o| + |a| + |h].

We will prove:

Theorem 3.4. Let N be a squarefree Borel and L be the squarefree lex with the same
Hilbert function, (equivalently, let N + P and L + P have the same Hilbert function).
For all p, s, the graded Betti numbers satisfy

bp,s(S/(L + P)) = by s(S/(N + P)).

For the proof, we need the notion of compression. Compression of ideals was intro-
duced by Macaulay [Ma], and was used by Clements-Lindstrom [CL], Macaulay [Ma],
Mermin [Mel,Me2], Mermin-Peeva [MP1,MP2] to study Hilbert functions.

Definition 3.5. Let I be a squarefree monomial ideal. We denote by I the monomial
ideal in S/P generated by the squarefree monomials generating I.

Let A be a subset of the variables {x1,...,x,}; its complement is A° = {z1, ...,
zn}\ A. Denote by @y the direct sum over all squarefree monomials f in the variables
in A°. The vector space I may be written uniquely in the form

I=ED vy,
f
where V7 is an ideal in the ring k[A] = k[z; | z; € A].
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We say that I, or I, is A-compressed if each V; is squarefree lex in k[A].

Furthermore, we say that I is j-compressed if it is A-compressed for all subsets A
of size j. In this case, I is i-compressed for every i < j.

We remark, that in this paper we consider squarefree-compression, that is, we
think of the squarefree monomial ideals as ideals in the quotient ring S/ P and consider
compression there, but, for simplicity, we say “compression” instead of “squarefree-
compression”.

Denote by Wy the squarefree lex ideal of k[A] with the same Hilbert function as
Vi. Set C = @D, Wy

We will prove that C is an ideal: If z; € A, then z;C C C since each Wy is an
ideal in k[A]. Choose an z; ¢ A, and fix f. Then either z;f = 0 or V,,; 2 V}. Hence,
either xz;f =0 or Wmf D) Wf. Therefore, z;C C C.

We say that the ideal C is the A-compression of I.

We need the following lemmas:

Lemma 3.6. Let I be a squarefree ideal. If I is (2i — 2)-compressed for some i > 1,
then I is (2i — 1)-compressed.

Proof: Let v € I be a squarefree monomial. Suppose that u is a squarefree monomial
of the same degree such that u > v. Set w = ged(u,v), so that we can write u = v'w,
v = v'w with ged(v',v") = 1. Suppose |u'v'| < 2i — 1. Denote by B the set of variables
that appear in exactly one of the monomials u and v. Since u and v have the same
degree, it follows that the number of variables in B is even. Since |B| < 2i —1, we have
|B| < 2i — 2. Hence, I is B-compressed. Therefore, v € I implies that u € I. O

Lemma 3.7. Let N be a squarefree Borel ideal. Its {x1,...,x,_1}-compression J is
a squarefree Borel ideal.

Proof: We have to show that J is a squarefree Borel ideal. Consider the disjoint unions
UV and J = l‘nV_an @] V_Vl .

Set n = (x1,...,2,_1). Since N is squarefree Borel, it follows that nV,, C Vj.
By Kruskal-Katona’s Theorem [Kr, Ka] it follows that nW,, C Wi. If z,m is a
monomial in z,W,, , then for each 1 < i < n we have that x;m € Wy. If x; divides a

monomial m € Wy (respectively, W, ), then for each 1 < i < j we have that s Wi
J
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(respectively, W, ) since Wi (respectively, W, ) is squarefree lex. Thus, J is squarefree
Borel. O

Lemma 3.8. Let N be a squarefree Borel ideal and J be its {x1,...,x,_1 }-compres-
sion. For all p, s, the graded Betti numbers satisfy

bp,s(S/(J + P)) = bp,s(S/(N + P)).

Proof: Set A = S/x,,. We assume, by induction on the number of variables, that
Theorem 3.4 holds over the polynomial ring A.

Consider the EK-triples (o, h, ) for N in degree (p, s). Let ¢, s(IV) be the number
of triples such that x,, divides o; let d, s(IN) be the number of triples such that w,,
divides h; let e, (IV) be the number of triples such that z,, does not divide cha. Since
., cannot divide o by Construction 3.2, it follows by Theorem 3.3 that

bp,s(S/(N + P)) = cps(N) + dps(N) + eps(N).
Similarly, we introduce the numbers ¢, s(J), d, s(J), ep.s(J) and get
bp,s(S/(J + P)) = ¢p.s(J) +dp,s(J) + eps(J).

We will show that the above introduced numbers for J are greater than or equal to
the corresponding numbers for N.
As in the proof of Lemma 3.7, we write N = V|, @ z,,V,,, and J = W; @ 2, W, .
First, we consider the number ¢, s(N). Note that V,, D Vi. Therefore, (N :
z,7) = (Vp, : 7) for x, ¢ 7. Hence, the EK-triples counted by ¢, s(N) correspond
bijectively to the EK-triples for V.  of degree (p — 1,s — 2) by the correspondence
(xnT,h,a) <= (7, h,a). Thus,

eps(N) = byp—1,5-2(A/ (Ve + (21,27 1))).

By Lemma 3.7, J is squarefree Borel, so we get the same formula for J. By the
construction of compression, the ideal W, is the squarefree lex ideal in the polynomial
ring A with the same Hilbert function as V,, . Since Theorem 3.4 holds over the ring
A by the induction hypothesis, we conclude that ¢, s(J) > ¢, (V).

Now we consider the number e, s(N). The EK-triples counted by e, (N) are
exactly the EK-triples for V4. Hence, e, s(N) = b, s(A/(V1 + (2%,...,22_,))). The
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same equality holds for e, ;(J). By the construction of compression, the ideal W is
the squarefree lex ideal in the polynomial ring A with the same Hilbert function as
V1. Since Theorem 3.4 holds over the ring A by the induction hypothesis, we conclude
that e, (J) > e, s(N).

It remains to consider d, s(/N). Since N is squarefree Borel, it follows that ViD
nV, . Therefore, for each degree j

{gens(N : 0); that are divisible by z,} = {(Zn(Va, : )} \ {(zn (V1 : 0)),}.

Hence, for each degree j, the number of minimal monomial generators of degree j
of (N : o) that are divisible by z,, is

dimy(Vy, 1 0)j—1 —dimg(Vi 1 0) -1 .

For each such minimal monomial generator h, we have that max(h) = n. Since « is

—|hl —
prime to o and supp(h), by Construction 3.2 we see that there are (n " " ’U‘) =
Q@

<n K |_ lg|> possibilities for « in the EK-triples. By Theorem 3.3, we conclude that
p—lo

dps(N) = Z (n —-J— |0|> (dimk(‘_/xn £ 0)s—p—fo|—1 — dimy (V5 : U)s—p—|a\—1> .

n¢o P ‘O—’

As the ideal J is squarefree Borel by Lemma 3.6, the same formula holds for J. By
the construction of compression, V; and W; have the same Hilbert function, as do V;,,
and Wmn. By the displayed formula for d, ; above and Proposition 2.3, the number
d, s depends only on these Hilbert functions. Therefore, d,, s(J) = dp s(N). O

Main Lemma 3.9. Let N be a squarefree Borel {z1,...,x,_1}-compressed ideal.
Suppose that N is not squarefree lex. There exists a squarefree Borel ideal T such
that:
o T has the same Hilbert function as N
o T is lexicographically greater than N (here “lexicographically greater” means that
for each d > 0 we order the monomials in Ng and Ty lexicographically, and then
compare the two ordered sets lexicographically)
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o for all p, s, the graded Betti numbers satisfy
bp,s(S/(T + P)) > by, s(S/(N + P)).

The proof of Lemma 3.9 is long and very technical. We present it in the next
section.

Proof of Theorem 3.4: Let N be a squarefree Borel ideal. By Lemma 3.7, we can
assume that N is {x1,...,x,_1 }-compressed. Lemma 3.9 implies that we can replace
N by a squarefree Borel ideal which is lexicographically greater.

We proceed in this way until we reach the squarefree lex ideal L. This process is
finite since there exist only finitely many squarefree Borel ideals with a fixed Hilbert
function. O

Example 3.10. It is natural to ask if Green’s Theorem can be used, as in [CGP],
in order to obtain a short proof of Theorem 3.4. Unfortunately, in the example N =
(ab,ac,bc), L = (ab,ac,ad,bed) in kfa, b, c,d], one of the inequalities needed for the
proof does not hold. Thus, the short proof in [CGP] cannot be generalized to cover
Theorem 3.4.

Furthermore, the inequality

S b(S/(N:0)) < 3 bru(S/(L 2 0))

lo|=1 lo|=1
may not hold. For example, it fails for S = k[a, b, ¢, d, €] and
N = (abc, abd, acd, bed)

and i = 2. In this case we have L = (abc, abd, abe, acd, bede). Computer computation
gives

> bia(S/(N:o))=12 while > b1a(S/(L:0)) =11,

lo|=2 lo|=2

and

> bea(S/(N:0))=6 while > bys(S/(L:0))=5.

lo|=2 |o|=2
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Example 3.11. Let N be squarefree Borel and L be squarefree lex with the same
Hilbert function (equivalently, let N 4+ P and L + P have the same Hilbert function).
It is natural to ask:

Question: Are the graded Betti numbers of S/ (L + (23,... ,xf)) greater or equal to
those of S/(N + (23,...,22)), for each i?

[t

This question is closely related to a result proved by Charalambous and Evans
[CE]. Let M be a squarefree Borel ideal. Set P(i) = (2%,...,2?) and P(0) = 0. By

[CE], for each 0 < i < n, the mapping cone of the short exact sequence
0— S/((M+ P(%)): x41) — S/(M + P(i)) = S/(M + P(i+1)) — 0

yields a minimal free resolution of S/(M + P(i + 1)).

The following example gives a negative answer to the above question. Let A =
kla,b,c,d, e, f] and T be the ideal generated by the squarefree cubic monomials. The
ideal N = (ab, ac, ad, be,bd) + T is squarefree Borel. The ideal L = (ab, ac, ad, ae,af)+
T is squarefree lex. The ideals N and L have the same Hilbert function. The graded
Betti numbers of S/(L + (21)) are not greater or equal to those of S/(N + (z%)). For

example,

b5,7<3/(L+(x%)))):0 and b5,7(5/(N+(:c§))>:1.

4. Proof of the Main Lemma 3.9

Throughout this section, we make the following assumptions:

Assumptions 4.1. N is a squarefree Borel {z1,---,x,_1}-compressed ideal in S =
klx1,---,x,]/P, and is not squarefree lex.

Construction 4.2. Since every squarefree Borel ideal in two variables is squarefree lex,
it follows that the ideal NV is B-compressed for every set B of two variables. Let r > 2 be
maximal such that N is (2r—2)-compressed. By Lemma 3.6, we have that N is (2r—1)-
compressed. There exists a set A of 2r variables such that N is not A-compressed.
Choose w lex-first such that there exist variables w > y; > ... >y, > 20 > ... > 2,
for which N is not {w,y1,...,¥yr, 22, ..., 2z, }-compressed. Then choose {y; > ... > y,}
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lex-last such that there exist zs,...,2, with y, > 22 > ... > 2z, such that N is not
{w,y1,...,Yr, 22, ..,z p-compressed. Finally, choose zo > - -+ > z, lex-first such that
N is not {w,y1,...,Yr, 22, -+, 2 }-compressed. Set A ={w,y1,...,yr,22,...,2.}. We
make this choice so that we can show in Lemma 4.6 that the A-compression of IV is
still Borel.

If z, # x,, then N is A-compressed because A C {z1,...,2,-1}. Therefore,
Zr = Tnp.

Following the notation of Definition 3.5, write
N=@p fNy.
!

Each Ny is an ideal in k[A]. For simplicity we will write N, Ny instead of N, Ny, that
is, we will abuse notation and regard N (resp. Ny) as both a squarefree ideal of S
(resp. k[A]) and an ideal of S/P (resp. k[A]/(P Nk[A])).

Our assumptions imply the existence of a squarefree monomial f such that Ny is
not squarefree lex.

Notation 4.3. In this section, f stands for a squarefree monomial in k[.A°].
Sety=wy1...yr and z = 25... 2.
We denote by a, ¢ variables in k[A°] (usually, these are variables dividing f).
We denote by m, u, v squarefree monomials.

The following lemma gives some properties of Ny:

Lemma 4.4. Suppose that f is a squarefree monomial such that the ideal Ny is not

squarefree lex.

(1) The vector space (Ny); is lex for every degree j # r.

(2) The vector space (Ny), contains precisely the monomials {m|m >y, m # wz},
that is, (Ny), is spanned by the initial squarefree lex segment ending at y with
one gap at wz.

Remark. The proof of Lemma 4.4 uses only that N is squarefree Borel and (2r — 2)-
compressed, and that Ny is not lex. Thus, lemma 4.4 holds for every ideal Y satisfying
these properties.

Proof: (1) Let u > v be two squarefree monomials of degree j in the variables in A.
Let m = ged(u,v), and u = mu/, v = mv’. It follows that deg(u') = deg(v') < r.
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Suppose that deg(u’) < r. Denote by B the set of variables that appear in exactly
one of the two monomials. The number of variables in B is an even number < 2r.
Therefore, N is B-compressed. If fo = fmv' € N, then fu = fmu’ € N. Hence, if
(N¢); is not squarefree lex, then deg(u') = deg(v') =r,som=1and j =r.

(2) Let u > v be two squarefree monomials of degree r in the variables in A such
that v € Ny but u ¢ Ny. The above argument shows that deg(u) = deg(v) = r, and
uv = wyz. Since u > v, we conclude that w divides wu.

Suppose that w is divisible by some y;. Hence v is divisible by some z;. As N
is squarefree Borel, fv € N implies that f% € N. The ideal N is (A\ {yi, 2 })-

J
compressed. Therefore, fy;m € N for every squarefree monomial m € k[A]| such that

v
m > —. We obtain the contradiction that fu € N. Hence, u is not divisible by any
Zj

of the variables ;.

It follows that u = wz and v =y. O

Construction 4.5. Denote by T the A-compression of N.

The following lemma gives some properties of T":

Lemma 4.6.

(1) (Tf); = (N¢); for j # r and every f.

(2) The sets of monomials in (Ty), and in (Ny), differ only in that (T), contains wz
instead of y, in the case when (Ny), is not squarefree lex. Note that wz >y are
consecutive monomials in the lexicographic order in k[A].

(3) Denote by F the set of minimal, with respect to divisibility, monomials f in the
variables A¢ such that Ny is not squarefree lex. We have that

gens(N) \ gens(T) = {fy|f € F},
gens(T) 2 {gens(V)\ {fy1f € F}} U {fuz|f € F)
U {fyz;lf € F, 2<j<r max(f) < max(z;)}.
(4) The ideal T' has the same Hilbert function as N.

(5) The ideal T is lexicographically greater than N.
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(6) The ideal T is squarefree Borel.

Remark. It is possible to show that F is the set of all f such that Ny is not lex.

Proof: (1) and (2) hold by Lemma 4.4, and (4) and (5) hold by the construction of
compression.

(3) Denote by {T'} and {N} the sets of monomials in 7" and in N, respectively.
By (1) and (2), we have that

{N}\{T} = {fy| Ny is not squarefree lex }.

It follows that gens(N) \ gens(T') 2 {fy | f € F}.

We will show that equality holds. Suppose that m is a generator of N but not of
T, and does not have the form fy. Then, by (2), m = fwzx; where fy € N, fwz ¢ N.
N is ({zi} U A\ {2, })-compressed, because this set does not contain z, = z,. Thus

fy € N implies that fwixi € N, and so fwzx; ¢ gens(N). Hence, any multiple of
2

T

fwz is not a minimal monomial generator of N. The equality follows.
Now, we will prove that

gens(T) 2 {gens(N)\ {fy|f € F}} U {fuwzl|f € )
U {fyzlfeF, 2<j<rmax(f)<z}.
The inclusion gens(7T") 2 { gens(N)\ {fy|f € F }} follows from gens(N) \ gens(T) =
{fy|f € F} By (1) and (2), we also have that
{T}\ {N} = {fwz]| Ny is not squarefree lex}.
Therefore, gens(7') D { fwz| f € F}. The inclusion
gens(T) 2 {fyzf € F, 2§ < r, max(f) < 25}

vz

a
the contradiction fy € T.

holds because if € T for some variable a then, since T is squarefree Borel, we get
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It remains to prove (6). Fix an f such that Ny is not squarefree lex. In view of
(1), we need to consider only (T),. By (2), we conclude that we have to check two
properties: We have to show that, if a squarefree monomial m is obtained from fwz
by replacing a variable with a lex-greater variable, then m is in T. We also have to
show that, if a squarefree monomial « is obtained from fy by replacing a variable with
a lex-smaller variable, then « is not in 7.

There are several possibilities for m and u. First, we consider four cases for m.

Suppose m = sz, where a divides f and ¢ € k[A°]. Since fy € N and N is
a

squarefree Borel, we have that ﬁy € N. Hence, y € Nf.. Therefore wz € T, and
a a a
someT.

Suppose m = %wz, where a divides f and e € k[A]. It follows that e = y;

for some j. So, m = i(wyjz). By Lemma 4.4, we have that (N ),41 = (T¢)rt1,
a a a

so we have to prove that m € N. The ideal N is ({a} U A\ {y,})-compressed by
fy;

Construction 4.2 since a < y;. Hence, fy = @y € N implies that &wz =mé& N.
Yj a

WZY;

Suppose m = f , where e divides wz. Since T is squarefree lex in k[A], we

conclude that m € T
Suppose m = f% = (fc)%, where e divides wz and ¢ € k[A°]. By Lemma 4.4,
€ e

we have that (Nf.),—1 = (Tf¢)r—1, so we have to prove that m € N. First, we consider
the subcase when either e = w or ¢ < y,. The ideal N is ({c} U A\ {e})-compressed

) ) ) . WZC

by Construction 4.2 since ¢ > e. Hence, fy € N implies that m = f(—) € N. Now,
e

let e = z; for some ¢ and ¢ > y,. Since N is squarefree Borel, fy € N implies that

fcl € N. As (Ng¢)r—1 is squarefree lex, we get that m € N.

r

Recall that we also have to show that every squarefree monomial u, obtained
from fy by replacing a variable with a lex-smaller variable, is not in T". Similarly, we
consider four cases for u. We assume the opposite, that is u € T', and we will arrive at
the contradiction that fwz € N.

Suppose u = Ey, where a divides f and ¢ € k[A°]. Since y € T's., by Lemma 4.4
a a
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we conclude that (Tsc), = (Ngsc), is squarefree lex, and so wz € Ns.. As N is

squarefree Borel, it follows that <E> ng = fwz € N.
a)c

Suppose u = iey, where a divides f and e € k[A]. By Lemma 4.4 we conclude
a

that (Ti) = (N i) is squarefree lex. Hence, u € N implies that iewz € N.
a/r+1 r+1 a

As N is squarefree Borel, we conclude that <E> <g>wz = fwz € N.
a e

Suppose u = fE, where e € k[A]. Then e = z;. Since Ye ¢ Ty, by Lemma 4.4
Yj Yj

we conclude that (T), = (Ny), is squarefree lex, and so wz € Ny.

Suppose u = fﬁ, where ¢ € k[A°]. By Lemma 4.4 we conclude that (ch)ril =
Yj
(Nge),_,» so u € N. By Construction 4.2, the ideal N is ({c} UA\ y;)-compressed

c
since ¢ < y;. Hence, u € N implies that fwz € N as wz > e U
Y

Construction 4.7. Each of the colon ideals (N : 0) can be decomposed in the notation
of Definition 3.5 as follows:

(N:O'):@ f(N:o)s.
!

Each (N : o)y is an ideal in k[z; € A|i ¢ o]/(22]i ¢ o). Similarly, we have

(T:a):@ f(T:0)f.
f

Lemma 4.8. Let f be a squarefree monomial in k[A€].

(1) For every o C A we have (N :0); = (Ny : 0).

(2) If 6,y C A and o Ny =0, then (N : o7); = ((Ny: 0): 7).
(3) If T C A°, then (N : 7)¢ = Ny,.

Proof: First, we prove (1). Let m € k[A\ o] be a monomial. We have that
me(N:o)fefme(N:o)e fmoe Neomoe Ny me (Ny:o).
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Applying (1), we prove (2) as follows:
((Nf:a):’y) :((NEO')fI’)/): ((N:a):’y)f:(N:U’y)f.

(3) For a monomial ideal U, we denote by {U} the set of (squarefree) monomials
in U. We have that

{(N :7)s} = {monomials m € k[A] [mf e (N :7)}
= {monomials m € k[A] |mfr € N}
= {Nyr}-

O

Lemma 4.9. Let N = (wl, e ,wyri,y) be an ideal in k[A], (where ¢ ---” means
Yr 22

that we take all the squarefree monomials that are lex-between wyl and wyr:—z). Then

‘s

(1) T = (wl, e WZ,YZo, -, Y2r) IS the squarefree lex ideal with the same Hilbert
Y

function, and N, 11 = T,41.

(2) If p C A is not a subset of supp(y) or of supp(wz), then (N : p) = (T : u). All
other possibilities for u, and the corresponding ideals (N : p) and (T : p), are
listed in the two tables below. The first table lists the cases when gens(N : ) C
gens(7 : p):

[ (W) (7 :p)

0 C ¢ C supp(z) (((w(yr, - ¥r))r—1c)): Y) (((w(ys,--- 7y7“))r—|C|)7w%ay)
supp(w) (1, Yr)r—1) (W1, Yr)r-1),2)
supp(w)( with (15 Ur)r—1-)c|) (- yr)r1-10), 8)

() C ¢ C supp(z)
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The second table lists the remaining cases:

p (N =) (T :p)

0 (((wlys, -y )r)y)  (((w(y, - 7yr))r),wz,y227 L Y2r)
0 CpCsupp(y) ((0)r—pp) %) (((w) —|p\), Yoo, 2y

supp(y) (1) (w, 22, - )

supp(z) (wy1, -+, wyr,y) (w,y

supp(wz) (Y155 yr) (1)

(3) LetY be a (2r — 2)-compressed ideal in the polynomial ring k[A]/(P N k[A]) such
that Y, = N,., and let Z be the lex ideal of k[A]/(P Nk|[A]) with the same Hilbert
function as Y. For every subset u of A, we have:

gens(N : p) \ gens(7 : pu) = gens(Y : p) \ gens(Z : u)

gens(7 : p) \ gens(N : p) =gens(Z : ) \ gens(Y : ).

Proof: (1) The ideal T is clearly squarefree lex. We need to show that 7 has the same
Hilbert function as V. Obviously, dimg((N),) = dimg((7),). Let 7' = (wl, C wz).
Y

It is straightforward to verify that N,y D 7' and {N;, 1 )\ {71} = {yze, -,y }-
Therefore, Ny11 = T,41.

(2) Recall that  C A. A simple computation shows that (N : wy;) = (7 : wy;)
and (N :y;zj) = (T : y;24) for all i, j. If p is not divisible by y or wz, it follows that
w contains either supp(wy;) or supp(y;z;), for some i, j, so (N : p) = (7 : p). For all
other p, straightforward computation yields the ideals (N : p) and (7 : p) listed in
the tables.

(3) For a monomial m in k[A], we will use the notation m : u for S LL—
ged(m, p)

Observe first that Y; = Z; for all j # r by Lemma 4.4(3). Hence, {Z}\{Y'} = wz
and {Y}\ {Z} —.

Suppose that m : p is a minimal monomial generator for (Y : u) but not (Z : u).
We assume that m : p ¢ (N : p) and will derive a contradiction. Note that m ¢ N.
Then deg(m) # r, because m € Y and Y, = N,.. Since m € Y and Yieg(m) = Zdeg(m)
we conclude that m € Z, and so m : p € (Z : p). Since m : p is not a minimal
monomial generator for (Z : u), there must be a monomial v € Z \ Y such that u : u
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properly divides m : u. The only monomial of Z \ Y is wz, so u = wz. Then p(m : u)
is a proper multiple of wz, and so must be in A/ by (1). On the other hand, since
m:p ¢ (N :p), it follows that pu(m : p) ¢ N, a contradiction. Thus we must have
m: € (N :u). Note that Y D N. We conclude that m : p is a minimal monomial
generator of (N : ). We have proved that

gens(Y : p) \ gens(Z : p) C gens(N : p).

Now, suppose further that m : p is a minimal monomial generator of (7 : pu). We
will derive a contradiction. Note that m may be chosen to be a minimal monomial
generator of N, because m : u is a minimal monomial generator of (N : p).

Since m : p is not a minimal monomial generator of (Z : ), there must be a
monomial u € Z \ 7 such that u : u properly divides m : p. AsY; = Z; and N; = T;
for j #r,and Y, = N,, and Z, = 7,, we get {Z}\ {7} ={Y} \{N}. Hence u € Y,
so that m : p is not a minimal monomial generator for (Y : u), a contradiction. This
shows that

gens(Y : p) \ gens(Z : u) C gens(N : p) \ gens(7 : ).

In order to prove the equality in the first formula in (3), we need to show that
the opposite inclusion holds. To this end, suppose that m : p is a minimal monomial
generator of (N : p) but not (7 : u). Then, by (2), either m =y and p divides y, or
L= Z Or [t = WZ.

Suppose first that m =y. AsY D N, we have that y : p € (Y : pu). lfy : p
were not a minimal monomial generator of (Y : p), we would have a monomial u €
Y \N = Z\ T, such that u : pu properly divides y : u. But then u must be a proper
divisor of y, and u € Z implies the contradiction y € Z. Hence m : p € gens(Y'). If
m : pu € gens(Z), we would have y € Z, a contradiction. Thus in this case we have
m:p € gens(Y : )\ gens(Z : p).

Suppose now that p = z or = wz. Straightforward computation using (2) shows
that one of the following two cases holds:

7 m: WZ : [
Z wyY; w
WZ Y 1
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where 1 < j < n. In particular, wz : u is a proper divisor of m : u in either case. As
Z, =1T,, we get wz : p € (Z : p), so m : p is not a minimal monomial generator for
(Z : ). If m : p were not a minimal monomial generator for Y : u, there would be
a monomial v € Y \ NV such that u : p is a proper divisor of m : u. The table above
implies that one of the following two cases holds:

I up pu:p) €Y
z w, or y;, or 1 WZ, Or Y;Z, O Z
WZ 1 WZ

where 1 < j < n. As Y, = N,, none of the monomials in the third column are in
Y. This is a contradiction. Thus m : p is a minimal monomial generator for (Y : u).
Therefore, m : p € gens(Y : u) \ gens(Z : p) in this case.

We have shown that the first formula in (3) holds:

gens(N : ) \ gens(7 : p) = gens(Y : u) \ gens(Z : ).
A very similar argument yields the second formula:

gens(7 : p) \ gens(N : p) = gens(Z : p) \ gens(Y : p).
O

Notation 4.10. We write an EK-triple in the form (7u,gq,«) so that 7 € k[.A°],
w € k[A], g € k[ A, q € k[A]. By 7 we mean the union of 7 and p.
For ;1 C A, we set n to be the homogeneous maximal ideal of the ring k[A\ p]/P.

The next lemma provides a list of the possible EK-triples for N:

Lemma 4.11.

(1) There are three types of EK-triples (T, gq,«) for N:
Type 1: (T, gq,«) is an EK-triple for T'.
Type 2: (T, gq, &) is not an EK-triple for T' and q is a minimal monomial generator
of both (N : 1)y and (T : Tp)g.
Type 3: (T, 9q, ) is not an EK-triple for T and q is a minimal monomial generator
of (N : Tu)g but not of (T : Tp),.
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(2) The EK-triples of Type 2 satisfy qu = wz and max(g) > max(q). In particular,
1 # 1, because x,, = z, divides pu.

(3) Let N and T be as in Lemma 4.9. If (Tp, gq, @) is an EK-triple of Type 3 for N,
then q is a minimal monomial generator for (N : p) but not for (7 : u).

(4) Suppose that (Tu,gq,«) is an EK-triple of Type 3 for N. All possibilities for p,
and the corresponding ideals (N : u) and (T : u), are listed in the second table in
Lemma 4.9(2).

Proof: (1) It suffices to show that ¢ is a minimal monomial generator of the ideal

(N :7p)g. Since gq € (N : ), we have that ¢ € (N : 7p),. If we had 1¢ (N :7p)g,
a

it would follow that 22 ¢ (N :7u) = (N : ), so that gg would not be a minimal
a

monomial generator of (IV : 7x1). Thus, ¢ is a minimal monomial generator of (N : Tu),.
(2) Since gq € (T : Tp) is not a minimal monomial generator, there exists a variable

¢ dividing gq such that 99 ¢ (T : Tp). Since T is Borel, we may take ¢ = Tiax(gq)- If
c

c divides ¢, we have 4 ¢ (T : T)g, so that ¢ is not a minimal monomial generator of
c
(T': 7p)4. Therefore ¢ divides g. Since ¢ = Zpax(gq), We have max(g) > max(q). As gq
is a minimal monomial generator of (N : 7u), we have gq ¢ (N :7u),so gq7‘,u € T\N.
c c

By Lemma 4.6(2) it follows that qu = wz.
(3) By Lemma 4.8, we have that

(N i)y = ((N:7)g:p) and (T:rp)g=((T:7),: p).

We are going to apply Lemma 4.9(3) to the ideals Y = (N : 1), and Z = (T : 7).
By Lemma 4.8(3), we have that Y = Ny, and Z = T,,. By Lemma 4.6 we get that
Y, = N,. Clearly, Z is the squarefree lex ideal with the same Hilbert function as
Y. Note that Y is (2r — 2)-compressed since N is. Therefore, Y and Z satisfy the
conditions of Lemma 4.9(3) and we can apply it.

We have that

g € gens(Y : u)\ gens(Z : p)
since we consider EK-triples of Type 3. Lemma 4.9(3) yields
q € gens(N : )\ gens(7 : ).

22



(4) follows from (3) and Lemma 4.9(2). O

Next, we construct a map from the set of EK-triples for N to the set of EK-triples
for T'. We will use this map to prove the Main Lemma 3.9.

Construction 4.12. We will define a map ¢ from the set of EK-triples for N to the
EK-triples for T'. First, we introduce notation.

If o = v[[;cr villjes 25, where v is a squarefree monomial in k[A°] and we use
the convention w = z1, then let & be the monomial

a=v H Zi H Yj -
ieT jeJg
Let t1 > --- >ty = z. = x, be all the variables of S not in 7y, ordered lexico-

graphically. For a monomial m, such that mr is squarefree, set

Lmax(m) if Lmax(m) ¢ y
b = the lex-last variable among the t-variables
that is lex-before @, ax(m) if Tiax(m) €Y,

and furthermore, for a monomial m and an integer j, set
tm+j = tp4+; where the integer p is defined by ¢, = t,, .

In cases 2 and 3 below, we will set the integer d such that max(g) = max(t4). In
case 2, e will be the integer such that t; is between z,_. and z,_¢y1. Thus, r —e =
#{z; : max(z;) < max(tq)} (recall the convention z; = w). In case 3 we will set ¢ such
that t4 is between y;_1 and ;.

Denote by & the monomial

~ t +5—1 w
o=« | | L | | —.
yj divides o Y y1 divides a b
i1
and denote by & the monomial

o T H)( 1t

Yj divides «, y] Yj divides «, y-]
max(z]-)<max(g) max(Zj)>max(g)
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The map ¢ is defined as follows: If I' is an EK-triple for IV of the form given in
the third column in the table below, then ¢(T") is given in the fourth column.

Case Type of I' EK-triple I’ »(T)
1) Typel T = (w 99, @) I'= (Tp,9q, @)
2) Type 2 (Tluv 7 ) (Tlav mm:]x(g) td—l—e%, 5[),

hcuc supp(wz), max(g) > max(y,)
3) Type 2 (12, gw, ), max(y1) < max(g) < max(y,) (7%, —L—tgri—1y1, @)

Y1’ Tmax(g)

or (Twz, g, a) or (Ty, %td_i_i 1, @)

4) Type 2 (12, gw, @), (T ylyyz, xmax(g> Y1Y222, Almax(g))
max(w) < max(g) < max(y;)

5 Type3d (7.9, (1, gwz, &)

6)  Type3  (7p,g%,0),0 Cp Csupp(y), p# ;- (79,9, &)

N Typed (. 0mm0) (. guz,3,8)

8)  Type3d (7y,9,@) (122, 92r, yr@@)

9  Type3d (72, gwy;, ) (737 9Yity, 44, @)

10) Type3  (rwz,gy;,a), j#1 (1Y gty; +5> @)

11)  Type3  (Twz, gy, a) (T, gyaty, +1, wa)

Lemma 4.13. The third column in the table in Construction 4.12 lists all the possi-
bilities for EK-triples for N.

Proof: Apply Lemma 4.11. For EK-triples of Type 3, straightforward computation
yields ¢ since we know all possibilities for(N : p) and (7 : p) (see the second table in
Lemma 4.9(3)) and in view of Lemma 4.11(3). O

Lemma 4.14.

(1) The map ¢ is well-defined (i.e., ¢(I") is an EK-triple for T', for all T').
(2) The map ¢ preserves bidegree.

(3) The map ¢ is an injection.

Proof: (2) Straightforward verification shows that ¢ preserves bidegrees.

(3) Let I' = (7p,9q, ), I' = (71, g'q’, &), ¢(T) = (0,£.8), ¢(I'") = (0".¢', 3').
Write 0 = 7\, 0/ = 7'X, £ = wv and ¢/ = /v’ with \, N, u,u” € k[A], v,v" € k[A°].
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Suppose that T' = T,

If 7 # 7/, then ¢(I') # ¢(I"") and we are done. For the rest of the proof, we assume
that 7 = 7. In this case, note that we have the same choice for the variables t; in
Construction 4.12 for T" and I”. Also, note that if & # o/, then & # &', & # &', and
a # &' by Construction 4.12.

If I' and I fall under the same Case in Construction 4.12, it is immediate that
o(T') # ¢(I), except in Cases 2 and 3. In Cases 2 and 3, we have to consider the

/
situation when — 2 = 9 sand 7 =7 p=pu', a =a'. Let d',€,i’ be defined

Tmax(g) max(g’)

analogously to d, e, i. Without loss of generality we can assume that max(g) > max(g’).

Hence, max(ty) > max(t4 ), and so d > d’. Therefore, we have the inequalities i > ¢’

and

¢/ —e=#{zj : zj between ty and ty} <1+ #{t; : t; between t4 and tg} =d —d’.

It follows that d +e > d' + ¢’ and d+i—1 > d + 4 — 1. Therefore, £ # (.
Thus, we may assume that I' and TV belong to different Cases.

Suppose first that I falls under Case 1. We will show that ¢(I") is not an EK-triple
for N, for I in each of the Cases 2 through 11. In Cases 2, 3, and 4, we have that (0

is properly divisible by the monomial 7 y, which is in N by Lemma 4.16; hence

Tmax(g)

£0 is not a minimal monomial generator of V. In Cases 9, 10, and 11, we have that ¢6
is properly divisible by the monomial 7gy, which is in N because (N : 1)y # (T': 7)4
implies y € (INV : 7)4; hence £6 is not a minimal monomial generator of N. In Cases 5
through 8, A = p and u = ¢ have concrete values, and the second table in Lemma 4.9(3)
shows that ¢ is not a minimal monomial generator for (N : u); hence Lemma 4.11(3)
implies that ¢(I") is not an EK-triple for V.

For the rest of the proof, we assume that that neither I" nor I'V is in Case 1.

In many cases, it is clear that A # \'. These cases are listed in the following table.
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Case Case of TV

Difference between A\ and X
Difference between A\ and X

2 5 p#0, soN=p#0. But X =0.
2 6,7,8 i C supp(wz) by Lemma 4.11(2), so ) # X = i C supp(y).
But 0 # X C supp(wz).
3 4 If)\:/\/:Lthenuzi,butuiszorwz.
Y1Y2 Z2
3 5 u:zoru:wz,so)\:/lis;Tory,but)\’:@.
3 6,7,8 ,u:zor,uzwz,so)\:ﬂis;’—lory,but@;é)\’Csupp(wz).
4 6 A= ylyﬁ,but@;é)\’:ﬁCsupp(wz).
4 8,9,10,11 deg(\) =7 — 2, but deg(\') >r — 1.
5 6 N =0 and N £ 0.
5 80,1011 A=0and N ZJ.
6 9,10,11 0 C p Csupp(y), so 0 # X\ = p C supp(wz).
But @ # X C supp(y).
7 8,9,10,11 A= i, but A has a different value.
8 9,10,11 A= "% but X has a different value.
9 10 X=X but N =y.
10 11 A=y,but N =%

Y1’

If A\ = )X, then I' and TV must belong to one of the pairs of Cases listed in the
following table. We assume that A\ = ) and give the differences between I" and I in

the last column of the table.
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Case Case of IV  Difference

of I'

2 3 A=XN= ;’—1, s0u =tgyeyr and v =tgiy_1y1. By
Lemma 4.17 (1,2), u # u’.

2 4 IFA=X =Y then = 2 so max(g) > max(z2) by

Y1Y2 Z2

Lemma 4.10(2), but max(g’) < max(z2).

2 9,10,11 max(tq) = max(g) > max(y,), so
max(¢) = max(tqye) > max(ty, ,) by Lemma 4.17(1).
But max(¢') = max( (max(g'), max(t,,1;) ) < max(ty, 4r),
because max(t,, ;) < max(ty, ;;) < max(ty, +,)
and max(¢’) < max(y,) < max(ty, +,) by Lemmas 4.15
and 4.17(4).

3 9,10,11 max(¢) = max(tq+i—1). In case 11, set 5/ = 1. Then
max(g') < max(y; ). So max({') = max(t, ;) by Lemma 4.15.
By Lemma 4.17(3), max(¢) and max(¢') are different.

4 5,7 u = 1y1Y222, but wz, divides u’.

5 7 yr & B, but y, € §'

6 7,8 yr € supp(f’). But z, = x,, ¢ a so y, ¢ supp(f).

9 11 w € supp(f’). If w € supp(f), then y; € «, so j # 1,

and then y; ¢ ¢ but y; € ¢'.

It remains to prove (1). In each of the Cases in Construction 4.12, we will show
that ¢(I') is an EK-triple for T'. Set ¢(I') = (0, ¢, 3). In all cases it is immediate that
05 is squarefree and that max(f) < max(¢). Thus we need only verify that ¢ is a
minimal monomial generator for (7' : 0).

Case 1 is clear.

Case 2: We have that T M 79 wgeT \ N. Hence 7

xmax(g) xmax(g) wmax(g)

y €N,

yz, € N. Thus 7
Tmax(g) Tmax(g)

SO T yz. € T. Since T is squarefree Borel, we have

td+e¥ € (T : 7fa). Suppose that this is not a
fu

T Ytire € T, and hence

Lmax(g) Tmax(g)

minimal monomial generator. Then 7';1Ltgpre € T. Since T is squarefree Borel
Lmax(g)€
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9

and tgye is lex-after Tpax(g)¥n, it follows that 7/ g q=r y € T. Hence
Lmax(g) Lmax(g)
T wz € N. So we get the contradiction — 9 ¢ (N :7Tp).
Lmax(g) Tmax(g)q

Case 3: Note that max(q) < max(g) < max(y,) < max(zy) implies that either
q=wor ¢g=1. If max(g) > y1 or ¢ = 1, we have that t4,;_1 is lex-after o,,.x(4¢) and
the proof of Case 2 holds, mutatis mutandis. If not, we are in Case 4.

Case 4: We have 7

wz € T\N,soT y € N\T. Thus 7
Lmax(g) Lmax(g) Lmax(g)

N and also T. This yields Y1y222 € (T : TL). If this were not a minimal

Lmax(g) Yi1y2

Y1Y2 € <T : TL>, SO T
Y1Y2

In all of the remaining cases, I' is of Type 3, so it is immediate from the table in
Lemma 4.9 (2) that £ € (T : 0).

Case 5: If gwz were not a minimal monomial generator for (7" : 7), we would have

Yzo €

monomial generator, we would have yelT.

Lmax(g) Lmax(g)

Yz € (T : 7) which implies gy € (N : 7), contradicting the assumption that gy is a
c c
minimal monomial generator of (N : 7).

wz

Case 6: If g were not a minimal monomial generator for (1" : 7p), we would

have Lwz € (T : 7).
c
Case 7: If gwz, were not a minimal monomial generator for (T : 7'£>, we would
Zr
have Lwz € (T : 7).
c

.. . Wz
Case 8: If gz, were not a minimal monomial generator for (T : —), we would
T

have Lwz € (T : 7).
c

Case 9: If gy;ty,+; were not a minimal monomial generator for (T : 7'1>, we
Yj

would have gytyj +j € (T': 7). Since T is squarefree Borel and @,ax(g) is lex-before y;
c

and hence lex-before ¢, ; by Lemma 4.15, it would follow that gy € (T": 7).

Case 10: If gt,,; were not a minimal monomial generator for (T": 7y), we would
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have gty].ﬂ- € (T : 7). Since T is squarefree Borel and Tyax(g) is lex-before y; and
c

hence lex-before ¢, ; by Lemma 4.15, it would follow that gy € (T": 7).

Case 11: If gyit,, 41 were not a minimal monomial generator for (T' : Ty), we
would have gyltyl—i-l € (T : 7). Since T is squarefree Borel and @,y is lex-before
c

y; and hence lex-before t,,;,; by Lemma 4.15, it would follow that gy € (T": 7). O

In the proof of the above Lemma 4.14 we used the following supplementary lem-
mas:

Lemma 4.15. Let 7 € k[A°] and g be a squarefree monomial in k[A°] such that
gty € N. Suppose that either gy; is a minimal monomial generator of (N : Twz) or
that gwy; is a minimal monomial generator of (N : 7z). Then max(g) < max(y,).

Proof:  Suppose the opposite. Let ¢ = Zyaxg) < yj, and gc7'y € N. By Con-
c

struction 4.2, it follows that the ideal N is ({c¢} U A\ {y;})-compressed. Therefore,

gyj (twz) € N. Hence, we have that gyj € (N : Twz) and Qij € (N :7z). Thisis a

c ¢ c

contradiction. O

Lemma 4.16. Let (Tu,9q, «) be an EK-triple of Type 2 for N. Then T

y €N.
Tmax(g)

Proof: Applying Lemma 4.11(2), we have that pg = wz. Thus gq € T;,, so, since

(7w, 9q, @) is an EK-triple of Type 2, it must be the case that — gq( S =g g( :
max(gq max(g
Tr, \ Ny, Hence, T TA = Im:’x(g) Twz € T\ N, so Imfx(g)Ty e N\T. O

Lemma 4.17. Let everything be as in the proof of Lemma 4.14(3). Then:
(1) If max(g) > max(y,), then max(tqye) > max(ty, +r).

(2) If max(g) < max(y,), then max(tqq;—1) < max(t,, 4,).

(3) tayi—1 # ty, 4 for any j > 1.

(4) max(y;) < max(t,,;) for any j > 1.

Proof: (1) We have max(tq) > max(ty,+r—c), as 7 — e = #{z; : max(z;) < max(tq)}.
(2) We have max(ty) < max(y,) and i — 1 < r.
(3) If max(tq) < max(ty,), then i < j. If max(tq) > max(t,,), then i > j.
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(4) ty,; is the lex-last t-variable that is lex-before y;. Hence, t, 11 is lex-after y;.
The variable t,. 1 ; comes lex-later still. Thus, y; > ¢, ;. U

We are ready for the proof of the Main Lemma 3.9.

Proof of the Main Lemma 3.9: Let T be the ideal constructed in Construction 4.5. By
Lemma 4.6, T is a squarefree Borel ideal lexicographically greater than N, and it has
the same Hilbert function as N.

By Theorem 3.3, the graded Betti numbers of S/(N + P) and of S/(T + P) can
be counted using EK-triples. By Lemma 4.14, there exists an injection ¢ from the set
of EK-triples for NV to the EK-triples for T" which preserves bidegree. Therefore, there
are at least as many EK-triples for T" as for N in every bidegree. It follows that for all
p, s, the graded Betti numbers satisfy

bp.s(S/(T + P)) > by s(S/(N + P)).

5. Ideals plus squares

2
n

Let F be a graded ideal containing P = (22,...,22); we say that F is an ideal-plus-
squares. If F' = 1T+ P for some ideal I which is squarefree Borel or squarefree lex, we
say that F' is Borel-plus-squares or lex-plus-squares respectively. By Kruskal-Katona’s
Theorem [Kr,Kal, there exists a squarefree lex ideal L such that F' and the lex-plus-

squares ideal L + P have the same Hilbert function.

Theorem 5.1. Suppose that char (k) = 0. Let F be a graded ideal containing P =

(2,...,22). Let L be the squarefree lex ideal such that F and the lex-plus-squares

ideal L + P have the same Hilbert function. The graded Betti numbers of L + P are
greater than or equal to those of F'.

Proof: The proof has 5 steps. In each of the first four steps, we replace the original
(non-lex) ideal by an ideal with the same Hilbert function and greater graded Betti
numbers.
Step 1: Let F’ be the initial ideal of F' (with respect to any fixed monomial order).
It has the following properties:
o F' DO P.
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o F’ is a monomial ideal with the same Hilbert function as F.

o The graded Betti numbers of F’ are greater than or equal to those of F.
We will prove the theorem by showing that the graded Betti numbers of the lex-plus-
squares ideal L + P are greater than or equal to those of F’.

Step 2: Now, we change the ground field k to an infinite field % of characteristic
2. We denote by F' C k[zy, - -,z,] the monomial ideal generated by the monomials in
F’. Tt has the following properties:

o F D P.

o Fis a monomial ideal with the same Hilbert function as F.

o The graded Betti numbers of F' are greater than or equal to those of F.
We will prove the theorem by showing that the graded Betti numbers of the lex-plus-
squares ideal L + P are greater than or equal to those of F.

Step 3: Now, let M be a generic initial ideal of F (with respect to any monomial

order). It has the following properties:

o M D P because the characteristic of k is 2.

o M is a Borel-plus-squares ideal with the same Hilbert function as F.

o The graded Betti numbers of M are greater than or equal to those of F.
We will prove the theorem by showing that the graded Betti numbers of the lex-plus-
squares ideal L + P are greater than or equal to those of M.

Step 4: The Eliahou-Kervaire resolution [EK] shows that the graded Betti numbers
of a squarefree Borel ideal do not depend on the characteristic. By Theorem 2.1(4)
and Lemma 3.1(1), it follows that the graded Betti numbers of a Borel-plus-squares
ideal do not depend on the characteristic. So now, we return to the ground field k.
We denote by M C k[zy,---,x,] the monomial ideal generated by the monomials in
M. Tt has the following properties:

o MDRP.

o M is a Borel-plus-squares ideal with the same Hilbert function as M.

o The graded Betti numbers of M are equal to those of M.
We will prove the theorem by showing that the graded Betti numbers of the lex-plus-
squares ideal L + P are greater than or equal to those of M.

Step 5: Let N be the squarefree Borel ideal such that M = N + P. Since N + P
and L + P have the same Hilbert function, we can apply Theorem 3.4. It yields that
the graded Betti numbers of the lex-plus-squares ideal L + P are greater than or equal
to those of M = N + P. O
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6. Ideals plus powers

Let a={a; <az <...<a,} be asequence of integers or co. Set U = (z{*,...,z%¢"),
where z7° = 0. We say that a monomial m € S is an a-monomial if the image of m in
S/U is non-zero. Following [GHP], an ideal in S is called an a-ideal if it is generated
by a-monomials.
Set 0 = fo’, and for a monomial a-ideal I set F, = S/(I : 0®)(—20?). Note
€T
that F, = 0 if, for any ¢ € o, a; = oo. Note also that (I : 0®) = (I : fofl) is
i€o
the ideal formed by “erasing” all the variables in ¢ from a generating set for I. The
argument in the proof of Theorem 2.1 yields:

Theorem 6.1. Let I be a monomial a-ideal.

(1) We have the long exact sequence

(6.2)
0 — @ ) S N @FUL @ F, —
lo|l=n lo|=i lo|=i—1
L @ F,-2 @ F,=8/I - 8/(I+U) — 0
lo|=1 |o|=0
with maps ¢; the Koszul maps for the sequence xi*,. .. zo.

(2) Each of the ideals (I : ) in (1) is an a-ideal monomial ideal.
(3) S/(I +U) is minimally resolved by the iterated mapping cones from (6.2).

Remark 6.3. The other results in the previous sections cannot be generalized to
this situation. The first problem is that if I and J are a-ideals, then it is not true
that I and J have the same Hilbert function if and only if I + U and J 4+ U have
the same Hilbert function. The following example from [GHP] illustrates this: the
ideals I = (22,4?) and J = (2%, 2y) have different Hilbert functions, but the ideals
I+ (23,93) and J + (22, y3) have the same Hilbert function.
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