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Abstract

Let R be a polynomial ring over an algebraically closed field and let A be a
standard graded Cohen-Macaulay quotient of R. We say that A is a level algebra
if the last module in the minimal free resolution of A (as R-module) is of the form
R(—s)*, where s and a are positive integers. When a = 1 these are also known as
Gorenstein algebras.

The basic question addressed in this paper is: What can be the Hilbert Function
of a level algebra? Our approach is to consider the question in several particular
cases. E.g. when A is an Artinian algebra, or when A is the homogeneous coordinate
ring of a reduced set of points, or when A satisfies the Weak Lefschetz Property.

We give new methods for showing that certain functions are NOT possible as
the Hilbert function of a level algebra and we also give new methods to construct
level algebras.

In a (rather long) appendix, we apply our results to give complete lists of all
possible Hilbert functions in the case that the codimension of A = 3, s is small and
a takes on certain fixed values.
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Part 1

Nonexistence and Existence



CHAPTER 1

Introduction

Let R = k[z1,... ,xn] = ®;>0R;, k an algebraically closed field of characteristic
0, and let I be a homogeneous ideal of R, A = R/I. The Hilbert function of A,
H, : N — N, (or sometimes H(A, —)) defined by:

has been much studied. In case I is the ideal of a subscheme, X of P*~! (in which
case the Hilbert function of A = R/I is sometimes denoted Hx(—) or H(X, —))
then this function contains a great deal of information about the geometry of this
subscheme.

What possible functions arise in this context? This question was successfully
considered by Macaulay in [51].

That solution was not, however, the end of the story. Many other, related,
questions have also been considered:

i) What can H, be if A is a domain? (see [65]);
i1) What can H4 be if I = Ix is the ideal of a reduced set of points, X, in P*~1?
(see [25]);
i4i) What can Hy be if T = Ix is the ideal of a set of points, X, which is the
generic hyperplane section of a curve in P"? (see [26], [34], [52]);
iv) What can Hy be if A is a Gorenstein ring? (see [3], [11], [16], [17], [28],
(30], [32], [33], [37], [46], [55], [64], [71]).
We can rephrase iv) above as follows: let R be as above and let I be a homo-
geneous ideal for which vT = (z1,...,2,). If s + 1 is the least integer such that
(x1,... ,2,)% C T then

A=kPA  ®---DA; where Az #O.
The socle of A, denoted soc(A), is defined by
soc(A) :=anng(m) where m = ®d;_;A;.

Since m is a homogeneous ideal of A, soc(A) is also a homogeneous ideal of A.
Clearly, As C soc(A).
Write

soc(A) =2, ®--- DA, (noting that A, = A,)
and let a; = dimy(2;). The integer vector
s=s(A) = (a,...,as)

is called the socle vector of A. Notice that ay = dimy s # 0. We also call s the
socle degree of A.
It is well-known that A is a Gorenstein ring if and only if s(A) = (0,...,0,1).

2



1. INTRODUCTION 3

Another integer vector that we can associate to A is its h-vector, h, defined by
h="h(A)=(1,hy,... ,hs) = (1,dimy A4y, ... ,dimy Ay)

which encodes the Hilbert function of A as a vector.
So, question iv) above becomes:

if s(A) = (0,...,0,1) what are the possibilities for h(A)?

We have a complete answer to question iv) in only two cases: when hy = 2
(well known) and when h; = 3 (see [64]).

In this monograph we will consider the following extension of question iv) to
question v)’:

iv)" Let A be an algebra with socle degree s. If s(A) = (0,...,0,¢), with ¢ > 1,
what are the possibilities for h(A4) = (1, hy, ..., hs)?

Algebras A for which s(A4) = (0,...,0,¢), ¢ > 1, are referred to in the literature
as level algebras of type ¢, and their study was initiated by Stanley in [63]. Question
iv)’ has also been considered in [14], [20], [23], [43], [44]. In particular, Tarrobino
solved iv)" in [44] for hy = 2 (see [23] and [13] for further references). Thus, our
interest in v)’ is in the case where hy > 3.

Level algebras have been studied in several different contexts. E.g., there is
a strong connection between level algebras and pure simplicial complexes. More
precisely, if A is a simplicial complex with n-vertices (z1,... ,y), let k[A] denote
the Stanley-Reisner ring associated to A. Set Ax = k[A]/(z%,... ,22). Then the
algebra An is level if and only if A is pure (see [7]).

Certain simplicial complexes also have level Stanley-Reisner rings. E.g., skele-
tons of Cohen-Macaulay complexes, triangulations of spheres and matroid com-
plexes. Other examples come by considering the ideals of minors of a generic
matrix. Also, for any d > 1, n > 2 and any ¢ such that

(d+n) <d+1+n> 1<d+n>
<t< - —
n n n\n—1

t general points in P™ have homogeneous coordinate ring which is level (see [49]).

This monograph is organized in the following way.

In Chapter 2 we make some preliminary definitions, recall some standard re-
sults about level algebras, and give our first results. Our first main result is to prove
a decomposition for finite O-sequences which are the h-vectors of algebras with a
given socle vector. This result (Theorem 2.10) extends and improves an analogous
theorem of Stanley (Corollary 2.11). In Chapter 3 we reinterpret the notion of a
level Artinian algebra homologically. Using this point of view we explain the com-
binatorial notion of Cancelation in Resolutions (first considered for level algebras
in [24]). This simple idea becomes a powerful tool (thanks to a recent result of
Peeva [61]) which we explore. In this chapter we also give some of our principal
“non-level sequence” results. In Chapter 4 we use the homological point of view to
define standard level algebras of any Krull dimension. We also recall the definition
of the Weak Lefschetz Property (see [71]).

The weak and strong Lefschetz properties for Artinian algebras have an inter-
esting history. Although R. Stanley has said (in a private communication) that
he never explicitly mentions this property for arbitrary Gorenstein rings, he does
assert that he was “morally aware of the concept since 1975” (see [66]). Several of
his other papers ([67], [68]) amply support this view. We have always considered



4 1. INTRODUCTION

Stanley as the “godfather” of this concept. The study of this property has also
been taken up by several other authors for Gorenstein algebras (see [35], [32], [55],
[54], [71]). Ours is the first systematic discussion of the WLP for level algebras
(see Propositions 5.11, 5.15, 5.16, 5.18, 5.24, Corollary 5.17, and Example 6.18).

Chapters 5 and 6 are devoted to construction methods for level Artin algebras,
reduced level algebras of positive Krull dimension and level algebras with the WLP.
In section 5.1 we concentrate on the construction of Artin level algebras using
Inverse Systems. In subsection 5.2 we explore level quotients of co-ordinate rings
of sets of points in P™ and also explain some results of Boij [8] in this direction.
In subsection 5.3 we concentrate on constructing level algebras which have the
WLP. In subsection 5.4 we explain the “linked-sum” method for constructing level
Artinian algebras. Since the “linked-sum” method requires us to have level algebras
of positive Krull dimension readily at hand, we recall some results from [23] which
explain how to construct (easily) useful sets of level points. Although the “linked-
sum” method is very powerful for constructing level algebras we show (Remark 5.32)
that it is not always possible to use it.

In Chapter 6 we consider the problem of constructing level sets of points in a
more general way than we had considered earlier. We give four, essentially different,
construction methods. Each of these methods is used to construct new examples
of level algebras.

Chapter 7 is more speculative. There are natural candidates for level algebras,
both at the Artinian level and at the points level, obtained by making “general”
choices. We give a preliminary result and a conjecture, respectively, for these two
situations.

In a (rather large) Appendix we give a complete list of the h-vectors of level
Artin algebras of codimension 3 having socle degree < 5 and of codimension 3,
socle degree 6 and type 2. In all these cases we show that for each h-vector in our
lists there is an example of a level algebra with that h-vector and having the WLP.
For socle degree < 4 and for type 2 in socle degrees 5 and 6 we show that every
h-vector in our list is also the h-vector of a level set of points in P3.

We would like to take this opportunity to thank A. Iarrobino for his interest and
support for this project and for generously sharing his insights about level algebras
with us. We also would like to thank R. Stanley and B. Ulrich for an interesting
discussion about our Theorem 2.10, and G. Dalzotto for the CoCoA program that
was used to generate some of the initial lists in the appendix. It is also a pleasure
to thank the MSRI for its kind hospitality to the first author during part of the
writing of this monograph.

The authors dedicate their work on this book as follows: Geramita to his newly
arrived (Dec. 2004) and much awaited first grandchild, Sophia Clara; Harima to his
late father, Isamu Harima, who courageously endured his illness and died during
the writing of this book; Migliore to his beloved parents, Maria Teresa Migliore and
the late Francisco Migliore; and Shin to the memory of his late father, Sung-Ho
Shin, and to his mother, Kyoung-Rye Kang, who has been fighting her illness in a
hospital for a few years .



CHAPTER 2

Numerical Conditions

In this chapter we define a level sequence to be one that is the Hilbert function
of some Artinian level algebra. We then give some elementary results and recall
some facts from the literature. Our goal is to give several necessary numerical
conditions for a sequence to be level. The main result of this chapter is an extension
of Stanley’s decomposition theorem (see Theorem 2.10).

Let R = E[xy, ..., %)

DEFINITION 2.1. i) The sequence {h;};>o (with hg = 1 and hy < n) is
called an O-sequence if there is a homogeneous ideal I C R such that if
A= R/I then Hx (i) = h,.

74) In particular, the vector h = (1,n,hsa,...,hs) is called an O-sequence if
there is an Artinian quotient A of R whose h-vector is h.
iii) The vector h = (1,n, ha,... , hs) is called a level sequence if there is a level

Artinian algebra having h-vector h. Moreover, we say that the sequence is
a Gorenstein sequence if it is a level sequence with hy = 1.
When hg # 0 we say that s 4+ 1 is the length of the sequence.

Some of the first results about level sequences were obtained by Stanley in [63].
He proved:

THEOREM 2.2. Let h = (1,hq,... ,hs) be a level sequence with hs # 0. Then:

i) for any t, 1 < t < s, the sequence h[t] := (1,hy,... k) is also a level
sequence;
1) for anyi,j with 1 <i,j < s and with i+ j < s one has
hi < hjhiy;;

iii) if hs =1 then h; = hs_; for any i with 1 <i<s—1.

PROOF. As for i), let A=k® A ©---® As be a level algebra with h-vector
h and consider

B=k® A O - @ A
Clearly the h-vector of B is h[t] and it is easy to see that B is also a level algebra.

As for i7), this is a simple consequence of the fact that the natural map 4; —
Homy(A;, A;1;) is injective when A is level (see Lemma 2.7 for a generalization).

ii1) is a consequence of the fact that, since A is Gorenstein, the multiplication
map induces a bilinear form

A;x Agy — A, ~ k
which is a perfect pairing. The result follows. O

5



6 2. NUMERICAL CONDITIONS

Stanley has one more very interesting observation to make about the h-vector
of a level algebra. He shows that the h-vector of a level algebra has to “decompose”
in a very particular way. After some preliminary definitions and lemmas, we give a
proof of a generalization of Stanley’s Decomposition Theorem which can be applied
to Artinian algebras with any socle vector. As a corollary to that result we obtain a
refinement of Stanley’s original statement (undoubtedly known to Stanley, but not
stated in his paper) that is very useful for our purposes. (See Remark 2.12 below.)

Let A = ®;>04; = R/I be astandard graded k-algebra, where R = k[x1,... , 2]
Let 0 # H C A, be a proper subspace of A,. Following [44], we associate two ideals
of A to the subspace H.

DEFINITION 2.3. Let 2 = A(H) be defined by:

ai) ifd < sthenAy={a€ Ay | ads_q C H};
aii) if d = s then 2, = H;
aiii) if d > s then Ag = HAy4—s.

Then 2A(H) is an ideal of A, called the ancestor ideal of H.
Let (H : A) be defined as:

bi) if d < sthen (H: A)y={a€ Ay | aAs—qa C H};
bii) if d = s then (H : A), = H;
biii) if d > s then (H : A)g = Aq.

Then (H : A) is an ideal of A, called the level ideal of H.

REMARK 2.4. ¢) If A is Artinian of socle degree s and 0 # H C A, then
AH)=(H:A).

More generally,

1) If H C soc(A)s then A(H); =0 for all ¢t > s.

LEMMA 2.5. Let A = ®;>04; be a standard graded k-algebra and let 0 # H C
As. Let B=A/{H : A). Then B is a level Artinian algebra with socle degree s and
B, =As/H.

PrROOF. The only thing that requires some comment is the statement that B
is level.

So, suppose @ € B;, t < s, but aB; = 0, i.e., @ € soc(B). Then ad; C
(H : A)ty1. Thus, (aA1)As_41) € H. But, since A is a standard algebra,
AtAg_(141) = As—¢, 50 aAs_ CH. le.,ac (H:A);andsoa=0. O

LEMMA 2.6. Let A = @5_, A; be a standard graded Artinian k-algebra for which
s(A) = (0,...,0,a¢,a¢41,-.. ,as), where asa; # 0. Let 0 # f € soc(A); and let
A=2Af)). Then B= A/ is a standard graded Artinian k-algebra with

S(B) = (0, ,O,at—l,at+1,... ,as).

PRrROOF. It will be enough to prove that if @ € soc(B), then a € soc(A),, since
f €soc(A); gives that B, = A;/(f) and B, = A, for r > t.

Now, @ € soc(B), = aB; =0, i.e., aA; € Ay41. Thus, if u > ¢, then A, 11 =0
and so a € soc(A). If u <t then aA; C Ayy1 = (aA1)(A4—(uy1)) € (f). Since A
is a standard graded algebra, this implies that aA;—,, C (f), i.e.,, a € 2A,. Hence
a =0 for u < t, and s(B) is as claimed. O
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LEMMA 2.7. Let A =k® A1 & ---® A; = R/I be a level Artinian algebra
with socle degree s and let J be any homogeneous ideal of A. Choose any indices
0<1,j <s such that i+ j < s and consider the maps

(pij . J1 — HOHlk(Aj, ‘]H-j)

defined as follows: if x € J; then ;j(x) € Hom(A;, Jiy;) where [p;j(x)](a) = za.
Then the maps @;; are all injective linear transformations.

PRrROOF. It is easy to see that the associations © — ;;(x) are linear transfor-
mations for all 4, j, as in the statement of the Lemma.

We first consider the case j = 0.

Suppose that for some ¢ < s and some = # 0, € J;, the map ¢;o(z) is the
zero linear transformation in Hom(k, J;). But then we have x = z - 1 = 0, which is
nonsense.

Thus, the maps ;o are all injective.

Now, suppose that there are ¢, j such that i + j < s and the map

Pij - Jl — I‘IOHI(AA]'7 Ji+j)
is not injective. Then, there is a smallest such j for which this is true (which must

be > 1) and which we will denote j'. Let = € J; with « € Ker ¢;;,. Then

iy () € Hom(Aj, Jiyjr) is the zero map, i.e.,
[ij(®)](a) = 0 for all a € Ay, ie.,
za = 0 for all a € Aj.
Now A;s = A1 Aj/_1 so za = 0 implies that zua’ =0 forall u € A, o’ € Aj_1.
Le., za’ € soc(A).
But, A is level and deg(za’) =i+ (j'—1) < sand so za’ = 0 for any o’ € Aj/_;.
But then ¢; js_1(x) is the zero map, contradicting the minimality of j'. O
We now come to the key lemma in this circle of observations.

LEMMA 2.8. Let A, f, A be as in Lemma 2.6. Then the vector
(dimk Qlt = 1, dimk Q[tfl, e ,dimk Qll, dimk Q[Q)
is an O-sequence which is the h-vector of a quotient of A.

PROOF. Let C = k@& A1 & --- & As. Then clearly C is a level algebra and
f € A, is a socle element of C' and 2 is an ideal of C, since 2, = 0 for all r > ¢.

Let F := Homy (2, k). Then F = Ey @ --- ® E; where E; := Homy (A;_qg, k).
Since Eq = A}_, we have that

dimk Ed = dlmk Q[:—d = dimk Qlt_d.

In particular, dimy Fy = 1.

Now, if x € C' and ¢ € E and we define

(z 0 p)(y) := p(zy)

then E acquires the structure of a graded C-module. In fact,
Claim. If 0 # £ € Ey then E ~ C¢ as C-modules.

Notice that once the Claim is proved we will be done. To see why, consider
the C-module homomorphism x : C — E defined by x(a) = £a. By the Claim, x
is surjective and so E ~ C/Kery. By definition, the h-vector of C/Kery is an O-
sequence and that is precisely the sequence we are considering. The final statement



8 2. NUMERICAL CONDITIONS

of the Lemma is an immediate consequence of the fact that F is isomorphic to a
quotient of C' and C' is a quotient of A.
So, it suffices to prove the Claim.

Proof of Claim. Clearly it suffices to show that E; = Cy4€ for every d, 0 < d < ¢,
i.e., that the maps Cy ® Ey — FEg4, given by the C-module structure on E, are
surjective; equivalently that the maps Ej — C ® Ef are injective.

Now,
E; = Hom(U;_g, k)" = Hom(Hom (™Us_g, k), k) = As—q
and
Ci®E; = Hom(Cgy k) ® Hom(Uy, k)*
= Hom(Cy, k) @2,
= Hom(Cy4, ).
But, in Lemma 2.7 we showed that 2;_4 — Hom(Cy, ;) is injective for every d.
That completes the proof of the Claim. O

Before we state our extension of Stanley’s Theorem, we need to make one more
definition.

DEFINITION 2.9. Let h = (1,hq,... ,hs) be an O-sequence. If ¢ > 0 we define
h(t) to be the t + (1 + s) vector,

h(t) = (0,...,0,1,ha,... , hy)

obtained from h by adjoining t zeroes to h at the beginning.
We say that h(t) is the t-shift of h.

Now for the promised generalization of Stanley’s Decomposition Theorem.
THEOREM 2.10. Let A be an Artinian k-algebra with socle degree s for which
h(A) = (1,h1,... ,hs) and soc(A) = (0,...,0,a¢, ... ,as)

where atas # 0. Then the reverse of h(A) is the sum of:

i) a Gorenstein sequence (1,b1,... ,bs_1,1) (of length s + 1) which is the h-
vector of a quotient of A;
ii) hs—1 O-sequences (1,dj1,... ,djr;), j=1,... ,hs—1, each of which is the
h-vector of a quotient of A;
ii) a; vectors (j =t,...,s — 1) of the form h; (s —j), r =1,...,a;, where
hjr(s—j) is the (s — j)-shift of an h-vector of a quotient of A.

Proor. We work by induction on n = Y;_, a; (the Cohen-Macaulay (CM)
type) of A.

If n =1 then A is Gorenstein and we are done.

So, suppose we are given A and the CM-type of A is n and we assume the
theorem is true for all Artinian k-algebras of CM type < n—1. Choose f € soc(A)y,
so f is a socle element of minimal degree in A, and let 2 = A((f)). Consider the
short exact sequence

0—A—0A— A/A— 0.
By Lemma 2.6, B = A/2 is an Artinian k-algebra with soc(B) = (0,...,a; —
1,a441,... ,as) and hence has CM type = n — 1. Thus, by induction, the theorem
is true for B.
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Comparing dimensions in every graded piece in the short exact sequence above
we find that the reverse of the h-vector of A is the sum of the reverse of the h-vector
of B and the vector

(0,...,0,1=dimy2,,...,dims; Ay, 0).

But, by Lemma 2.8, this last is the (s —t) shift of an h-vector which is the h-vector
of a quotient of A.
If we now apply the induction hypothesis to the ring B we are done. O

As an immediate corollary we obtain,

COROLLARY 2.11. Let h = (1,hq,... ,hs) be a level sequence with hs > 1 and
let A be any level Artinian algebra with h(A) = h. Then the wvector
(hsyhs—1,.-. ,h1,1) is the sum of:

1) a Gorenstein sequence (1,by,... ,bs_1,1) (of length s + 1) which is the h-
vector of a quotient of A and

2) hs —1 O-sequences (1,dj1,...,djr;), j =1,... ,hs — 1, each of which is
the h-vector of a quotient of A.

REMARK 2.12. a) Stanley’s original theorem in [63] simply states that the
“reverse” of a level O-sequence (with first entry hg) is the sum of hy O-sequences.
It does not mention that one of those sequences has to be a Gorenstein sequence
nor does it mention that the Gorenstein sequence has to have length s+ 1. The fact
that all the sequences have to be O-sequences of quotients of A is not mentioned
either. The paper [63] does not offer any proof of the theorem, but it is clear that
the line of argument we have given for Corollary 2.11 is probably exactly what
Stanley had in mind. In fact, in private conversations with the first author, Stanley
assured us that he was aware of these extra conditions.

In [63], Stanley points out that the reverse of (1,4,2,2) is not the sum of two
O-sequences and so is not a level sequence. Note that in this case the reverse is not
the sum of ANY two O-sequences, i.e., for this sequence one doesn’t even need the
extra conditions we mentioned above to eliminate it as a level sequence.

More telling, perhaps, is the sequence h = (1,3,6,5,3,2). The reverse of this
sequence can be written as the sum of two O-sequences, namely (2,3,5,6,3,1) =
(1,3,5,6,3,1) + (1,0,0,0,0,0) even with one of them a Gorenstein O-sequence (the
second). But, we cannot write this as a sum of two O-sequences which satisfy the
conditions of Corollary 2.11. We’ll see that below.

Notice also that (2,5,10,6,3,1) = (1,1,1,1,1,1) + (1,4,9,5,2,0) gives the reverse
of h =(1,3,6,10,5,2) as the sum of a Gorenstein sequence of the right length and
another O-sequence. But, the second O-sequence in this decomposition is not the
h-vector of a quotient of an algebra having h-vector h. In fact, as we’ll see below,
h is not a level sequence.

These two examples are a good illustration that the extra conditions mentioned
in Corollary 2.11 are very useful.

b) A simple consequence of Theorem 2.10 is that if we let
h = (1,?11,... ,fzr), r<s

be any one of the O-sequences in the decomposition promised by the theorem, then
hy < hy.
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This fact can be used profitably to show that certain O-sequences are not level
sequences.

E.g., consider any O-sequence (1,3,...,10,5,2). A simple check of the possi-
bilities shows that the reverse of such a sequence cannot be written as the sum of
two O-sequences, each with second entry < 3, and satisfying the conditions 1) and
2) of Corollary 2.11.

Similar observations serve to show than any O-sequence of the following type:

(1,3,....,2,2), (1,3,..,>8,4,2), (1,3,....,>10,5,2),
(1,3,6,..,4,3,2), (1,3,6,..,5,3,2), (1,3,6,...,5,5,5,2)

is not a level O-sequence.

¢) Corollary 2.11 is also useful in other ways.

Consider the O-sequence (1,3,6,5,4,2) and suppose we want to investigate if
it is a level sequence. There are only two ways that (2,4,5,6,3,1) can be written
as the sum of an O-sequence and a Gorenstein sequence of length 6, namely

(17 1’ 1’ 17 17 1) + (1737 4’ 5’ 270)

and
(1,2,2,2,2,1)+ (1,2,3,4,1,0).

But notice that, as far as the first decomposition is concerned, (1, 3,4, 5, 2) can-
not be the h-vector of a quotient of any level algebra A with h-vector (1, 3,6, 5,4, 2).
For, if it were, A would have an ideal I for which Is # 0 and I3 = 0. Le., A; I, = 0.
Le., I C soc(A), which is impossible.

So, we have only one way to satisfy the conditions of Corollary 2.11.

We'll see later that (1,3,6,5,4,2) is NOT a level O-sequence by showing that
the unique possibility above cannot occur.

There are different ways we can use Corollary 2.11, in conjunction with other
results, to show that certain O-sequences cannot be level sequences.

ExXAMPLE 2.13. In this example we will show that there are no Artinian level
algebras of socle degree s with h-vector h = (1,3,«,...,5,3,2).

By Macaulay’s theorem the only possibilities for a are 3, 4, 5 and 6. With
a small amount of work one can show that the only decomposition that will work
with Corollary 2.11 occurs when @ = 5 and

h=(1,0,...,0)+(1,3,5,...,5,3,1)

where the second O-sequence must be a Gorenstein sequence of length s + 1.

Now suppose that A = k[x, x2, 23]/ is an Artinian level algebra with h-vector
h. Then the proof of Theorem 2.10 says that there is an ideal J where I C J and
B = k[z1,x2, 23]/ J has h-vector the Gorenstein sequence above.

But by [[29], Theorem 2.17] (see also [17]) any Gorenstein ideal with that h-
vector is generated in degrees < s — 1. But, J is generated by I and one more
element of degree s. Since I and J agree in degrees < s — 1 we must conclude that
I = J and that is a contradiction.



CHAPTER 3

Homological Methods

There is another way to think about level Artinian algebras which is very
important. Let A =k® A1 @ - @ A be any Artinian quotient of R = k[z1, ... ,z,]
and let soc(A) = A, & --- A be as above. The only structure that the ideal
soc(A) has is that of a graded k-vector space. So, it is the socle vector of A,
s(A) = (a1,...,as) which actually records the dimensions of the graded pieces of
this vector space.

We have that A = R/I where I is a homogeneous ideal of R having height n
and so A has a minimal graded free resolution I, as R-module, of the form:

F: 0—-Fp1—>-—>Fr —=>Fg—>R—->A—0
where the F; are each free graded R-modules. In fact,
Fj =@ R(—(j + 1+ t)Prs1+ ¢ > 0.

The numbers {B;,}, for fixed j, 0 < j < n — 1, are called the j** graded
Betti numbers of the ideal I. It is well-known that the socle vector of A, s(4) =
(a1,...,as), is related to the (n — 1)* graded Betti numbers as follows:

6n71,n+i = Q;.
It follows that A is a level algebra if and only if 3,,—1 »+; = 0 for all 4 # s.

For I as above, the Betti diagram of R/I is a useful device to encode the graded
Betti numbers of R/I (and hence of I). It is constructed as follows:

0 1 e n—1
0 1 0 0 e 0
1 0 * * - %
t 0 50,t+1 51,t+2 * ﬁnfl,tJrn
d—210 Bog-1 Pia ¥ PBa—l.d—24n
d—=1|0 Boa Biari * Bu-1,d—14n
d 0 Bod+r Bra+2  *  Ba—tld+n

How can one use the relationship between the socle and the graded Betti num-
bers to discover if h = (1,hy,...,hs) is a level sequence? In the paper [24] the
authors offered the following observations: it is a well-known theorem of Bigatti-
Hulett-Pardue ([4], [41], [60]) that, given any O-sequence h, as above, there is an
extremal algebra & = R/L with h(€) = h and j'" graded Betti numbers {e;;}
where 0 < j<n—1andj+1<i<j+1+r;(&) having the following property:

11
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if B = R/I is any other graded k-algebra with h(B) = h then the j** graded Betti
numbers of I, call them {7;;}, must satisfy

(3.1) Tji < €ji

for all j and every 1.
The ideal that Bigatti and Hulett use (in characteristic 0) is the lex segment
ideal, £ of R, for which R/L has h-vector h.

The simple observation of [24] is that, in order for h to support a level algebra,
we have to be able to cancel all extraneous Betti numbers from the last free sum-
mand in the Bigatti-Hulett-Pardue (BHP) resolution. Moreover (following a recent
observation of Peeva [61]) the only way we can “cancel” graded Betti numbers is if
there are the same graded Betti numbers in the adjacent free modules of the BHP
resolution (something obvious in case n = 3).

Let’s illustrate this observation with a simple example.

ExaMPLE 3.1. Let h = (1, 3,4,5,4,4,2) be an O-sequence. Then, the extremal
algebra & = R[x1, 29, x3]/I with h-vector h above, has Betti diagram:

01 2
0/1 0 0 O
110 2 1 0
210 0 0 O
310 2 3 1
410 0 0 O
510 2 4 2
6\0 2 4 2

The only way that h could support a level algebra is if we could cancel all the
non-zero terms in the last column except the final 2. The only way we could cancel
something from the last column is if there is something in the next last column,
and one row lower, which allows the cancelation. E.g., the 2 in the column labeled
2 of row 5 could (numerically) be canceled against the 4 in the column labeled 1 in
row 6. However, the 1 in the column labeled 2 of row 3 cannot be canceled as the
4th row has a 0 in the column labeled 1. In other words, no matter what algebra
we find with h-vector (1,3,4,5,4,4,2), that algebra must have a one dimensional
socle in degree 3.

Of course, even when cancelation is numerically possible, there is no guarantee
that a level algebra will exist with a given h-vector. But still, the fact of non-
cancelation (as we’ll see later) permits us to eliminate many h-vectors as potential
level sequences.

We were spurred on to thinking about this by a remark of Cho and Iarrobino in
[14]. They indicated how h-vectors which contain certain subsequences could not
be level sequences. They offered no explicit proof for their statement but indicated
that their observation was a consequence of a theorem of Gotzmann.

In attempting to understand this remark we came up with a different explana-
tion which uses a celebrated theorem of Eliahou-Kervaire. Since our approach is
different and not only permits us to reprove the result of Cho and Iarrobino but
also prove other results not mentioned by them, we think it worthwhile to indicate
our reasoning.
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Eliahou and Kervaire [19] studied minimal free resolutions of certain monomial
ideals. We recall some of their notation and results now.

DEFINITION 3.2. Let T' € R = k[z1,... ,2,] be a term of R. Then
m(T) := max{i | x; divides T7}.
i.e., m(T) is the largest index of an indeterminate that divides T.

THEOREM 3.3 (Eliahou-Kervaire). Let I be a stable monomial ideal of R (e.g.
a lex segment ideal). Denote by G(I) the set of minimal (monomial) generators of
I and by G(I)q the elements of that set which have degree d. Then

w5 ()

T € G()i—q 4

This wonderful theorem thus gives all the graded Betti numbers of a stable
monomial ideal just from an intimate knowledge of the generators of that ideal.
In the case of the lex segment ideal with a given Hilbert function H, we know -
in theory - all the generators of the ideal and so can write down the graded Betti
numbers algorithmically. Since the ideal that Bigatti and Hulett used to construct
an extremal algebra with given h-vector is a lex segment ideal, we may apply this
result to those ideals.

It is a simple consequence of the Eliahou-Kervaire theorem that if I is a stable
monomial ideal which has NO generators of degree d then 3, ; = 0 whenever i —q =
d.

Using the Betti diagram we can restate that observation: if I is a stable mono-
mial ideal which has no generators of degree d (i.e., 8y,¢ = 0) then the entire row
of the Betti diagram beginning with (3 4 is zero.

So, a natural question is: when can we say, for a stable ideal I, that I has no
generators of degree d? Very generally we know that I has no minimal generators
of degree d & RiI;—1 = 1.

A particular case in which we can be sure that Ri1l;_1 = I4 is when the ideal
I grows minimally in the passage from degree d — 1 to degree d. Le., if

hd_1 = dimk(Rd_l/Id_l) and hd = dlmk(Rd/Id)
then I has no minimal generators of degree d if (in the Macaulay notation - see [51])
(3.2) Ry = hy

i.e., the passage from hg_1 to hg is maximal growth (in the sense of Macaulay).
Thus, if we combine the result of Bigatti-Hulett and Pardue with that of Eliahou
and Kervaire, we see that ANY algebra with Hilbert function satisfying (3.2) above
must have the (d — 1)%¢ row of its Betti diagram identically 0.
This sets us up for the following result.

THEOREM 3.4 (Cho-Tarrobino). Let hg—s2, hqg—1, hq be three non-zero integers
such that
ha=h3'"”  and  hgoy = h3G .
Let I be any ideal in R = k[xy,... ,x,] such that the Hilbert function of R/1
satisfies
H(R/I,d*?) = hgo+4e €20
H(R/I,d—1) = hg-1,
H(R/I,d) hg.
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Then, the ring R/I has socle of dimension € in degree d — 2. Consequently, if
I has minimal free resolution F, as above, then

ﬂnfl,dJran =E&.

PROOF. First note that it will be enough to prove the theorem for the Artinian
ring
L’/
(R/1)>a41

The reason is that both A and R/I agree in degree < d and hence the socle of one
in degree d — 2 is the same as the socle of the other in that degree.

So, from now on we will assume that I is an Artinian homogeneous ideal.

Now, suppose further that I is a lex-segment ideal whose Hilbert function is as
required in degrees d — 2, d — 1 and d.

If £ = 0 then, by the discussion above, I has no generators of degree d — 1 and
80 fo,d—1 = 0. Consequently that entire row of the Betti diagram is = 0 and (in
particular) B,—1,44n—2 = 0.

Now suppose that € > 0. By hypothesis, I has no generators in degree d, so if
m is the largest monomial in I;_; then x,m is the last monomial in I;. Let V be
the lex segment in degree d — 2 of codimension hy_o. Then, by assumption, I;_o is
of codimension ¢ in V.

Since hg_2, hgq—1 is maximal growth we have that RV = I;_;. Now, the
monomials of I;_1\R;114—o are precisely the set of minimal generators of I in degree
d — 1. Since our interest is in ,_1 44+n—2 We need to show that

&)

To do that we begin by showing that among the elements of I;_1\ Ry 2 there
are at least € monomials 1" which are divisible by x,,, for in that case we will have,
for those monomials, that m(T) = n and thus each monomial will contribute 1 to
the sum above.

But this is clear, since if mq, ... ,m. are the distinct monomials of V\I;_o then
TpMi, ..., TpMme are in Iy 1\R1I o and we are done.

To finish the argument for the lex segment ideal it suffices to show that (in
the notation above) x,m;,...,x,m. are the only monomials divisible by z, in
I \RiIg—.

But, suppose that m’ € Ry_1\R1I4—2 and x, | m’, i.e., m' = x,m”. Then,
since hg_2,hg_1 is maximal growth, we must have m” € V. But, if m"” ¢ V\I;_»
then m” € I;_5 and hence x,,m" € R1I;_5 which is a contradiction. So, z,m1,... ,
T,m. are the only monomials among the generators of I in degree d — 1 which are
divisible by x,, and so 3,,—1,4+n—2 = € exactly.

Now, using the relationship between the (n — 1)%* graded Betti numbers of T
and the socle of R/I, we conclude that R/I has socle precisely of dimension ¢ in
degree d — 2.

Thus, the (d — 2)"? and (d — 1) rows of the Betti diagram of R/I look like:

d—2: 0 fBoa-—1 - Br—-2,n+d—3 Brn-1,n+d—2 = €,
d—1: 0 Boa=0 -+ PBno2nta2=0 Bu-1nta-1=0.
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Now, let I be any ideal whose Hilbert function agrees with that of the lex-
segment ideal discussed above. By the Bigatti-Hulett-Pardue theorem, the Betti
numbers in the resolution of R/I come from cancellation of Betti numbers in the
resolution above. By the Peeva Cancelation Theorem, that cancelation can only
occur in an adjacent free module in the resolution. Hence, in the particular case
when we want to cancel something in the last term of the resolution it follows that
the cancelation can only occur against something in the penultimate term. Thus,
since B,—2n+d—2 = 0 in the resolution of the lex segment ideal, that graded Betti
number must be zero also in the resolution of our ideal. This implies that for our
ideal, we must also have 3,,_1 p4+4—2 = €. Thus, any ideal I whose Hilbert function
is as required, must have socle of dimension precisely ¢ in degree d — 2. O

COROLLARY 3.5. Leth = (1,hy,... , hy) be the h-vector of an Artinian quotient
of R with socle degree t. Suppose that for some d — 2 < t we have three integers
t o, By and k), for which:

r_ g1 <d—1> / g <d=2>
d = Ng—1 and d—1 = Ng—2

and such that
hg—o = h:i—2 +e, >0, hg1 = h:i—l and hg = h:i .
Then h is not a level O-sequence.

PrROOF. From the theorem we have that any algebra with h-vector as given
must have an e-dimensional socle in degree d — 2 and hence cannot be level. O

EXAMPLE 3.6. One can use this result to eliminate many possible O-sequences

as level sequences. E.g., any h-vector h = (1,hq,...,hs) of an Artinian algebra
of socle degree s for which hy = hgy1 = a < d and hg_1 > a cannot be a level
O-sequence. For example, anything of the form (1,3,... ,%4,2,2,...) is impossible

as a level O-sequence whenever x4 > 2 and d > 2. In fact, we’ll see that even the
sequence (1,3,2,...,2,2) is impossible (see Proposition 3.8, b) below).

REMARK 3.7. We want to emphasize that Theorem 3.4 is a “non-cancelation”
result of the type that we alluded to earlier. If h = (1,hq,... , hs) is the h-vector
of an Artinian algebra of socle degree s satisfying the hypothesis of Theorem 3.4,
then the proof of that theorem really shows that there are two rows in the BHP
resolution associated to h which are of the form:

d—2: 0 Boa-1 - PBn-—2mn+d-3 BPn-1ntd—2,
d—1: 0 Boag - DBn-2ntd—2 Bun-tntd—1,
where
(3.3) d—2<s and Brn—-1n+d—2 > Bn—2n+d—2-

(In the case of Theorem 3.4 we had 5,1 n+a—2 > 0 and Bp_2ntra—2 =0.)
But, the important thing in Theorem 3.4 was really the information in (3.3).

Since, as we mentioned earlier, there is an algorithm to calculate all the graded
Betti numbers in the BHP resolution starting only with A, it is possible to use (3.3)
to easily eliminate many h-vectors as potential level sequences.

In fact, such an algorithm has been implemented in CoCoA [12] by E. Carlini
and M. Stewart (Type Vector Package). We have used that programme extensively
in the Appendix.
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We now give some other results, similar to that of Theorem 3.4, which rely on
Remark 3.7 and are not mentioned in [14].

PROPOSITION 3.8. Let h = (1,n,ha,... ,hs) be the h-vector of an Artinian
algebra with socle degree s. Then h is not a level sequence in each of the following
cases:

S

) ha=hay1=p<d—1andhg_1 > p;

) ha=hay1 =p=d and hg_1 >p=d;

)hd hiy1=p=d+1and hg_1 >d+1=p;

d) hg=hgr1 =p<2d and hgy—1 >p+n andd>n+2.

o o

PRrROOF. For a) note that p p pin degrees d—1, d, d+1 is maximal growth
so this is an immediate consequence of Corollary 3.5 and generalizes Example 3.6.

We will need the following information both for the proof of b) and ¢), so we
record it now.

The last d monomials of degree d in R are

d—1 d—2,2 d—1 d
Ly 1Tny, Ty 1Ty, 3 Tn—1T, 5, Ty

and the last d + 2 monomials in Ry_1 are

xn,gxn,lx‘i 3 y Ty Qacd 2,fo:11, xfl 21xn, e X 1xd 2, xi‘l.
For b) note that the sequence d d in degrees d, d+ 1 is maximal growth. So, if
I is the lex-segment ideal in R associated to h then I has no generators in degree
d+ 1, i.e., ﬂO,d-&-l =0.
We claim that there is a socle element in R/I of degree d —1, i.e Bp—1 ntd—1 >
Bn—2mn+d—1. But, since By 441 = O this implies that 8,_2 ntq—1 = 0 also. So, it’s
enough to show that 8,_1 n4+q-1 7# 0.

Now,
pas=, 2 (W20

T € G(I)a

and so it will be enough to show that m(T) = n for at least one generator of I of
degree d.

Our assumption is that hy = d, so the monomials not in I; are the last d
monomials of Ry, i.e., those listed above.

Our other assumption in this case is that hq_1 > d. So, we have (at least) that
the last d + 1 monomials of R;—; (listed above) are not in Iy_1.

Now, consider #,_ozd~! € Ry. This monomial is in I; but it is not in Ry/4_1.
For if it were we would have either xd Lor xn_ga:Z’z in I;_1 and that is not the
case.

Thus 2, 224"t € G(I)4 and m(z,_22¢~1) = n and we are done in this case.

As for ¢), again we’ll show that 5,,—1 nta—1 > Bn—2,n+a—1 for the lex segment
ideal associated to h.
Since (d + 1)<%> = d + 2 we see that the lex segment ideal has exactly one

generator in degree d + 1 and that is xn 1. For this generator m(T) = n — 1 and so

Bo-2mpa1= (mngz; 1) =1.

Te G(I)a+1
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We turn now to

m(T) —1
ﬁnfl,n+d71 - Z ( n—1 )
Te G(I)a

and this requires us to investigate the generators of I of degree d. Since hy—1 > d+1,
by hypothesis, this means that there are at least two minimal generators of I having
degree d.

We claim that both z,, 22,1242 and z,,_o22~! are minimal generators of I.
Since both of these involve z,, we will be done once this claim is proved.

Since both are in I, it suffices to show that neither is in R;1;_1. The argument
is as in b) and so we are done in this case as well.

We now consider part d) of this Proposition. We can assume, without loss of
generality, that p > d + 2 since the other cases have already been considered above.

Note that since d +2 < p < 2d then p = d+ 1+ r with »r < d — 1. Thus the
d-binomial expansion of p is:

Ty (d-1y, o (d-r
P=1 a d—1 d—r
d+2

and hence p<'> = () 4r=d+2+r=p+1.

It follows that the lex-segment ideal with h-vector as above has exactly one
generator in degree d + 1. This means that there is only one monomial 7" in G411

and so
m(T)—1 n—1
Brn-2,d+n—1 = (T) < =n-—1.
n—2 n—2

(In fact, it is either equal to n — 1 or to 1.)

How many generators does the lex-segment ideal with this A-vector have in
degree d? It is easy to see that the number of generators of the lex-segment ideal
in degree d is exactly h;fl_b — p, so we need to estimate this number.

Claim. h3%7'> —p>n+1.

Proof of Claim. Note that we are assuming that hgq—1 > p + n. Recall also that
—<d=1> ig 3 strictly increasing function, so it is enough to prove the claim for the
least possible value of hg_1, namely p +n (n > 0).

Now, since d + 2 < p < 2d we have that the d — 1 binomial expansion of p is
given as follows.

d d—1 d—3
for p=2d, p_(d—1)+(d—2)+(d—3)7
d d—1
for p=2d-1, p_(d—1)+(d—2)’

d d—2 d—r—1
for p=d+r, 2<r<d-2, p:(d—1)+(d—2)+“.+<d—:—1>'

Thus,
, if p=2d,
p=142 if p=2d—-1,
1, if p=d+r, 2<r<d-2.
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We can thus conclude that
h;_dl—1> _pZ (p_|_n)<d71> _p2p<d71> _p_|_n2 TL+1

as we claimed.

Now since p < 2d and d > n + 2, it is enough to look at the last 3d monomials
of degree d to see at least n + 1 of the generators of I in degree d.

The last 3d monomials of degree d are

2 d-2 .2 _d-3 2 d—2 d-1 d—2 d—1
Ty 0Ty 13 Tm_0Tp_1Tn, -y Ty 1Ty Tn—2Ty_ 1, Ln—2Tpy_1Tn, s Tn—2Ty
d—1 d
d d—1 d
Ty 1Ty 1Ty o5 Ly -
d+1

Notice that among these, only the monomials T in
d d-1 .2 _d-2
(34) {xn—17 Tn—2Tp_1,Tp—2%p_1

satisfy m(T) = n — 1. Moreover, any consecutive collection of monomials among
these last 3d which contains two elements of (3.4) contains at least d monomials
and d > n+2. Put another way, for any consecutive n+ 1 monomials (among these
last 3d) there are always at least n for which m(7T") = n.

It follows that
m(T) —1
ﬁnfl,n+d71 = Z ( n—1 ) Z n

TeG(I)a
and hence
Brn-1,n+d—1 > Pn—2,n+d—1
as we wanted to show. O

Here is another non-cancelation result.

PROPOSITION 3.9. Let hg—o, hqg—1, hq be three integers such that

ha=h3'"”  and  hgy =h3G
Let I be any ideal in R = k[x1,... ,x,] for which
H(R/I,d—2) = hg_o+e, €>n,
H(R/Ld—1) = has,
H(R/I,d) = hg—L

Then dimy soc(R/I)q—2 > 1 and so any O-sequence
(l,n,... yhao+e ha1,hg—1,... ,hs)
of length s+ 1 (s > d) is not a level O-sequence.
PROOF. As we saw in the proof of Theorem 3.4, it is enough to show that when
1 is a lex-segment Artinian ideal having socle degree d and satisfying the conditions
of the Proposition, then 8,_1.4—2+n(R/I) > Bpn_2.d—2+n(R/I).

So, let’s suppose that [ is a lex-segment Artinian ideal satisfying the conditions
of the Proposition.

Claim. dimy soc(R/I)4—2 = €.
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Proof of Claim. Let V' C Ry_o be the lex-segment subspace of codimension hg_so.
The assumption that hg_1 = h;f;b implies that BV = I;_1. Since —<%=1> is a
strictly increasing function we know that

V={f€Rqy—2 | Raf CIq_2}.

Thus, V/I;_o = soc(R/I)g4—s.
The hypothesis gives that the codimension of I;_5 in V is exactly ¢ and that
completes the proof of the Claim.

Since we know the dimension of the socle of R/I in degree d —2 is €, we obtain

Bn—1,d—24n(R/I) = €.
So, it will be enough to show that 5,_2 4—24+n(R/I) < e. But,

Bn-2,d-21n(R/T) = (m(T) 2 1)

n—2
TeG()a

by the Eliahou-Kervaire result. Our assumption is that H(R/I,d) = hq — 1 and
that gives us that I has exactly one generator, T, in degree d. If m(T) = n then
B = Pn-2d-24n(R/I)=n—1;ift m(T) =n—1then f§=1and if m(T) <n-—-1
then 8 = 0. In each case, ¢ > 3 and so we are done. O

REMARK 3.10. We can apply this Proposition to the O-sequences (1,3,...,>
6,3,2) since 35_2, 35_1, 35 satisfies the maximal growth criterion of the Proposition
as soon as s — 2 > 3.

Similarly, we can apply the proposition to the O-sequence (1, 3, 6,10, 9, 10) since
the triple 73, 94, 115 satisfies the maximal growth criterion.

Although it is important to have simple criteria on an h-vector which allow us
to recognize when there is “non-cancelation” (see Remark 3.7) i.e., theorems like
Theorem 3.4, Proposition 3.8, and Proposition 3.9, it would be wrong to assume
that “non-cancelation” is the only thing that prevents an h-vector from being a
level sequence (something which is true for h-vectors which begin (1,2,...), see
[24)).

The following examples (and several more which we will indicate in the Appen-
dix) show that even when an h-vector seems to permit cancelation arithmetically,
that cancelation need not be possible.

ExaMPLE 3.11. Counsider the h-vector h = (1,3,5,7,6,6,2). The Betti dia-
gram of the lex-segment ideal with this h-vector is

0 1 2
0/1 - -
-1 - —
21 = — — _—
3l - 3 5 2
4l- 1 2 1
51— 5 9 4
6\— 2 4 2

Now suppose that A = R/I, R = k[x1,x2, 3] is a level algebra with h-vector h as
above.

Claim. The minimal number of generators of I, in degree 6, is < 5.
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Notice that once this claim is proved we are done. Since then £y 6(A) < 5 and
by the Bigatti-Hulett-Pardue result (see (3.1) above) we must have 1 6(A4) < 2.
This, in turn, implies that 32 6(A) > 1 and hence A cannot be level.

Proof of Claim. Suppose that I has 5 generators in degree 6 and let J = I<5. Then
the Hilbert function of R/.J begins 1357667 ---. Now, we can use Theorem 3.4
to assert that R/J has 1-dimensional socle in degree 4. Since R/J and R/I agree
in degree < 5 we conclude that R/I cannot be level.

We note that, using the same kind of argument, one can show that the following
h-vectors are also not level sequences:

ExXAMPLE 3.12. To show just how far from “cancelation” we can be without
obtaining a level sequence, we consider another example. Let h = (1,3,6,9,6,4,2).
The Betti diagram for the lex-segment ideal with this h-vector is

0 1 2
0/1 — — -
11 - — — _—
2] - 1 — -
3] - 6 10 4
4l - 3 5 2
50— 2 4 2
6\— 2 4 2

If there were a level algebra with this h-vector we’d have to be able to cancel
B2,6 = 4 from this diagram.

So, suppose that A = R/I is a level algebra with this h-vector. If I has no
generators in degree 6 then we’d have a contradiction: for then 8y¢ = 0 and so
B1,6(A) < 3. But, we need 1 6(A) > 4 to cancel the 6 = 4.

So, it suffices to show that I has no generators in degree 6 (we know that it
has < 2 generators in degree 6).

Case 1. Suppose I has two generators in degree 6. Let J = (I<5). Then the Hilbert
function of R/J begins 1369644 ---. By Theorem 3.4, R/J has a 2-dimensional
socle in degree 4 and hence so does I. That is a contradiction.

Case 2. Now suppose that I has one generator in degree 6 and let J = (I<5) as
above. Then the Hilbert function of B = R/.J begins 1369643 ¢---. We don’t
know exactly what ¢ is but we can say that 0 <t < 3.

Let’s first consider the possibility that ¢t = 3. Since J C I we have a canonical
surjection R/J onto R/I, which is an isomorphism in degree < 5. By Theorem 3.4,
R/J has non-zero socle in degree 5. The surjection (which is an isomorphism in
degree 5) carries that non-zero socle into non-zero socle of R/I in degree 5, which
is a contradiction.
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So, assume that ¢ < 2. The lex-segment ideal whose h-vector is h = (1, 3,6, 9,6,
4,3,t) has Betti diagram which starts

0 1 2
0/1 — — —
11 = = — _
21 — 1 — —
3| — 6 10 4
41 — 3 5 2
5| — 1 2 1
61— 3—t 6-2t 31
7

Since A is level, 837(A) = 0 and since A and B agree in degree less than or equal

to 5, that implies that B has no socle in degree 4 either, so (2 7(B) = 0 as well.

That implies that 51 7(B) = 0 as well. This, in turn, implies that Gy 7(B) =3 —t

exactly. But 3—¢ > 0 and so J has generators in degree 7, which is a contradiction.
In an entirely similar way we can show that

(1,3,6,10,7,5,2) and (1,3,5,7,9,5,2)
are not level sequences.

ExaMPLE 3.13. In this example we show how the methods of this section can
be supplemented by other arguments to give even more subtle non-existence results.

Consider the h-vector h = (1,3,6,5,4,3). The corresponding lexsegment ideal
has this Betti diagram:

0 1 2

of1 - — -

11l = = — —

(3.5) 21 - 5 6 2
31— 2 3 1

41 -1 2 1

5\— 3 6 3

Suppose that h is a level sequence, and let R/I be a level algebra with this
Hilbert function. We proceed step by step.

Note that I has either 1 or 0 minimal generators of degree 5. If I has one
minimal generator in degree 5, then the “usual” argument works: let J be the ideal
generated by (I<4). Then R/J has Hilbert function (1, 3,6,5,4,4,4,...), hence has
socle in degree 3 thanks to Proposition 3.8 (b). Thus R/I also has socle in degree
3. Therefore without loss of generality we can assume that there are no minimal
generators in degree 5.

Notice also that I has either 0,1 or 2 generators in degree 4, and either 3 or 2
generators in degree 6, thanks to cancelation.

Let’s rewrite the Betti diagram for R/I after doing all the canceling we can (to
make it level):
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0 1 2
0o/1 - - -
I -
; - 2 4_1_& - (a=0,1Tor2, b=0or1)
sl - -
s\— 240 5 3

If b = 1 then [ has 3 minimal generators of degree 6. As before we take
J = (I<s). R/J has Hilbert function (1,3,6,5,4,3,3,3,...) so our Proposition 3.8
(or the result of Cho-Tarrobino, Theorem 3.4) says that R/J has socle in degree 4,
hence so does R/I. So b= 0.

If @ = 2 then I has 2 minimal generators of degree 4. Take J = (I<3). R/J
has Hilbert function (1,3,6,5,6,7,...). By the result of Cho and Iarrobino (The-
orem 3.4), R/J has socle in degree 2, so also does R/I. So we eliminate a = 2.

We now have the diagram

0 1 2
0/1 - - -
1= - - =
; B 2 41La : (a=0or1)
4| - -
s\ 2 5 3

We now ask what kind of regular sequence we can find in I.

Step 1. Note that dim I3 = 5. Suppose that everything in I3 has a common factor.
If this factor were quadratic, say @, it would not be possible to find five independent
polynomials of the form L;Q where L; is linear. So the common factor must be
linear. Then I3 has the form (LQi,...,LQ5). Let us compute the dimension of
this in degree 4:

d1m<LQ1, .o .,LQ5>4 = dlmL . <Q1, .. .,Q5>3 S 10

since the vector space of all cubics has dimension 10. But I, has at most one
generator of degree 4, and dim I, = 11, so in fact a = 1 and dim{LQ1, ..., LQs5)4 =
10 and (Q1,...,Qs5)3 is all of R3. On the other hand, let @ be an element of Ry
that is not in (Q1,...,Qs). Consider the element LQ. It is not zero in R/I, but
one can see that it is a socle element. This shows that in I3 we at least have a
regular sequence of length 2.

Step 2. We check that I3 does not have a regular sequence of length 3. Indeed,
if it did we could link I with such a regular sequence, and one quickly checks
that the residual would have to have Hilbert function (1,0, 2,2) which is obviously
impossible.

Step 3. We check that I does not have a regular sequence of type (3,3,4). If it
did, linking would give an algebra with Hilbert function (1,3,3,4,3). Note that
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the growth from degree 2 to degree 3 is maximal, so the cubics have a GCD of
degree 1. Therefore such an ideal does not have a regular sequence of two cubics.
Contradiction.

Step 4. Since the only other generators of I come in degree 6, we must have a
regular sequence of type (3, 3,6). Linking gives a residual, J, with Hilbert function
(1,3,6,8,6,5,3). Let us consider the minimal free resolution of the residual. Note
first that since we know (almost) the Betti diagram of I, the usual liaison tricks
give that J has Betti diagram

0 1 2
0/1 - — —
1= - =
21— 2 —
31— 3 5 1 (a=0o0r1)
4] — —
51 — 1 — a
6 \— — 44+a 3

We know that the two cubic generators form a regular sequence. If J con-
tained a regular sequence of type (3,3,4), the residual would have Hilbert function
(1,0,1,2), which is impossible. So the smallest regular sequence is still (3,3, 6).

Let J' = (J<s) (i.e. remove the generator of degree 6). R/J’ has Hilbert
function (1,3,6,8,6,5,4,...) and R/J" has Krull dimension 1, since the longest
regular sequence has length 2. That is, the saturation of J’ defines a zeroscheme,
Z,in P2. Note that since dim(R/J')s = 4, we get deg Z < 4.

Step 5. Now, the two cubics give the saturated ideal of a degree 9 zeroscheme (a
complete intersection) that contains Z. We add three forms of degree 4 to get J'.
Let us consider these three forms one at a time.

Let us call the two cubics Gy and Gy (they form a regular sequence) and let us
call the quartics Fy, F5 and F3. The Hilbert function of R/(G1,G2) is

(1,3,6,8,9,9,...).

Now we add Fi, which we can assume without loss of generality is chosen generally
in Jj. We note (using liaison):
e [ contains at most 4 of the 9 complete intersection points defined by G, Gs.

If L is a linear form, it is impossible for LF} to vanish on all 9 points. There-
fore H(R/(Gl, GQ,Fl), 5) =9-3=6.

o If @ is a quadratic form, then QF; vanishes at all 9 points of the complete
intersection if and only if () vanishes at the residual to Z in this complete
intersection. Because Z consists of at most 4 points, this residual can lie on
at most one conic. Therefore H(R/(G1, G2, F1),6) is either 9 — 6 = 3 (if the
residual lies on no conic) or 9 — 5 = 4 (if the residual lies on one conic). But
dim(R/J")s = 4, so in fact it must be the second possibility.
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So we have the Hilbert function of R/(G1, G, F1):
(1,3,6,8,8,6,4,...).

Now we add F5, noting that the value of the Hilbert function in degree 6 is
already at the desired value! What happens in degrees 4 and 57 Degree 4 clearly
becomes 7. In degree 5, the Hilbert function of R/J’ is 5. So if we choose Fy also
generally in J', the value of the Hilbert function of R/(G1, Ga, F1, Fy) in degree 5
has to drop from 6 to 5 (since otherwise it must remain 6 even when we add F3).
So the Hilbert function of R/(G1,Gs, F1, F3) is

(1,3,6,8,7,5,4,...).

Now recall that the Hilbert function of R/J’ is (1,3,6,8,6,5,4,...). Therefore, the
third generator F3 must be a socle element of R/(G1,Ga, Fi, F3).

The original ideal J has generators G1, Gs, F1, F3, F3, A where A is a generator
of degree 6. The Hilbert function of R/J is (1,3,6,8,6,5,3,0). Consider the ideal
J" = (G1,Ga, F1, F5, A). This is a quotient of R/(G1, G2, F1, F»), which we recall
has Hilbert function (1,3,6,8,7,5,4,...).

Since F3 is a socle element, as described above, the fact that G1, Ga, Fi, Fy, F3, A
span all of R; implies that Gy, G, F1, F2, A also span all of Ry (since 2F3,yF5 and
2F3 are all in the ideal (G, Gs, F1, F3)). So the Hilbert function of the quotient
R/(G1,Go,F1,F>,A)is (1,3,6,8,7,5,3,0). Now, (G1,Gs2, A) is a regular sequence,
so we can link. The residual has Hilbert function (1, 3,6, 5,4, 2,0).

The generators of J have degrees 3,3,4,4,6. The complete intersection uses the
generators of degrees 3,3,6. Therefore, using the usual mapping cone, the residual
is level! But we will see in Example 5.7 that (1,3, 6,5,4,2) is not a level sequence.
So this contradiction shows (finally) that (1,3,6,5,4,3) is not a level sequence.



CHAPTER 4

Some Refinements

Until this point we have focused on results that can be used to show that
sequences are not level. In the coming chapters, we will be more interested in
showing that sequences are level. This will be done by construction methods,
and by means of results that obtain new level sequences from previously known
ones. However, we will also want to refine our search somewhat. We will want to
know not only which sequences are level, but in fact which sequences exist for level
algebras with certain additional properties. In this short chapter we describe these
properties.

First we extend our idea of a level algebra beyond the Artinian horizon! We take
our clue from the fact that there is a strong relationship between a level Artinian
algebra and properties of its minimal free resolution.

Let A be any standard graded k-algebra. Recall that A is called Cohen-
Macaulay (C-M) if the length of the longest regular sequence in A is the Krull
dimension of A.

Alternatively, given A, write A = P/I where P = k[xo, ... ,x,]. Suppose that
the Krull dimension of A is d. Let F be a minimal graded free resolution of A as
P-module and write:

F: 0-F—-—=Fp—-P—-A—=0

where we know (Hilbert) that £ < n.

It is a well-known theorem of Auslander and Buchsbaum that: A is Cohen-
Macaulay if and only if £ =n — d.

Now, if k is an infinite field and A is a C-M k-algebra of Krull dimension d
then one can always find a maximal regular sequence in A consisting of forms in
A having degree 1. If we let Ly,...,Lq be such a regular sequence in A then
B = A/(Ly,...,Lg) is an Artinian algebra. (The process of taking the quotient
of a C-M k-algebra by an ideal generated by a maximal regular sequence of linear
forms, is often referred to as Artinian reduction.)

We can rewrite B as B = P/(I,L1,...,Lq) ~ kl[zo,...,Zn—q]/J. If we let
P =k[zo,... ,Zn_q], then B has minimal free resolution (as a P-module)

H : O%Hnid*)~'~*>H0—>p—>B—>0,
-th

Moreover, the i** graded Betti numbers of A (as a P-module) are the same as the
it" graded Betti numbers of B (as a P-module).

With these observations out of the way we now make our general definition of
a level k-algebra.

DEFINITION 4.1. Let A be a standard graded Cohen-Macaulay k-algebra of
Krull dimension d and write A = P/I, P = k[zg,... ,2,] and H(A,1) = n+ 1. Let

F: 0-Fpg——-F1—Fo—-P—-A-0

25
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be a minimal graded free resolution of A, as a graded P-module.
A is a level algebra if and only if F,,_q = P(—a)® for some positive integers a
and b.

Now we would like to consider a different refinement of the notion of a level
algebra. First some definitions.

DEFINITION 4.2. 1) An Artinian k-algebra A = @F_,A; (As # 0), is said to
satisfy the Weak Lefschetz Property (WLP for short) if there is an element L € A
(called a Lefschetz element) such that the linear transformations

LZAi—>Ai+1, ].SZSS—].

(given by multiplication by L) are either injective or surjective, i.e., have maximal
rank, for each 7.

2) An O-sequence (1,hq,... hy), with hy # 0 is called unimodal if there is an
integer ¢ such that
By < ... <hy>hepr > ... > hy.

REMARK 4.3. Notice that if A has the WLP and L is a Lefschetz element
such that the multiplication map xL : A; — A;;41 is surjective then, for any
r > 1, the multiplication map XL : A;1, — A;+14 is also surjective. This follows
immediately from the fact that A is a standard algebra. As a consequence we see
that if A is an Artinian algebra with the WLP then the h-vector of A is unimodal.

But, the WLP is a strictly stronger condition: an Artinian standard graded
algebra can have the unimodal vector h = (1,3,6,6,7,2) as its h-vector but such
an algebra could never, by what we just observed, satisfy the WLP.

As mentioned in the introduction, R. Stanley is the “godfather” of this con-
cept and studied it implicitly in several of his papers ([66], [67], [68]). Since then,
this concept has received a great deal of attention in the study of Artinian Goren-
stein algebras. For example, there is a complete characterization of the h-vectors
of Gorenstein Artinian algebras with the WLP [32] even though we only have a
complete characterization of all Gorenstein h-vectors in the case of codimension
<3.

Moreover, it is an open question as to whether ALL Gorenstein Artinian quo-
tients of k[x, y, z] have the WLP (it is known that all complete intersection quotients
of klx, y, z] satisfy the WLP — see [32], [35], [54], [55], and [72] for this and related
interesting results).

We will see, in the next chapter, that there are many ways to construct Artinian
level algebras with the WLP. In fact, we wonder whether (at least in codimension
3) all the h-vectors of Artinian level algebras are the h-vectors of level algebras with
the WLP. All our investigations seem to indicate that this is indeed the case.

Indeed, one of the motivating questions behind this work is whether for every
level sequence h = (h;) (0 < ¢ < s), there in fact exists a level Artinian algebra
with the WLP whose Hilbert function is h. Consider the sequence

h' = (h}) where h; = max{h; — h;_1,0}

Recall from [35] the fact that if A has the WLP then A’ must again be an O-
sequence (equivalently, if ¢ is the last index for which h; > h; for every i, then
(1, h1,...,h) is a differentiable O-sequence). Furthermore h must be unimodal.
When the number of variables is five or more, it is known that the Hilbert function
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of Artinian Gorenstein algebras need not be unimodal ([3], [10], [11]), so level
algebras need not have WLP. But in four or fewer variables, this is open.

We would now like to pose some questions that are directly (or indirectly)
related to the WLP for level algebras.

QUESTION 4.4. Let h = (1,n,ha, ..., hs) be the h-vector of a level algebra.

1) If n =3 or n =4, is it true that h is also the h-vector of a level algebra with
the WLP?

2) If n = 3, is it possible that every level algebra has the WLP? Note that
Tkeda ([47]) and Boij (]9]) gave examples of Gorenstein algebras that do not
have the WLP when n = 4.

3) If Question 1) has a negative answer, and if n = 3 or n = 4, must h at least
be unimodal?

4) If n =3, 4, and if ¢ is the last index for which h; > h; for every 4, is it true
that (1,m,he, ..., h) is a differentiable O-sequence? (For n = 3, this is the
case for every example in the appendix.)

These questions are studied further in the appendix.



CHAPTER 5

Constructing Artinian Level Algebras

In Chapters 2 and 3 we saw that there were conditions on the h-vector of an
Artinian graded algebra that would prohibit it from being a level O-sequence. In
this chapter and the next we take a different point of view and show how one can
construct level algebras, i.e., show that certain h-vectors are level O-sequences.

Our constructions, broadly speaking, move in two different directions. With
the first construction methods, in this chapter, we find Artinian level algebras. The
other constructions, in the following chapter, aim at finding higher dimensional
objects that will give us Artinian level algebras. In both chapters, some of our
results produce level sequences (and algebras) from scratch, while others deduce
the existence of level sequences (and algebras) from previously known ones.

5.1. Inverse Systems

We now recall a very interesting method for constructing Artinian level alge-
bras. This method is based on the idea of Macaulay’s Inverse Systems. We will
only give a quick review of the method and refer the reader to either [21] or [46]
for more details.

Let R = k[z1,... ,z,]) and S = k[y1,... ,yn]. We can consider S as a graded
R-module by: if F' € S then z;0 F = (%)F We extend this action in the obvious
way and note that the action lowers degree on S and hence S is not a finitely
generated R-module.

There is an order reversing function from the ideals of R to the R-submodules
of S defined by:

@1 : {ideals of R} — {R-submodules of S}

where
p1(I)={FeS | GoF=0forall Gel}

This is a 1-1 correspondence whose inverse (¢3) is given by ¢q(M) = anng(M). In
fact, we denote 1 (I) by I~!, which is called the inverse system to I.

It is very easy to construct I~! (and this is at the heart of the proof of the 1-1
correspondence). One first observes that the pairing

Rj X Sj — So~k
is a perfect pairing and so S; can be identified with R (the dual vector space to

R;). If V is a subspace of R; we write VL for the annihilator of V' in this pairing.
Then, if I C R is an ideal and I; its 4t graded piece, then Macaulay observed that:

(IY; =1
It follows immediately that
dimg(I71); = dimg R; — dimy, I; = H(R/I,7) .

28
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It is a simple consequence of this last observation that I~ is a finitely generated
R-submodule of S if and only if R/I is Artinian.

REMARK 5.1. There is another way to define Inverse Systems which considers S
as an R-module in a different way. In this other method, we consider the contraction
operations, D,, where, if F' is a monomial in S; then

0, if y; does not divide F,

D, (F)=
(F) {F/yt if y; divides F.

We extend this action to all of S in the obvious way and recall that when the
characteristic of k is 0, this action is equivalent to the one described above. The
contraction operation has the advantage that it doesn’t end up increasing the sizes
of coefficients. (See [21] or [46] for more details.)

The really interesting connection between inverse systems and what we’ve been
considering is the following theorem of Macaulay. We continue with the notation
above.

THEOREM 5.2 (Macaulay). Let I be an Artinian ideal of R and I~1 its inverse
system. Then I™' has exactly v; minimal generators of degree j if and only if the
socle of R/I in degree j has dimension exactly v;.

REMARK 5.3. 1) This gives us a new interpretation of the socle vector of an
Artinian algebra of the form A = k[z1,...,x,]/I. The entries of the socle vector
tell us the number of generators of the inverse system of I in each degree.

2) Since we are interested in level algebras (Artinian, say, with socle degree s, type
¢ and embedding dimension n) then this theorem tells us how to make all of them.
We look at every subspace of S5 = k[y1,... ,Yyn]s of dimension ¢ and form the R-
submodule of S generated by that subspace. The result is a level algebra of the type
we are looking for and every level algebra of socle degree s, type ¢ and embedding
dimension n arises in this way.

E.g., suppose we would like to construct a level algebra with socle degree 4,
embedding dimension 3 and type 2. Macaulay’s Theorem says we have to look at
a two dimensional vector space of Sy, where S = k[y1, y2,y3] and take the inverse
system it generates.

For example, consider the vector space of Sy generated by Fy = yf and Fy =
Y3 + y3. The inverse system, call it M generated by these two elements of degree
4 will have M3 = (3,93, y3), Ma = (y2,93,y3) , M1 = {y1,v2,y3), and My = (1).
So, if I = anng(M) and A = k[z1, x2,x3]/I then the h-vector of A is (1,3,3,3,2).

3) We find it very interesting that there is this strong connection between the
dimensions of spaces of partial derivatives of a collection of forms (of the same
degree) and our study of level algebras. E.g., apart from an appeal to Theorem 2.2
iii), we know of no other way to prove that if F' is a form of degree s then the
dimension of the space of its i partial derivatives and the dimension of its space
of (s — )" partial derivatives are equal.

The “inverse system” point of view on level algebras has some simple and useful
consequences.
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PROPOSITION 5.4. Let (1,m,ha,...  hs) be the h-vector of an Artinian level
algebra with socle degree s. Then

. n—14+1 n—14+s—1
. P < .
(5.1) hl_mln{( ne 1 ),hs< "1 )}

PROOF. (See also Lemma 2.7.) Let R = k[z1,...,2,] and suppose A = R/I
is an Artinian level algebra with the given h-vector. That h; < dimy R; = (";71‘1“)
is obvious.

Let Fy,... , Fy, € S, be the generators of the inverse system of 1. Each of these
forms has at most ("' 7°7"), independent (s — i)'" partial derivatives and so h
forms cannot have their (s — 7)** partial derivatives generate a space of dimension
greater than h ("_Hs_i). O

n—1

Artin level algebras for which the inequality above is an equality, are what
Tarrobino [43] (see also [20]) calls compressed level algebras. He showed that com-
pressed level algebras always exist (see also [20]). Roughly speaking the result
comes from the fact that a general set of hs forms of degree s in P will generate
an inverse system of an ideal I for which the h-vector of A = P/I satisfies the
equalities of (5.1) for every i < s.

Inverse systems can also be used to produce new level algebras from known level
algebras. Before stating the Proposition we want to recall some beautiful results
from [43].

Let R and S be as above and let Lq,..., L; be general linear forms in S;. Fix
a positive integer d and suppose that t < (d+371). Define

Fy=L{+ - +L¢

and let =1 be the R-submodule of S generated by F.
Then, Iarrobino shows in [43] that the h-vector of the Gorenstein Artinian
algebra R/I is H(d,t,n), where the i*" entry of H(d,t,n) is given by:

H(d,t,n)i:min{t, (z—&-@—l)’ (d_Z—FT_L_l)}.
i d—1

Actually, Iarrobino shows an even stronger result. Without going into the details
of the proof, he shows that given a subspace U of S; and the R-submodule of S
generated by U then, with certain natural restrictions on ¢, there are general linear
forms Lj,...,L; so that the R-submodule of S generated by F (as above) is as
disjoint as possible from the R-submodule of S generated by U.

The application to level algebras is

PROPOSITION 5.5 ([43], Theorem 4.8A). Leth = (1, hq,... , hs) be the h-vector
of a level algebra A = R/I where R = k[z1,... ,2,]. Let t < (*""7") and define
the sequence h + H(s,t,n) as follows: the it" entry of this sequence is

(h+ H(s, #,n)); = min {hi +H(s,1,n)s, (2 e 1) } .

2

Then h 4+ H(s,t,n) is also the h-vector of a level algebra.

REMARK 5.6. This Proposition is very useful in showing the existence of level
algebras. E.g., we know, (see [64]) that there are Gorenstein Artinian algebras with
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socle degree 6 and embedding dimension < 3 having h-vector:

(1,2,2,2,2,2,1),  (1,2,3,3,3,2,1), (1,2,3,4,3,2,1), (1,3,3,3,3,3,1),
(1,3,4,4,4,3,1),  (1,3,4,5,4,3,1), (1,3,5,5,5,3,1), (1,3,5,6,5,3,1),
(173’676’6737 1)’ (1’3’6777673’ 1)7 (]"3’67876’37 1)7 (17376’9)6737 ]‘)7

(1,3,6,10,6,3,1).

Using Proposition 5.5, with ¢t = 1, n = 3 and s = 6, we obtain immediately
that the following are the h-vectors of level algebras of embedding dimension 3 and
having socle degree 6 and type 2:

(1,3,3,3,3,3,2), (1,3,4,4,4,3,2), (1,3,4,5,4,3,2), (1,3,4,4,4,4,2),
(1,3,5,5,5,4,2), (1,3,5,6,5,4,2), (1,3,6,6,6,4,2), (1,3,6,7,6,4,2),
(173’677’77472)’ (1’3767877’4’2)7 (1’37679) 774?2)7 (17336’]‘0’ 77472)'

(Note that two Gorenstein sequences give the same level sequence.)
Of course, one could repeat this procedure to obtain other level sequences (of
type 3, for example) and so on.

One can also use the inverse system approach to show that certain O-sequences
are not level sequences.

EXAMPLE 5.7. (See Remark 2.12, ¢).) Any O-sequence of length s 4+ 1 and of
the form h = (1,3,6,...,5,4,2) is not level.

We will apply Corollary 2.11 to this example. First notice that there are only
two ways to write the reverse of h as the sum of a Gorenstein sequence of length
s+ 1 and an O-sequence by Corollary 2.11. They are:

111 -~ 1 11
0 2 5 -+ 4 3 1 and
122 .- 2 21
o014 --- 3 2 1

But, if there were a level algebra A allowing the first decomposition then it would
contain an ideal I for which Iy # 0 and I;_s = 0. This would imply that A had
socle in degree < s—2, which is impossible. Thus, we only need consider the second
decomposition.

So, suppose there is an ideal I C k[z1, 22, 23] = R for which A = R/I is level
with h-vector h above. Then I = ann(J), J C kly1,y2,ys] = S, where J = (F,G)
is an R-submodule of S generated by two forms of degree s in S.

Moreover, we can assume, with no loss of generality, that the inverse system
generated by F' gives us the Gorenstein sequence

(5.2) 122221

The forms of degree s which generate a submodule of S whose Hilbert function is
(5.2) above are precisely the points of the secant variety to the rational normal curve
in P(Ss). A point lies on the secant variety if and only if it lies on a ‘true’ secant
line to the rational normal curve (in which case we can write F' = y§ 4+ ¢35 ) or it
does not lie on a secant line but rather only on a tangent line to the rational normal
curve (in which case we can write F' = 35 'y5). So, without loss of generality, we
can assume that F = y{ + y5 or F =y 1ys. (For details see either [21] or [46].)



32 5. CONSTRUCTING ARTINIAN LEVEL ALGEBRAS

One easily sees that the inverse system generated by G gives a Gorenstein
quotient of R whose Hilbert function is one of the following:

134 --- 4 3 1 or 135 -~ 5 3 L

Case 1. Suppose that F = yj + y5 and suppose that G gives the first of the last
two sequences.

Since hs_1 = 4 we have (G)s_1 N {(F)s_1 # &. Let ayf*1 + ﬁy§71 € (G)s—1
where (a, 3) # (0,0). This gives that either y{~2 or 5~ 2 (or both) are in (G)s_s.
Since (F)2 = (y?,93) and dimy(G)2 = 4 and either y? or y3 is in (G)2 we get that

dlﬂlk(<F'7 G>2) <24+4=06=ho.

This is a contradiction.
So, the only remaining possibility is that the inverse system generated by G
gives an Artinian quotient of R with Hilbert function

13 5 -+ 5 3 1

But since hs_o = 5, we have that (G)s_2 2 (F)s—2 and so (F,G); = (G); for
all i < s — 2. But, ho = 6 and dimy(G)2 = 5, which is a contradiction.

Case 2. Now assume that F' = yf_lyg. As in Case 1, if we assume G gives the
sequence 1 34 --- 43 1 we must have (F),_1 N (G)s_1 # @. Assume ayi ' +
By 2y € (G with (a, B) # (0,0). If 8 =0 then ;7' € (G)s_1. If § # 0 then
yi7? € (G),_5. In either case we get dimy,((F,G)2) < 4+ 2 =6 = hy, as above.

The argument that G cannot give the sequence 1 35 --- 5 3 1 is the same as
in Case 1 and so is omitted. This completes the argument.

REMARK 5.8. A. Iarrobino has informed us that in his new paper [45], there
is a new method introduced which would also eliminate the case (1,2,2,...,2,2,1)
in Example 5.7 above.

In a similar fashion one can also show that any O-sequence (1,3,5,...,7,4,2)
or (1,3,5,...,4,3,2) is not a level sequence.

A more subtle use of inverse systems in showing non-existence occurs in the
following example.

EXAMPLE 5.9. The h-vector H = (1,3,4,5,6,4,2) is not a level h-vector.
If it were, let T be an Artinian ideal in R = k[z, y, 2] so that the Hilbert function
of A=R/I is
1 3 45 6 4 2 0 —.

Then we observe, from the Hilbert function, that the forms in I have to have a
common factor and that I has no generators in degrees 3 and 4. I.e., we have that
(I<4) = (22, 2y) or (zy,zz). Since both cases can be treated in the same way, we
will only deal with the first case here.

Let S = k[X,Y,Z] and F, G € Sg be such that (F,G)* = I. Since (I<,) =
(22, zy), we may assume that F, G € (Y6, Y52 Y422 Y3273, Y224 Y75, 75, X Z5).
So, let

F = a1YS+aY5Z +a3Y*Z%2 4+ a4Y3Z3 + asY2Z* + agY Z° 4+ a7 25 + a X Z°,
G = bYS+0YZ +b3Y 2% +b,Y3Z3 + b5Y2Z% + bgY Z° + b7 Z5.

Since H(A, 1) = 3 we cannot have both F' and G in k[Y, Z]¢ and so we may assume
that a = 1.
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Now consider all the contractions of F' and G. They may be viewed as vectors
in k7 as follows:

Dx(F) = Z°
= (070707070’170)7

Dy (F) = a1Y5 + a2Y4Z + a3Y3Z2 + a4Y2Z3 + CL5YZ4 + CLGZ5
A ((11,(12,(13,(14,(15,(16,0),

Dz(F> == a2Y5 + a3Y4Z + a4Y3Z2 + a5YQZ3 + CLGYZ4 + a7Z5 + XZ4
g (a2aa3aa4aa5aa6aa7a1)7

Dx(G) = 0
< (0,0,0,0,0,0,0),

Dy(G) = biY3+bY4Z +b3Y3Z%2 + b, Y222 +bsY Z* 4 b Z°
And (b17b27b37b4vb57b630)7

Dz(G) = b Y +bsY*Z + by Y32Z% + b5Y?Z3 + bgY Z* + by Z°
Ad (b27b37b47b57b67b750)'

Hence

ap a2 a3z a4 as Qg

h S
Il
Q
N}
Q
w
Q
=
IS
ot
N
=2}
S
J
oo = OO

by by by bs b by

has rank 4 since
H(R/I,5) =4, and hence

a; Qa2 a3 Qa4 as
by b5
by b3 by bs b

Ay

Il
>
S
o>
[\V]
SN
w

has rank 2.
We now consider the double contractions of F' and G, where we identify a
polynomial

Y+ Y37 + asY2Z% + auY 23 + as 2t + BX 73
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as a vector (aq, ag, a3, ay, a5, ) € k5. Then we have

Dzx(F) = Zz*
< (0,0,0,0,1,0),

DY,Y(F) = a1Y4 + CLQYBZ + CL3YQZ2 + CI,4Y23 + CL5Z4
- (0’170’270’37(1’47&570)5

DZ’y(F) = a2Y4 +a3Y3Z+a4Y2Z2 +(l5YZ3 +a6Z4
g (0/270/3,0/4,0/5,0/6,0),

DZ7z(F) = CL3Y4+Q4YBZ+CL5Y222 +CL6YZ3+LL7Z4+XZB
A (a37a47a57a67a771)3

Dyyy(G) == b1Y4 + b2Y3Z + b3Y222 + b4YZ3 + b5Z4
Aad (b17b27b37b4;b550)7

Dzy(G) = bV +b3Y3Z +b4Y?Z2 +b5Y Z3 + b Z*
g (b27b37b57b47b6a0)7

DZ7Z(G) = byY* 4+ Y3Z +bY22%2 +bgY Z3 + b 2%
A (b37b4ab57b6;b7,0).

Hence we have
0O 0 0 0 1
ay a a3 ag Aas
a2 a3 a4 0as ae
B = as a4 a5 Qg ary
by by b3 by bs
by by by by bg
b3 by bs bs b7

has rank 6 since H(R/I,4) = 6, and so

OO OO OO

ay a2 a3 a4
a2 az a4 as
Bi= (b1 by by by
by b3 by by
bs by bs bg

has rank 4. Since the rank of A; is 2, one of three row vectors of A; has to be a
linear combination of the other two. Checking the various possibilities for Ay, we
find that the matrix B; can have rank at most 3, a contradiction.

Hence, the O-sequence H = (1,3,4,5,6,4,2) is not level.

Using the same ideas as above, we can show that any O-sequence of the form

h=(1,3,4,5,...,6,4,2)

is not level.

5.2. Level Quotients of the Co-ordinate Rings of Points

Notice that Lemma 2.5 gives us a method of finding level quotients of any
Artinian graded algebra. Unfortunately, Lemma 2.5 doesn’t give much information
about the Hilbert function of the level algebra it constructs.
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In spite of that, M. Boij [8] (and later [14]) have explored a construction method
similar to that of Lemma 2.5. We will now report on their construction method
and then show that, in the case they consider, something can be said about the
Hilbert function of the resulting level algebra.

The idea of Boij was to consider graded algebras which are the coordinate rings
of sets of distinct points in P™ and to form level ideals in such rings. We look at
that situation now.

Let X = {Py,..., Py} beacollection of N distinct points in P and let Ix be the
ideal generated by all the forms which vanish on all the points of X. Then Ix = p1N
-+-Npn where p; (the ideal of forms vanishing at P;) is p; = (L1, ... , Lin) (where
the L;;,7 = 1,... ,n are n linearly independent linear forms). The homogeneous
coordinate ring of X will be denoted Ax = P/Ix, where P = k[xo, ... ,2,].

Now, the natural map from Ax to its integral closure (in the total ring of
fractions of A) is given by taking the natural projection maps:

™t Ax — Ax/pi = P/(Li, ... , Lin) ~ k[T}]
and putting them all together to get

N N
o= (m1,...,7n), p: Ax — @(AX/@) = @kj[TZ] =S8

i=1
Notice that ¢ is an injective, graded homomorphism (of degree 0). If we denote by
o(X) :=min{ ¢ | AHx(¢) =0 }, then

©d : (Ax)q — Sg is an isomorphism for all d > o(X) — 1.

If we choose a set of projective coordinates for each of the points Py, ... , Py, then,
for each j,

2i(G) = (GO, ... .G(PTY,).

Now, with no loss of generality, we can always assume that P; = [1: a1 : -+ @ @),
i.e., that all the P; are in the affine piece of P which is the complement of the
hyperplane zo = 0. With that observation we see that Ty is not a zero divisor in
Ax.

It is easy to find forms F; of degree o(X) — 1,7 =1,... , N such that F;(P;) =
8ij. Then Fi, ..., Fy are a basis for (Ax),(x)—1 and so their images are a basis for
So(x)—1- In fact their images are

o)1 (F) = (o,... 0,773 o ,0).

It is also easy to see that {Zg'F;}/, are a basis for (Ax),(x)+e—1-
Now, let H be a subspace of (Ax)., ¢ > o(X) — 1, of codimension ¢. Then H

has a basis of N — ¢ vectors, Gy, ... ,Gy_¢. We may consider these vectors as lying
in S. and write them as column vectors vy, ... ,vn_p, where
G1(P1) GN—e(Pr)
v = : yee oy UN—f = :
G1(Py) GN_«(Pn)

Let M = [X;;] be an £ x N matrix of rank ¢ for which
M’Ul :"':M,UN—ZZO'
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ILe., M is a matrix whose rows are a basis for the orthogonal complement of the
subspace of S, given by (v1,...,vN_g¢).

In spite of the fact that M is not determined by H we will refer to M as a
matriz determined by H. Note that the rowspace of M is determined by H.

It would be very useful to understand the kinds of level algebras that arise from
the level ideals of subspaces H C (Ax)., where Ax is the coordinate ring of a set of
points X in P™. A particular case to consider occurs when H describes those forms
which vanish on some subset Y of X. It would be very interesting if the geometry
of Y in X could be used to describe the Hilbert function of such quotients of Ax.

Fortunately, when c is large with respect to o(X) there is something we can
say. We first recall a definition.

DEFINITION 5.10 ([38]). An O-sequence (1,hy,... , hs), with hg # 0, is called
flawless if

i) h; < hs_; for any i, 0 <14 < [s/2], and

i) by < - < iy

Flawless O-sequences are not necessarily unimodal; consider (1,3,5,6,5,5,6)
which is flawless but not unimodal.

We now prove a proposition which gives some information about level k-algebras
constructed using level ideals in coordinate rings of set of points in P™.

PROPOSITION 5.11. Let X be a set of N points in P™ (as above) and choose
¢ > 20(X) —2. Let H C (Ax). have codimension ¢ and let M = (X\;;) be an
{ x N matriz determined by H. Suppose that A\i; # 0 for j = 1,... ,N. Let
A = Ax/(H : Ax) be the level algebra quotient of Ax defined by H. Then, the
Hilbert function of A is flawless.

PRrOOF. Consider the codimension one subspace, H', of (Ax). which is orthog-
onal to the first row of M. Since H' O H we have that (H : Ax) C (H' : Ax). Set
A" = Ax/(H' : Ax). Then A’ is Gorenstein with socle degree c¢. From [[8], Prop.
2.4] we can actually describe the Hilbert function of A’. It is

i <d<
Ha(d) = {Eﬁfl d), i ([)cm]dgd[cg/i].’
Since ¢ > 20(X) — 2 we have [¢/2] > o(X) — 1, i.e., the h-vector of A’ is:
(1,Hx(1),... ,Hx(o(X) = 2),N,... ,N,Hx(c(X) — 2),... ,Hx(1),1).

Since (H : Ax) C (H' : Ax) we have:

Hy (d) <Ha(d) < Hx(d) for every d.
Since A" and Ax have the same Hilbert function for d < ¢ — (o(X) — 1) we get
(5.3) Hy (d)=Ha(d) =Hx(d) foralld<c—(c(X)—1)
and consequently

1 = HA(0) < Ha(1) < - < Ha((e/2])
since this is true for the reduced ring Ax. Moreover, for d < [¢/2] we have

Hy(d) =ha(d) =Ha (c—d) <Hy(c—d).

This finishes the proof. O
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REMARK 5.12. ) It will be an easy consequence of Proposition 5.15 below that
the ring A constructed in Proposition 5.11 also satisfies the WLP (and hence has
unimodal h-vector).

i1) The set
{(Xij) € My n(k) | the rank of the matrix (X;;) is equal to £ and Ay; # 0 for all 5}

is a Zariski open subset of kN considered as an affine space (where we identify

My n (k) with k*V). Thus, taking into account ), we see that the Hilbert functions
of “most” Artinian level quotients (with fixed socle degree and type) of the coordi-
nate ring of a finite set of points in P" are flawless and unimodal, if ¢ > 20(X) — 2.

We are motivated to ask the following question about the “end” of the h-vector
of a level algebra (with the WLP).

QUESTION 5.13. (1) Is the h-vector of a level algebra flawless?
(2) Is the h-vector of a level algebra of type two flawless?
(3) Is the h-vector of a level algebra with the WLP flawless?
(4) TIs the h-vector of a level algebra, with the WLP, of type two flawless?

REMARK 5.14. Let h = (1,n,ha,...,hs) be the h-vector of a level algebra
A = ®f_,A; with the WLP, where s > 2. We will consider the SI-sequence a =
(1,m,ag,...,as) (see page 38 for the definition of an SI-sequence), where

) fori=0,...,[s/2],
YT hey fori=[s/2]+1,...,s.

Assume that h is flawless. Then we have a; < h; for all 0 < 7 < 5. So, we would
say that a = (1,n,as,...,as) is the maximal SI-sequence which is contained in
h = (1,n,ha,...  hs). Consider the following natural question: With the same
notation above, let hy = 2; does there exist f € A such that the h-vector of the
Gorenstein algebra A/ < f: A > coincides with the maximal SI-sequence a of h?

We were very surprised to realize that a beautiful example of Iarrobino [45]
provides a counterexample. Indeed, he provides an explicit pair of polynomials F’
and G of degree 4 with the following properties. First, the Hilbert function of the
level algebra, A, coming from the corresponding inverse system, is (1, 3, 6,6, 2) (note
that this is flawless and even compressed!). Second, he shows that no Gorenstein
quotient of A also having socle degree four is compressed Gorenstein. That is,
not Gorenstein quotient has Hilbert function (1,3,6,3,1). We have verified on
the computer that Iarrobino’s explicit example has the WLP, so it is indeed a
counterexample.

5.3. Constructing Level Algebras with the WLP

There are some very simple ways to construct Artinian algebras with the WLP.

ProPOSITION 5.15. Let X be a finite set of points in P™ and let A be an Ar-
tinian quotient of the coordinate ring of X. Assume that H(A,1) = H(X,14) for all
0<i<0(X)—1. Then A has the WLP. In particular, if h = (1, h1,..., hs_1,hs)
is an O-sequence such that h; = H(X, ) for all i < s —1, where X is a set of hs—1
points, and hy < hs_1, then h is a level sequence consistent with WLP.
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ProOF. Note that o(X) — 1 is the first degree for which H(X,i) = |X], the
multiplicity of X. Let B = @®;>0B; be the coordinate ring of X, let g € B; be a non
zero divisor and let ¢ = o(X) — 1. Consider the following commutative diagram:

B %~ B % ... % B % B,
le Ly e e
A4 L o4 L o L4 L oA L

where ¢ is the canonical surjection from B to A.

Noting that H(A,4) = H(X, ) for all 0 < i < o(X) — 1, it follows that B; & A;
for all 0 < i < ¢ = o(X) — 1. Hence, since B; g, B;11 is injective for all 7, we
have that A; -2 Ai1 is injective for all 0 < i < ¢— 1 = o(X) — 2. Also, since
¢ is surjective in all degrees and B; —% B;,; is an isomorphism for all i > ¢, we

obtain from the commutativity that 4; — A;41 is surjective in all degrees i > ¢,
and hence we have WLP for A.

The final assertion comes from the observation that with the stated assump-
tions, s — 1 > 0(X) — 1 so we can take ¢ = s — 1 in the diagram above and take
Acp1 = As to be any quotient of (R/Ix).+1 of dimension hg, (and A; = 0 for all
i > ¢+ 2) and use essentially the same argument. O

PROPOSITION 5.16. Let h = (1,hq,ha,... ,hs—2,hs_1,1) be a symmetric O-
sequence (i.e., hy = hs_; for all i). Suppose also that

(1,hy =1, ho — ha,. .. hysjop — hysjaj—1)

is again an O-sequence.
If v is any integer, 0 < v < s, then (1,hy,... ,hy) is the h-vector of a level set
of points in P whose general Artinian reduction has the WLP.

PRrROOF. Recall that vectors like h are referred to in the literature as SI-
sequences in honour of Stanley and Iarrobino (see [31]). It was shown in [[55],
Theorem 1.1] that there is always a Gorenstein set of points X in P whose h-
vector is h as above and whose general Artinian reduction has the WLP. By [[25],
Lemma 2.3, c¢)] there is a subset Y C X whose h-vector is (1,hq,...,h,). Let
B =@,.,Bi and A =&,., A be the homogeneous coordinate rings of X and Y
respectively. a

Since X and Y have the same Hilbert function up to degree v we have that the
natural surjection B — A is an isomorphism B; — A; for all : =0,1,... ,v.

If we pass to the general Artinian reduction of both rings, B and A (by the
“same” linear form) we obtain the diagram

E — Bin
A — A
where the vertical maps correspond to the previously mentioned isomorphisms (now
for i + 1 < v) and the horizontal maps correspond to multiplication by a general

linear form. Thus, since B is a level algebra with the WLP the same is also true
for A. O
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COROLLARY 5.17. Let H = (1, hq,... , hs) be an O-sequence for which (1,hy —
1,...,hs — hs_1) is again an O-sequence. Then H is the h-vector of an Artinian
level algebra with the WLP.

PrROOF. We merely form the symmetric vector
E = (17h17 s 7h‘8717h57h5717 s 7h17 1)
and apply the proposition above. O

There is yet another way to construct Artinian level algebras with the WLP
which we have found very useful.

PrROPOSITION 5.18. Let A be a level Artinian algebra with the WLP and let
L € Ay be a Lefschetz element of A. Define

t=min{i | Ha(d) > Ha(i+ 1)} and w=min{i |H4(i)>Ha(i+1)}.

Let d be an integer, 0 < d < u —t. Then B = A/(0: L) is again a level algebra
with the WLP and the image of L in B is a Lefschetz element of B. Moreover, the
Hilbert function of B is given by:

(i) Ha(4), fori=0,... ,u—d,
1) =
B Ha(i+d), fori=u—d+1,...,s—d.

Thus, the socle degree of B is s — d.

PROOF. Note that u—t = 0 is certainly possible (in which case the proposition
gives nothing new) and the number u — ¢ + 1 counts the number of times that the
h-vector of A (necessarily unimodal) attains its largest value. The h-vector of B
differs from that of A in that d of those largest values have been deleted from the
h-vector of A.

Notice also that the i*" graded piece of (0 : L?) is nothing more than the kernel
of the linear map

Ld : Az — Ad-i—i'
Since A has the WLP and we’ve chosen d such that 0 < d < u — ¢, it follows that
injective  fori=0,1,... ,u—d,

5.4 LY Ay — Agyy s
(54) T {surjective fori=u—-d+1,....

Since B; ~ A;/Ker[L? : A; — A, 4], we get that
(5.5) BAyPA @ DAYy g®Ays1 ®--- P As.

Thus, the socle degree of B is s — d and we get the equality stated above on the
Hilbert function of B.

We now show that B is level, i.e., soc(B) = Bs_q. Let @ € soc(B);, i < s —d,
where we can assume that a € A; and a4; C (0 : L¢). Then L%(a4;) = 0, i.e.,
(aL%)A; = 0. Hence aL? € soc(A). But, deg(aL?) < (s—d)+d = s and hence, since
Ais level, aL? = 0. But then a € (0: L), i.e., @ =0 in B and so soc(B) = B,_g.

Finally we show that B has the WLP by showing that L : B; — B, is either
injective or surjective. But, from the identification (5.5) on B we have that the
multiplication L : B — B can be described as

L L L Lo+t L L L
AOHAlg’"'HAu—d - Au+14’Au+2*>"'*>As .
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d+1
The only part requiring comment is the map A,_4 g Ays1. But

Le L
Au—d - Au - Au+1
is the composition of two surjective maps and hence is surjective. O

We have shown in Proposition 5.18 that the flat part of a level sequence with
the WLP can be shortened. In the following proposition, we will show that the flat
part of special level sequences can be extended limitlessly.

PROPOSITION 5.19. (a) Let X be a finite set of points in P™ and let A be
an Artinian level quotient of the coordinate ring of X with socle degree s.
Assume that H(A, i) = H(X,4) for all 0 < < o(X) — 1. Let d be a positive
integer and define

w=min{i | H(A,i) >H(A,i+1)}

and
H(A,1) fori=0,... u,
h; =< H(Au) fori=u+1,... ,u+d,
H(A,i—d) fori=u+d+1,...,s+d.
Then (1,h1,... ,hsia) s the h-vector of an Artinian level algebra with the
WLP.

(b) Let C C P™ be an arithmetically Cohen-Macaulay curve and let X C C be a
level set of points such that H(X,i) = H(C,17) for all0 <i < o(C)—1. Let
(1, Ry, hY, ... h.) be the h-vector of X and let

w=min{i | h; > hi }.
Let d be a positive integer and define

R fori=0,...,u,
hi =14 hl, fori=u+1,... ,u+d,
K,_, fori=u+d+1,...,s+d.

Then (1,h1, ha, ..., hsrq) is the h-vector of a level set of points on C whose
Artinian reduction has the WLP.

PRrOOF. Our proof for part (b) below could be modified to also prove (a), but
we record here a different proof for (a) to illustrate a different technique.

Let B = ®;>0B; be the coordinate ring of X, let H C B, be a subspace of B,
such that A = B/(H : B) and let g € By be a non zero divisor of degree one.

We first show that

(5.6) gY(H : B); = (¢%H : B)i,q

for all i > o(X) — 1. Let b € (H : B);. Then, since bBs_; C H, we have
gdes+d_(i+d) = ¢%B,_; C g'H. Hence g% € (¢?H : B);y4. Conversely, let
v € (gH : B)i1q. Then, since g is a non zero divisor, we have that the linear
map g% : B; — Bj,q is bijective for all i > o(X) —1. Hence, noting that b’ = g%b for
some b € B;, we see that g?bB,_; = W' Botq—(i+a) C g%H. Again, noting that ¢ is a
non zero divisor, we have bB,_; C H,i.e., b € (H : B);. Therefore, b’ € g*(H : B);.
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From the assumption, H(A,7) = H(X, ) for all 0 < i < ¢(X) — 1, it follows
that (H : B); = (0) for all 0 < i < u, because 0(X) — 1 < u and H(A, i) =| X | for
all 0(X) —1 < ¢ < u. Hence, from (5.6), we have

(5.7) (9"H : B); = (0)

for all 0 < j < u + d. Furthermore, since g% is a non zero divisor, we see that
dim(H : B); = dim g¢(H : B); for all i > 0, Hence, from (5.6), we have

(5.8) dim(H : B); = dim(¢?H : B)i4q

for all i > o(X) — 1. Let A’ = B/{g?H : B). Then, noting that H(A,) = H(X,1)
for all 0 <7 < u, it follows from (5.7) that

;| H(A3) fori=0,...,u,
H(A’Z)_{H(A,u) fori=u+1,...,u+d.

That is, H(A’,4) = h; for all 0 <4 < u+d. Furthermore, it follows from (5.8) that
H(A',i) =H(A,i—d) = h; forall u+d+1 < i < s+d. From Proposition 5.13,
we have that A’ has the WLP. This finishes the proof of (a).

Now we prove (b). Let F be a sufficiently general form of degree d. Let Y be
the hypersurface section of C cut out by F. We will show that the union, Z, of X
and Y is the desired level set of points. This is in fact a so-called “basic double
G-link” (see [48], Lemma 4.8 and its proof). The relevant facts that we will use
are that the saturated ideal of Z = X UY is Iz = I¢ + F - Ix, and there is a short
exact sequence

(5.9) 0— Ie(—d) = Ie ® Ix(—d) — Iz — 0,

where the first non-trivial map sends A — (F'A, A) and the second non-trivial map
sends (4, B) — A — FB.
Consider minimal free resolutions
Ge: 0—5Gppey — - — Gy —= I —0
(5.10) and
Fe: 0—>F, —---—>F — Ix — 0.

Note that I¢ is generated in degree < ¢(C). Then the condition that H(X, ) =
H(C,q) for all 0 <4 < ¢(C) — 1 means that in degrees < o(C) — 1, the generators of
Ic and the generators of Ix coincide. Furthermore, in degree o(C), every minimal
generator of I¢ is also a minimal generator of Ix (but there may be other generators
of Ix). But this implies that in addition, every minimal k-th syzygy of I is also a
minimal k-th syzygy of Ix.

Now, placing the minimal free resolutions (5.10) vertically over the short exact
sequence (5.9) in the obvious way, the mapping cone provides a free resolution (not
minimal) for Iz. But the above observations give us the additional fact that every
free module in Go(—d) splits off with the corresponding summands of Fe(—d), so
that we in fact have the precise minimal free resolution of I, and in particular it
is level.

Now we verify the claim about the Hilbert function. We note the following
facts.

(i) H(Y,7) = H(C,i) — H(C,i — d). In particular, if i > ¢(C) — 1 + d then

AH(Y,i) = 0.
(ii) Because AH(C,i) = deg C for all i > ¢(C)—1, we have that in fact H(X, ) =
H(C, 1) for all i < u, and also ¢(C) — 1 < w.
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(iii) Consequently, h; = AH(C,4) for all ¢ < u. Also, h; = h!, for all 0(C) — 1 <
1 < u.

Now, from the sequence (5.9) it is easy to see that
H(Z,i) = H(C,i)—H(C,i—d)+H(X,i—d)
= H(Y,i) +H(X,i - d)
For i < u+d, we have H(C,i—d) = H(X,i—d) (from (ii)). Hence H(Z,i) = H(C, 1)
for all ¢ < wu+d (using (i)). Now we compute:
e For 0 <i < u,

AH(Z,i) = AH(C,q)
= AH(X,i) (from (ii))
eForu+1<i<u+d,
AH(Z,i) = AH(C,1)
= degC (sinceu+12>0(C))
= AHX u)
= hl,.
e Foru+d+1<i<s+d,
AH(Z,i) = AH(Y,i)+ AH(X,i—d)
= AH(X,i—d) (by (ii) and (i))
= hia

We will see below, in Proposition 6.17, that the Artinian reduction of Z has
the WLP. 0

The following question asks whether we really need points in the first part of
Proposition 5.19.

QUESTION 5.20. Let b’ = (1,n,h),...,h.) be the h-vector of a level algebra
with the WLP, and let
w=min{i |k} > hi }.
Let d be a positive integer and define
R fori=0,...,u,

h; =< hl, fori=u+1,...,u+d,
R, , fori=u+d+1,...,s+d.

Then, is (1,n, ha, ... ,hs) the h-vector of a level algebra with the WLP?

REMARK 5.21. Using Proposition 5.19 above, we obtain special examples of
level sequences with a long flat part. As we will see in the appendices, every level
sequence in Table 6.2 of the appendices is produced by the linked-sum method
satisfying the condition “H(A,:) = H(X,7) for all 0 < i < ¢(X) — 1.” Hence, for
example , we can get the following level sequences with 208] and 326] in Table 6.2:

1,3,6,7,8,8,8,...,8,8,6,2
1,3,6,10,10,10, ... ,10,10,9,6,2, etc..

Another simple way to get level algebras with the WLP is the following.



5.3. CONSTRUCTING LEVEL ALGEBRAS WITH THE WLP 43

PROPOSITION 5.22. Suppose that (”_th

compressed level algebra, A, with h-vector

—-142 -1
h:(l,n,(n 2+ ),...7(n t+t):ht,7“>

satisfies the WLP.

) = nr for some integer r. Then, any

PRrROOF. We can write A = R/I, with R = k[x1,...,2,], and our assumption
on h implies that A; = R; for 0 < ¢ < t. Thus, if L is any linear form in A,
L : A; — A;4q is injective for 0 < ¢ < ¢ — 1. It will be enough to show that
L: Ay — Ay is surjective.

If it were not, then L : A7 | — A} would have a kernel. Thus, the canonical
surjection (A islevel), Aj®A;, | — A} would also have a kernel. But, by assumption
(dimy Ay)(dimyg A7, ;) = dimyg A7. This is the desired contradiction. Thus, every
L € Ay is a Lefschetz element in A. O

REMARK 5.23. We can use this to show that the compressed algebras with
h-vector (1,3,6,10,15,5) and (1, 3,6,10,15,21,7) - - - all have the WLP.

One of the strongest results we have for finding level algebras which satisfy the
WLP comes from re-examining a special case of Proposition 5.5. It is the following.

PROPOSITION 5.24. Let (1,hy, ha, ... , hs) be the h-vector of a level algebra A =
R/I where R =k[z1,... ,xy,]. Let j = max {i|h; = ("t"=1)}. Then,
i) there is an ideal J C I so that B = R/J is a level algebra with h- vector
(1,h1,... ,hj,hj+1 +17 ,hs + ].),
1) moreover, if A satisfies the WLP then J can be chosen so that B also satisfies
the WLP.

PROOF. Note that 7) is a very special case of Proposition 5.5. We will include
a proof anyway since the notation will be useful for ¢7), which is new.
Let S = k[y1,... ,yn] and let I~ C S be the inverse system of I. Then

dimk(Iil)j_i_l = hj+1 < dimy, Sj+1.

Let V = (I7Y);4+1 and  choose linear forms  Li,...,
L(j+n> in S; so that L{H, .. ,Lj(ﬁrln) form a basis for Sj;1 where, with no loss
J+1 J+1
of generality, we can assume that L{‘H ¢ V and that the coefficient of y; in Ly is
C1 75 0. )
It follows that L]*% ¢ (I™), 4, for if it were then we would have that
9 ) ,
7 (L{“) =+t eV
oy

But, ¢; # 0 would then imply that L{+1 € V, which is a contradiction.

Continuing in this way we see that LJIHS*j) ¢ (I7Y)y = W. Since A = R/I was
level, we know that I=1 = (W). So, if we consider the inverse system (W, L) = J !
we get that J C I and B = R/J is again level and has the required h-vector.

i1) Let J, = anng(L$). Then the h-vector of R/Jy is (1,...,1), where the last 1
occurs in degree s. It follows that Ji is actually a complete intersection ideal of
R, generated by n — 1 linearly independent forms of degree 1 and 1 form of degree
54 1. These n — 1 linear forms generate the prime ideal @ of a point in P?~1.
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Now J = I N J; but, given our observation about the generators of J; we have,
in degrees < s, that J = I N p. Consider the short exact sequence
(5.11) 0—-R/(INp)—R/I®R/p— R/(I+¢p)—0.
It follows from 7) and (5.11) that

1, fort<j,
0, forj<t<s,

dimy, (R/(I +p)): = {

and hence that, for j <t < s we have a functorial isomorphism

(5.12) (R/J)e ~ (R/T)¢ & (R/p):-
Consider the maps
(5.13) pe 2 (R))e = (R/J)esr, ve: (R/T)e — (R/1)i41

induced by multiplication by a general linear form, L. We assume that v; has
maximal rank, and we want to show that u; has maximal rank. We will use the
following diagram.

(R/T)e =5 (R) D)

th th+1

(5.14) (R/I), BN (R/I)41
l l
0 0

We now consider four different possibilities.
Case 1. t+1 < j. Then (R/J)i+1 = (R/I)i41 = Ryy1 and the assertion is trivial.
Case 2. t > s. This case is trivial.

Case 3. j <t < s. In this case all four entries of (5.14) get increased by 1.
Suppose first that v; is injective. If p; is not injective, let F' € Kerp;. There
are two possibilities.
o If ry(F) # 0 in (R/I); then the injectivity of v gives vy (r(F)) # 0 while
rep1(ue(F)) = 0, contradicting the commutativity of the diagram.
o If r,(F) = 0in (R/I); then from (5.11) and (5.12) we have that F corre-
sponds to an ordered pair («, 8) with « =0 in (R/I); but 8 # 0 in (R/p);.
Since clearly multiplication by L is an isomorphism between consecutive
components of R/p, we get that u.(F') # 0. Contradiction.
Now suppose that v, is surjective.
Let F be a non-zero element of (R/J)¢11. Thanks to (5.12), we can iden-
tify F' with an ordered pair (a, 3) where a € (R/I):41 and 8 € (R/©)t41-
But multiplication by L is surjective on R/I and R/ from degree ¢ to degree
t+1,s0 F € Im(u).

Case 4. t = j. In this case, we have (R/I); = R; and (R/J); = Ry but (R/I)141 #
Riy1. In particular, r; is an isomorphism. Again most of the argument focuses on
the diagram (5.14).

If vy : (R/I)y — (R/I)i41 is an injection, suppose that 0 # F € Ker(u;) C
(R/J): = Ry. Since ry is an isomorphism, r(F) # 0 in (R/I); = R;. But then the
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injectivity of vy gives v4(r¢(F')) # 0 while ry 1 (pe(F)) = r¢41(0) = 0, contradicting
the commutativity of (5.14). Therefore pu; is injective.
Now suppose that v; : (R/I); — (R/I)41 is surjective.

e If v; is an isomorphism then v; o r is an isomorphism, so also 1441 o iy is an
isomorphism. Hence p; is injective.

o Assume that v; is surjective but not an isomorphism. Let F' € (R/J)¢41.
We distinguish between two subcases:

« If FF € Ker(ri1), let G be any non-zero element of Keryy, which exists by
the assumption that v, is not an isomorphism. Since 7; is an isomorphism,
we may view G € (R/J); = R;. Then the element p,(G) is also in Ker(r¢41).
But Ker(ri+1) = (I/J )41 is 1-dimensional.

We now claim that, without loss of generality, we may assume that
u:(G) is non-zero in Ker(ry11). It is clear that every such G is automatically
in Ker(riy1), so what we are really claiming is that there exists a G €
Ker(vy) C (R/I)¢ = Ry = (R/J): such that p(G) # 0 in (R/J)¢41. Let us
use the information that we have acquired to rewrite (5.14). Recall that L is
a general linear form, and u; and vy are the maps defined by multiplication
by L. Recall also that here ¢t = j.

Ry 5 (R/D)i1 & (R/9)ia1

Tt J! lrt+1

0 — (I : L)t I Rt i) (R/I)t+1 — 0

Note that Ker(v4) = (I : L) is independent of the choice of p. Without loss
of generality we may choose g so that any given G € (I : L) does not vanish
at the point corresponding to p. Similarly we may assume that L is not in
©. Therefore LG is not zero in R/p, so G ¢ Ker ().

The above argument proves the claim. Therefore, for some A € K (the
ground field), F' — u(AG) = 0 and F € Im(p).

* Now let F' be any element of (R/J)i+1. Let G € (R/I); be a non-zero
element such that v4(G) = 141 (F'). Again we may view G as an element of
(R/J): = Ri. Now F — 11(G) € Ker(ry1). By the previous subcase, then,
F — p:(GQ) € Im(pe). But then also F' € Im(pq).

Therefore p; is surjective, and Case 4 is complete.
These four cases complete the proof that R/J has the WLP. O

5.4. The Linked-Sum Method

Another very useful construction method for Artinian level algebras having
embedding dimension n + 1 requires the construction of level sets of points in
P™. This is usually referred to as the linked-sum method and is based on the
following observations: if Z = X[ JY is a reduced set of points in P* (X and Y are
disjoint subsets of Z) then: if Z is a level set of points and R = k[xo, ... ,2,] then
A= R/(Ix + Iy) is an Artinian level algebra.

Moreover, the Hilbert function of A is given by

H(A,t) = H(R/Ix,t) + H(R/Iv,t) — H(R/Iz,t) .

(For details and some applications of this construction see [23]).



46 5. CONSTRUCTING ARTINIAN LEVEL ALGEBRAS

Obviously, the usefulness of this construction depends on first being able to find
level sets of points and then to find such which have subsets with a large variety of
Hilbert functions. I.e., these have to be rather special sets of level points.

In [23] we indicated a very specific construction to find level sets of points in
P2. We recall that construction here since we want to show that one can say even
more than was mentioned in [23] about the resulting level algebras. We recall some
definitions.

DEFINITION 5.25 ([33]). We let R = k[z,y, 2] denote the coordinate ring of P2.
1) A finite set X of points in P? is called a basic configuration of type (d, e) if there
exist distinct elements b;, ¢; in k such that

d e

L= [l b2, [[ - 2)

j=1 j=1

We write X := B(d, ¢) and think of the points of X as being the ‘lattice points’ of
a rectangle with e rows and d columns (note the order).
2) A finite set X of points in P? is called a pure configuration if there exist finite
basic configurations B(dy,e1),...,B(dm,emn) where e > -+ > e,,, which satisfy
the following three conditions.
Z) B(di,ei) ﬁB(dj,Ej) =@ if i #j,
it) X =B(di,e1) U - UB(dm,em),
iii) o(B(d;,e;)) D @(B(diy1,ei41)) for all 1 < i < m — 1, where ¢ : P2\ {[1 :
0:0]} — P! is the map defined by sending the point [z : y : z] to the point
[y : z].
In this case, we denote X = (J, B(d;, €;).
REMARK 5.26. Since basic configurations are (very special) complete intersec-
tions, their Hilbert functions are trivial to calculate.

In [[33], Lemma 4.4] the Hilbert function of a pure configuration was calculated
in terms of the Hilbert functions of its basic components. More precisely, if

Z = 6 B(dl, ei)

i=1
and the numbers vg, v1,... ,vn are defined by vo = 0 and v; = d; + - - - 4 d;, then
(5.15) H(Z,i) = Y H(B(d;, e;),i — ;1) -

=1

Moreover, in [[23], Corollary 3.10] we showed
(5.16) Z as above is a level set of points <= ¢; —e;41 =d;+1,1 <i<m—1.

From this remark we see that at least one of the ingredients necessary to use
the “linked-sum” approach has been collected, i.e., we have an easy construction
for lots of sets of points in P2 which are level.

Now, to get level Artinian algebras from these level sets of points (perhaps
which have even more special properties) we need to decide how to split up these
pure configurations.

The following lemma describes what happens when we split the level pure
configuration by, basically, splitting one of the basic configurations into two smaller
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basic configurations and partitioning the pure configuration with a “fence” between
these two pieces of the broken up basic configuration. More precisely.

LEMMA 5.27. Let Z = J;~, B(d;,e;) be a pure configuration in P?, and con-
sider a partition of Z as follows. Z =7'\JZ", where

Z’:{Ulf dz,eZ}UIBE 7, €0)
and Z" =B(d}, e U{UZ St dl,e)}

such that dj+d) = dp and B(d}, e¢) | UB(d}, er) = B(de, eq). (We consider B(d}, eq) =
@ ifd/ =0.) Then

H(Z,i) =H(Z i)+ H(Z",i — (dy + -+ + de_1 + d}))
for alli > 0.

PROOF. First note that since B(dy,ey) is a complete intersection, we can use
the Cayley Bacharach Theorem (see [15]) to say that

AH(B(dg, ep),i) = AH(B(dy, er), i) + AH(B(dy, er),de + €0 — 2 — 9).
Since dy + e, —2 —i=d,+dj + e — 2 — i we have
AH(B( Z,eg),dg +e—2— Z) = AH(B( IZI’ 6[), 2 =+ dg +e—2— ’L)

Now, using the symmetry of the difference function of the Hilbert function of
a complete intersection, we get that

H(B(dz’, €r)s d%—l— /@/-i-eg —2—1i) = AH(B(CZ?, €r)s /(/-i-eg —2—( 2+d2/+€e —2—1))
and this last is nothing more than
AH(B(dy, eq),i — dj).
Hence we get the identity,
(517) H(B(dfa 6@), Z) = H(B( Za 6@), Z) + H(B(dgv 65)71' - d})

Now, since Z’' and Z" are both pure conﬁgurations consider the integers (see
Remark 5.26) vj, vy, ... ,v, associated to Z" and vy, v{,... v, _,,, associated to
Z". Notice that v}, = - Vo = 0, 111 =v1,...,V,_; =v—1 and v; = vy_1 + dj.

Also, vy =0, v{ =df, v§ =dj +dgy1,... 0 _p 1 = df +degr + -+ dpe.
Le.,

vf =dj +dpyr -+ diia
which we can rewrite as
V) = Ugyio1 — ve—1 — dy.
From (5.15), we have

ZH duel /'—1) +H(E(d2362)3i7v2—1)
and
m—4{
H(Z//7i) = H( 67(3@ —l— Z H dg+j,€g+J) U}/).
j=1

Now consider

H(Z" i — (dy+ -+ dey + dp)) = H(Z", i — (v-1 + dy))
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which, in view of what we wrote above, can be rewritten as

—¢

H(B(dY, ee),i — (ve—1 +dp)) + ) HB(desj, eo45), i — (ve—r + dy) — vff) -
1

3

<.
Il

Taking advantage of our way of rewriting v7, this last is

—t
H(B(dy,e0),i —vp) + ) H(B(desj, e045),7 — vetj-1) -
j=1

3

Putting this together with (5.17) gives us the conclusion of the lemma. O

Now recall that a k-configuration in P2 of type 7 = (r1,72,... ,74), 11 <72 <
<.+ < 1y is a collection of r = Z?:l r; distinct points of P? situated on distinct
lines L1, ... ,L, of P? in such a way that exactly r; of the points lie on the line L;
and no point chosen on line L; lies on the line L; for j < . We have the following
proposition.

PROPOSITION 5.28. Let Z = |J;~, B(d;, e;) be a pure configuration in P? satis-
fying e; — €41 = diqq foralli=1,2,...,m—1. Let T = (r1,...,74) be a 2-type
vector such that r, = ey, ry —ry—1 > €2 and u < dy, and let X be a k-configuration
of type T which is contained in B(d,eq).

Set Y = Z —X, Y = B(der) — X, Y = [JZ,B(di,e;), and
h; =H(R/(Ix + Iy),i) for alli=0,1,... . Then we have the following.

1) R/(Ix + Iy) is an Artinian level graded k-algebra of C-M type m;

2) the socle degrees of the rings R/(Ix+1Iy)) and R/(Ix+Iy/) are both dy+e1—3;

3) the Hilbert function of R/(Ix + Iy) is

b — H(R/(Ix—l-fy/),i), fori=0,1,... ,dy — 2,
'O\ H(R/(Ix + Iy), i) + AH(Y" i — (dy — 1)), fori=d; —1,...,d; +e; — 3.

Furthermore assume that e; < diy — 1. Then

4)
H(X, 1), fori=0,1,...,dy — 2,
hi =<H(X,dy +e; —3—1) fori=dy—1,...,
+AH(Y",i — (dy — 1)), dy +e; — 3,

and
5) R/(Ix + Iy) has the weak Lefschetz property.

PRrROOF. First we note from [[23], Corollaries 3.10 and 3.15] that R/(Ix + Iy) is
an Artinian level graded k-algebra of C-M type less than or equal to m and whose
socle degree is equal to d; +e; — 3.

From the usual exact sequence

0—R/Iz - R/Ix®R/Iy — R/(Ix+ Iy) — 0,
we have that

H(R/(Ix + Iy),i) = H(X, i) + H(Y, i) - H(Z,i)
for all 7 > 0. In the same way, we see that

H(R/(Ix + Iy),i) = H(X,q) + H(Y', i) — H(B(d1, e1),1)
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for all 4 > 0. Furthermore, it follows from Lemma 5.27 that
H(Z,i) = H(B(dy,e1),i) + H(Y",i — dy).
Since Y is a pure configuration and r, — r,_1 > es, we can use Lemma 5.27 to
partition Y as Y = Y/ |JY”. Le., noting that r,, = e;, we have that
H(Y,q) = H(Y )+ H(Y",i — (dy — 1)).
Hence, from the four equalities above, we get
h, = H(Xi)+ {H(Y’,i) +HY" i — (dy — 1))}
—{H(B(d1,€1),1) + H(Y",i—d1)}
= H(R/(Ix+ Iy),i) + AH(Y",i— (d; — 1)).

Now, applying [[31], Theorem 2.1 (3)] we get that the socle degree of
R/(Ix + Iy) (ie., s(R/(Ix + Iy)) is di + e1 — 3, and so s(R/(Ix + Iy)) =
s(R/(Ix + Iy’)). Furthermore, since e¢; — €;41 = d;41 for alli =1,2,...,m — 1, it
follows from [[33], Lemma 4.4 (2)], that o(Y") = ds + e2 — 1 = e; — 1. Hence we
see that (dy — 1) + (o(Y') — 1) = s(R/(Ix + Iy)).

This gives the equalities of 3).

In particular, when ¢ = d; + e; — 3, we have

H(R/(IX + Iy), dy + e — 3) = H(R/(IX + IY/), dy +e1 — 3) + AH(Y”, e1 — 2)
= 14+(m-1)
= m.

Therefore, from the first part of this proof it follows that the C-M type of R/ (Ix+1Iy)
is exactly equal to m. This completes the proof of 1), 2) and 3).

If we note that o(X) = r, = e; and o(B(d1,e1)) = di + e; — 1, then assertion
4) follows from [[31], Theorem 2.1 (4)].

As for 5), notice that 0(X) = e; and e; < dj — 1 and thus o(X) —1 < d; — 2.
Hence, it follows from 4) that H(R/Ix + Iy,i) = H(X,4) for all ¢ with 0 < i <
o(X) — 1. Thus, by Proposition 5.15, R/Ix + Iy has the WLP. O

REMARK 5.29. Let h be a Gorenstein O-sequence with by = 3 and o(h) = s+1.
Then, as was shown by Stanley, the “first half” of the O-sequence is a differentiable
O-sequence. Let 7 = (ry,rq,...,7,) be the 2-type vector of this differentiable
O-sequence associated to b (for more details see the Definition in [[31], page 318].)

Setd; :=s+3—r,and ey :=1ry. Let Z = UZ1 B(d;, e;) be a pure configuration
satisfying e; —e;4+1 = d;41 foralli =1,2,...;m —1, and let X be a k-configuration
of type T which is contained in B(dy,e1). (From [[31], Theorem 3.3], we have that
there is always such a k-configuration in B(d;,e1).)

Set Y:=Z-X,Y :=B(di,e1) — X, and Y := |J", B(d;,e;). Notice that
from (5.16) above, Y” is a level set of points in P2. Let a = (ag, a1, ...,a;s) be the
h-vector of Y". If r,, — r,—1 > e2, then from [[31], Theorem 3.3], [[32], Lemma 3.2]
and Proposition 5.28 above, we have the following.

1) R/(Ix + Iy:) is an Artinian Gorenstein k-algebra with the weak Lefschetz

property and the h-vector of R/(Ix + Iy/) is equal to h;
2) R/(Ix + Iy) is an Artinian level k-algebra with CM type m with the weak
Lefschetz property and whose h-vector is equal to

(h07h17 ey hsftfla hsft + ap, hsftJrl + ai, .. '7hs + at)-
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The level sequences of codimension three obtained by this construction will be
described as a sum of an Artinian Gorenstein-sequence of codimension three and a
level sequence of codimension two.

We illustrate the discussion above with some examples.

ExAMPLE 5.30. Let h = (1,3,5,6,5,3,1). 7 = (2,4) is the 2-type vector
associated to the O-sequence 1 356 6 — (which is the differentiable O-sequence
associated to h).

Let X be the set of all e’s in the basic configuration B(5,4) below and Y’ the
set of all ®’s in that B(5,4). Then X is a k-configuration of type 7 = (2,4) and Y’
is a pure configuration.

® x x ok ok
® x % k%
e o x %k %
e o * K ok

Now choose two positive integers do and ey such that do + eo = 4,

(d2’ 82) = {(17 3)7 (2’ 2)7 (37 1)};

and take a pure configuration Z := B(5,4) | B(dz, e2) such that Y := Y’ [JB(do, e2)
is also a pure configuration.

To apply the results above we need 4 — 2 = 2 > e5 and so we have to eliminate
the choice (dga,e2) = (1, 3). For the other two choices we get, when (dz, e2) = (2, 2).

e o o o
® O X X
* % X X
* % X *x
* % ¥ X

Then the Hilbert functions of X, Y, Z, and R/(Ix + Iy) (using the notation of
Remark 5.29) are

6 10 14 18 22 24 —
5 6 6 6 6 6 —
6 10 14 17 18 18 —
36 6 6 5 2 0 —.

H(Z,-)
H(X, -)
H(Y, )
H(R/(Ix + Iy), -)

From Proposition 5.28 4) above, we get that (1,3,5,6,6,5,2) is a level O-sequence
and the h- vector of a level algebra with the WLP.
Let (d2,€2) = (3, 1).

—
w w w

e o o o
® O X X
O R
* K X X
¥ X ¥ ¥

Then the Hilbert functions of X, Y, Z, and R/(Ix + Iy) (again with the notation
of Remark 5.29) are

H(Z,—) 1 36 10 14 18 21 23 —
H(X, -) 135 6 6 6 6 6 —
H(Y,-) 1 3 6 10 14 16 17 17 —
H(R/(Ix + Iv), —) 135 6 6 4 2 0 —.
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From Proposition 5.28, 4) above, we get that (1, 3,5,6,6,4,2) is a level O-sequence
and the h-vector of a level algebra with the WLP.

QUESTION 5.31. Suppose that (1,hq,...,hs) is a Gorenstein sequence with
hi = 3. Choose t so that ¢ < max{i | h; < h;11} and suppose that (1,a1,... ,a:) is
a level sequence with a; = 2. Suppose further that the sequence

(Lhty oo shs—g—1,hs—t + 1 hsgp1 + a1, ... hs + ay)
is unimodal (the sequence is obviously flawless). Is this a level sequence?

REMARK 5.32. Unfortunately, the linked sum construction cannot always be
used to construct level Artinian algebras of type > 1 in codimension 3 from level sets
of points in P? (in sharp contrast to the case of Gorenstein algebras of codimension
3, see [[31], Theorem 3.3]).

An easy way to see this is to consider potential h-vectors describing level Ar-
tinian algebras of socle degree 5 and type 4. For example, let h = (1,3, —, —, a, 4).
By Inverse Systems we know that v < 12 and, e.g. that there is a compressed level
algebra with h-vector (1,3,6,10,12,4). However, that h-vector and indeed any
h-vector of the form (1,3,—,—,> 11,4) cannot be obtained from the linked-sum
construction.

To see why, suppose we had a level set of points Z C P? and a partition
Z = XUJY which gave the h-vector above by the linked-sum construction. Then,
if we let A= R/(Ix + Iy), we would have a display

H(Z—-): 1 — — — b ¢
H(X7—) 1 - - - a1 Q9
HY,-): 1 - — — /i [
HA-): 1 — — — s 4

where 11 < s < 12.
The construction method says that b4+ s = a; + 81 and ¢ + 4 = as + fo.
Subtracting, we have

(c=b)+(4—3s)=(a2—a1)+ (B2 — ).

But, since X and Y are point sets in P? we have (ap —ay) > 0 and (82— 31) > 0.
Since 4 — s < —7 we must have ¢ — b > 7. But, since Z has a differentiable Hilbert
function, the maximum value for ¢ — b is 6 = dimy (k[z, y]5).

A very similar discussion, but this time applied to the compressed level h-vector
(1,3,6,10,15,20,12,6,2), shows that since dimy (k[z,y]¢) = 7 and (12 — 20) = -8,
a compressed level algebra with this h-vector cannot be constructed by the linked
sum method.



CHAPTER 6

Constructing Level Sets of Points

Another extremely interesting way to construct Artinian level k-algebras of
codimension n is to construct level sets of points in P". This is, by far, the strongest
approach since by constructing level sets of points in P we obtain both Artinian
level algebras of codimension n (taking the Artinian reduction of the coordinate
ring of the set of points) and Artinian level algebras of codimension n + 1 (using
the “linked-sum” method).

We have had some success with this approach — enough so that we wonder if
the following question might have a positive answer.

QUESTION 6.1. If h = (1,m, ha, ..., hs), hs # 0, is the h-vector of an Artinian
level quotient of R = k[x1,...,x,] then is there a set of points in P™ whose coor-
dinate ring has Artinian reduction with h-vector equal to h?

It is well known that Question 6.1 is true when n = 2. It was also shown
in [28] to be true when n = 3 and h, = 1. We will give an affirmative answer to
Question 6.1 when n = 3 and r < 4 and also when n = 3, s =5, 6 and the level
algebra is of type 2. Those computations will all be put in the Appendix to this
monograph.

In this monograph we will concentrate on constructing level sets of points in
P3. Tt will be clear (and we will comment when this is so) that our constructions
can be generalized to make examples in P™ for n > 3. But, since there are still so
many open questions in codimension 3, we will restrict most of our attention there.

To produce level sets of points in P3, we have four main techniques.

1) Find them as the intersection of two suitable arithmetically Cohen-Macaulay
curves with no common component whose union is a complete intersection
and whose scheme-theoretic intersection is a reduced set of points. (This
is the analogue, one dimension higher, of the linked-sum construction men-
tioned above.)

2) Find them by a liaison method, as described below.

3) Find them as a suitable union of smaller sets of points. We have one method,
and we wonder if other similar methods exist.

4) Find them as a subset of a suitable curve in P2. Sometimes this can be used
in conjunction with liaison.

6.1. Method 1: Intersection of Suitable Curves

A variant of this technique was used by the first and third authors to construct
all possible sets of graded Betti numbers for arithmetically Gorenstein sets of points
in P? (see [28]). It was based on the observation that if Z is a complete intersection
stick figure (i.e. a reduced union of lines where at most two meet in any point) in

52
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P3, and if X and Y are both arithmetically Cohen-Macaulay curves linked by Z,
then Ix + Iy is the saturated ideal of a reduced set of points which is arithmetically
Gorenstein, and which has computable Hilbert function and graded Betti numbers.

The crux of the problem in the more general case of level sets of points, is to
mimic this construction and find arithmetically Cohen-Macaulay stick figures whose
union, Z is level of type > 2. In the Gorenstein situation, it sufficed to find one, and
then the residual in Z was automatically arithmetically Cohen-Macaulay as well.
In the current case this is no longer true. We will give one partial result which
has proven useful in constructing many of our examples. First we need to recall a
construction.

LEMMA 6.2 ([55]). Let V4 C Vo C --- C V, C P be arithmetically Cohen-
Macaulay schemes of the same dimension, each generically Gorenstein. Let
Hy,... ,H; be hypersurfaces, defined by forms Fi,...,F;, such that for each 1,
H; contains no component of V; for any j < i. Let W; be the arithmetically
Cohen-Macaulay schemes defined by the corresponding hypersurface sections: Iy, =
Iy, + (F;). Then

i) viewed as divisors on Vi, the sum Z of the W; (which is just the union, if the

hypersurfaces are general enough) is in the same Gorenstein liaison class as
Wy

1) In particular, Z is arithmetically Cohen-Macaulay.

ii1) As ideals we have

Ip=1Iy, + F - Iy, , + FiFy Iy, , +-+ FF_1- Foly, + (FF_1 - F).
i) Let d; = deg F;. The Hilbert functions are related by the formula

hz(x) = hw, (2) + hw,_, (@ = dt) + hw,_,(x —dp —de—1) + -+
hwl(z —dt _dt—l — e —dg).
REMARK 6.3. 1) Notice that any way we partition the W;’s into two sub-

sets whose union is Z, each of the components is arithmetically Cohen-
Macaulay. This is one of the more useful consequences of this lemma for
us.

2) Parts 1), i4i) and iv) of this Lemma have been proved independently by
Ragusa and Zappala [[62], Lemma 1.5].

Now let L;,...,Lg and M;i,..., M, be families of linear forms in R =
klxo,...,2zn], and assume that the ideal (A, B) in R is a complete intersection,
where A = [[°_, L; and B = [[S_, M.

We use Lemma 6.2 in the following way.

COROLLARY 6.4. Thinking of the L; and My, as hyperplanes which are pairwise
linearly independent, the intersection of any L; with My, is a codimension two linear
variety, P; i.

Consider a union Y of such codimension two linear varieties subject to the
condition that if Py, CY then P;, C Y for all (4,£) satisfying j <i and ¢ < k.

Then Y is arithmetically Cohen-Macaulay.

Ifn =3 and if any ideal of the form (L;, L;, My, M;) is (zo, 21, T2, x3)-primary,
then any subset of this complete intersection is a stick figure (independent of whether
or not it is arithmetically Cohen-Macaulay).
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Lg

Lo
Ly

My, M. Ms; My Ms Mg M, .. M.

FIGURE 1

REMARK 6.5. If, for example, we consider Corollary 6.4 for the case n = 3, then
the o’s in Figure 1 above correspond to lines of P3. One should not think of the
hyperplanes corresponding to the L; and L; as being, in any way, parallel to each
other. The diagram gives, at best, a rough idea of what is going on geometrically.

We summarize our use of Method 1 with the following result. Note, though,
that it can be extended to higher projective space, and if desired it can be extended
to produce level sets of points with type bigger than two.

COROLLARY 6.6. Let n = 3 and let {P;} (1 < i < d,1 < k < e) be the
complete intersection defined by (A, B) as above. Inside of {P;}, let W be a
complete intersection of type (a,a) (0 < a < d,0<a<e). Let Z be the residual to
W in the larger complete intersection {P; }. Then the Artinian reduction of Z is
level of type 2 with socle degree d + e — a — 2. Furthermore, 7 is a stick figure.

Suppose that Z = XY, where X and Y are unions of lines satisfying the
“nested” condition of Corollary 6.4. Then Ix+ Iy is the saturated ideal of a reduced
union of points that is level of socle degree d 4+ e —a — 3.

REMARK 6.7. We can get examples with socle of dimension > 2 if we remove
more than one complete intersection from the original complete intersection. I.e.,
if the set Z in Corollary 6.6 looks like a pure configuration as described by (5.16)
above.

EXAMPLE 6.8. Let n = 3 and consider a complete intersection (5,5) given by
linear forms (see the diagram in Corollary 6.4) Lq,...,Ls, My,... ,Ms .

We wish to apply Corollary 6.6, so let W be a complete intersection (1,1) and
Z the residual to W. Write Z = XJY, where X consists of lines represented by e’s
and Y the lines represented by *’s in Figure 2.

[ ] [ ] [ ] [ ]
[ ] k k * *
Z=<*x * % * *
* * k * *
* * k * *
FIGURE 2

Notice that if we label the rows {1,2,3,4,5} (from top to bottom) and the
columns by {1,2,3,4,5} (from left to right) we see that the X’s satisfy the nested
condition of Corollary 6.4 and so the lines they represent have ACM coordinate
ring.

If, however, we label the rows {1,2,3,4,5} (this time from bottom to top) and
the columns {5,4,3,2,1} (from left to right) we see that the Y’s satisfy the nested
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condition of Corollary 6.4 and so they also represent lines whose homogeneous
coordinate ring is ACM.
If we choose the lines generally enough the entire complete intersection will be
a stick figure and hence the same will be true for X and Y. That is enough to
guarantee that Ix + Iy is the saturated ideal of a reduced level set of points in P3
of type 2 and whose Artinian reduction has socle degree 5 +5 —1 — 3 = 6.
Calculating the Hilbert functions needed we get

AH(R/IZ”*) 1 3 6 10 15 19 22 24 —
AH(R/Ix,~) : 1 3 4 5 5 5 5 5 —
AH(R/Iy,—) 1 3 6 10 14 17 19 19 —
AH(R/IX + Iy, —) 1 3 4 5 4 3 2 0 —.

So, the h-vector (1,3,4,5,4,3,2) is a level sequence which comes from a level set
of points in P3.

We will gather many other examples using this construction in the Appendix.
Notice also that the constructions used in Example 5.30 are both adaptable to
Method 1.

6.2. Method 2: Liaison Tricks

Liaison has proven to be a powerful method of constructing interesting objects
in projective space, and here we find a new example of its utility. We refer to [53]
or [56] for the background needed for this discussion.

DEFINITION 6.9. A subscheme V of P" is said to be licci if it is in the (complete
intersection) liaison class of a complete intersection. V is said to be glicci if it is in
the Gorenstein liaison class of a complete intersection.

The mapping cone construction (see the above references) is a very useful way
of obtaining a free resolution of a linked variety (in the case where the varieties
are arithmetically Cohen-Macaulay), given a free resolution of the original vari-
ety. Although it usually does not give a minimal free resolution, often additional
information can be used to split off redundant terms and obtain a minimal free
resolution.

We illustrate this with an example.

EXAMPLE 6.10. Suppose we want to construct a level set of points, Z, in P3
with h-vector (1, 3,6,10,12,6,2).

This is the h-vector of a compressed Artinian level algebra (see the comments
after Proposition 5.4), i.e., in the parameter space of all Artinian level algebras of
type 2 with socle degree 6, a Zariski open subset has this Hilbert function. We are,
however, looking for points with this h-vector.

To produce a set of points in P2 with this h-vector we start with a set of 12
general points, Z, in P3. This has h-vector (1,3,6,2) and, if R = k[zo, ... ,x3],
minimal free resolution

(6.1) 0 — R(—6)? — R(—4)° — R(-3)® — Iz, — 0.
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Choose a general regular sequence J; of type (3,3,4) in Iz,. J; has a minimal
free resolution

R(—6) R(-3)?
(6.2) 0 — R(-10) — ) — @ — J; — 0.
R(-T7)? R(—4)

Let Zy be the residual to Z; in the complete intersection X; defined by J;. What
can we say about Zsy?

1) By the Cayley-Bacharach Theorem (see [15]) the h-vector of Zs is (1, 3,6,8,6).
2) There is a short exact sequence
(6.3) 0—J 1y — Kgz,(—6) — 0

where Kz, is the canonical module of Zy (cf. [[56], Lemma 5.10 and Example
5.7,(iii)]).

3) Using the short exact sequence (6.3) and the resolutions (6.1) and (6.2), we can
compute the minimal free resolution of Iz, as follows. Consider the commutative
diagram

0
7
KZZ<_6)
T
0 — R(-6? — R(-4)° — R(-3% — Iz, - 0
T as T az Tar T
R(—6) R(-3)*
0 — R(-10) — & — ® — J1 - 0
R(-T)? R(—4)
7
0

where the maps «; are lifted from «.

Note that the two cubic generators of J; are also minimal generators of Iz, .
This means that the restriction of the map oy to two copies of R(—3) is an isomor-
phism; we will use this fact shortly to split off some terms.

The mapping cone of the above diagram gives a free resolution (not minimal)
for Kz,(—6):

R(-6)° R(-3)?
0 — R(-10) — &) — &) — R(—3)® = Kz,(—6) — 0.
R(-7)* R(—4)'°

The observation above about «; means that two copies of R(—3) split off, giving a
(what has to be) minimal free resolution

R(-6)
0 — R(—10) — @ — R(—4)'"% = R(-3)% — Ky,(—6) — 0.
R(—7)?
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Dualizing this resolution and twisting by —10 gives a minimal free resolution for
R/Iz,, so we get the minimal free resolution

R(-3)?
0— R(-7)% — R(-6)'" — @ — Iz, — 0.
R(—4)3

Now we choose a general regular sequence Jy of type (4,4,4) in Iz,. In the
same way as above, we obtain a residual set of points, Z, with the desired h-vector,
(1,3,6,10,12,6,2), and free resolution given by the mapping cone obtained from
the diagram

0 — R(-7% — R(-6)!© — & — Iz, — 0
R(—-4)3
7 T 7 7
0 — R(-12) — R(-8? — R(-4? — J, — 0

and after splitting the three generators of degree 4, the mapping cone gives that
the residual, Z, has minimal free resolution

0 — R(—9)2 — R(—G)lo — a5 — Iz — 0

as desired.

The difficult part of using liaison as a method of construction is to determine
in advance what object to start with (above we used 12 general points in P3) and
what sequence of links to use in order to obtain the desired result. Usually one
proceeds in reverse! One starts with the (hypothetical) desired object and tries to
find a sequence of links that, if it really exists, will result in a known object (above
it is a set of 12 points). Then one makes the actual computation, starting with the
known object and working backwards as above, and one verifies that at the end one
obtains the desired level algebra.

As described above, this is a somewhat “educated hit and miss” procedure. In
our case of socle degree 6, though, we have an incredibly powerful tool at our dis-
posal. Using the methods described earlier in this monograph, we had constructed
all possible level Artinian Hilbert functions of socle degree 6 explicitly as sums of
ideals of points in P?. Having these explicit constructions already, it is a very simple
matter to study them on the computer and look for “small” links. Applying this
idea enabled us to find examples of Hilbert functions of level point sets in P3 that
we were unable to find with any other method. It also resulted in some interesting
observations, noted below. First, though, we illustrate the idea.

ExXAMPLE 6.11. The compressed Hilbert function obtained in Example 6.10 is
obtained using the linked-sum method with points in P2, in the following way (in
this diagram, X corresponds to the points e and Y corresponds to the points ).

® O O X X X
® O X X %X @
® X X @ X% X
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Notice that this configuration does not lend itself to the use of Method 1 since the
two subsets X and Y do not satisfy the “nested” property.
The Hilbert functions of the various sets of points in the diagram are given by

AH(R/Iz,—) : 1 3 6 10 15 21 25 27 —
AH(R/Ix,—) : 1 3 6 10 13 13 13 13 —
AH(R/Iy,—) : 1 3 6 10 14 14 14 14 —
AHR/(Ix+1Iy),—) : 1 3 6 10 12 6 2 0 —.

The Artinian ideal Ix 4+ Iy can be studied on the computer (we did it with
Macaulay [2]), and if we choose at each step the smallest complete intersection
possible, we obtain that the following sequence of links takes us from this algebra
to one with h-vector (1, 3,6, 2):

(4,4,5), (4,4,4), (3,4,4), (3,3,4).

Now, noting that this last ideal has the Hilbert function and graded Betti numbers
of the Artinian reduction of a set of 12 general points, and noting that complete
intersection links of a hyperplane section (or Artinian reduction) lift (the proof of
[[53], Proposition 5.2.25] works also in the Artinian case), we get a level set of
points in P? by starting with 12 general points and applying the above links in
reverse order.

Note that in Example 6.10 we were able to achieve our result with two links
rather than four.

REMARK 6.12. 1) Watanabe [70] has shown that every height three Gorenstein
ideal is licci. Since Gorenstein ideals are level of type 1, it is natural to wonder
if all level algebras might be licci. Example 6.10 shows that this is not the case,
even for type 2. Indeed, the level algebra that we constructed is linked to a set
of 12 points in P3 with generic Hilbert function and minimal free resolution. The
defining ideal of these points has 8 minimal generators, all of degree 3. But Huneke
[42] has shown that if an ideal I, with height g and v(I) generators all of degree d,

is licci then
v(I)+1 < 2d+g—1
2 - g—1 '

Since this inequality is violated with this example, we get that our set of points
with compressed Hilbert function is not licci.

On the other hand, Hartshorne [36] has shown that for any n, a general set of
n points on a smooth cubic surface in P? is glicci. Thus, the points in Example 6.10
are at least glicci.

2) Let V be a subscheme of P". In order to find the “smallest” subscheme in the
liaison class of V (or to a complete intersection in case V is licci), a very natural
procedure to try is the one given above, namely at each step choose the small-
est complete intersection containing the subscheme. It is known in codimension
two that this works, and is the most efficient method, for arithmetically Cohen-
Macaulay subschemes.

We were quite surprised to see, as a result of our calculations, that this method
is sometimes not the best, and indeed sometimes does not work, in higher codimen-
sion.
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The first illustration is given above, where the set of points with compressed
Hilbert function can be linked to 12 general points in two steps, but the “minimal
link” procedure requires four steps.

But a more interesting example is the following. The h-vector (1,3,6,8,7,6,2)
can be constructed using the linked sum method for points in P? as follows: in
the diagram below take X as the points represented by e’s and Y as the points
represented by *’s and let J = Ix + Iy. From (5.16) above, the set Z is a level set
of points in P? with socle degree 7 and type 2.

e x x
e o o o
Z=<* *x % @ * x*
¥ ok x % *x @

* ok x e ok %

The Hilbert functions of the various sets of points involved are tabulated below:

AH(R/Iz,—) : 1 3 6 10 15 20 24 26 —
AH(R/Ix,—) : 1 3 6 8 8 8 8 8 —
AH(R/Iy,—) : 1 3 6 10 14 18 18 18 —
AH(R/Ix+1Iy—) : 1 3 6 8 7 6 2 0 —.

One can check, by explicitly forming the ideal J = Ix + Iy, that the least degrees
giving a regular sequence in it are (3,4, 6), and choosing such a complete intersection
links J to some residual J’. But the smallest link for J’ is again of type (3,4,6), so
we link back to an ideal with the same Hilbert function and graded Betti numbers
as J. On the other hand, if one starts instead with the link (4,4,6) (which is not
the smallest possible), the sequence of links

(4,4,6), (4,4,5), (2,2,5), (1,2,2)

result in an ideal with h-vector (1). This can be lifted to a point in P3, and then
this sequence of links can be used backwards, to produce a level set of points V
with the desired h-vector, which is thus obviously licci but can not be linked to a
complete intersection via minimal links.

3) The method above consisted of explicitly constructing an Artinian level algebra
in k[z1, 2, z3], following the complete intersections that link it to a simple Artinian
algebra, lifting this to a set of points Z;, and then reversing the sequence of numer-
ical links to obtain our desired set of points Z with the right Hilbert function and
resolution. Note that since links lift, if the “simple Artinian algebra” is actually the
Artinian reduction of Z; (as opposed to simply having the same numerical data),
then working backwards we can construct a set of points whose Artinian reduction
is actually the original algebra, rather than simply having the right Hilbert function
and graded Betti numbers. This is a much stronger conclusion!

6.3. Method 3: Union of suitable sets of points

Another natural way to try to produce sets of points in P? is as a union of
smaller sets. This is done, for instance, to produce the pure configurations in P?
that are used to make sums of ideals of points and construct our height 3 level
algebras. We believe that there should be many such constructions, but here we
give just one (and a corollary).
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LEMMA 6.13. Let Zy C P3 be arithmetically Gorenstein with socle degree s.
Let C C P3 be a complete intersection curve containing Z1 (as schemes), with
Ic = (F1, Fy) and deg Fy = d, deg Fs = e. Let F be a general polynomial of degree
f. Assume that d+ e = s+ 3. Then the ideal

Iz =F Iz, + Ic

is the saturated ideal of a scheme Z which is level of type two and has socle degree
s+ f.

PRrROOF. This is a basic double link. See [27] or [48] for a more general version
that can be used in higher codimension. This gives that the ideal is saturated. We
have, from [[48], Lemma 4.8 (in the proof)], that there is an exact sequence

0— Ic(—f) — IZI(—f) @Il — Iz — 0.
Suppose that we have a minimal free resolution
0—>R(—S—3)—>F2—>F1—>IZI — 0

for Iz,. Then we have

0
!
0 R(-s—3—f)®0
1 |
R(—d—e—f) Fo(—f) & R(—d —e)
1 |
R(—d—f)?R(—e—f) Fi(=f) & R(—d) & R(—e)
!
0 — Ic(—f) — Iz(—f) ) IC — IZ — 0
1 |
0 0

A mapping cone gives a free resolution for Iz, and the assumption that d+e = s+3
gives the desired end of the resolution and in particular that Z is level. Some terms
may split off (for instance if the generators of I¢ are minimal generators of I, ), but
neither summand from the end of the resolution can split off, for numerical reasons
(using the fact that Iz, is Gorenstein). Hence we have type two. O

We can get a union of two complete intersections to be level of type two as
follows.

COROLLARY 6.14. Let Zy C P? be a complete intersection of type (a,b,c) and
let C C P3 be a complete intersection curve of type (d,e) containing Z,. (Note that
Z1 need not be a hypersurface section of C.) Let Zo be a degree f hypersurface
section of C. Assume that 7y and Zo have no common component.

Ifa+b+c=d+e then Z := Z1|JZ2 is level of type two and socle degree
a+b+c+f—-3=d+e+ f—3.

REMARK 6.15. Corollary 6.14 can easily be extended to higher socle type. Sup-
pose that Z; is level of arbitrary type (rather than being of type 1 as in the Corol-
lary). Then the mapping cone in the proof of Lemma 6.13 adds one free summand
to the last free module of the minimal free resolution of Z;, and by suitable choice
of C we can guarantee that the resulting set Z is again level.
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Notice that in order to repeat the procedure indefinitely, the curve C has to
get progressively bigger. However, if we fix the desired socle type, we can also view
the procedure in reverse. From this point of view, we can give a codimension three
version of the “pure configuration” construction that is at the heart of the proce-
dure that gives most of the Artinian level algebras constructed in this monograph.
Furthermore, this approach gives an alternative way to view (and prove) the results
even in the codimension two case. We first consider the latter case from this point
of view. Note that in order to be consistent with the notation of the earlier parts
of this monograph, we must also reverse the roles of Z; and Zy in Corollary 6.14.

The pure configuration begins with a complete intersection Z; in P2, namely a
box of size a x b (let us think of a as giving the number of columns, i.e. the width
of the box, and b as giving the number of rows, i.e. the height of the box). Then
we add a second complete intersection Zs to it, namely a box of size ¢ X d subject
to the conditions that b > d (i.e. the new box is “shorter” than the first one) and
c+d = b. Note that the value of a is not part of the hypotheses. The union of
these two boxes is level of type 2 and socle degree a + b — 2. (Note that a + b is the
sum of the dimensions of the first box.) This procedure can be repeated to produce
level algebras of higher socle type, which is the number of boxes.

In fact, Z, is obtained as a hypersurface section of a curve containing Zs: one
can think of the b horizontal lines on which Z; lies as being the curve and the a
vertical lines as giving the hypersurface section. The condition that b > d is just
so that the curve of horizontal lines contains Z,.

Corollary 6.14 gives a codimension three version of this construction. We start
with a box Z;, (now three dimensional) of size a X b x ¢. We then add a box of
size d X e X f, Zy. The constraints are that the complete intersection curve of type
(a,b) should contain Zsy, which can be translated to a set of inequalities, and that
d+e+ f=a+b. Note that the value of ¢ is not part of the hypotheses.

Again, this can be extended to higher socle type.

6.4. Method 4: General Sets of Points on Suitable curves

Sometimes we can find level sets of points by choosing appropriate (sometimes
general) points on a suitable curve, or simply with an appropriate configuration
(e.g. chosen generically in P3). To prove that this set of points has the desired
property, it can be useful to apply some of the above techniques. We illustrate with
an example, but see also Chapter 7.

EXAMPLE 6.16. Consider the h-vector (1,3,5,5,5,5,2). Through degree 5 this
agrees with the first difference of the Hilbert function of an arithmetically Cohen-
Macaulay curve C of degree 5 and genus 2 in P3. This strongly suggests that a
general choice, Z, of 26 points on C will have the desired properties. This is not
hard to verify on the computer, but it can be checked directly.

Z can clearly be linked to something using a complete intersection of type
(2,3,6), but to what? The first two generators link C to a line, and the whole
complete intersection then links Z to a set Z; with h-vector (1,3,3,1,1,1) consisting
of 6 points on that line plus four other points. This set can then clearly be linked in a
complete intersection of type (2,2,6) to get a residual with h-vector (1,3,3,3,3,1).
This is the h-vector of a set of 14 points on a twisted cubic curve, and such a set
of points is arithmetically Gorenstein.
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So we are led to the following. Let C’ be a twisted cubic curve in P? containing
a point P. Let Z; be an element of the linear system 5H — P on C’. It is not
hard to check that Z; is arithmetically Gorenstein with h-vector (1,3,3,3,3,1) and
minimal free resolution

R(-6)°  R(-5)?

Then applying, successively, links of type (2,2,6) and (2,3,6) and using the
mapping cone construction (with the corresponding splitting off of generators), we
verify the desired Hilbert function, and minimal free resolution is

R(-4)*  R(-2)
¥ S
0 — R(—9)* = R(-7)* = R(—-3)? — Iz — 0.
@ @
R(-8) R(-6)3

In cases where we have level point sets on curves it is sometimes possible to
verify the WLP for an Artinian reduction of their homogeneous coordinate ring.
For example, we have the following proposition.

PROPOSITION 6.17. Let C C P™ be a reduced arithmetically Cohen Macaulay
curve. Let X C C be a set of points. Let R = klxg,... ,xn], T = kl[z1,... 2]
(where we can assume, with no loss of generality, that no points of X nor any
component of C lies in the hyperplane defined by x¢ — so xqy is not a zero-divisor
on either R/Ix or R/Ic). Let J = (Ix + (x0))/(xo) C T be the ideal defining the
Artinian reduction of R/Ix. Let d be the last degree for which (Ix)q = (I¢)q and
assume that degC = AH(C, d).

Then T'/J has the WLP.

PROOF. Since X C C we have a surjection R/I — R/Ix. Furthermore, if we
let I = (I¢c + (z0))/(x0), we also have a surjection

n:T/I —T/J.

Note that T'/I is a Cohen-Macaulay ring which is the homogeneous coordinate
ring of the points of the hyperplane section of C given by xg. Since T'/J agrees with
T/I in all degrees < d, it follows that for a general linear form L, the induced map
xL:(T/J); = (T/J)i+1 is an injection, for all i < d. We also know, from the fact
that AH(C,d) = degC, that (T'/I); x4 (T'/I)i41 is an isomorphism for all ¢ > d.

We have to show that for a general linear form in 7" the multiplication map,

(T )i = (T/J)isa
is a surjection, for all ¢ > d. For any linear form, L, in T} we have a commutative

diagram:
XL

T/ — (T/1)its
ml J,ni-i-l

(T/7); L (T)J)ita.

Assume that L is sufficiently general. As we noted above, the top row is an iso-
morphism, and the vertical maps are surjective. It follows that the bottom row is
a surjection, as claimed. O
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EXAMPLE 6.18. Let h = (1,3,6,9,11,4). It is possible to show (we did this on
a computer) that this is the h-vector of a level set, X, of 34 points on a smooth
arithmetically Cohen-Macaulay curve, C, of degree 11 and genus 15 that is linked
to a line.

The curve C has Hilbert function

He @1 4 10 19 30 41
and the set of points X has Hilbert function
Hx : 1 4 10 19 30 34 —.

Now, since Ix = I¢ for degrees < 4 and C is ACM, multiplication by a general
linear form on the Artinian reduction of the homogeneous coordinate ring of X
(call it B) is an injection up to degree 4. By Proposition 6.17 we have that the
multiplication map of a general linear form, from B4 to Bj is surjective. Thus, B
is a level Artinian algebra with the WLP.

+11
—



CHAPTER 7

Expected Behavior

In this chapter we discuss two situations of “expected” behavior of an ideal,
and the connections to level algebras.

First recall that Hochster and Laksov [40] proved that in a polynomial ring
R = klz1,...,2,], a general set of polynomials Fi, ..., F,. of the same degree, d,
will span the maximum dimension possible in degree d + 1. That is, the dimension
of the image of the multiplication map

(F1,...,F) ® Ry — Ry

is min{n - r,dim R41} (the map is either injective or surjective).

Now let Z be a non-degenerate set of points in P*~! and let d be the degree
in which the Hilbert function of Z achieves the multiplicity of Z (or any degree
past this point), so H(Z,d) = H(Z,d + 1) = |Z|. Let r be an integer such that
r < |Z|. A general set of r polynomials Fi,..., F,. of degree d will all be non-zero,
and in fact will be linearly independent, in (R/Iz)4. It is natural to ask under what
circumstances the type of behavior described by Hochster and Laksov continues to
hold in R/Iz. That is, when is it true that the image of the map

(Fi,..., Fr) @ (R/Iz)1 — (R/1z)a+1

has the “expected” dimension min{r-n,dim(R/Iz)4+1}. Notice that we are forming
the Artinian algebra R/(Iz + (Fi,...,F,)) and asking for its Hilbert function.

Liaison provides an interesting connection between this question and the ques-
tion of the existence of level algebras with certain Hilbert functions. Indeed, it often
turns out that “expected” ideal generation behavior is linked (in both senses of
the word!!) to “expected” canonical module generation, which in turn often means
level algebras.

The connection between these questions is reflected in the proof of the follow-
ing result. The statement focuses on the existence of level algebras, and gives a
surprising geometric condition for this existence. For convenience we assume that
we have only three variables.

PROPOSITION 7.1. Consider the sequence h = (1,3,... hs_1,hs), with hy <
hs_1, and 3-hs > hs_1. Assume that
(1737" '7hs—lahs—17" )

is the Hilbert function of a non-degenerate set of he_1 points, Z, in P2.

Let V = (Fy,...,Fp,) be the vector space spanned by a general set of hs forms
of degree s. Assume that Z imposes independent conditions on the linear system
|Ry1 - V| of hypersurfaces in projective space. Then

(a) R/(Iz + (F1,...,Fy.)) has the expected Hilbert function

(1,3,...,hs—1, (hs—1 — hs),0).

64
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(b) h is a level sequence.
(¢) There exists an example of an Artinian level algebra with Hilbert function
h, with WLP, that is a quotient of R/Iz.
Conversely, if Z does not impose independent conditions on |Ry - V| then
R/(Iz + (F1,...,Fy,)) does not have the expected Hilbert function. Furthermore,
no Artinian quotient of R/Iy is level with Hilbert function h.

Proor. We will consider ideals of the form J = Iy + (Fy,..., F)) for some
suitable polynomials Fi,..., F} of degree s. (We are not claiming that all level
algebras with Hilbert function h come from ideals of this form.) We first check
that if J is of this form then R/J has the WLP (whether or not it is level or has
Hilbert function h). The argument is almost identical to that in Proposition 6.17.
Indeed, let L be a general linear form. R/J agrees with R/Iz in degrees < s — 1,
so XL : (R/J); — (R/J)it+1 is clearly injective for i < s —2. When ¢ > s — 1 we
have a commutative diagram

x L

<R/lfz>z- 5 <R/flz>i+1
(R/T)i 5 (R/T)in
1 !
0 0

By our hypotheses, the top horizontal map is an isomorphism, so XL : (R/J); —
(R/J);41 is surjective, as desired.

Suppose now that Z imposes independent conditions on |R; - V|, where V' =
(Fy,..., Fy,) is the vector space spanned by a sufficiently general set of hs polyno-
mials of degree s. Thanks to the assumption that 3-hs > hs_1, and the theorem of
Hochster and Laksov [40], we have that the component R, in degree s+ 1 of the
ideal (F1,..., Fy,) has dimension > hgy_y. That is, dimg(Ry - V) > he—y = |Z] =
codimp,_, ((Iz)s+1) (where |Z| is the number of points of Z). So it is numerically
possible for the points of Z to impose independent conditions on |R;y - V.

We now claim that our assumption that Z does impose independent conditions
implies that the component of R/J = R/[Iz+ (F1,..., Fy, )] = R/[Iz+V] in degree
s+1 has dimension 0. (Note that (Iz4+V)sy1 = (R1-V)+ (Iz)s+1.) This is because
independent conditions means that dim[(Ry - V) N (Iz)s+1] = dim(Ry - V)41 — |Z,
SO

dim([Z + V)s+1 = dim(R1 . V) + dim(lz)s+1 - d1m((R1 . V) n IZ)5+1
— dim(Ry - V) + (dim Ryy1 — |Z]) — (dim(Ry - V) — |Z])
= dim Rs+1

So under our assumptions, we have that the Hilbert function of R/J is
(71) (1a37h2;---ahs—17(hs—1 _hfs)ao)

proving (a). (What is at issue is the 0 in degree s + 1.) Note that without the
assumption on Z this is not true!! This proves the first part of the converse. See
Example 7.3.

Let X be a sufficiently general complete intersection containing Z, generated
by forms of degree s + 1 and s + 2 (remember that Z has codimension two). Let
7' be the residual to Z in X. Since Z is reduced and has regularity s, Z’' has no
component in common with Z. One can check with standard liaison methods that



66 7. EXPECTED BEHAVIOR

the first generator of I, comes in degree s + 1, and this generator comes from X.
The first additional generator comes in degree s + 2.
Let I’ = Iz + Iz. Note that R/I’ is Gorenstein with Hilbert function

(17 3a h2a e hs—27 hs—la hs—17 hs—la hs—27 R h2737 1)

Note also that in degrees < s+ 1, I’ agrees with Iz. Let J = I' + (Fi,..., Fp,).
Then we have

I/CJI:I,—F(Fl,...,FhS)ZIz—l—(Fl,...,Fhs)

and R/J has Hilbert function (7.1). Consequently, by the theorem of Davis,
Geramita and Orecchia [15], the residual to J in I’ has Hilbert function h. Let us
denote by J’' this ideal. We claim that R/J’ is level, and since it has the desired
Hilbert function, we will be done with (b).

To see this, we again turn to the mapping cone. We want to show that the
end of the minimal free resolution of R/J’ has only one twist. Suppose that I has
minimal free resolution

0—-Gy—-Gy—=1Iz—0

where all the summands in G; are of the form R(—t) for ¢ < s. Then J has minimal
free resolution of the form

=G ®R(—s)" - T —0
and I’ has minimal free resolution
o G1eFL—-I' =0

where every summand of F; is of the form R(—t) for some ¢t > s+ 2 (but it is not
necessarily the case that all summands have the same value of t).
We then have a diagram

— Gi®R(=s)" — J — 0

T 1
- Gl @Fl — I/ — 0

It is clear that the summands of G; split after taking the mapping cone, and no
summand of F; is of the form R(—s), so the mapping cone gives the residual J’
with a minimal free resolution that ends with a twist of R, i.e. R/J' is level.

The proof that R/J’ has WLP is almost identical to the argument at the
beginning of this proof (but replacing R/Iz with R/I') and is omitted.

Finally, we have to prove that if J is an Artinian ideal containing Iz, with
Hilbert function h, then R/J is not level. Suppose otherwise. We know that
J =1I;+(G1,...,Gk), where the G; include at least hs_1 — hy generators of degree
s, and possibly some generators of degree s+ 1. But in a completely analogous way
to the construction of I’ above, we can use liaison to find a Gorenstein ideal I’ such
that J = I' + (G, ...,Gg), and so link J using I’ to a residual J’. The fact that
R/J is level with Hilbert function h implies that J' is of the form I’ + (Fy, ..., F}.)
(from the mapping cone) with Hilbert function (1,3, ho, ..., hs_1, (hs—1 — hs),0).
But we have just seen that R/J’ can not have this expected Hilbert function.
Contradiction. O

REMARK 7.2. The above argument shows that the residual to the ideal
Iz + (F1, ..., Fy,) is level in any case, as long as it is Artinian, and it is not hard

s
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to see that this will always be true under our hypotheses. However, it might not
have the right Hilbert function.

EXAMPLE 7.3. As w will see in the appendices, one of the few Hilbert functions
of low socle degree that is not immediately covered by the methods and results of
the previous chapters is the sequence

13456 2.

It was shown by Cho and Iarrobino [14] that this is not a level sequence. In fact,
they showed that any sequence (1,3,4,5,6,...,2), where the missing entries are
all 6’s, is not a level sequence. In Example 5.9 we ruled out a similar sequence
using inverse systems, and on page 76 we will use inverse systems to show that
(1,3,4,5,6,6,2) is also not a level sequence. The purpose of this example is to
complement the result of Cho and Iarrobino with a geometric interpretation, not
to re-prove their result. In fact, this example will also show why we can’t hope for
a result like the conclusion of Proposition 7.1 without the assumption on imposing
independent conditions.

Consider the sequence h = (1, 3,4,5,6,...,2) as above, and say that the socle
degree is s > 5. The sequence (1,3,4,5,6,6,...) is a differentiable O-sequence
corresponding to a zeroscheme Z of degree 6. Such a zeroscheme has saturated ideal
(LLy,LLy, F) for some F of degree 5, where clearly Lo is not a scalar multiple of
L. We have the following properties for this ideal:

a. We can assume without loss of generality that Ly is not a scalar multiple of
L. If L, is a scalar multiple of L then Z is not reduced.

b. Let P be the point defined by (L1, L2). Then F vanishes at P.

c. Z has a subscheme of degree 5 that lies on the line L. This subscheme is the
complete intersection of F' and L.

We want to explore the question of whether a quotient of R/Iz with Hilbert
function h can be level. Then we will explore the question of whether we can always
reduce to this situation.

We have s > 5, hy = 2. Let V = (Fy, F3) be the vector space spanned by two
forms of degree s that are not zero in R/Iz;. We saw in Proposition 7.1 that if Z
does not impose independent conditions on |Ry - V| then no quotient of R/l is
level with Hilbert function h. But Z imposes independent conditions if and only if
dim(R;y - V) N (Iz)g = 0. This, in turn, is true if and only if there is no non-trivial
relation of the form

Al(LLl) + AQ(LLQ) + A3F + A4F1 + A5F2 =0

with deg A; = deg Ay = 4 and degA; = 1 for ¢ > 3. But since (F3,F») is a
pencil, there is some scalar linear combination A\ F; + Ao F5 that vanishes on P. So
M LFy + Ao LF; is in Iz, and this provides the non-trivial syzygy. So no ideal of
the form I + (Fy, F») has Hilbert function (1,3,4,5,6,...,4,0). Consequently, no
quotient of R/I; with Hilbert (1, 3,4,5,6,...,2) is level.

Finally, we briefly investigate to what extent this analysis can be used to show
that no level algebra exists with Hilbert function h. Suppose that A = R/I is
any Artinian level algebra with Hilbert function (1,3,4,5,6,...,2) (where the dots
represent only 6’s, possibly none).

Case 1: Suppose that the desired level sequence is (1,3,4,5,6,2) (i.e. s = 5).
Consider the ideal (I<4) generated by the components of I of degrees < 4. Because
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of the maximal growth in degrees 2, 3, and 4, (I<4) has a linear GCD in degrees
2, 3 and 4, and no further generator. Hence it is of the form (LL;, LLy), where Lo
may be a scalar multiple of L. Then there exists a zeroscheme Z in P? whose ideal
agrees with I in degrees < 4. Let P be the point defined by the ideal (L1, Lo).
Because of the maximal growth condition, it follows that I has five minimal
generators in degree 5. The general element in I5 does not have a component in
common with either generator of I of degree 2. Now, inside the linear system |I|
choose a general element F with the condition that F' vanishes at P. Then the
ideal (I, F) is the saturated ideal of a zeroscheme of degree 6 with Hilbert function
(1,3,4,5,6,6,...), and the analysis above holds to show that A is not level.

Case 2: Suppose that the desired level sequence is (1,3,4,5,6,6,2) (resp.
(1,3,4,5,6,6,6,2)). Then there is one generator in degree 5 (resp. one genera-
tor in degree 5 and possibly one in degree 6), and the number of generators in
degree 6 (resp. degree 7) depends on what this generator was. The analysis is te-
dious. We refer to page 76, and of course to [14], for a different argument that at
least the first one is not a level sequence.

Case 3: Suppose that the desired level sequence is (1,3,4,5,6,6,6,6...,2) where
again the dots represent only 6’s (possibly none). Now maximal growth forces (I<7)
to be the saturated ideal of a degree 6 subscheme of P2, and the above geometric
analysis again applies.

We would also like to make a remark related to Section 6.4, which is the analog
of the discussion above, but to produce level point sets instead of level Artinian
algebras. Again for simplicity we consider the case of codimension three, but similar
discussions could be made in any codimension.

Let C C P2 be a reduced curve and let Z C C be “sufficiently many” points
on C, so that the Hilbert function of Z agrees with that of C' in sufficiently large
degree. Consider the minimal free resolution of Io. If C' is not arithmetically
Cohen-Macaulay, this minimal free resolution has length three rather than two:

0—-F3—>Fy,—=F — Ic— 0.

If Z consists of “enough” points, there is a non-zero summand of F3 that also cor-
responds to a second syzygy for Iz, since up to the appropriate degree I coincides
with I¢. This explains why, when looking for level sets of points on curves, it makes
sense to focus on arithmetically Cohen-Macaulay curves!

Let C' C P2 be an integral arithmetically Cohen-Macaulay curve with regularity
of Zo = s. The first difference of the Hilbert function of C has the form

(72) (1a3ah2a"'ahs—27hs—1ahs—17"')

where deg C' = hs_;1. (Note the similarity to the above situation.) Choose a set Z
consisting of sufficiently many points on C, so that the first difference of the Hilbert
function of Z (i.e. its h-vector) is

(73) (1,3,h2,...,hs_z,hs_l,...,hs_l,a,O).

The reverse of this sequence is the Hilbert function of the canonical module of
the Artinian reduction of R/Iz. If 3-a > hs_; (compare with the hypothesis
of Proposition 7.1), we can numerically hope that the canonical module will be
generated in the least degree, which means that Z is level. The type of obstruction
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evidenced in Proposition 7.1 should disappear thanks to the assumption that C' is
integral. We thus make the following conjecture:

CONJECTURE 7.4. Let C be an integral arithmetically Cohen-Macaulay curve
whose Hilbert function has first difference (7.2), and let Z be a general set of points
on C with h-vector (7.3). Assume that 3-a > hs_1. Then Z is level.

This is really a part of the so-called Minimal Resolution Conjecture for points
on a Curve. Mustata [59] has studied this conjecture and proven it in certain cases,
but in private conversation with the third author he notes that his results do not
apply to this case. An example where this conjecture, if true, would apply is given
on page 88, where in fact we only verified it on the computer.

The reader will note that some examples in the appendix come from a general
set of points on a suitable (hyper)surface in P rather than an ACM curve in P? (see
for example 53] on page 103). We expect a very rich theory to emerge in analogy
with the results related to the Minimal Resolution Conjecture of Lorenzini [50]
that have emerged in recent years. Above we have focused on curves since the best
work to date is in that context (as mentioned). However, we make the following
observations and questions.

The Minimal Resolution Conjecture is known to hold in small projective spaces
([22], [1]), and for “many” general points in any projective space ([69], [39]). It is
also known that the end of the resolution is the correct one for any number of general
points in any projective space ([49]), and it is still open whether the same holds for
the beginning of the resolution (the so-called “Ideal Generation Conjecture”). But
it is known that in any projective spaces of dimension > 6 (except possibly PY),
the Minimal Resolution Conjecture fails “in the middle” of the resolution ([18]).

With this in mind, it is perhaps not likely that the Minimal Resolution Con-
jecture would hold for points on an arbitrary (or even general) ACM variety of
arbitrary dimension. But is there a bound, d, such that for a “general” ACM vari-
ety, X, of fixed Hilbert polynomial, of dimension < d, a general set of points on X
has the expected resolution? We note that by “expected resolution” we mean the
sort described by Mustata, where the “new” syzygies come only in the bottom two
rows of the Betti diagram, and there are no “ghost” (i.e. redundant) terms in the
resolution.

Since we know the situation for projective space, we ask the following specific
question:

QUESTION 7.5. If X is an integral ACM variety of dimension < 5, and if Z is a
general set of points on X, then does Z have the expected resolution? In particular,
is it true that Z is level if it is numerically possible?

Furthermore, in line with the result of Lauze, on any ( or at least “general”)
integral ACM variety X, if Z is a general set of points on X, then if it is numerically
possible, does it follow that Z is level? And if it is numerically possible, does it
follow that the additional generators of Z (those that are not generators of X) are
the expected number?
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Part 2

Appendix: A Classification of
Codimension Three Level Algebras
of Low Socle Degree



APPENDIX A

Introduction and Notation

In this sequence of appendices, we record our investigations into what can be the
h-vector of a codimension 3 level algebra. We actually are interested in recording
a bit more — more precisely:

a) What can be the h-vector of a codimension 3 Artinian level algebra?

b) What can be the h-vector of a level set of points in P3?

¢) What can be the h-vector of a codimension 3 Artinian level algebra with the

Weak Lefschetz Property (WLP)?

Obviously any h-vector which satisfies b) satisfies a) — and we wonder if the
answers to a), b) and c) are the same.

In this appendix we will consider all three questions for socle degree < 4 (every
type) and also for socle degree 5, type 2, and socle degree 6, type 2. In the remaining
cases, i.e. socle degree 5 and every type other than 2, we consider only questions a)
and c).

e For socle degree < 4 (any type), socle degree 5 (type 2) and socle degree 6
(type 2) we find that a), b) and ¢) have the same answers.

e For socle degree 5 (any type # 2) we find that a) and ¢) have the same answer
except for one case (which we cannot decide): see Table 5.7, item 30], where
we find an example for a) but cannot verify ¢) for this h-vector.

The appendix is organized by following the same procedure for each socle de-
gree and type. L.e. when we consider socle degree o and type 8 we first list (in
Table «.5A) all the h-vectors of Artinian algebras having socle degree o and last
entry § (and which also satisfy the addition simple condition of Theorem A, ii) of
the paper). We are extremely grateful to G. Dalzotto for the CoCoA programme
which produces such lists.

With this given list we proceed to use all known theorems and ad-hoc arguments
to eliminate h-vectors in this first table as the h-vector of a level algebra. All those
h-vectors which remain are then recollected in another list, which is always labeled
Table a.3. We then proceed to show that all the vectors listed in Table .8 exist
for a) (and then for either b) or ¢) or both).

It follows then that the h-vectors listed in tables labeled Table «.[3 are precisely
the lists of h-vectors of level Artinian algebras of embedding dimension three, socle
degree o and type . We collect all such tables at the end of the appendix.
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The reader should note that we have already eliminated some O-sequences.
From our interpretation in terms of inverse systems we know that if we have a level

s hs_g, hs—ly 2) must

have hs_1 < 6 and hs;_o < 12, so we immediately eliminated all 7-tuples that didn’t

have that property. The resulting list, as one can see, has 341 possibilities.

algebra of type 2 in socle degree s then a level h-vector (1,3, ...

Non-existence

Eliminated by Remark 2.12, b). (1,3,...
17), 18], 19], 21], 22], 24], 27, 32], 33], 35,

, 133], 135], 136], 138], 141
, 178], 183], 184], 186], 189
, 235], 240], 245], 250], 251

, 297, 299], 302], 307],

, 79], 80], 82], 85),
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123], 128], 206], 211], 237], 242], 247], 273], 278], 283], 288],

,4,2):
203], 319], 324], 329], 334], 339).

> 8

)

(1,3,...

,5,2): 248], 284], 289], 294], 330], 335], 340].

>10

)

(1,3, ...
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(1,3,6,...,4,3,2): 150], 166], 187], 218], 254], 300].
(1,3,6,5,5,5,2): 155].

Eliminated by Example 2.13. (1,3,... ,5,3,2): 13], 28], 39], 59], 70], 86], 107],
142], 153], 169], 190], 221], 257], 303].

Eliminated by Example 3.1. (1,3,4,5,4,4,2): 37].

Eliminated by Corollary 3.5. 8|, 10], 11], 14], 15], 16], 23], 29], 30], 31], 34],
42], 54, 60, 61], 62], 65], 73], 76], 7], 78], 81], 89], 102], 110], 137], 143], 144], 145],
148], 156], 159], 160], 161], 164], 172], 185], 193], 212], 213], 216], 224], 252], 260],
208], 306].

Eliminated by Proposition 3.8.

Part b): for d = 3: 20], 51], 134].

Part b): for d = 4: 68], 84], 105], 151], 167], 188], 219], 255], 301].
Part c): for d = 3: 56], 57, 139], 140].

Part ¢): for d = 4: 88], 109], 171], 192], 223], 259], 305].

Eliminated by Remark 3.10. (1,3,... ,> 6,3,2): 44], 75], 91|, 96], 112], 117],
122], 127], 158], 174], 179], 195, 200], 205], 210], 226], 231], 236], 241], 246], 262],
267], 272], 277], 282], 287, 292], 308], 313], 318], 323], 328], 333], 338].

Eliminated by Example 3.11. 108], 115], 198], 228], 270], 309], 316].
Eliminated by Example 3.12. 129], 263], 315].

Eliminated by Example 5.7. (1,3,5,...,4,3,2): 67], 83], 104].
(1,3,5,...,7,4,2): 97], 118].

(1,3,6,...,5,4,2): 154], 170], 191], 222}, 258], 304].

Eliminated by Example 5.9. (1,3,4,5,...,6,4,2): 45].

The following are eliminated by “non-cancelation”, but are not covered
by any of our theorems.

180] | 1,3,6,6,7,4,2 | (socle in degree 2)
181] | 1,3,6,6,7,5,2 | (socle in degree 2)
182] | 1,3,6,6,7,6,2 | (socle in degree 2)
229] | 1, 3,6,8,6,6,2 | (socle in degree 3)
264] | 1,3,6,9,6,5,2 | (socle in degree 3)
265] | 1,3,6,9,6,6,2 | (socle in degree 3)
310] | 1, 3, 6, 10, 6, 5, 2 | (socle in degree 3)
311] | 1, 3, 6, 10, 6, 6, 2 | (socle in degree 3)

We now show that 47] does not exist either. Our proof is similar to that given in
[14], Proposition 2.7.

Proof. Suppose there were a level algebra A whose h-vector was:
h=H(A) = (1,3,4,5,6,6,2).

We will write A = R/I where R = k[z,y, 2] and let S = k[X,Y, Z].

From the h-vector we see that the 2-dimensional space, I, has to be generated
by two quadratic forms which (because of hz) must share a common factor. There
are two cases to consider:

Case 1. Iy = (zy, xz).



Obviously Is D Ryl, and so (I71)g C (R4l2)*. Notice that (RyI3)* is gener-
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ated by all the monomials of degree 6 in Y and Z plus X9.

Let F, G € S generate I ! then (F,G) C (R4l3)*. With no loss of generality
we can assume that only F involves X°®. But then G is a polynomial in only two
variables and so can have, at most, 2 linearly independent first derivatives. Since
F can have at most 3 linearly independent first derivatives we see that F' and G
can generate, at most, a subspace of S5 of dimension at most 5. But, hs = 6 and
so this is impossible.

Case 2. Iy = (22, zy).

7

This is very similar to Case 1. This time we note that (R4I3)" is generated by
all the monomials in Y and Z of degree 6, plus X Z°. As in Case 1, we can assume
that at most F involves the monomial X Z® and thus G is a polynomial in only two
variables. The proof goes as in Case 1 and so we obtain a contradiction also in this

Case.

Thus, such a level algebra does not exist.

Existence

O

We now turn to the existence question. We show that the remaining 58 h-
vectors are all the h-vectors of an Artinian level algebra of socle degree 6 and type
2. Those 58 h-vectors are:

Table 6.2

5/1 1,3,3,3,3,3,2 | 25| 1,3,4,4,4,3,2 | 26/ 1,3,4,4,4,4,2
36] | 1,3,4,5,4,3,2 | 40| 1,3,4,5,5,4,2 | 41]| 1,3,4,5,5,5, 2
46 1,3,4,5,6,5,2 71 1,3,5,5,5, 4,2 72 1,3,5,5,5,5,2
87 1,3,5,6,5,4,2 92 1,3,5,6,6, 4,2 93 1,3,5,6,6,5, 2
94 1,3,5,6,6,6, 2 98 1,3,5,6,7,5,2 99 1,3,5,6,7,6,2
113/ 1,3,5,7,6,4,2 |114]| 1,3,5,7,6,5,2 | 119 | 1,3,5,7, 7,5, 2
120 1,3,5,7,7,6,2 | 124 1,3,5,7,8 5,2 | 125 1,3,5,7,8,6, 2
130 1,3,5,7,9,6,2 | 175 1,3,6,6,6,4,2 | 176 1,3,6,6,6,5, 2
1771 1,3,6,6,6,6,2 |196] | 1,3,6,7,6,4,2 |197]| 1,3,6,7,6,5,2
201 1,3,6,7,7,4,2 |202 1,3,6,7,7,5, 2 | 203 1,3,6,7,7,6,2
207] | 1,3,6,7,8,5, 2 |208]| 1,3,6,7,8,6,2 |227]| 1,3,6,8,6,4,2
232 1,3,6,8,7,4,2 |233 1,3,6,8,7,5,2 |234]| 1,3,6,8,7,6,2
238] | 1,3,6,8,8,5 2 | 239 ] 1,3,6,8,8,6,2 |243]| 1,3,6,8,09,5,2
244 1,3,6,8,9,6,2 |249] | 1, 3,6, 8,10, 6,2 | 268 1,3,6,9,7, 4,2
260] | 1,3,6,9,7,5, 2 |274]| 1,3,6,9,8 5,2 |275]| 1,3,6,9,8,6,2
279 1,3,6,9,9,5 2 |280 1,3,6,9,9,6,2 |285] | 1,3,6,9, 10, 6, 2
290[ | 1,3,6,9,11,6,2 | 295 | 1,3,6,9, 12,6,2 | 314 | 1,3, 6, 10, 7, 4, 2
320] | 1,3,6,10,8,5,2 | 321] | 1, 3,6,10,8,6,2 | 325 | 1, 3,6, 10,9, 5, 2
326] | 1,3,6,10,9,6, 2 |331] | 1,3,6,10, 10, 6, 2 | 336] | 1, 3, 6, 10, 11, 6, 2
341] | 1, 3, 6, 10, 12, 6, 2

The Linked-Sum Construction. This was described in subsection 5.4. For
each example below we start with a level set of points (using Remark 5.26), Z,
in P? (actually in A2 C P?) which we partition into two subsets X and Y. The
ring A = k[zg, x1, 22|/ (Ix + Iy) is the level algebra with the desired h-vector. The
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points of X will be denoted with e’s and those of Y with x’s. Next to each diagram
we give the Hilbert functions of all the relevant rings.

Using the “linked-sum” construction we construct an Artinian k-algebra for
EVERY possible h-vector in Table 2 above.

51::;:* H(Z,—) : 1 3 6 10 15 19 22 24 —
D M HX,-) : 1 33 3 3 3 3 3 —
P H(YY,~) : 1 3 6 10 15 19 21 21 —
H(A,-) : 133 3 3 3 2 0 —.

k% ok ok ok
25]. D H(Z,—) : 1 3 6 10 15 20 24 26 —
D M HX,—) : 1 3 4 4 4 4 4 4 —
P HYY,~) : 1 36 10 15 19 22 22 —
H(A,-) : 1 3 4 4 4 3 2 0 —.

kook o ok ok
26}. D H(Z,-) : 1 3 6 10 15 19 22 24 —
D M HX,—) : 1 3 4 4 4 4 4 4 —
P H(YY,~) : 1 3 6 10 15 19 20 20 —
H(A,-) : 1 3 4 4 4 4 2 0 —.

% ok ox % %
36]. D H(Z,—) : 1 3 6 10 15 19 22 24 —
D DR HX,-) : 1 34 5 5 5 5 5 —
P H(YY,~) : 1 3 6 10 14 17 19 19 —
H(A-) : 134 5 4 3 2 0 —.

ko ok ok %
40]. rror H(Z,-) : 1 3 6 10 15 20 24 26 —
D M HX,-) : 1 34 5 5 5 5 5 —
P H(YY,~) : 1 3 6 10 15 19 21 21 —
HA-) : 134 5 5 4 2 0 —.

kook o ok ok
41]. o H(Z,—) : 1 3 6 10 15 20 24 26 —
D M HX,-) : 1 34 5 5 5 5 5 —
Fre H(YY,~) : 1 3 6 10 15 20 21 21 —
H(A-) : 134 5 5 5 2 0 —.

kook o ok ok
46]. D H(Z,—-) : 1 3 6 10 15 20 24 26 —
D D HX,-) : 1 34 5 6 6 6 6 —
Crr H(YY,~) : 1 36 10 15 19 20 20 —
e H(A-) : 134 5 6 5 2 0 —.
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1 3 6 10 15 20 24 26 —

5 —

5
1 3 6 10 15 19 21 21 —

0 —.

1 3 6 10 15 19 22 24 —

5 —

1 3 6 10 15 19 19 19 —

0 —.

1 3 6 10 15 20 24 26 —

6 —

1 3 6 10 14 18 20 20 —

0 —.

1 3 6 10 15 19 22 24 —

1
1

6 —

3 6 10 15 17 18 18 —

0 —.

1 3 6 10 15 19 22 24 —

1
1

6 —

18 —

3 6 10 15 18 18

0 —.

1 3 6 10 15 20 24 26 —

1
1

6 —

3 6 10 15 20 20 20 —

0 —.

0 —.

7T —

1 3 6 10 15 20 24 26 —
1 3 6 10 156 18 19 19 —

P N

N K>

N N

anfiasianien

15 20 24 26 —

3 6 10

1

7T —

1 3 6 10 15 19 19 19 —

0 —.

—N— —N—

® X * K K * K X I * ¥ X

——

® X ® O X X * K K *x O @ e EE S * % X * % * * % *
e O o X * @ @ X ¥ @ ¥ ¥ % X * % O e e * K K K K * @ K K ¥ KK K K K ¥ K K @ ¥
KK K X * X @ K K @ X K K K * K K K X * K K K K K K K @ K K K K K K KK K K K
¥ % X X% ¥ X X K KX @ X X% % x ¥ % X X X ® O O X X * K K X ¥ ® O X X X e 6 o6 o o
% % ¥ * EOE CHEE CH ® O O X X EOE CHEE CH ® O O X X ® 6 o o X e 6 o o o ® X X X *
— I — 1 — 1 — Il — Il — Il — Il — |
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1 3 6 10 15 19 22 24 —

7T —

1 3 6 10 14 16 17 17 —

0 —.

1 3 6 10 15 20 24 26 —

7T —

1 3 6 10 14 18 19 19 —

0 —.

1 3 6 10 15 19 22 24 —

7T —

1 3 6 10 15 17 17 17 —

0 —.

1 3 6 10 15 20 24 26 —

7T —

1 3 6 10 15 19 19 19 —

0 —.

8 —

1 3 6 10 15 17 18 18 —

0 —.

1 3 6 10 15 20 24 26 —

8 —

1 3 6 10 15 18 18 18 —

0 —.

1 3 6 10 15 20 24 26 —

—~ N N

N K> <

N N N

anfiasianian

9 —

3 6 10 15 17 17 17 —

0 —.

1 3 6 10 15 20 24 26 —

1
1
1

o~~~

[
N X > <

N N N

anfiasianian

1 3 6 10 15 20 24 26 —

6 —

3 6 10 15 18 20 20 —

1
1

0 —.

J*I J*I * % ¥ * @ % * % ¥
—_—— —_——
* % * * Kk * % * * % * X @ * % K * @ X * % KX
@ ¥ ¥ % e 6 o o * K X X e o o o * ¥ @ * K K X K * K K K K ® O X X *
® O X * @ X * * * K K X K K K X * K @ ) K K K K e 6 o o o @ X K% * X
® O X X ® X X % e O o X ¥ % X X ® X @& X @ o ® O O X X * K X @ ¥ * K X X ¥
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1 3 6 10 15 19 22 24 —

6 —

1 3 6 10 15 18 18 18 —

0 —.

1 3 6 10 15 20 24 26 —

6 —

3 6 10 15 20 20 20 —

1

0 —.

1 3 6 10 15 20 24 26 —

7T —

1 3 6 10 14 17 19 19 —

0 —.

1 3 6 10 15 20 24 26 —

7T —

1 3 6 10 14 18 19 19 —

0 —.

1 3 6 10 14 18 21 23 —

7T —

3 6 10 14 15 16 16 —

1

0 —.

3 6 10 15 19 22 24 —

1

7T —

1 3 6 10 15 17 17 17 —

0 —.

3 6 10 15 20 24 26 —

1

7T —

1 3 6 10 15 19 19 19 —

0 —.

3 6 10 15 20 24 26 —

1

8 —

1 3 6 10 15 17 18 18 —

0 —.
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1 3 6 10 15 20 24 26 —

8 —

1 3 6 10 15 18 18 18 —

0 —.

1 3 6 10 14 18 22 24 —

8 —

1 3 6 10 12 14 16 16 —

0 —.

15 20 24 26 —

3 6 10

1

8 —

1 3 6 10 14 16 18 18 —

0 —.

1 3 6 10 15 20 24 26 —

8 —

1 3 6 10 14 17 18 18 —

0 —.

1 3 6 10 15 20 24 26 —

8 —

1 3 6 10 14 18 18 18 —

0 —.

1 3 6 10 15 19 22 24 —

8 —

1 3 6 10 15 16 16 16 —

0 —.

1 3 6 10 15 20 24 26 —

8 —

1 3 6 10 15 18 18 18 —

0 —.

227].
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9 —

3 6 10 14 14 14 14 —

0 —.

1 3 6 10 14 18 21 23 —

1
1
1

3 6 10 15 20 24 26 —

1

9 —

1 3 6 10 15 17 17 17 —

0 —.

15 20 24 26 —

3 6 10

1
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— —
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1 3 6 10 15 20 24 26 —

9 —
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9 —
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0 —.

1 3 6 10 15 20 24 26 —
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— N N
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9 —
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*
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243].

249].

274].

275).
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1 3 6 10 15 19 22 24 —

9 —

1 3 6 10 15 15 15 15 —

0 —.

1 3 6 10 15 20 24 26 —

9 —

1 3 6 10 15 17 17 17 —

0 —.

1 3 6 10 15 20 24 26 —

9 10 10 10 10 —

6

3
1 3 6 10 15 16 16 16 —

0 —.

3 6 10 15 20 24 26 —

3
1 3 6 10 15 15 15 15 —

1

9 11 11 11 11 —

6

0 —.

I~ AN 1O
N~
0 Ao
N~
— Ao
N~
0 AN
— =
o o O
— —
NeliNelNo)
MmN o
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0 —.

* % X X

* * *x @

* ¥ x @

1 3 6 10 14 18 21 23 —

1
1

3 6 10 10 10 10 10 —
3 6 10 11 12 13 13 —

0 —.

1 3 6 10 14 18 21 23 —
1 3 6 10 10 10 10 10 —

12 13 13 13 —

10

0 —.

295).
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D H(Z-) : 13 6 10 15 20 24 26 —
H(X,-) : 1 3 6 10 10 10 10 10 —
Z=<*x @ % % * %
fe TRt C OH(Y,-) : 1036 10 13 16 16 16 —
H(A,-) : 1 3610 8 6 2 0 —.
k% ok ok ok Xk
325}:::;* H(Z,-) : 1 3 6 10 15 19 22 24 —
D DD H(X,-) : 1 3 6 10 10 10 10 10 —
D HY,~) : 1 3 6 10 14 14 14 14 —
H(A,—-) : 13610 9 5 2 0 —.
koook o ok ok ok
il DA H(Z-) : 13 6 10 15 20 24 26 —
D D H(X,-) : 1 3 6 10 10 10 10 10 —
D H(Y,-) : 1 3 6 10 14 16 16 16 —
H(A,—) : 136 10 9 6 2 0 —.
k %k @ ok
e DA H(Z-) : 13 6 10 15 20 24 26 —
D DD H(X,-) : 1 3 6 10 10 10 10 10 —
D H(Y,~) : 1 3 6 10 15 16 16 16 —
H(A,—) : 136 10 10 6 2 0 —.
kook o ok ok
336]:::’: H(Z-) : 1 3 6 10 15 20 24 26 —
D M H(X,-) : 1 3 6 10 11 11 11 11 —
P HYY,-) : 1 3 6 10 15 15 15 15 —
H(A,—-) : 136 10 11 6 2 0 —.
*x e e @
341}***
¥ % % H(Z,-) : 1 3 6 10 15 21 25 27 —
S e HX,-) : 1 3 6 10 12 12 12 12 —
V% % e HY,-) : 1 3 6 10 15 15 15 15 —
« o o H(A,—) : 1 3 6 10 12 6 2 0 —.
e o o
Points

We now show that all the h-vectors in Table 6.2 are also the h-vectors of a level
set of points in P3. This gives a positive answer (in this case) to our Question 6.1
as to whether every h-vector of an Artinian level algebra in codimension n is also
the h-vector of a level set of points in P".

In the body of the paper we have already given some examples for each of the
four methods we discussed.

Method 1. The higher dimensional “linked-sum” method.

From Example 6.8 we get that 36] is the h-vector of a level set of points in P3.
We can continue with Method 1, and the diagrams we used above, to also show
that: 5], 25], 26], 40], 41], 46], 71}, 72}, 87], 92|, 93], 98], 113], 114], 119], 125], 175],
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201], 207], 227], 238], 239], 243], 249], 268], 269], 279], 314], 325] are the h-vectors
of level sets of points in P3.

Method 2. Liaison method.

From Example 6.10 we get 341]. From Remark 6.12, 2) we get 234], using this
method.

All the remaining examples we get will pretty much follow the same track as
outlined in Example 6.10 above.

94]. Let R = k[xg,x1, T2, 23] and consider 7 general points, Z1, in P2. The h-vector
or R/Iz, is (1,3,3) and Iz, has minimal free resolution

R(-2)°
0 — R(—5)® — R(—4)% — ) — Iz, — 0.
R(=3)
Choose a complete intersection of type (2,3,6) inside Iz, and call the ideal of the
complete intersection J;. This links the points Z; to 29 points (Zz) in P? for which

R/I7, has h-vector given by 94]. It remains to show that these 29 points are level.
As in Example 6.10, we have

0—J1 = Iz, —» Kg,(—7) =0

and, following the procedure of Example 6.10, we get that a minimal free resolu-
tion of Iy, is:

R(-2)
R(-5) ®
0—>R(-9°— & — R(-3) — Iz —0.
R(=T7)8 &
R(-6)*

This resolution shows that Zs is a level set of points.

99]. This is more complicated but uses the same ideas as above. We start with
1 point and perform general links of types (respectively): (1,3,3), (2,3,5), (2,4,5),
(2,4,6) and (2,5,6). We end up with a set of points Z with the appropriate h-vector
and with the (not necessarily minimal) free resolution:

R(-2)
R(—4) ®
0 — R(-9) R(®6)2 B8 Lo
— — — — — @ — Iy —
® R(=5)
R(=7)° ©
R(-6)

which shows that Z is a level set of points.

For the remaining examples we will just identify the links that can be made
and leave the details to the interested reader.

124]. Start with 2 points and perform general links of types (respectively): (1,3,3),
(2,3,3), (2,3,5) and (2,5,5).

203]. Start with 1 point and perform general links of types (respectively): (1,2,4),
(2,2,5) and (3,3,5).
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208]. Start with 1 point and perform general links of types (respectively): (1,3,3),
(2,3,5), (2.4,5), (3,4,5) and (3,5,5).

243]. Start with 2 points and perform general links of types (respectively): (1,3,3),
(2,3,3), (2,3.4), (2.4,4), (3,4,5) and (3,5.,5).

295]. Start with 12 general points and perform general links of types (respectively):
(3,4,4) and (3,5,5).

320]. Start with 2 points and perform general links of types (respectively): (1,2,4),
(2,2,4), (3,3,4), (3,3,5), (4,4,5) and (4,4,6).

321]. Start with 3 collinear points and perform general links of types (respectively):
(1,2,4), (2,2,4), (3,3,4), (3,3,5), (4,4,5) and (4,4,6).

326]. Start with 9 general points on the twisted cubic and perform general links of
types (respectively): (3,3,4) and (4,4,4).

331]. Start with a complete intersection set of points of type (2,2,2) and perform
general links of types (respectively): (2,3,3), (3,3,4) and (4,4,4).

336]. Start with 7 general points and perform general links of types (respectively):
(2,3,3), (3,3,4) and (4,4,4).

Method 3. Unions

These are all obtained by using Lemma 6.13 and Corollary 6.14. We will
just indicate the method and leave the verifications to the interested reader.

120]. Use Lemma 6.13 starting with a set of 11 general points on a twisted cubic
in P? (which is an arithmetically Gorenstein set of points since it has symmetric
h-vector and the points satisfy the Cayley-Bacharach property - see [15]) and then
apply the Lemma with d =2, 3 =5, f=2.

130]. Start with an arithmetically Gorenstein set of points in P? with h-vector
(1,3,5,3,1) and apply Lemma 6.13 with d =2, e =5, f =2.

176]. Start with 14 general points on a twisted cubic in P? (an arithmetically
Gorenstein set of points for the same reason as in 120]) and apply Lemma 6.13
withd=3, e=5, f=1.

196]. Use Corollary 6.14 witha=b=1, c=5, d=3, e=4, f=2.

197]. Start with 14 general points on an twisted cubic in P? and apply Lemma 6.13
withd=3=4, f=1.

202]. Use Corollary 6.14 witha=b=2, c=4, d=3, e=5, f=1.
]. Use Corollary 6.14 witha=b=1, c=4, d=e= f = 3.
233]. Use Corollary 6.14 witha =b=2, c=4, d=e=4, f=1.
]. Use Corollary 6.14 witha=b=c=2, d=e= f =3.
]. Use Corollary 6.14 witha=2, b=c=3, c=e=4, f =1

275]. Start with 11 general points on the twisted cubic in P3 and then apply
Lemma 6.13 withd =3, e=4, f=2.

280]. Use Corollary 6.14 witha=b=2, c=d =3, e=4, f=2.

285]. Start with an arithmetically Gorenstein set of points in P3 with h-vector
(1,3,5,3,1) and then apply Lemma 6.13 withd =3, e=4. f = 2.
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290]. Start with an arithmetically Gorenstein set of points in P? with h-vector
(1,3,6,3,1) and then apply Lemma 6.13 with d =3, e =4, f =2.

Method 4. Points on Curves

The only case left to consider is 177], and this can be obtained by considering
30 general points on an arithmetically Cohen-Macaulay curve in P? of degree 6 and
arithmetic genus 3.

The Weak Lefschetz Property

Each of the examples of a level algebra constructed above, using the Linked-
Sum Method, in fact already gives an Artinian algebra with the WLP. Indeed, each
of those examples gives a ring A which is a quotient of B = R/Ix where A and B
satisfy the hypotheses of Proposition 5.15.



APPENDIX C

Socle Degree 5

Socle Degree 5 and Type 2

We begin by considering what can be the h-vector of a level sequence of type 2
(the Gorenstein case is well-known). In our paper, [23] we listed all the h-vectors

which can be the h-vector of a level sequence of type 2 and socle degree 5, and

promised to put our calculations in this appendix.

The following table lists all the 79 h-vectors of Artinian algebras of socle degree
5 which have last value 2. We start by eliminating from this list all the h-vectors

which cannot be the h-vector of a level algebra of type 2.

Table 5.2A
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oF o | [ | | s 15 b 18 hd a1 ass | B[S [ S [ S |B |[ S |8 | B[S | B [ S]es
o o5 o [ o | o | o | oF | o | o5 | o o [ |oF | o5 | [0 |0 oS s
111111111111111111111111171?
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o [ord o [ o3 | o5 o [ord o | [0 | o5 |3 o | oF [ o [ o5 | [0 |oF [0 | o5 | o
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Non-existence

Eliminated by Remark 2.12, b). (1,3,...,2,2): 1], 2], 3|, 5], 9], 10], 12],
16], 21], 22], 24], 28], 33], 38], 43], 44], 46], 50], 55], 60], 65], 70], 75].

(1,3,...,8,4,2), (1,3,...,9,4,2), (1,3,...,10,4,2), (1,3,...,10,5,2): 67], 72|,
77], 78].

(1,3,6,4,3,2): 47].

Eliminated by Example 2.13. 17], 29], 51].

Eliminated by Corollary 3.5. 6], 7], 8], 15], 27], 32], 49], 54].
Eliminated by Proposition 3.8.

Part b): for d = 3: 11], 23], 45].

Part ¢): for d = 3: 26], 48].

Eliminated by Proposition 3.9. 34|, 39|, 56], 61], 66], 71], 76].
Eliminated by Example 5.7. 52] .

Eliminated by Example 3.11. In this case, we mean by the same argument as
in Example 3.11. 53].

Eliminated by Corollary 2.11.. 25], 40].

Not level, but not by using any of our theorems. 20] (see also Example 7.3
and [[14], Proposition 2.7]).

Existence

We now turn to the existence question. We show that the remaining 23 h-
vectors are all the h-vectors of an Artinian level algebra of socle degree 5 and type
2. Those 23 h-vectors are:

Table 5.2

471,3,3,3,3,2[13]] 1,3,4,4,3,2 [14] [ 1, 3, 4, 4, 4, 2
18] 1,3,4,5, 4,219 | 1,3,4,5,5,2 |30/ | 1, 3,55, 4,2
31][1,3,5,5,5, 2|35 | 1,3,5,6,4,2 | 36]|1,3,5,6,5,2
37 11,3,5,6,6,2 | 41] | 1,8,5,7,5,2 |42 | 1,3,5,7, 6,2
571 [1,3,6,6,4,2 |58 | 1,3,6,6,5,2 |59 |1,3,6,6, 6,2
62 [1,3,6,7, 4,263 | 1,3,6,7,5 2 |64 |1,3,6,7,6,2
63 [1,3,6,85, 2|69 1,3,6,8,6,2 |73 |1,3,6,09,5,2
74 11,3,6,9,6,2 |79 |1, 3,6, 10, 6, 2

Link-Sum Construction. We can use the Linked-Sum Method to construct
Artinian level algebras of socle degree and type 2 with each of the above h-vectors.
It is clear, from Proposition 5.15, that each example also satisfies the WLP. We
now do that: in all cases, let X be the set of all ®’s in Z and Y be the set of all x’s
in Z. The ring A = R/(Ix + Iy) is the level algebra with the desired h-vector
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1 3 6 9 12 15 17 —

3 —

1 3 6 9 12 14 14 —

0 —.

1 3 6 9 12 15 17 —

4 —

13 6 9 11 13 13 —

0 —.

13 6 9 12 15 17 —

4 —

1 3 6 9 12 13 13 —

0 —.

1 3 6 9 12 15 17 —

5 —

1 3 6 9 11 12 12 —

0 —.

1 3 6 10 14 18 20 —

5 —

1 3 6 10 14 15 15 —

0 —.

5 —

1 3 6 9 12 15 17 —
)

1 3 6 9 11 12 12 —
4

0 —.

5 —
0 —.

1 3 6 9 12 15 17 —
5

1 3 6 9 12 12 12 —
5

* ¥ e o e

* X X X X X

® X X %X X @

* X X X X

® O X X X X

e O O X X X

30].

31).
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Points

We now show that all the h-vectors in Table 5.2 are also the h-vectors of a level
set of points in P3. This gives a positive answer (in this case) to our Question 6.1
as to whether every h-vector of an Artinian level algebra in codimension n is also
the h-vector of a level set of points in P".

Method 1. The higher dimensional “linked-sum” method.

We can use Example 6.8 and the examples we made above to get that the
following are the h-vectors of level sets of points in P3: 13], 18], 19], 31], 58], 63],
68], 69], 73].

We can also use Example 6.8 with the following examples. This will give us
points for 30], 42], 57], and 62].

o o
e o o H(Z,-) 1 3 6 9 12 15 17 —
30, 7= e o x H(X, -) 1 3 6 8 10 11 11 —
) e o x H(Y,—) 1 3 56 6 6 6 —
T H(A, -) 1355 4 2 0 —.
x e %
e o
° o H(z,-) 1 3 6 10 14 18 20 —
1. 7- e o o o H(X, -) 1 3 6 10 12 12 12 —
' e o o o H(Y,-) 13 5 7 8 8 8 —
X x k % H(A, -) 135 7 6 2 0 —.
x % ok ok
o o
o o H(Z,-) 1 3 6 10 14 18 20 —
57. 7= e o o H(X, —) 1 3 6 8 10 12 12 —
) e o x % H(Y,-) 13 6 8 8 8 8 —
o o x x H(A, -) 136 6 4 2 0 —.
e x k%
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[ )
. H(Z,—) : 1 3 6 10 14 17 19 —
B HX,-) : 1 36 8 9 10 10 —
62]'2*::;i HY,-) : 136 9 9 9 9 —
H(A-) : 1 36 7 4 2 0 —.
® O Xk X
*x %k % %

Method 2. Liaison method

Using this method we can construct points in P for 35], 36], 37], 41], 64], 74,
and 79]. The procedure mostly follows that of Example 6.10, although some of
the constructions are surprisingly complicated. We indicate, for each example, the
procedure we followed.

35]. To obtain this h-vector for points in P? one can start with three collinear points
and link using a general complete intersection of type (2,3,4).

36]. To obtain this h-vector for points in P? one can start with a set of two points
and link using a general complete intersection of type (2,3,4).

37]. To obtain this h-vector for points in P3 one can start with 7 general points
and link using a general complete intersection of type (2,3,5).

41]. To obtain this h-vector for points in P3 one can start with a set, Z, of two points
and link using a general arithmetically Gorenstein set of points, G with h-vector
(1,3,5,7,5,3,1) containing Z. (Actually one would first choose G and then take
two points of G to give Z.) Note that the minimal generators of Iz have degrees
1,1, 2, those of I have degrees 2,4,4,4,4 and that the generator of degree 2 splits
off with the generator of I of degree 2 in the mapping cone. (If it did not then
the generator of I of degree 2 would be a linear combination of the two generators
of Iz of degree 1, and hence the quadric surface containing G would contain the
line spanned by the two points of Z. But without loss of generality we can choose
7Z C G to be two points whose span does not lie on this surface.

64]. To achieve this for points in P3, start with one point and apply a sequence of
complete intersection links, chosen generally, of the following types (in this order):
(1,2,3), (2,2,4), (2,3,4), (3,4,4), (3,4,5).

74]. To achieve this for points in P3, start with a set of two points and apply a
sequence of general complete intersection links of the following types (in this order):
(2,2,2), (2,3,3), (3,3,3), (3,3,4), (3,4,4).

79]. To achieve this for points in P? is more complicated. We proceed in several
steps.

(a) Tt is easy to see that this h-vector can be obtained (numerically) as the
residual to the h-vector (1,3,4,4) inside a Gorenstein h-vector (1,3, 6, 10,
10,6, 3,1). The difficult part is to show that there exist sets of points Z C G
with G arithmetically Gorenstein, having these h-vectors.

(b) A general arithmetically Gorenstein G with the h-vector given in (a) has
generators of degree 4,4,4,4,4,5,5,5,5. We have to show that such a G
exists, containing Z. Furthermore, the four quartic generators of Iz have to
all be split off in the mapping cone. This guarantees that the residual will
be level, and liaison gives the right Hilbert function.
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(c) Rather than give a long argument for the existence of such a G, we produced
it on the computer program Macaulay [2]. First, choosing Z is straightfor-
ward: one simply starts with 8 general points, finds a complete intersection
curve C of type (2,2) containing them, and adds a hyperplane section of C.

C. SOCLE DEGREE 5

This gives 12 points that are “general enough”.

To produce G containing 7Z, we used the method of taking sections of
Buchsbaum-Rim sheaves [58], [57] (see in particular [[58], Section 5.1] and
[[57], Section 6]. We start with a sufficiently general matrix of homogeneous

polynomials with degree matrix

This defines a map

1
1
1

111 2 2
1 11 2 2
111 2 2

Ops(—1)* @ Ops(-2)? — 03,

whose kernel, B, is the Buchsbaum-Rim sheaf that we will use.

general section of B ® Zz(6) gives the arithmetically Gorenstein zeroscheme

G that contains Z and has the desired Hilbert function.

Method 4. Points on Curves

4]. As points in P3, this can be realized by a set of 15 points on a twisted cubic
curve.

14]. As points in P3, this can be realized as a set of 18 points on a complete
intersection curve of type (2,2).

59]. This is realized as points in P3 by taking 24 general points on a smooth

With this method we can construct the remaining three cases 4], 14], and 59].

arithmetically Cohen-Macaulay curve of degree 6 and genus 3.

After one eliminates a few trivial cases one is left with a list of 73 tuples which
could possibly be the h-vector of an Artinian level algebra of socle degree 5 and

Socle Degree 5 and Type 3

type 3. They are in the list below.

Table 5.3A
1711,3,3,3,3,3| 2]11,3,3,4,3,3| 3]|1,3,3,4,4,3
4]11,3,3,4,5,3| 5/11,3,4,3,3,3| 6]|1,3,4,4,3,3
7111,3,4,4,4,3| 8] 1,3,4,4,5,3| 9]|1,3,4,5,3,3
10] | 1,3,4,5,4,3|11]|1,3,4,5,5,3(12]|1,3,4,5,6,3
13]11,3,5,3,3,3|14]|1,3,5,4,3,3(15]|1,3,5,4,4,3
16]|1,3,5,4,5,3|17|1,3,5,5,3,3(18](1,3,5,5,4,3
19]11,3,5,5,5,3|20]|1,3,5,5,6,3(21]1,3,5,6,3,3
221 11,3,5,6,4,3(123]]1,3,5,6,5,3[24]|1,3,5,6,6,3
25 11,3,5,6,7,3|26]1,3,5,7,3,3[27](1,3,5,7,4,3
28] 11,3,5,7,5,3(12911,3,5,7,6,3[30](1,3,5,7,7,3
31 11,3,5,7,83[132](1,3,5,7,9,3|33]|1,3,6,3,3,3
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341 1,3,6,4,3,3 [35]] 1,3,6,4,4,3 [36]] 1,3,6,4,5,3
3711 1,3,6,5,3,3 | 338]| 1,3,6,5,4,3 |39 | L,3,6,5,5,3
40/ 1,3,6,5,6,3 | 41] | 1,3,6,6,3,3 | 42| 1,3,6,6,4, 3
431 1,3,6,6,5,3 | 44] | 1,3,6,6,6,3 | 45| 1,3,6,6,7, 3
46] ] 1,3,6,7,3,3 |47 ] 1,3,6,7,4,3 |48]] 1,3,6,7,5, 3
491 1,3,6,7.6,3 |50 | 1,3,6,7.7,3 | 51| 1,3,6,7,8,3
52] [ 1,3,6,7,9,3 |53 | 1,3,6,8,3,3 |54 | 1,3,6,8,4,3
55/ 1,3,6,8,5 3 | 56| 1,3,6,8,6,3 |57 1,3,6,8,7,3
58] 1,3,6,8,8 3 |59 | 1,3,6,8,9,3 |60 | 1,3,6,9,3,3
611 1,3,6,9,4,3 | 62]| 1,3,6,9,5,3 | 63| 1,3,6,9,6,3
64] [ 1,3,6,9,7,3 |65 ] 1,3,6,9,8,3 | 66]] 1,3,6,9,9,3
6711, 3,6, 10, 3,3 | 68 | 1, 3, 6, 10, 4, 3| 69] | 1, 3, 6, 10, 5, 3
70/ [ 1,3,6,10,6,3 |71 | 1,3,6,10,7,3 |72 | 1,3, 6, 10, 8, 3
7311, 3,6, 10,9, 3

Non-existence

We first eliminate all sequences we know cannot be the h-vector of a level
algebra.

Eliminated by Example 2.13. Using the same sort of reasoning we can eliminate
anything of type

(1,3,...,>8,4,3), (1,3,...,>10,5,3).
(1,3,...,> 8,4,3) : 54], 61], 68].
(1,3,...,>10,5,3) : 69].

Eliminated by Corollary 2.11. This corollary easily eliminates 5], 27], 33], 36],
and 39].

Eliminated by Corollary 3.5. 2], 3], 4], 6], 8], 9], 14], 16], 17], 20], 21], 26], 34],
37], 40], 41], 46], 52], 53], 60], 67].

Eliminated by Proposition 3.8. Part ¢): for d = 3: 15], 35].
Eliminated by Proposition 3.9. 13].
Not cancelable, but not covered by our theorems. 45], 47].

Eliminated by an argument completely analogous to that of Example 3.11.
22], 42], 62].

Eliminated by Example 3.13. 38|.

Existence

All the rest of the h-vectors are the h-vector of a level Artinian algebra with
the WLP. There are 34 of them and they are:
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Table 5.3

11 1,3,3,3,3,3 711 1,3,4,4,4,3 |10] | 1,3,4,5,4,3
11| 1,3,4,5,5,3 | 12]| 1,3,4,5,6,3 | 18] | 1,3,5,5,4,3
19]| 1,3,5,5,5,3 [ 23]| 1,3,5,6,5,3 [24]| 1,3,5,6,6,3
251 1,3,5,6,7,3 |28 | 1,3,5,7,5,3 |29 | 1,3,5,7,6,3
30| 1,3,5,7,7,3 |31 1,3,5,7,8 3 |32]|1,3,5,7,9,3
43| 1,3,6,6,5,3 | 44]| 1,3,6,6,6,3 | 48| | 1,3,6,7,5,3
49/ 1,3,6,7,6,3 |50] | 1,3,6,7,7,3 |51]| 1,3,6,7,8,3
55| 1,3,6,8,5,3 |56]| 1,3,6,8,6,3 | 57| 1,3,6,8,7,3
58] 1 1,3,6,8,8 3 |59 1,3,6,8,9,3 |63]|1,3,6,9,6,3
64| 1,3,6,9,7,3 |65 | 1,3,6,9,8 3 |66]| 1,3,6,9,9,3
701 | 1,3,6,10,6,3|71] |1,3,6,10,7,3|72]|1,3,6,10,8,3
73] | 1, 3, 6,10,9, 3

the WLP.

notation employed above.)

11].

12].

[ ]

x @

* [} ®

* [ ] L)

[ ] L] [ ]

% [ ] *

[ ] [} [ ]

*

*

* [} [ ]

* [} [ ) [ ]
[ ] [ ] ® [ ]
*x ®© @ X
° [ ] [ ] [ ]

—
W W ww

—
W w ww

= OO

= OO

(V2 3} BiNe N}

10
10
5
5

We first take advantage of what we already know in socle degree 6.

12 15 18
12 13 13
5 5 5
5 3 0

14 18 21
14 15 15
6 6 6
6 3 0

Using Theorem 2.2, i) we get 1], 7], and 10] from, respectively, 5], 25] and
36] in socle degree 6. Thus, these h-vectors are also the h-vectors of level sets of
points in P? and of Artinian level algebras with the WLP.

We can also apply Proposition 5.16 to show that 19], 23], 28], 44], 49] and
63] are the h-vectors of level sets of points in P? and of Artinian level algebras with

We can apply Proposition 5.24 to get level Artinian algebras with the WLP
from Table 5.2 for the following: 18] from 13], 24] from 19], 48] from 57], 50] from
59], 55] from 62], 56] from 41], 57] from 42], 64] from 69], 70] from 73], 71] from 74].

We will now use the Linked-Sum method to show that all the remaining h-
vectors arise as the h-vector of a level algebra. By applying Proposition 5.15 we
see that all the constructed examples also have the WLP. (We continue with the

-

Pl
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18 21

3 6 10 14

1

15 20 23 —

3 6 10

1

15
8
3

15
8
8

3 6 10
5
5

1
1
1

18 21

3 6 10 14

1
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15 21 24 —

3 6 10

1

13 6 10 15 20 23 —

1 3 6 10 13

1

13 —

13
10
3

10 10 —

3 6 10

0 —.
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10 —

10
3

1 3 6 10 15 21 24 —
10

1 3 6 10 14 14 14 —
10

0 —.

Socle Degree 5 and Type 4

After one eliminates a few trivial cases one is left with a list of 62 tuples which

could possibly be the h-vector of an Artinian level algebra of socle degree 5 and

type 4. They are in the list below.

Table 5.4A

~
A T T TR T T T e R R R Rt Il A
ol e e S o e e Lo o Lo o < o [ S | |2
< (S e | S| S i |06 (13 S [ S a5 |06 |15 |od |<F 1|2 =
1S 1 S S S S R I I e P Y S
< S [ S | | | S i (08 |08 || | 3 | S (S S
R e N o R e R e e o L P B = IS
o o o3 o o o3 o o o3 |0 o o5 [0 o o3 |od | o | o5 o | 5
11111111111111111’1’1’1’
PR SR N e R N =Y A R AR R A e SR R =)
— == NN [® [0 [ [@ [ < o 1o 16 |[D
<
A T T T T T e e R R R e R Rt Al RV RV Al Al A AR
NEEN YR S S S S TS S DTN S e el B RPN [PRG Poal Pal o\ |
13 [ | heS s < | S s | | | S S o8 | R [
18T S s S e k) A S
N N e e e R e e e e N A A P S
R e e e e o e R o R e e R o e P e IS
o o o3 o o o3 [0 | o o3 |0 o o5 |0 o | oo o3 | o o o |
111111111111111’1117171)17
SE I ol N T o P e N N R el e e Y =Y R R A N
= = RN QN | [ [ < [ = 1D i 16 15 |©
<
S A e A e A A T T T T T T T A
PN PN N Y PN N S S S v e S S PN S e e B e el £ |
< S| S || [ S| || [ [ S| S [ S [ w06 | M| |
<S8 p3 [ S |1 |1 i3 (S [S | 1= |06 |06 | S |G | 5 (2SS
A [F S 16 s (S S| S [ S | S|SB S |S|S S | S| S eS|~
I I e el el e e Al A Al A Al el Al Al A N=N R [I=) U
o5 o o3 o o o3 [0 | o o3 |0 o o5 |0 o | o5 |0 oF | o o o |
17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 17 1./ 1.; -
—
gy v P o RN N S Y o =l e S =) R Y Y N N e N =)
= =N QN o [ [0 [F S o 1B o |©

Non-existence

Eliminate by Corollary 3.5. 1], 2], 4], 9], 12], 24], 27], and 37].

Eliminated by Proposition 3.8.

4 and hg > 4: 8] and 23].
By arguments very similar to those of Example 3.11, we can eliminate

18], 26], 33], and 56].

4 = hy and hg > 4: 5], 10], 13], 17], 25], 28], 32], 38], 45], and 54].

<

=
1
<t N
<= <
— =
L3
o O
=
]
< <
[alpgal

The following are not cancelable, but this is not a consequence of any of

our theorems 31], 39], 46], and 55].
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Existence

This leaves the following 34 possibilities.

Table 5.4

3] 1,3,4,4,4,4 | 6]| 1,3,4,5,5,4 | 7]] 1,3,4,5,6,4
11| 1,3,5,5,5,4 |14]| 1,3,5,6,5,4 | 15| 1,3,5,6,6,4
16]| 1,3,5,6,7,4 | 19| 1,3,5,7,6,4 | 20| 1,3,5,7,7,4
2] 1,3,5,7,8,4 |22]| 1,3,5,7,9,4 | 29| 1,3,6,6,5,4
30] [ 1,3,6,6,6,4 |34 1,3,6,7,6,4 |35 | 1,3,6,7,7,4
36| 1,3,6,7,8 4 [40]| 1,3,6,8,6,4 |41]] 1,3,6,8,7,4
2] 1,3,6,8,8,4 [43]] 1,3,6,8 9,4 |44 1,3,6,8, 10, 4
471 1,3,6,9,6,4 [48]| 1,3,6,9,7,4 [49]| 1,3,6,9,8,4
50]| 1,3,6,9,9 4 |51 L,3,6,9,10,4 | 52| 1,3,6,09, 11,4
531 1,3,6,9,12,4 |57 | 1,3,6,10,7,4 |58 | 1,3,6,10,8, 4
591 1,3,6,10,9,4 |60] | 1,36, 10, 10, 4| 61] | 1, 3, 6, 10, 11, 4
62] [ 1, 3, 6, 10, 12, 4

The following come from examples we made for socle degree 6 and type 2 (by
truncation) and so are also the h-vectors of Artinian level algebras with the WLP:

3], 6], 11], 14], 15], 19], 30], 34], 35], 40], 41], 48], and 57).

We can apply Proposition 5.24 to get level Artinian algebras with the WLP from
Table 5.3 for the following: 16] from 12], 29] from 18], 36] from 25], 42] from 50],
43] from 51}, 44] from 32], 47] from 55], 49] from 57], 50] from 58], 51] from 59], 58]

from 64], 59] from 65], 60] from 66].

52]. We get a level Artinian algebra with the WLP from Example 6.18.

The following can be constructed with the linked-sum method. All those con-
structed with the linked-sum method can also be seen (via Proposition 5.15) to
satisfy the WLP. (The notation for the linked-sum constructions is as above.)

7.

7, =

20].

® X X @ * * ¥

o X *X @ %X % @

o X O @ X X

e O X o o

— e

—

W www

ww ww

=R OO

Tt Ot Oy O

10
10

10
10
7
7

14
14

14
14
7
7

18
16

18
15
7
4

22
16

22
15
7
0

[N

Pl
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21]. (e
::. H(Z—-) : 1 3 6 10 14 18 22 —
S R H(X,—) : 1 3 6 10 14 14 14 —
D HY,-) : 1 35 7 8 8 8 —
H(A—-) : 1 35 7 8 4 0 —.
x e e e
*x e e e
22]. [eo =
. H(Z,—-) : 1 3 6 10 15 21 25 —
g_)e ke e H(X,—) : 1 3 6 10 15 16 16 —
T e % % e HY -) : 1 35 7 9 9 9 —
o x o % o @ H(A-) : 1 35 7 9 4 0 —.
e e o o Xx e o

The cases still remaining are 53], 61], and 62]. None of these can be constructed
using the linked-sum method (see Remark 5.32). We use some results of Iarrobino
[43] to construct 62] and 61].

53]. This is the h-vector of 35 general points on a smooth cubic surface in P3.

61]. This can be constructed using an Inverse System generated by the following 4
forms of degree 5:

Fl = Z?:l L7,5 F2 = Z?:l M15 FS = Z?:l ‘Z\[Z5 F4 = H{) + Hg)
where the L;, M;, N; and H; are generic linear forms.

62]. This can be constructed using the Inverse System generated by 4 generic forms
of degree 5. This is a compressed level algebra.

It remains to find level examples with the WLP for 53], 61] and 62].

53]. One shows that the 35 points on a smooth cubic surface (mentioned above)
actually has the property that the Artinian reduction of its coordinate ring also
satisfies the WLP.

61] and 62]. As in Example 6.18 we could find (using a computer) an example
(in each case) of a set of points on an ACM curve whose homogeneous coordinate
ring had the property that its Artinian reduction was level and had the WLP.

Socle Degree 5 and Type 5

In this case there are 51 possible tuples which could be the h-vector of such a
level algebra. We begin by eliminating those we can.
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Table 5.5A

0 (1o
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Non-existence

Eliminated by Corollary 3.5. 1], 2], 5], 7], 16], 18], 26].

hs =5 and hs > 5: 8], 11], 19], 22],

Eliminated by Proposition 3.8, c). hy

27], 33], 41].

Eliminated by an argument completely analogous to that of Example 3.11.

17, [28].

The following are not cancelable, but not from any of our theorems. 21],

34], 42].

Existence

This leaves the following as possible h-vectors of level algebras.

Table 5.5

0 0o
0 (o o ho v ho M|
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13 |8 | S |6 [ B | = |
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1111
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— 1111
R =N SN el = N e =N Y N
=N | | T o
0 1o
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3 [ S N[ S [ |00 |8 =Y =
aaaaaaa9111
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R e A B el ol P P IS IS
o o R RN RN REN REN o) 208 PVl P
| T | ~
1111
o Mmoo |= oo =~ S
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Of these, the following come from socle degree 6 and type 2 (by truncation)
and so are also the h-vectors of level Artinian algebras with the WLP: 3], 4], 6], 9],

10], 12], 13], 14], 20], 23], 24], 25], 29], 30], 31], 35], 36], 37], 44], 45].
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We can apply Proposition 5.24 to get level Artinian algebras with the WLP
from Table 5.4 for the following: 32] from 22], 38] from 43], 39] from 44], 43] from
47], 46] from 50], 47] from 51], 48] from 52|, 49] from 62].

51] is the h-vector of a compressed level algebra. By Proposition 5.22 any level
algebra with this h-vector has the WLP.

15] can be constructed using the linked-sum method. It is easily seen to satisfy the
WLP (Proposition 5.15).

*
:;. H(Z,—-) : 1 3 6 10 15 20 25 —
5. Z=1e o o o HX,—) : 1 3 6 10 15 16 16 —
' e HY, -) : 1 35 7 9 9 9 —
H(A-) : 1 35 7 9 5 0 —.
*x % e e
® *x e e

The cases still remaining are: 40] and 50]. Neither can be constructed using the
linked-sum method. We now construct examples for each of these cases by other
means.

40]. This is the h-vector of 36 points on a smooth cubic surface in P3.

50]. We can construct this using Inverse Systems by choosing 5 forms of degree 5
of the type

Fi=Y7 L} FB=Y] M} F3=Y, N F=Y; H F5=G}+G3

i=1""1

where the L;, M;, N;, H; and G; are generic linear forms.
It remains to find level examples with the WLP for 40] and 50].

40]. As in earlier cases, we can take 36 general points on a smooth cubic surface in
P3, whose homogeneous coordinate ring has Artinian reduction with the WLP.

50]. As in Example 6.18 we can find (with a computer) a set of 39 points on
an sufficiently general ACM curve of degree 14 and genus 23 whose homogeneous
coordinate ring has a level Artinian reduction with the WLP.

Socle Degree 5 and Type 6

From the 51 possible h-vectors in Table 5.6 A we first eliminate those we can.
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Table 5.6 A
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Non-existence

Eliminated by Corollary 3.5. 1], 2], 3], 5], 6], 7], 8], 11], 16], 17], 18], 19], 22],

26], 27], 33], 41].

Eliminated by Proposition 3.9. 28], 34], 42].

Eliminated by an argument completely analogous to that of Example 3.11.

12], 23], 43].

Eliminated by an argument similar to that of Example 3.12. 35].

Not cancelable but not because of any of our theorems. 21].

Existence

This leaves the following as possible h-vectors of level artinian algebras.

Table 5.6
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Of the h-vectors in the table above we can obtain the following from socle
degree 6 and type 2 (by truncation). Consequently these h-vectors correspond to

Artinian level algebras with the WLP: 9], 10], 13], 14], 15], 20], 24], 25], 29], 30],

31], 32, 36], 37], 38], 39], 40], 44], 45], 46], 47], 48].



4] corresponds to an Artinian level algebra with the WLP, using Proposition 5.16.
49], 50], and 51] come, respectively (using Proposition 5.24) from 48], 49|, and

51] in Table 5.5.

Socle Degree 5 and Type 7

C. SOCLE DEGREE 5

In this case we have 37 possible h-vectors given in Table 5.7A.

Table 5.7TA
1 1,3,4,5,6,7 2 1,3,5,5,6,7 3 1,3,5,6,6,7
4 1,3,5,6,7, 7 5 1,3,5,7,6,7 6 1,3,5,7,7, 7
7 1,3,5,7,8 7 8 1,3,5,7,9,7 9 1,3,6,5,6,7
10 1,3,6,6,6,7 |11 1,3,6,6,7,7 |12 1,3,6,7,6,7
13 1,3,6,7,7,7 |14 1,3,6,7,8 7 |15 1,3,6,7,9,7
16 1,3,6,8,6,7 |17 1,3,6,8 7,7 |18 1,3,6,8,8, 7
19 1,3,6,89,7 (20 1,3,6,8,10,7 | 21 1,3,6,9,6,7
22 1,3,6,9,7,7 |23 1,3,6,9,8, 7 |24 1,3,6,9,9,7
251 1,3,6,9,10,7 | 26]| 1,3,6,9,11,7 | 27| 1,3,6,9,12, 7
28] | 1,3,6,10,6,7 |29]| 1,3,6,10,7,7 |30]| 1,3,6,10,8, 7
311 1,3,6,10,9,7 | 32]|1,3,6,10,10,7|33] |1, 3,6, 10, 11, 7
34| 11,3,6,10,12,7 |35 | 1, 3,6, 10, 13,7 | 36] | 1, 3, 6, 10, 14, 7
37 11,3,6,10,15, 7
Non-existence
Eliminated by Corollary 3.5. 2], 3], 5], 9], 10], 12], 15], 16], 21], 28].

Eliminated by Proposition 3.9. 22], 29].

Eliminated by methods analogous to Example 3.11. 17].

Eliminated since not cancelable, but not by any of our theorems. 11].

Existence

This leaves the following as possible h-vectors of level Artinian algebras.

Table 5.7

171 1,3,4,5,6,7 41 1,3,5,6,7,7 6] | 1,3,5,7,7,7

7 1,3,5,7,8, 7 8 1,3,5,7,9,7 |13 1,3,6,7,7, 7
14 1,3,6,7,8 7 |18 1,3,6,8,8 7 |19 1,3,6,8,9,7
20l | 1,3,6,8,10,7 |23 1,3,6,9,8,7 |24 1,3,6,9,9,7
2511 1,3,6,9,10,7 | 26]| 1,3,6,9,11,7 |27 | 1,3,6,9,12, 7
30] | 1,3,6,10,8,7 | 31 1, 3,6,10,9,7 |32]|1,3,6, 10, 10, 7
33| |1,3,6,10, 11,7 | 34] | 1, 3, 6, 10, 12,7 | 35] | 1, 3, 6, 10, 13, 7
36) | 1,3,6,10,14, 7| 37 | 1, 3, 6, 10, 15, 7

Using Proposition 5.16 we find examples satisfying the WLP for: 1], 4], 6],
|, and 14].

We can apply Proposition 5.24 to get level Artinian algebras with the WLP
from Table 5.6 for the following: 18] from 24], 19] from 25], 20] from 15], 23] from
29], 24] from 30], 25] from 31], 26] from 32|, 31] from 36], 32] from 45], 33] from
46], 34] from 47], 35] from 48], 36] from 49|, 37| from 51].

7], 8], 13
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27] can be constructed by the linked-sum method. From Proposition 5.15 we see
it also satisfies the WLP.

[ ]
S H(Z,—-) : 1 3 6 10 15 21 28 —
SN DD H(X,—) : 1 3 6 10 15 16 16 —
e H(Y,-) : 1 3 6 9 12 12 12 —
H(A,—-) : 1 36 9 12 7 0 —.
e o X o
* k@ ok *

30] can be constructed as follows. Let J be an Artinian Gorenstein codimension
three ideal with Hilbert function (1,3,6,3,1). Let L be a general linear form and
let A be the vector space of all forms of degree 6. Then I = LJ + A can be checked
to give a level algebra with the desired Hilbert function. This ideal does not have
WLP, though, and we do not know if such an ideal exists with WLP.

Socle Degree 5 and Type 8

There are 27 possible h-vectors we have to consider. They are in the table
below:

Table 5.8A

11 1,3,5,6,7,8 2] 1,3,5,7,7,8 31 1,3,5,7,8,8
4 1,3,5,7,9,8 5 1,3,6,6,7,8 6 1,3,6,7,7,8
7 1,3,6,7,8,8 8 1,3,6,7,9,8 9 1,3,6,8,7,8
10 1,3,6,8,8 8 |11 1,3,6,8,9,8 |12]| 1, 3,6, 8, 10, 8
13 1,3,6,9,7,8 | 14 1,3,6,9,8 8 |15 1,3,6,9,9,8
16] | 1,3,6,9,10,8 | 17] | 1,3,6,9,11,8 | 18] | 1,3,6,9, 12,8
9] 1,3,6,10,7,8 | 20] | 1,3,6,10,8,8 |21] | 1,3,6,10,9, 8
2211, 3, 6,10, 10, 8 | 23] | 1, 3, 6, 10, 11, 8 | 24] | 1, 3, 6, 10, 12, 8
25] 11, 3,6,10,13,8 | 26] | 1, 3, 6, 10, 14, 8 | 27] | 1, 3, 6, 10, 15, 8

Non-existence

Eliminated using Corollary 3.5. 2], 6], 8], 9], 13], 19].

Eliminated using an argument completely analogous to Example 3.11.
14].

These are not cancelable, but not because of any of our theorems. 5], 20].

Existence

This leaves the following as possible h-vectors of level algebras:

Table 5.8
1 1,3,5,6,7,8 3 1,3,5,7,8,8 4 1,3,5,7,9,8
7 1,3,6,7,8 8 |10 1,3,6,8,8,8 |11 1,3,6,8,9,8
12] | 1, 3,6,8,10,8 | 15 1,3,6,9,9,8 [16] | 1, 3,6,9, 10, 8
1711 1,3,6,9,11,8 | 18] | 1,3,6,9,12,8 |21]| 1, 3,6, 10,9, 8
22] |1, 3,6,10, 10,8 | 23] | 1, 3, 6, 10, 11, 8 | 24] | 1, 3, 6, 10, 12, 8
251 |1, 3,6,10, 13,8 | 26] | 1, 3, 6, 10, 14, 8 | 27] | 1, 3, 6, 10, 15, 8
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1]. The lex segment ideal with this h-vector defines a level algebra. This is an
example of a “minimal” level algebra (see [5]).

Notice that by Corollary 5.17 1], 3], 7], and 10] are the h-vectors of Artinian level
algebras with the WLP.

We can apply Proposition 5.24 to get level Artinian algebras with the WLP from
Table 5.7 for the following: 11] from 7], 12] from 8|, 15] from 18], 16] from 19],
17] from 20], 21] from 23], 22] from 24], 23] from 25], 24| from 26], 25] from 27], 26]
from 35], 27] from 36].

4] arises as the h-vector of 33 general points on a smooth ACM curve of degree
9 whose Hilbert function has first difference (1,3,5,7,9,9,...). Using Proposi-
tion 6.17 (see Example 6.18) its Artinian reduction has the WLP.

The last remaining case, 18] arose as the h-vector of 39 points on a smooth cu-
bic surface in P2. A computer check revealed that the Artinian reduction of the
homogeneous coordinate ring of this example also satisfies the WLP.

Socle Degree 5 and Type 9

There are 20 examples in this case. They are in the table below.

Table 5.9A

1 1,3,5,7,8,9 2 1,3,5,7,9,9 3 1,3,6,7,8,9
4 1,3,6,7,9,9 5 1,3,6,8,8,9 6 1,3,6,8,9,9
71 1,3,6,8,10,9 8 1,3,6,9,8,9 9 1,3,6,9,9,9
101 | 1,3,6,9,10,9 |11]| 1,3,6,9,11,9 | 12]| 1,3,6,9, 12,9
131 1,3,6,10,8,9 | 14] | 1,3,6,10,9,9 | 15 | 1, 3, 6, 10, 10, 9
16] | 1, 3, 6,10, 11,9 | 17] | 1, 3, 6, 10, 12,9 | 18] | 1, 3, 6, 10, 13,9
19] | 1, 3, 6, 10, 14, 9 | 20] | 1, 3, 6, 10, 15, 9

Non-existence

Eliminated using Corollary 3.5. 4].

Not cancelable, but not using any of our theorems. 5], 8], 13].
Eliminated using an argument completely analogous to Example 3.11.
14].

Existence

This leaves the following possible h-vectors.

Table 5.9
171 1,3,5,7,8,9 2] 1,3,5,7,9,9 31 1,3,6,7,8,9
6 1,3,6,8,9,9 71 1,3,6,8,10,9 9 1,3,6,9,9,9
10] | 1,3,6,9,10,9 | 11]| 1,3,6,9,11,9 [12] | 1,3,6,9, 12,9
15] | 1, 3, 6, 10, 10,9 | 16] | 1, 3, 6, 10, 11,9 | 17] | 1, 3, 6, 10, 12, 9
18] | 1, 3, 6,10, 13,9 | 19] | 1, 3, 6, 10, 14,9 | 20] | 1, 3, 6, 10, 15, 9

1]. This is the h-vector of a minimal level algebra, so the lex-segment ideal with
this h-vector already describes a level algebra.
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Notice that, by Corollary 5.17, 1], 2], 3], 6] and 9] are the h-vectors of Artinian
level algebras with the WLP. By Proposition 5.16, 12] is also the h-vector of an
Artinian level algebra with the WLP.

We can apply Proposition 5.24 to get level Artinian algebras with the WLP
from Table 5.8 for the following: 7] from 4], 10] from 11], 11] from 12], 15] from
21], 16] from 22], 17] from 23], 18] from 24], 19] from 25], 20] from 26].

Socle Degree 5 and Type 10
There are 15 possible h-vectors. They are:

Table 5.10A
1 1,3,5,7,9,10 2 1,3,6,7,9,10 3 1,3,6,8,9, 10
4] | 1, 3, 6, 8, 10, 10 5 1,3,6,9,9, 10 6] | 1, 3,6,9, 10,10
71 1,3,6,9, 11, 10 8| 1,3,6,9, 12, 10 9 | 1, 3,6, 10, 9, 10
1

10/ [ 1, 3,6, 10, 10, 10 | 11] | 1, 3, 6, 10, 11, 10 | 12] | 1, 3, 6, 10, 12, 10
13] | 1,3,6, 10, 13, 10 | 14] | 1, 3, 6, 10, 14, 10 | 15] | 1, 3, 6

Non-existence

Eliminated using Corollary 3.5. 2].
Eliminated because not cancelable, but not using any of our theorems.
5].

We can eliminate 9] by using Proposition 5.24 and the fact that 10] of Table
5.11A does not exist.

Existence

This leaves the following as the possible h-vectors of level artinian algebras.

Table 5.10
1 1,3,5,7,9, 10 3 1,3,6,8,9,10 4] | 1, 3,6, 8, 10, 10
1, 3,6,9, 10, 10 71 1,3,6,9, 11, 10 8| 1,3,6,9,12, 10
10] | 1, 3, 6, 10, 10, 10 | 11] | 1, 3, 6, 10, 11, 10 | 12] | 1, 3, 6, 10, 12, 10
13] | 1, 3, 6, 10, 13, 10 | 14] | 1, 3, 6, 10, 14, 10 | 15] | 1, 3, 6, 10, 15, 10

1]. This is the h-vector of a minimal level algebra, so the lex-segment ideal with
this h-vector already describes a level algebra.

Notice that Corollary 5.17 shows that 1], 3], 4], 6] and 10] are the h-vectors
of Artinian level algebras with the WLP, while Proposition 5.16 gives the same
result for 11], 12], 13] and 14].

We can apply Proposition 5.24 to get level Artinian algebras with the WLP
from Table 5.9 for the following: 7] from 7], 15] from 19].

The last remaining case, 8|, arises as the h-vector of 41 points on a smooth cubic
surface in P2. A computer check showed the Artinian reduction of the homogeneous
coordinate ring of these points also satisfies the WLP.



C. SOCLE DEGREE 5 111

Socle Degree 5 and Type 11

In this case there are 15 possible h-vectors to consider.

Table 5.11A
1 1,3,5,7,9,11 2 1,3,6,7,9, 11 3 1,3,6,8,9,11
4] | 1, 3,6, 8, 10, 11 5 1,3,6,9,9, 11 6] | 1, 3,6,9, 10, 11
71 1,3,6,9, 11, 11 8| 1,3,6,9, 12, 11 9| 1, 3,6, 10,9, 11
10] | 1, 3, 6, 10, 10, 11 | 11] | 1, 3, 6, 10, 11, 11 | 12] | 1, 3, 6, 10, 12, 11
13] | 1, 3, 6, 10, 13, 11 | 14] | 1, 3, 6, 10, 14, 11 | 15] | 1, 3, 6, 10, 15, 11

Non-existence

Eliminated using Corollary 3.5. 2], 3], 5], 9].
Eliminated by an argument completely analogous to that of Example 3.11.
10).

Existence

This leaves the following to consider.
Table 5.11

1] 1,3,5,7,9,11 | 4] 1,3,6,8,10,11 | 6]] 1, 3,6, 9, 10, 11

711 1,3,6,9 11,11 | 8]| 1,3,6,9, 12, 11 | 11] | 1, 3, 6, 10, 11, 11
12] [ 1,3,6,10, 12, 11 | 13] | 1, 3, 6, 10, 13, 11 | 14] | 1, 3, 6, 10, 14, 11
15] [ 1, 3, 6, 10, 15, 11

1] This is the h-vector of a minimal level algebra, so the lex-segment ideal with this
h-vector already describes a level algebra.

Notice that Corollary 5.17 shows that 1], 4], 6], 7] and 11] are the h-vectors
of Artinian level algebras with the WLP.

We can apply Proposition 5.24 to get level Artinian algebras with the WLP
from Table 5.10 for the following: 12] from 11], 13] from 12], 14] from 13], 15]
from 14].

The last remaining case, 8], corresponds to 42 points on a smooth cubic surface
in P3. We showed, using a computer, that the Artinian reduction of the homoge-
neous coordinate ring of these points also satisfies the WLP.

Socle Degree 5 and Type 12

There are 10 possible h-vectors to consider.

Table 5.12A

1,3,6,8,10,12 (2] | 1,3,6,9,10,12 | 3] | 1, 3,6,9, 11, 12
1,3,6,9,12,12 | 5] |1, 3, 6,10, 10,12 | 6] | 1,

1,3,6,10,12,12 | 8] | 1, 3,6, 10, 13,12 | 9] | 1

10] | 1, 3, 6, 10, 15, 12

| | =

Non-existence

Eliminated by Corollary 3.5. 2], 5].
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Existence

This leaves the following as the possible h-vector of a level algebra.

Table 5.12
17]1,3,6,8,10,12 | 3][ 1,3,6,9, 11,12 [4]] 1, 3,6, 9, 12, 12
6 10, 11,12 [ 7][1,3,6,10, 12,12 [ 8] | 1, 3, 6, 10, 13, 12

9 9

1,3,6
9] [1,3,6, 10, 14, 12| 10] | 1, 3, 6, 10, 15, 12

1]. This is the h-vector of a minimal level algebra, so the lex-segment ideal with
this h-vector already describes a level algebra.

Notice that Corollary 5.17 gives that 1], 3], 4], 6] and 7] are the h-vectors
of Artinian level algebras with the WLP.

We can apply Proposition 5.24 to get level Artinian algebras with the WLP
from Table 5.11 for the three remaining examples as follows: 8] from 12], 9] from
13], 10] from 14].

Socle Degree 5 and Type 13

In this case we have 7 vectors to consider.

Table 5.13A
1,3,6,9,11,13 | 2]| 1,3,6,9,12,13 | 3] | 1,
4] 11, 3,6,10,12,13|5] |1, 3,6,10,13,13 | 6] | 1
7|1, 3,6, 10, 15, 13

—_

Non-existence

Eliminated because not cancelable, but not by any of our theorems. 3.

Existence

This leaves the following as the possible h-vectors of a level algebra.

Table 5.13
11 1,3,6,9,11,13 |2]| 1,3,6,9,12,13 | 4] | 1,3, 6, 10, 12, 13
5111,3,6,10,13,13 | 6] | 1, 3,6, 10, 14, 13 | 7] | 1, 3, 6, 10, 15, 13

1]. This is the h-vector of a minimal level algebra, so the lex-segment ideal with
this h-vector already describes a level algebra.

Notice that by Corollary 5.17, 1], 2], 4] and 5] are the h-vectors of Artinian
level algebras with the WLP.

We can apply Proposition 5.24 to get level Artinian algebras with the WLP
from Table 5.12 for the remaining two cases as follows: 6] from 8], 7] from 9].
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Socle Degree 5 and Type 14

There are 5 vectors to consider. None can be eliminated

Table 5.14
7] 1,3,6,9, 12,14 [ 2] [ 1, 3,6, 10, 12, 14 [ 3] [ L, 3, 6, 10, 13, 14
4] 11, 3, 6,10, 14, 14 | 5] | 1, 3, 6, 10, 15, 14

1]. This is the h-vector of a minimal level algebra, so the lex-segment ideal with
this h-vector already describes a level algebra.

Notice that by Corollary 5.17, 1], 2|, 3] and 4] are the h-vectors of Artinian
level algebras with the WLP.

The last remaining case 5], arises as the h-vector of an Artinian level algebra
with the WLP by using Proposition 5.24 on 6] in Table 5.13.

Socle Degree 5 and Type 15

There are 5 vectors to consider.

Table 5.15A
11 1,3,6,9,12,15 | 2] | 1, 3,6,10,12, 15 | 3] | 1, 3, 6, 10, 13, 15
4 11, 3,6, 10, 14, 15 | 5] | 1, 3, 6, 10, 15, 15

Non-existence

Eliminated by Corollary 3.5. 2].

Existence

This leaves the following as the possible h-vector of a level algebra.

Table 5.15
1] 1,3,6,9,12,15 | 3] | 1, 3,6, 10, 13, 15 | 4] | 1, 3, 6, 10, 14, 15
511, 3,6, 10, 15, 15

1]. This is the h-vector of a minimal level algebra, so the lex-segment ideal with
this h-vector already describes a level algebra. By Corollary 5.17, all can be
constructed as the h-vectors of Artinian level algebras with the WLP.

Socle Degree 5 and Type 16

There are only 3 possible vectors to consider. None can be eliminated.
Table 5.16
[1]]1,3,6,10,13,16 [ 2] [ 1, 3,6, 10, 14,16 | 3] [ 1, 3, 6, 10, 15, 16 |

By Corollary 5.17, each is the h-vector of an Artinian level algebra with the
WLP.

Socle Degree 5 and Type 17

There are only two possible h-vectors of level algebras. They are:
Table 5.17
‘ 1] ] 1, 3, 6, 10, 14, 17 ‘ 2] ] 1, 3, 6, 10, 15, 17 ]

By Corollary 5.17 both are the h-vector of an Artinian level algebra with the
WLP.
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Socle Degree 5 and Type 18

There are only two possible h-vectors of level algebras. They are:
Table 5.18
| 1] | 1, 3, 6, 10, 14, 18 | 2] | 1, 3, 6, 10, 15, 18 |

By Corollary 5.17, both are the h-vectors of an Artinian level algebra with
the WLP.

Socle Degree 5 and Type 19
There is only one h-vector possible here. It is the h-vector of both the com-
pressed and minimal level algebra of its type. It is:
Table 5.19
[1]]1,3,6,10,15,19 |
and by Corollary 5.17 is the h-vector of an Artinian level algebra with the WLP.

Socle Degree 5 and Type 20

There is only one h-vector possible here. It is the h-vector of both the com-
pressed and minimal level algebra of its type. It is:
Table 5.20
1] ]1, 3,6, 10, 15, 20 |
and by Corollary 5.17 is the h-vector of an Artinian level algebra with the WLP.

Socle Degree 5 and Type 21

There is only one h-vector possible here. It is the h-vector of both the com-
pressed and minimal level algebra of its type. It is:
Table 5.21
| 1] | 1, 3, 6, 10, 15, 21 |
and by Corollary 5.17 is the h-vector of an Artinian level algebra with the WLP.




APPENDIX D

Socle Degree 4

Socle Degree 4 and Type 2

This case was treated in our paper [23]. We showed that the following are the
h-vectors of level Artinian algebras of socle degree 4 and type 2.

Table 4.2
1111,3,3,3,2| 2](1,3,4,3,2|3]|1,3,4,4,2 (4| |1,3,4,5,2
5/ 11,3,5,4,2| 6]|1,3,5,5,2|7(1,3,56,2 |8 |1,3,6,4,2
911,3,6,5,2|10]|1,3,6,6,2

Of the examples found in [[23], Example 3.18] one easily sees that 2], 3|, 5],
7] and 8] also have the WLP by applying Proposition 5.15. The remaining 5
h-vectors can also be shown to be the h-vectors of level Artinian algebras with the
WLP by applying Proposition 5.18 to the appropriate examples from Table 5.2.

Points

We show that each of the h-vectors in Table 4.2 is also the h-vector of a set of
level points in P3.

This is the h-vector of 12 points on a twisted cubic curve in P3. That is a
level set of points.

Start with 4 collinear points and perform general links of type (respectively)
(3,3,4) and (3,3,5).

Start with two points and perform a general link of type (2,2,4).

Start with two points and perform general links of type (respectively) (1,3, 3),
(2,3,4), (2,4,4).

The diagram in [[23], Example 3.18] lifts, since the points have the “nested”

property.
Start with two points in P3 and link in a general complete intersection of
type (2,3, 3).

Start with 3 general points and link in general complete intersections of type
(respectively) (2,3,3), (2,4,4).

Start with 3 collinear points and link in complete intersections of type (re-
spectively) (2,2,3), (2,2,4), (3,3,4), (3,3,5).

Start with a complete intersection of type (1,2,2) and link with general
complete intersections of type (respectively) (2,2,3), (3,3,3), (3,3,4).
Take 18 general points on a general arithmetically Cohen-Macaulay curve of
degree 6 and genus 3.
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Socle Degree 4 and Type 3

There are 17 possible Artinian h-vectors, listed in Table 4.3A.

Table 4.3A
111,3,3,3,3| 2/11,3,3,4,3| 3|/(1,3,4,3,3| 4]1,3,4,4,3
5/11,3,4,5,3| 6](1,3,5,3,3| 7]1]1,3,5,4,3| 8 |1,3,5 5,3
911,3,5,6,3|10](1,3,5 7,3|11]|1,3,6,3,3|12]|1,3,6,4,3
13]11,3,6,5,3|14]|1,3,6,6,3|15]|1,3,6,7,3|16]|1,3,6,8,3
1711 1,3,6,9,3

Non-existence

Eliminated by Corollary 3.5. 2].
Eliminated by Proposition 3.8, b). d = 3, 3|, 6], 11].

Eliminated by an argument completely analogous to Example 3.11. 12].

Existence

This leaves us with the h-vectors in Table 4.3, which we show are all the h-
vectors of Artinian level algebras with the WLP and the h-vectors of level sets of
points in P3.

Table 4.3

1171,3,3,3,3] 4 ]1,3,4,4,3] 5|1,3,4,5,3] 7]1,3,5,4,3
8 11,3553 911,3,5,6,3]10|1,3,5,7,3]| 13| 1,3,6,5,3
14][1,3,6,6,3 |15 | 1,3,6,7,3 /16| | 1,3,6,8 3|17 | 1,3,6,9,3

Note that 1] and 4] come from socle degree 5 and type 2 (by truncation) and so are
already known to be the h-vectors of level sets of points in P2 and also of Artinian
level algebras with the WLP. The same is true for 8] and 14] by Proposition 5.16.

The Link-Sum Construction All the remaining examples (except 17]) can be
made by the linked-sum method. All of these cases (except 7] and 13]) satisfy
the WLP by Proposition 5.15. But, 7], 13] and 17] can be shown to be the
h-vectors of level Artinian algebras with the WLP by using Proposition 5.18 on
the appropriate examples in Table 5.3. We use the (by now) usual linked-sum
notation.
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o o H(Z,-) 1 3 6 9 12
7. 7= o o o H(X,—) 1 3 6 8 10
e o x H(Y,-) 1 3 5 5 5
o o H(A, -) 1 3 5 4 3
Xk %
.
o o H(Z,—) : 1 3 6 9 12
9. 7= e o o H(X,—) 13 6 9 9
e o o H(Y,—) 1 3 5 6 6
Xk ok H(A,—) 1 3 5 6 3
x ok %
.
* H(Z,-) 1 3 6 10
D L H(X,—) 1 3 6 10
T )e x e H(Y,—) 1 3 5 7
* % e H(A,-) 1 3 5 7
x % e
.
e o H(zZ,-) 1 3 6 9
g_lx e x H(X, -) 1 3 6 8
T )e x x H(Y,-) 1 3 6 6
o o o H(A,-) 1 3 6 5
o x
e o o H(Z,-) 1 3 6 10
g_de x ox H(X, -) 1 3 6 10
T )e x % H(Y,—) 1 3 6 7
o o x H(A,-) 1 3 6 7
- H(Z,-) : 1 3 6 10
7—Je & o H(X,—) 1 3 6 10
. o H(Y,—) 1 3 6 8
. o H(A,-) 1 3 6 8

17]. This is the h-vector of a compressed level algebra.
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As points in P3, this can be obtained by lifting the above diagram.
As points in P3, this can be obtained by lifting the above diagram.
As points in P3, this can be obtained by lifting the above diagram.
As points in P32, this can be obtained as a set of 19 general points on a
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13]. As points in P3, this can be obtained by starting with three collinear points
and linking with general complete intersections of type (respectively) (2,2, 3),
(2,3,4), (3,3,4), (3,4,4), (3,3,5).

For the next three cases we follow the following construction. Consider a general
arithmetically Gorenstein set of points, X, with h-vector (1,3,6,a,6,3,1) where
a =17, 8or9. (The case a = 7 is a complete intersection of type (3,3,3).) One can
find inside X a set of points, Z, with h-vector (1,3, 3) which, furthermore, has three
generators in degree 2 and precisely one in degree 3. When we link Z using the
arithmetically Gorenstein set of points X, we split off a summand corresponding
to the cubic generator of Z, and the residual set of points is level with the desired
h-vector for cases 15], 16], and 17].

Socle Degree 4 and Type 4

There are 14 possible h-vectors, listed in Table 4.4A.

Table 4.4A
1111,3,3,4,4| 2] 1,3,4,4,4 3]11,3,4,5,4| 4] |1,3,5,4,4
5/ 11,3,5,5,4| 6]| 1,3,5,6,4 7111,3,5,7,4] 8 |1,3,6,4,4
911,3,6,5,4|10]| 1, 3,6, 6, 1111 1,3,6,7,4|12] | 1, 3,6,8, 4
13]11,3,6,9,4|14] | 1, 3, 6, 10, 4

Non-existence

Eliminated by Corollary 3.5. 1].
Eliminated by Proposition 3.8, ¢). d+ 1 =4, 4], 8].

Existence

This leaves the h-vectors in Table 4.4. We show that all of them are the h-
vectors of level Artinian algebras with the WLP and also the h-vectors of level sets
of points in P3.

Table 4.4
2] 11,3,4,4,4| 3]|1,3,4,5,4| 5]| 1,3,5,5,4 6] 11,3,5,6,4
711,35, 7,4 9|1,3,6,5,4(10]| 1,3,6,6,4 |11]|1,3,6,7, 4
12]11,3,6,8,4(13]|1,3,6,9,4|14] | 1, 3, 6, 10, 4

Note that 2], 3], 5], 6], 10], and 11] all come from socle degree 5 and type 2 (by
truncation) and so are automatically the h-vectors of level Artinian algebras with
the WLP and also of level sets of points in P3.

The Link-Sum Construction We make all the remaining cases (except 14]) using
the linked sum method (with the standard notation). By Proposition 5.15 we
can see that all the examples satisfy the WLP. To see that 14] is also the h-vector
of a level Artinian algebra with the WLP we apply Proposition 5.18 to the
appropriate example in Table 5.4.
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*k
. o H(Z,-) : 1 3 6 10 14 18 —
ST LI HX,—) : 1 3 6 10 11 11 —
* e x H(Y,-) 135 7 7 7 —
x o e H(A, -) 135 7 4 0 —.
* e %
*
o o H(Z-) : 1 3 6 10 14 18 —
o zol® H(X,—) : 1 36 9 12 12 —
e o o H(Y,-) 1 36 6 6 6 —
o o o H(A, -) 1 3 6 5 4 0 —.
e Xx @
o
x H(Z,-) : 1 3 6 10 14 18 —
oz lE e H(X,-) : 1 3 6 10 10 10 —
: o x o HY,-) : 1 36 8 8 8 —
x o e H(A, -) 1 36 8 4 0 —.
x e %
:f* H(Z-) : 1 3 6 10 15 19 —
HX,—) : 1 3 6 10 10 10 —
13]. Z=(e o o H(Y —
DU Y,-) : 136 9 9 9 —
H(A-) : 1 36 9 4 0 —.
x e % o % e

14]. This is the h-vector of a compressed level algebra.

Points

7]. As points in P? this can be obtained by starting with the union, Z, of three
collinear points and three general points, and then linking using complete
intersections of type (respectively) (2,3,3), (2,4,4).

9]. As points inn P3, this can be obtained by starting with the union, Z, of 4
collinear points and two more general points, and then linking using complete
intersections of type (respectively) (2,2,4), (3,3,4), (3,3,5).

12]. As points in P3, this can be obtained by taking 22 general points on a general
arithmetically Cohen-Macaulay curve of degree 8 and genus 7.

13]. As points in P3, this can be obtained by taking 23 general points on a general
arithmetically Cohen-Macaulay curve of degree 9 and genus 9.

14]. As points in P?, this can be obtained by taking 24 general points in P3.

Socle Degree 4 and Type 5

The fourteen possible h-vectors in this case, are listed in Table 4.5A.
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Table 4.5A
111,3,3,4,5| 2] 1,3,4,4,5 3]11,3,4,5,5| 4](1,3,5,4,5
5/11,3,5,5,5| 6]| 1,3,5,6,5 711,3,5 7,5 8 1|1,3,6,4,5
9111,3,6,5,5]10] | 1,3,6,6,5 | 11] |1,3,6,7,5[12] | 1,3,6,8,5
13]11,3,6,9,5|14] | 1, 3,6, 10, 5

Non-existence

Eliminated by Corollary 3.5. 1], 2], 4], 8].
Eliminated by an argument completely analogous to Example 3.11. 9].

Existence

All the remaining h-vectors (listed in Table 4.5) are the h-vectors of Artinian
level algebras with the WLP and also of level sets of points in P3.

Table 4.5
31 1,3,4,5,5 5/11,3,5,5,5| 6]]1,3,5,6,5| 7]11,3,5,7,5
10]| 1,3,6,6,5 |11]1,3,6,7,5(12]1,3,6,8, 5|13]1,3,6,9,5
14] | 1, 3, 6, 10, 5

Of the h-vectors listed in Table 4.5, we can obtain almost all from socle degree
5 and type 2 (by truncation). The h-vectors so obtained are: 3], 5], 6], 7], 10], 11],
12], 13]. These, then, are automatically the h-vectors of Artinian level algebras
with the WLP and also of level sets of points in P3.

This leaves only:
14]. This is the h-vector of a compressed level algebra and the h-vector of 25 general
points in P3. The fact that this is also the h-vector of a level Artinian algebra with
the WLP comes by applying Proposition 5.18 to the appropriate example in
Table 5.5.

Socle Degree 4 and Type 6
There are 10 possible h-vectors in this case and they are listed in Table 4.6A.

Table 4.6A
1171,3,4,56] 2]] 1,3,55,6 [3]11,3,56,64]13,5,76
511,3,6,56]| 6| 1,3,6,6,6 |7 ]1,36,7,6|8]1386,8,6
911,369,610/ |1,3,6, 10, 6

Non-existence

Eliminated by Corollary 3.5. 2], 5].

Existence

This leaves the h-vectors in Table 4.6.

Table 4.6
1]11,3,4,5,6|3]]1,3,5,6,6[4][1,3,5,7,6| 6]| 1,3,6,6,6
711,3,6,7,6811,3,6,8,6|9]11,3,6,9,6]10]]|1, 3,6, 10,6
Now 1] comes from socle degree 6 and type 2 (by truncation) and all the others

come from socle degree 5 and type 2 (by truncation). Thus, these are the h-vectors
of level Artinian algebras with the WLP and also of level sets of points in P3.
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Socle Degree 4 and Type 7

In this case we only have 7 possible h-vectors, given in Table 4.7A.

Table 4.7TA
,3,5,6,712](1,3,5,7, 73| 1, 3,6, 6,
3,6,8, 7 1,3,6,9, 7|7 |1,3,6, 10,

471,3,6,7,7

) 9 )

Non-existence

Not cancelable, but not using any of our theorems. 3.

Existence

All the remaining h-vectors are the h-vector of Artinian level algebras with the
WLP and h-vectors of level sets of points in P2, and are listed in Table 4.7.

Table 4.7
111,3,5,6,7|2](1,3,5,7,74]|1,3,6,7,7
5/11,3,6,8,7(6]|1,3,6,9, 7|7 |1,3,6, 10,

7
All of these examples come from socle degree 6 and type 2 (by truncation).

Socle Degree 4 and Type 8

All the 5 possible h-vectors are listed in Table 4.8 and all of them are the
h-vectors of level Artinian algebras with the WLP and the h-vectors of level sets of
points in P3. All of these come from socle degree 6 and type 2 (by truncation).

Table 4.8
8 [2]]1,3,6,7,8[3][1,3,6,88[4]]1,3,6,9,8]
1,3, 6,10, 8 |

Socle Degree 4 and Type 9

The 5 possible h-vectors are listed in Table 4.9A.
Table 4.9A

171 1,3,5,7,9 [2](1,3,6,7,9/3](1,3,6,89(4]|1,3,6,9,9

5111, 3,6,10,9

Non-existence

Eliminated by Corollary 3.5. 2].

Existence

The remaining h-vectors, listed in Table 4.9, are all the h-vectors of level
Artinian algebras with the WLP and the h-vectors of level sets of point in P3. All
can be obtained from the examples in socle degree 6 and type 2 (by truncation).

Table 4.9
|1]|1,3,5,7,9|3]|173,6,8,9|4]|1,3,6,9,9|5}|1,3,6,10,9|
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Socle Degree 4 and Type 10

There are only 3 possible h-vectors and all of these are the h-vectors of level
Artinian algebras with the WLP and the h-vectors of level sets of point in P3. All
can be obtained from the examples in socle degree 6 and type 2 (by truncation).
These are listed in Table 4.10.

Table 4.10
|1] | 1,3,6,8,10|2]|1,3,6,9,10|3}|1,3,6,10,10|

Socle Degree 4 and Type 11

There are only 2 possible h-vectors and both of these are the h-vectors of level
Artinian algebras with the WLP and the h-vectors of level sets of point in P3. All
can be obtained from the examples in socle degree 6 and type 2 (by truncation).
These are listed in Table 4.11.

Table 4.11
[1]]1,3,6,9,11[2]]1,3,6,10, 11 |

Socle Degree 4 and Type 12

There are only 2 possible h-vectors and both of these are the h-vectors of level
Artinian algebras with the WLP and the h-vectors of level sets of point in P3. Both
can be obtained from the examples in socle degree 6 and type 2 (by truncation).
These are listed in Table 4.12.

Table 4.12
|1} | 1,3,6,9,12|2] | 1,3,6,10,12|

Socle Degree 4 and Type 13

There is only one possible h-vector in this case and it is:

Table 4.13
[1]]1,3,6,10,13 |

This is the h-vector of a minimal level algebra and hence the lex-segment ideal
with this h-vector gives a level ring. The lift of that monomial ideal to points also
gives us an example with points in P3. It is easy to find an example with the WLP.

Socle Degree 4 and Type 14

The discussion is exactly as in the previous case and we have only one example.

Table 4.14
[1]]1,3,6,10, 14 |

Socle Degree 4 and Type 15

The discussion is exactly as in the previous case and we have only one example.

Table 4.15
[1]]1,3,6,10,15 |




APPENDIX E

Socle Degree 3

Socle Degree 3 and Type 2

In this case there are exactly 4 level h-vectors (this case was treated in [[23],
Example 3.18]). They are:

Table 3.2
|1}|173,3,2|2]|1,3,4,2|3]|17375,2|4]|1,3,6,2|

Artinian level algebras for each of these cases was constructed in [[23], Example
3.18]. It is easy to check that all have the WLP, using Proposition 5.15.

Points

1]. Take 9 points on a twisted cubic in P3.

2]. Take 10 general points on a complete intersection curve of P? of type (2,2).

3]. Start with 7 general points in P? and link in a complete intersection of type
(2,3,3).

4]. Take 12 general points in P3.

Socle Degree 3 and Type 3
In this case there are exactly 4 possible Artinian h-vectors and they are each
the h-vector of a level algebra.
Table 3.3
‘1}]1,3,3,3]2]‘1,3,4,3‘3]]1,3,5,3‘4]‘1,3,6,3]

Notice that by Proposition 5.16 all of these are the h-vectors of Artinian
level algebras with the WLP and also the h-vectors of level sets of points in P3.

Socle Degree 3 and Type 4

There are 4 Artinian h-vectors. They are:

Table 3.4A
|1}|1,3,3,4|2]|1,3,4,4|3]|1,3,5,4|4]|1,3,6,4|

Non-existence

Eliminated by Corollary 3.5. 1].
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Existence

The remaining are the h-vectors of level Artinian algebras with the WLP and
also the h-vectors of points in P2. They can all be obtained from the examples in
socle degree 4 and type 2 (by truncation).

Table 3.4
|2]|1,3,4,4|3]|1,3,5,4|4}|1,3,6,4|

Socle Degree 3 and Type 5

In this case there are only three possible Artinian h-vectors and all are the
h-vectors of level algebras.

Table 3.5
[1]]1,3,4,5[2][1,3,55][3][1,3,6,5]

These can all be derived from the examples in socle degree 4 and type 2 (by
truncation) and hence are the h-vectors of both level Artinian algebras with the
WLP and of level sets of points in P3.

Socle Degree 3 and Type 6

In this case there are only two possible Artinian h-vectors.

Table 3.6
|1]|1,3,5,6|2]|17376,6|

These can both be obtained from the examples in socle degree 6 and type 2
(by truncation). So, we have these both as the h-vectors of Artinian level algebras
with the WLP and also as the h-vectors of level sets of points in P3.

Socle Degree 3 and Type 7

In this case there are only two possible Artinian h-vectors.

Table 3.7
|1]|1,3,5,7|2]|17376,7|

These can both be obtained from the examples in socle degree 6 and type 2
(by truncation). So, we have these both as the h-vectors of Artinian level algebras
with the WLP and also as the h-vectors of level sets of points in P3.

Socle Degree 3 and Type 8

In this case there is only one possible Artinian h-vector.
Table 3.8
1,3,6,8

This can be obtained from the examples in socle degree 6 and type 2 (by
truncation). So, we have this as the h-vector of an Artinian level algebra with the
WLP and also as the h-vector of a level set of points in P3.
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Socle Degree 3 and Type 9

In this case there is only one possible Artinian h-vector.
Table 3.9
13,60

This can be obtained from the examples in socle degree 6 and type 2 (by
truncation). So, we have this as the h-vector of an Artinian level algebra with the
WLP and also as the h-vector of a level set of points in P3.

Socle Degree 3 and Type 10

In this case there is only one possible Artinian h-vector.
Table 3.10
1, 3,6, 10
This can be obtained from the examples in socle degree 6 and type 2 (by

truncation). So, we have this as the h-vector of an Artinian level algebra with the
WLP and also as the h-vector of a level set of points in P3.



APPENDIX F

Summary

We now summarize the work we did in this appendix by listing the type vectors
of all level h-vectors (of type > 1) in socle degree < 5 and also of type 2 and socle
degree 6.

Table 3.2
|1,3,3,2|1,3,4,2|1,3,5,2|1,3,6,2|
Table 3.3
|1,3,3,3|1,3,4,3|1,3,5,3|1,376,3|
Table 3.4 Table 3.5
1,3,4,4]1,3,5,4[1,3,6,4] [1,3,45]1,3,55[1,3,6,5]
Table 3.6 Table 3.7
[1,3,5,6[1,3,6,6| [1,35,7][1,3,6,7|
Table 3.8 Table 3.9 Table 3.10
|1,3,6,8| |1,376,9| |173,6,10|
Table 4.2
1,3,3,3,2(1,3,4,3,2(1,3,4,4,2|1,3,4,5,2|1,3,5,4,2
1,3,5,5,2(1,3,5,6,2(1,3,6,4,2|1,3,6,5,2|1,3,6,6, 2
Table 4.3
1,3,3,3,3|11,3,4,4,3]1,3,4,5,3|1,3,5,4,3(1,3,5,5,3|1,3,5,6,3
1,3,5,7,3|11,3,6,53/1,3,6,6,3|1,3,6,7,3(1,3,6,8,3|1,3,6,9,3
Table 4.4
1,3,4,4,4 |11,3,4,5,4(1,3,5,5,4(1,3,5,6,4|1,3,5,7,4
1,3,6,5,4 |1,3,6,6,4(1,3,6,7,4(1,3,6,8 4|1,3,6,9,4
1, 3,6, 10, 4
Table 4.5
1,3,4,5,5|1,3,5,551(1,3,5,6,5| 1,3,5,7,5 |1,3,6,6,5
1,3,6,7,5|1,3,6,8,5(1,3,6,9,5|1,3,6,10,5
Table 4.6
1,3,4,5,61,3,5,6,6| 1,3,5,7,6 [1,3,6,6,6|1,3,6,7,6
1,3,6,8,6(1,3,6,9,611,3,6,10,6
Table 4.7 Table 4.8
1,3,5,6,7| 1,3,5,7, 7 1,3,5,7,8 11,3,6,7,8
1,3,6,7,7| 1,3,6,8, 7 1,3,6,8,8 |1,3,6,9,8
1,3,6,9,7|1,3,6,10,7 1, 3,6, 10, 8
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Table 4.14
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Table 5.14
1,3,6,10,12,14 | 1, 3, 6, 10, 13, 14

1,3,6,0, 12, 14

1,3,6,10, 14, 14 | 1, 3, 6, 10, 15, 14

Table 5.15
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Table 5.16
‘ 1, 3, 6, 10, 13, 16 ‘ 1, 3, 6, 10, 14, 16 ] 1, 3, 6, 10, 15, 16 ]

Table 5.18

Table 5.17
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