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Abstract

The aim of this paper is to count 0-dimensional stable and strongly stable ideals in 2 and 3
variables, given their (constant) affine Hilbert polynomial p, by means of a bijection between
these ideals and some integer partitions of p, which can be counted via determinantal formulas.
This will be achieved by the Bar Code, a bidimensional diagram that allows to represent any
finite set of terms M and desume many properties of the corresponding monomial ideal 7, if M
is an order ideal.
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1. Introduction

Strongly stable ideals play a special role in the study of Hilbert scheme, which was first intro-
duced by Grothendieck (1960). Indeed, their escalier allows to study the Hilbert function of any
homogeneous ideal using the theory of Groebner bases, as shown by Bayer (1983) and Eisenbud
(2013).

The notion of generic initial ideal was introduced by Galligo (1974) with the name of Grauert
invariant. Galligo proved that the generic initial ideal of any homogeneous ideal is closed w.r.t
the action of the Borel group. He then gave a combinatorial characterization of such ideals, pro-
vided that they are defined over a field of characteristic zero. Eisenbud (2013) and Peeva (1996)
called these monomial ideals 0-Borel-fixed ideals; Aramova and Herzog (1996, 1997) renamed
them strongly stable ideals. A combinatorial description of ideals that are closed w.r.t the action
of the Borel group over a polynomial ring over a field of characteristic p > 0 has been provided
by Pardue (1994). And Galligo’s result has been extended to that setting by Bayer and Stillman
(1987).

The notion of stable ideal has been introduced by Eliahou and Kervaire (1990) as a general-
ization of 0-Borel-fixed ideals. In their work, they gave a minimal resolution for stable ideals,
that was then used by Bigatti (1993) and Hulett (1993) to extend Macaulay’s result (Macaulay
(1927)); they proved that the lex-segment ideal has maximal Betti numbers, among all ideals
with the same Hilbert function. In connection with the study of Hilbert schemes (see Bertone
et al. (2013b,a); Cioffi and Roggero (2011); Lella et al. (2016); Moore and Nagel (2014); Reeves
(1993)), it has been considered relevant to list all stable ideals (Bertone (2015)) and strongly
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stable ideals (Cioffi et al. (2011); Lella (2012)) with a fixed Hilbert polynomial.
The aim of this paper is to count zerodimensional stable and strongly stable ideals in 2 and 3
variables, given their (constant) affine Hilbert polynomial. To do so, we first introduce a bidi-
mensional structure - the Bar Code - which allows, a priori, to represent any (finite!) set of terms
M and, if M is an order ideal, to desume many combinatorial properties of the corresponding
monomial ideal I (Ceria (2018a,b); Ceria and Mora (2018)). For example, a Pommaret basis
(Seiler (2009); Ceria et al. (2015)) of I can be easily desumed. The Bar Code is strictly con-
nected to Felzeghy-Rath-Ronyay’s Lex Trie (Felszeghy et al. (2006); Lundqvist (2010)), but our
goal and methods are different. With the Bar Code, we provide a connection between zerodi-
mensional (strongly) stable monomial ideals and integer partitions.
In the two-variable case, there is a bijection between (strongly) stable ideals with affine Hilbert
polynomial p and partitions of p with distinct parts.
The case of three variables is more complicated and more technology is required. Thanks to the
Bar Code, though, we can provide a bijection between (strongly) stable ideals and some special
plane partitions of their constant affine Hilbert polynomial p. These partitions have been studied
by Krattenthaler (1990, 1993), who proved determinantal formulas to find their norm generating
functions and finally count them.
As an example, we take the stable monomial ideal I} = (x?, X1X2, x%, x%x3, X2 X3, x%) <K[x1, x2, x3],
whose Groebner escalier is N(/;) = {1, x1, x%, X2, X3, X1 x3}. We represent it by the Bar Code and
the plane partition below

1 x| x X2 x3 x)x3

B

X X2

X ————nx3

2
3

The correspondence can be seen observing the rows of the Bar Code above: since the bottom row
is composed by two segments, the plane partition has exactly two rows. The number of entries in
the i-th row of the partition, i = 1,2 (i.e. 2 and 1 resp.), is given by the number of segments in the
middle-row, lying over the i-th segment of the bottom row. Finally, the entries are represented by
the number of segments in the top row, lying over the segments representing the corresponding
entry. With this bijection and the determinantal formulas by Krattenthaler, we are able to count
(strongly) stable ideals in three variables. A Bar Code can in principle represent finite sets of
terms in any number of variables. Nevertheless, we do not generalize our results to the case of 4
or more variables because it would require the introduction of n-dimensional partitions. And - in
my knowledge - the way to count them?.

2. Some algebraic notation

Throughout this paper we mainly follow the notation of Mora (2005), for what concerns mono-
mial ideals. We denote by P := K[x, ..., x,,] the graded ring of polynomials in n variables with
coefficients in the field k.

¥ Vi

The semigroup of terms, generated by {x1, ..., x,} is T := {x” := x}" - - ;" |y := (1, ..., ¥n) € N"}.

IThere is also the possibility to have infinite Bar Codes for infinite sets of terms, but it is out of the purpose of this
paper, so we will only see an example for completeness’ sake.

2In Andrews (1998), Chapter 11, the author observes that “ Surprisingly, there is much of interest when the dimension
is 1 or 2, and very little when the dimension exceeds 2.”
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Ifr=x]"--- ", then deg(t) = Y., v; is the degree of T and, for each i € {1, ..., n} deg, (1) :=
is the h-degree of 7. For each d € N, 7 is the d-degree part of 77, i.e. T4 := {x” € 7| deg(x?) =
d}. For each subset M C 7~ we set M; = M N T,. The symbol 7, denotes the degree < d part
of 7, namely 7., = {x¥ € 7| deg(x”) < d}. Similarly, P, denotes the degree < d part of P
and given an ideal I of P, I, is its degree < d part, i.e. I<; = I N P<y; P<q is the vector space
generated by 7, and I, is a vector subspace of P,.

A semigroup ordering < on 7 is a total ordering such that 1) <7, = 17| <717, V7,71, T2 € T .
For each semigroup ordering < on 7, we can represent a polynomial f € P as a linear com-
bination of terms arranged w.r.t. <, with coefficients in the base field k: f = X} .7 c(f,T)T =
Yoot olfst) €K, T € T, 10 > > T, With T(f) := 7y the leading term of f. A
term ordering is a semigroup ordering such that 1 is lower than every variable or, equivalently,
itis a well ordering.

Unless otherwise specified, we consider the lexicographical ordering induced by x1 < ... < x,,
e x' X <pex x‘;l = Ajly; <6}, i = 6, Vi > j, which is a term ordering. Since we
will consider the lexicographical ordering throughout this whole, there is no room for confusion.
We will therefore drop the subscript and denote the lexicographical order by < instead of <.
For each term 7 € 7 and x/|r, the only v € 7 such that 7 = x;v is called j-th predeces-
sor of . Given a term 7 € 7, min(7) is the smallest variable dividing 7. For M C 7, M
is the list obtained by ordering the elements of M increasingly w.r.t. Lex. For example, if
M = {xz,x%} c K[x1, x2], x1 < x2, M= [x%,xz].

A subset J C 7 is a semigroup ideal if T € J = o1 € J,Yo € T; asubset N C 7 is an order
ideal if r € N = o0 € NVo|r. We have that N C 7 is an order ideal if and only if 7\ N = J is
a semigroup ideal. Given a semigroup ideal J € 7 we define N(J) := 7\ J. The minimal set of
generators G(J) of J, called the monomial basis of J, satisfies the conditions below

G(J) := {r e J| each predecessor of 7€ N(J)}

= {te T |N(J)U{r}is an order ideal, 7 ¢ N(J)}.
For all subsets G C P, we have T{G} := {T(g), g € G} and T(G) := {tT(g), T € T, g € G}. Fixed
a term order <, for any ideal /<% the monomial basis of the semigroup ideal T(I) = T{/} is called
monomial basis of I and denoted again by G(/), whereas the ideal In(I) := (T(])) is called initial
ideal and the order ideal N(7) := 7\ T(1) is called Groebner escalier of 1. The border set of I is
defined as B(I) := {x;7, l <h <n, 7€ N()}\ N{I) = T() n ({1} Ljn{th, 1 <h<n teNUD.
If I <% is an ideal, we define its associated variety as V(I) = {P €k, f(P) =0, Y f € I}, where
k is the algebraic closure of k.

Definition 1. Let I <P be an ideal. The affine Hilbert function of I is the function
HF;:N-> N
d = dim(P<q/l<q).
For d sufficiently large, the affine Hilbert function of I can be written as:
Lo d
HF/(d) = ZO b"(z i i),

where [ is the Krull dimension of V(I), b; are integers and by is positive.
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Definition 2. The polynomial which is equal to HF((d), for d sufficiently large, is called the
affine Hilbert polynomial of I and denoted H;(d).

We give now a brief overview on the way the escalier N(/) of a zerodimensional monomial ideal

I is represented in literature. First of all, we point out that, since 7~ = N", a term x” = xT‘ ceex
can be regarded as the point (yy, ..., ¥,) in the n-dimensional space. Using this convention, we can

represent N(/) with a n-dimensional picture, called tower structure of I (for more details see Ceria
(2014) (Mora, 2005, 33)). For a radical ideal I, if [N(I)| < oo also |[V(I)| < oo (IN(D)| = [V(]))),
so the associated variety consists of a finite set of points. It has been proved by Cerlienco and
Mureddu (1990) that, in this case, any ordering on the points in V(I) gives a precise one-to-
one correspondence between the terms in N(/) and the points in V(I). So it is also possible
to label points in the tower structure with the corresponding point of the ordered V(/). This
construction is kind of “inverse” with respect to the one by Macaulay (1927) p.548, in which
from a finite order ideal N, a finite set of point X and a Groebner basis of /(X) are produced so
that the lexicographical Groebner escalier of /(X) is exactly N. Unfortunately - as one can easily
understand - the tower structure becomes rather complicated in the case of numerous terms in
N(I) and/or of linearly independent variables® in P, i.e. when we deal with a large number of
points and/or we have to draw the structure for high-dimensional spaces*. Moreover, from the
tower structure it is impossible to understand the ring in which the Groebner escalier has been
computed, since linearly dependent variables are discarded (see Lundqvist (2008), Auzinger and
Stetter (1988)). For these reasons, we now introduce the Bar Code diagram, namely a (rather
compact) bidimensional picture that keeps track of all the information contained in the tower
structure, making them easy to extract.

3. Bar Code associated to a finite set of terms

In this section we define Bar Codes and we discuss how to associate a Bar Code to an order ideal
and vice versa (see Ceria (2018b) for more details).

Definition 3. A Bar Code B is a picture composed by segments, called bars, superimposed in
horizontal rows, which satisfies conditions a., b. below. Denote by

. B;.i) the j-th bar (from left to right) of the i-th row (from top to bottom) 1 < i < n, i.e. the
Jj-th i-bar;

o (i) the number of bars of the i-th row

. 11(85.”) =1, ¥j€{1,2,..,u(1)} the (1-)length of the 1-bars;

. l,-(B;k)), 2<k<n1<i<k-11<j<uk) thei-length ofB;k), i.e. the number of i-bars
lying over B;k)

a Yijl<i<n—11<j<u@), Aje(l,...ul+D)}st B lies under Bj.“
J

3The zerodimensional radical ideals I = (x? - 3x% + 2x|,x|x2,x§ —2xp) <Kk[x1,x2] and I’ = (x? — X1, X1X2, x% -
2x2, X3 +xf —x1)<K[x1, x2, x3] have exactly the same tower structure, since x3 ¢ N(I’), being leading term of x3 +x% —X1.
In general, the reason is that there is a polynomial (x3 — X.reng) ¢:T) € 1.

4 Actually, in this context, “high-dimensional” means “of dimension greater than or equal to” 4.
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b. Vi, ir € {1,...,n), z’}ff’;; ll(B?I')) = z*jfj";; ll(B;’;)); we will then say that all the rows have
the same length. i

We denote by B, the set of all Bar Codes composed by n rows. Note thatif 1 < i < i < n,
1< ji <u(ir), 1 < jo < p(ir) and B<;;> lies below B, then 11(B§f22>) > 11(83’10).

Definition 4. We call bar list of a Bar Code B € B, the list Lg := (u(1), ..., u(n)).
Definition 5. Given a Bar Code B, for each 1 <1 < n, 1 <i <n, 1 < j < u(i), an I-block

associated to a bar B;i) of B is the set containing BE.") itself and all the bars of the (I — 1) rows
lying immediately above Bi.i).

Example 6. An example of Bar Code B € Bj is displayed below.

— The 1-bars have length 1. As regards the other rows, ll(B(lz)) =2, 11(8(22)) =
1B =4BY) =1, bBY) =1, 1(BY) =2 and L(BS) = ,(BY) = 3

3 13_14_r2]_rll_anZ(z)_l(z)—;

so ShU L BY) = 242 1BY) = £4% 1 (BY)) = 5. The bar list is Lg := (5,4,2). Consider the
bar B(23) (soi=n=73, j=2=puQ3))and setl = 2. The 2-block associated to B(23) consists OfB(;)

itself and of the bars B(zz), Bgz)’ Biz), as shown by the thick blue lines in the picture.

| —  —

5

We can associate a Bar Code to any finite set of terms. We sketch the construction of Ceria
(2018b) and then we give an alternative construction, suggested by a referee, which applies the
construction given by Felszeghy et al. (2006); Lundqvist (2010) for building the point trie. First
of all, given aterm 7 = x]' --- x)" € T C K[x, ..., x,], for each i € {I,...,n}, we take Py, (1) :=
x/'---xy" € T . Taken a finite set of terms M C 7, |M| = m < oo, for each i € {1, ..., n}, we define
M := P.(M) := {P,,(t)lr € M}. Then we order M’s elements increasingly w.r.t. Lex, getting
the list M = [t1,...,T,], we construct the sets M1, and the corresponding lexicographically

. —i] . . .
ordered lists M 5 fori = 1,...,n. We can now define the n X m matrix of terms M s.t. its i-th
Tow is Mm, i=1,..nie.

le (t1) .. le (Tm)
3 Py(t1) ... Py(tw)
Px,, -(Tl) Px,,éTm)

Definition 7. The Bar Code diagram B associated to M (or, equivalently, to M) is a n X m
diagram, made by segments s.t. the i-th row of B, 1 < i < n is constructed as follows:

1. take the i-th row of M, i.e. M

2. consider all the sublists of repeated terms, i.e. [Py, (7)), Px(Tj41), ..o, P, (Tji4n)] 8.1 Py(7)) =
P (tj41) = ... = Py,(7},41), hoticing that® 0 <h<m

3. underline each sublist with a segment

4. delete the terms of M[i], leaving only the segments (i.e. the i-bars).

5M cannot contain repeated terms, while the Mm, for 1 < i < n, can. In case some repeated terms occur in M['],
1 < i < n, they clearly have to be adjacent in the list, due to the lexicographical ordering.

O1f a term Py, ('rj) is not repeated in M[l], the sublist containing it will be only [Py, (T})], ie. h=0.
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We usually label each 1-bar B;l), Je{l,..,u(l)} with the term 7; € M.

We sketch now, as a tool for our alternative construction, the X-algorithm and the point trie
definition, deeply depending on Lundqvist (2010). Let Q be a set and = an equivalence relation
on it; such a relation is extended to Q" by setting A := (ay, ...,a,), B := (by,..,,b,) and A = B if
and only if V1 < i < n, a; = b;. We call witness of A, B € Q" the least i such that a; # b;. Let
7 Q" — Q be the projection map s.t. m;((ay, ..., an)) = (ar, ... a;). I {p1, ..., py} € Q", we define
%o ={{1,...,N}}and Z;, 1 < i < n the set of equivalence classes of m;(p), ..., mi(py). Notice that
|X,] = N. The point trie is a particular tree representation for the elements in Q", constructed
using the Z;’s: the vertices are labelled by the elements in the Z;’s and there is an edge from a
vertex labelled by X;x € %; to a vertex with label %11 , € Z;; exactly when Ziy 1, C Zjx.
Following the suggestion of the referee and applying the correlation between monomials and
points introduced by Macaulay (1927) p. 548, Mora (2003); Lundqvist (2010) we can now give
an alternative construction of the Bar Code, deduced by the point trie.

Let Q = N; then Q" = N" = 7 can be regarded as the set of the exponents’ lists of each term in

n variables: if T = x¥ = x]' --- x] it can be identified by the list (yy, ..., ¥1). This allows to build

the Bar Code of a finite set M C 7~ (or, equivalently, of the lex-ordered list M) as follows:

o letM={(yp, .. y) EN' :=x" =x]"---x)" € M),

e compute the Z;’s w.r.t. Mt and return them as zn,_l ;
5
e substitute each Z;; € X;, 1 < i < n with a bar, whose length is |Z;4|.
The obtained diagram is a Bar Code in the sense of Definition 3.

Example 8. For M = {1, x1, x2, x3} C K[x1, x2, x3], we have M = {p; = (0,0,0), p» = (0,0, 1), p3 =
0,1,0), p4s = (1,0,0)}, so we have

{1,2,3,4}
0/ 1 0 x X X3
%5 = (1,21, (31, (4) 123 @ L
22 = {192}a{3}9 {4}} 0/ IN 11
I = {{1,2,34{4}} {1,2} {31 {4} ’
[N 01 01 3
{1} {2} {3} {4}

Remark 9. We can easily observe that Bar Codes associated to different sets of terms need not
to be different. For example, if M := {1, x1}, M" := {x1, x%} c K[x1, x2] are associated to the same
Bar Code. We will soon see that this cannot happen for order ideals.

Now we explain how to associate a finite set of terms Mg to a given Bar Code B. There are two
ways to do that: the first one (explained in Ceria (2018b) but omitted here since not relevant for
this paper) allows to associate infinite sets of terms to each B. The second one allows to associate
a unique set of terms to each B by means of the steps below:
B1 take the n-th row, composed by the bars B(l"), s BL'EL). Let/, (B(j”)) = t’;”), for j € {1, ..., u(n)}.
Label each bar BE.”) with 5;") copies of x/".
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B2 Foreachi=1,..,n—1,1< j<u(m—i+ 1) consider the bar BE."_M) and suppose that it

has been labelled by 55."_”1) copies of a term 7. Construct the 2-block associated to Bl
which, by definition, is composed by BE."_"H) and by all the (n — i)-bars B(j"_i), vy B%:,i)
lying immediately above Bi."_i+l); note that / satisfies 0 < i < u(n — i) — j. Denote the
1-lengths of B;”_’), ...,B;’jh” by 11(3;”‘”) = %) zl(B;';”) = 55':1”. For each 0 < k < h,

n—-i*

label B with £~ copies of Txt
Jjt+k J+k

Note that not all Bar Codes can be associated to order ideals (see Ceria (2018b) for a detailed
example); since we will deal with order ideals, we define admissible Bar Codes as follows:

Definition 10. A Bar Code B is admissible if the set M obtained by applying B1 and B2 to B is
an order ideal.

Remark 11. By definition of order ideal, using B1 and B2 is the only way an order ideal can be

associated to an admissible Bar Code. Indeed, if we label two consecutive bars with two terms

X}, Tx?"Jrh, h > 1, then also the terms o with Py,(0) = T)C?H-l would belong to M and o would

have to label a bar between those labelled by tx!" and T h giving a contradiction.

We now need an admissibility criterion for Bar Codes. In order to state it, we start with the
following trivial lemma.

Lemma 12. Given a set M C T, the following conditions are equivalent

1. M is an order ideal.
2.¥NteM, ifo |t theno € M.
3. Y1 € M each predecessor of T belongs to M.

We give then the definition of e-/ist, associated to each 1-bar of a given Bar Code.

Definition 13. Given a Bar Code B, let us consider a 1-bar B(jl]), with j; € {1,...,u(1)}). The e-list

associated to B(jl]) is the n-tuple e(B(jl])) = (b}, 15, bj, n), defined as follows:

e consider the n-bar B;:), lying under Bg.}). The number of n-bars on the left of B;:Z) isbj .

e foreachi=1,..,n—1, let B(j"jirl) and BE.”;D be the (n—i+ 1)-bar and the (n — i)-bar lying
under BE’P' Consider the (n—i+ 1)-block associated to B;"jil). The number of (n —i)-bars
of the block, which lie on the left of BY'™" is bj, .

Example 14. For the Bar Code B of example 8 the e-lists are e(B(ll)) := (0,0,0); e(B;U) =
(1,0,0); e(BY") := (0,1,0) and e(B\") := (0,0, 1).

Remark 15. Given a Bar Code B, fix a 1-bar Bj.]), with j € {1, ...,u(1)}. Comparing definition 13
and the steps B1 and B2 described above, we can observe that the values of the e-list e(Bi.l)) =
(bj1, ..., bjn) are the exponents of the term labelling B;l), obtained applying B1 and B2 to B.
Proposition 16 (Admissibility criterion). A Bar Code B is admissible if and only if, for each 1-
bar B;l), Jje{l,...,u()}, the e-list e(By)) = (bj1, ..., bj,) satisfies the following condition: Yk €

(L on} st bjg >0, 3j € {1, ., u(D}\ {j} s.1. e(B%l)) = Bty eer Djtets (Bj) = 1, bjasts s Djn).
7



Proof. 1tis a trivial consequence of Lemma 12 and Remark 15. O

Take the sets A, := {B € B, s.t. B admissible}, N,, := {N C 77, IN| < oo s.t. N order ideal}. We
can define the map n : A, — N,; B — N, where N is the order ideal obtained applying 81 and
B2 to B. By B1 and B2, 7 is a function; it is trivially surjective. Moreover, it is injective since,
if B,B’ € A,, B # B’ they have at least one pair of indices i, j s.t. ll(B(j’)) # ll(B’(j’)) and this
changes the result of the application of B1/B2. From the arguments above, we can deduce that
there is a bijection between admissible n-Bar Codes and finite order ideals of 7~ C k[x, ..., x,,].
In the Lemma below we state some properties of admissible Bar Codes related to lengths.

Lemma 17. IfB is an admissible Bar Code, the following two conditions hold:

a) LiaBY) > .= 1, (B

pln

b) ifforsome 1 <i<n-2,1< j<u(i+?2)we take the (i + 2)-bar B(”Z) an dBE‘“’ ,BU*D

Ji+h

(where h satisfies h € {0, ...,u(i + 1) — ji}) are the (i + 1)-bars over B(’+2> then I (B(’“)) >
(i+1)
l(lejh)

Proof. Let us start proving a). If for some 1 < [ < u(n)—1itholds I, (BE")) <l (Bg’r)]) the Bar
Code would be not admissible. Indeed, let Bil) be the rightmost 1-bar over Bg’r)l and E(B,il)) =

(bi 1, ---» bip) be its e-list. By construction (see Definition 13), by ,—1 = [,- 1(85?1) — 1. Now, this

proves that there cannot exist a 1-bar labelling (b 1, ..., bin-1, Pin— 1) since /,,_ I(B(”)) <Il,.1(B +1)
and so the 1-bars Bg) over Bf") have by, | < l,,_l(BE”)) 1 <1,.1(B; +1) —1 = by .1, contradicting
the assumption of admissibility (see Proposition 16). An analogous argument proves that if
for some Y1 < i < n—2,Y1 < j < ui +2) we take the (i + 2)-bar B and B<’+2> s.t. h

- 1+h

satisfies 4 € {0, ...,u(i + 1) — j;} is the (i + 1)-bars lying over BS.M), it happens that for a fixed
Le{l, . uli+1)—1-ji} LBYD) < 1(BY*Y) ), Bis not admissible and so also b) is true. O

Ji+l Ji+l+

In what follows, unless differently specified, we always consider admissible Bar Codes, so, in
general, we will omit the word “admissible”.

Remark 18. In principle, it is possible to represent with a Bar Code also infinite order ideals, by
means of a simple modification, i.e. the introduction of the symbol “— " immediately after a l-bar
for some 1 < I < n, meaning that there should actually be inﬁnitely many [-blocks equal to that
containing that bar. For example, the Bar Code of I = (x ) <K[x1, x2], whose lexicographical

Groebner escalier is N(I) = {x]f‘xgz,xl Xy's b, hy € N, hy, 3 € {0, 1}}, turns out to be

1 X2 x% X1 x% In partlcul;lzr, the arrow on the right of 1 represents the terms of
the form x', hy € N \ {0}, the one on the right of x, represents

—_— — 5 — —_—

the terms of the form x1 X, hy € N\ {0}, finally the bottom arrow

represents the terms of the form xg , x1x2 , hy € N, hy > 2. Since infinite Bar Codes are out of
the topics of this paper, we will not treat them in detail.

4. The star set

Up to this point, we have discussed the link between Bar Codes and order ideals, i.e. we focused
on the link between Bar Codes and Groebner escaliers of monomial ideals. In this section, we
8



show that, given a Bar Code B and the order ideal N = n(B) it is possible to deduce a very specific
generating set for the monomial ideal 7 s.t. N(I) = N.

Definition 19. The star set of an order ideal N and of its associated Bar Code B = 17'(N) is a
set Fn constructed as follows:

a) Y1 <i<n,let t; be a term which labels a 1-bar lying over Bg()i)’ then x;Py,(7;) € Ny

b) VI <i<n-1,V1l <j<u@-1Iet B;i) and Bi.’zl be two consecutive bars not lying

over the same (i + 1)-bar and let 7 be a term which labels a 1-bar lying over By), then

. J
xP (1) € .

We usually represent Fy within the associated Bar Code B, inserting each 7 € ¥ on the right of
the bar from which it is deduced. Reading the terms from left to right and from top to bottom, ¥y
is ordered w.r.t. Lex. As suggested by a referee, ¥\ can be read also by the point trie or via the
Y-algorithm, due to the perfect correspondence between nodes of the trie, equivalence classes in
the X-algorithm and bars.

Example 20. For N = {1, x1, x2, x3} C K[xy, x2, x3], associated to the Bar Code of example 14,
we have Fn = {x%, X1X2, x%, X1X3, X2 X3, x%},' looking at Definition 19, we can see that the terms
X1X3, X2X3, x% come from a), whereas the terms x%, X1X2, x% come from b).

In Ceria et al. (2015), given a monomial ideal /, the authors define the following set, calling it

star set: F(I) = {x7 eT\N(U) | =2~ € N(I)} . We can prove the following proposition, which

min(x?)

connects the definition above to our construction.

Proposition 21. With the above notation Fn = F (I).

Proof. We start proving Fn € F (I). Let o € F; by definition of Fy there are two possibilities
a) o = x;P,,(1;), with 1 <i < n and 7; a term which labels a 1-bar lying over Bg()i);

)

b) o = xiPy(), with I <i<n—1,1<j<puG) -1, where 7 is a term labelling a 1-bar

lying over Bg.i) i.e. the rightmost bar over some Bff“), while B(jiil is the leftmost bar over

Bfl':ll ) Note that we can choose one TED indifferently over B(].i), since for each term over B;i)
the operator P,, gives the same result. '

Let us examine a) and b) separately.

a) By definition, o > 7;; indeed deg,(0) = deg,(r;) for i + 1 < h < n and deg;(c) >
deg;(t;). Clearly, o ¢ N, because if it was in N, applying the steps described in Definition
7, Py (0) = 0 = x;P,,(1;) would be put in a list that is subsequent to that containing P,,(7;),
but, in this case, there would be wu(7) + 1 i-bars instead of u(i), contradicting the definition
of u(i). Since min(o) = =P, (1) | 1,50 =2= € Nand o € F(I).

g
Xis Tin(o) (o)

b) Analogously to case a), o > T;i)

1-bar over B?il but, since P, (o) = Pxi+l(r(j.i)), B?) B(j'il would lie over the same (i + 1)-

. We prove that o ¢ N. If o € N then o would label a

bar, contradicting the hypothesis. As above, since min(o) = x;, ﬁ(g) =P, (‘r?)) | T;i) , SO
< e Nand o € F().

min(o)
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We prove now that Fy 2 7 (I). Let o € F(I) and min(o) = x;, 1 < i < n. By definition of ¥ (I),

oc¢Nando := % € N, so it labels a 1-bar lying over some i-bar B(]f). Denote by Bil), Bg:]
i : J J+h

(where h satisfies 0 < i < u(i) — j) the 1-bars lying over Bs.i) . Two possibilities may occur:
a) }'+ h = u(i): in this case x;P,,(0) = o € Fy by definition 19.

b) otherwise consider the term 7-_,, which labels Bil) , and the subsequent term 7~ s
Jj+h J+h j+h+1
. 1 —_ ..
belling B%:hﬂ. Notice that Px,(TJ ) = Py(0). By definition 7, T Tl If
P, (17 o) = Py (17 . n+1) this would contradict the maximality of /4, so it must be Px,,(‘rj ) <Lex
Pxi(T}+h+1). But, if Pxi+](Tj+]1) = Px,.+l(T;+h+1), then o | T}+h+1 and so o € N, that is impos-

sible since o € ¥ (/). This means then that P, (T—. ) <tex P, (7'7 L h+1)» SO We can deduce

la-
<Lex T3

that B(U and B(l) el lie over two consecutive i-bars not lying over the same (i + 1)-bar, so
= le (o) = x,P (T50) € PN
O

Remark 22. By Proposition 21, being Fn = F (1), it holds G(I) € Fn € B(). In general, the
inclusions may be strict; if Fy = G(I), we say that By := 57 (N) is a full Bar Code.

The star set is strongly connected to Janet’s theory (Janet (1920, 1924, 1927, 1929)) and to the
notion of Pommaret basis (Pommaret (1978); Pommaret and Haddak (1991); Seiler (2009)), as
explicitly pointed out in Ceria et al. (2015). Indeed, the star set of a zerodimensional monomial
ideal coincides with its Pommaret basis. By Proposition 21, the Bar Code gives a simple way to
deduce the star set from the Groebner escalier of a zerodimensional monomial ideal.

5. On the Integer Partitions

In this section, we give some definitions and theorems from the theory of integer partitions that
we will use as a tool for our study, following Andrews (1998); Krattenthaler (1990, 1993); Stan-
ley and Fomin (1999).

Definition 23 (Stanley and Fomin (1999)). An integer partition of p € N is a k-tuple (14, ..., ) €
N such that Zle Ai=pand Ay > ... 2 A

We regard two partitions as identical if they only differ in the number of terminal zeros. For
example (3,2,1) = (3,2,1,0,0). The nonzero terms are called parts of A and we say that A has
k parts if k = |{i, 4; > 0}|. We will mainly deal with the special case 4; > ... > 4 > 0 i.e. with
integer partitions of p into k non-zero distinct parts, denoting by I, ) the set containing them,
ie. Ipp = {(A1,..., ) € NK Ay > ...> A >0and Z'J‘.zl A; = p}. The number Q(p, i) of integer
partitions of p into i distinct parts is well known in literature. We can find in Comtet (2012)
the formulas to compute it: Vp,i € N, i # 1, Q(p,i) = P(p - (;) i), QO(p,1) = 1 where P(n, k)
denotes the number of integer partitions of n with largest part equal to k: Vn,k € N, P(n, k) =
Pn—1,k-1)+ P(n -k, k), with

P(n,n) =1

P(n,k) =0 for k>n
P(n,0) = 0

We define now the notion of plane partition, a generalization of Young Tableaux.
10



Definition 24 (Krattenthaler (1990)). A plane partition 7 of a positive integer p € N, is a partition
of p in which the parts have been arranged in a 2-dimensional array, weakly decreasing across
rows and down columns. If the inequality is strict across rows (resp. columns), we say that
the partition is row-strict (resp column-strict). Different configurations are regarded as different
plane partitions. The norm of 7 is the sum n(r) := }; ;7 ; of all its parts, i.e. p.

Notice that an integer partition (definition 23) is a simple particular case of plane partition. Two

1 2 1 1
different plane partitions of p = 6 are: 11 and 1

In sections 6, 7, we will be interested in some particular plane partitions, defined below.

Definition 25 (Krattenthaler (1990)). Let D, denote the set of all r-tuples A = (14, ..., 4;,) of in-
tegers with Ay > ... > A,. For L,y € D,, we write 1 > pif 4; > y; foralli = 1,2,...,r. Let c,d
arbitrary integers and A, it € D,, with A > u. We call an array p of integers of the form

Pluj+1  Pluj+2 P
.o .o pz,/lz

pZ,sz
Prup+1 o - 17;'::!,
a (c,d)-plane partition of shape A/ if p;j = pije1 +cforl <i < rp < j< A, andp;j >
pirtjtdfor1 <i<r—1, u < j< Ay Inthe case u = 0, we shortly say that p is of shape A.

We denote by P,(c, d) the set of (c, d)-plane partitions of shape 4. A (1, 1)-plane partition con-
taining only positive parts is a row and column-strict plane partition; these partitions will be
useful while dealing with stable ideals (see section 6).

Definition 26 (Krattenthaler (1993)). Let c¢,d be arbitrary integers and A be a partition with
A, > 1. We call “shifted (c, d)-plane partition of shape 1” an array m of integers of the form

T T LAy
T2 2,05

Ter e e T
stmi 2 +tcforl Ki<ri<j<A,andnj>mnyj+dfor1 <i<r—1,i<j< .
We point out that, according to definition 26, there are A; — i + 1 integers in the i-th row. We

denote by S,(c, d) the set of shifted (c, d)-plane partitions of shape A. These partitions will be
useful in section 7, where we will count strongly stable ideals.

Example 27.

5 4 3 The plane partition on the top is a (1, 1)-plane partition with shape 1 = (3,2)

4 1 and norm 17. On the other hand, the one on the bottom is a shifted (1,0)-plane

5 4 3 partition with A = (3,3) and norm 17. It contains Ay = 3 elements in the first row
4 1

and A, — 1 = 2 elements in the second row.

We introduce now the notion of norm generating function, for counting plane partitions.

Definition 28 (Krattenthaler (1990)). The norm generating function for a class C of (c, d)-plane
partitions is ¥ ec X"™.

11



If x is an indetermlnate we introduce the x-notations (see Krattenthaler (1990)): [n] = 1 — x",
[n]! = (121 [n], 01! = 1, [{] = il ifn 2 k # 0.1k =0, [}] = 1;if k # O and n < &,

then we set [Z] = 0. Theorems 29 and 31 give a way to compute the norm generating function
for plane partitions of the forms introduced in Definitions 25 and 26, under some hypotheses on
the size of their parts. Let us start with the plane partitions of Definition 25.

Theorem 29 (Krattenthaler (1990)). Let c,d be arbitrary integers, A,u € D, and let a,b be r-
tuples of integers satisfying a; — c(u; — tiz1) +(1—=d) > a1 and b+ c(A;— i) +(1=d) > biy for
i =1,2,...r=1. Then, denoting N(s, 1) = by(As—s—p+)+(1=c=d) [(“57) = (4)]+<(*~5*),

the polynomial det) <<, (xN 1(‘”)[(1_6)(1“_5‘f)__3f1_(;’ 3“” ~bs ”]), is the norm generating function for

(¢, d)-plane partitions of shape A/u s.t. the first part in row i is at most a; and the last part in row
i is at least b;.

Example 30. Let us consider the (1, 1)-plane partitions of shape A = (2,1) (so u = 0), such that
a= @73 and b = (1,1), i.e. row and column strict plane partitions of the form ( ﬁ;i p(l)vz )
withpi1 <4, 1 < po1 <3, p12 = 1, With the notation introduced above, we have r = 2. Since
d=a—c(uy —w)+(1-dyza=3and2 =by +c(l; — )+ (1 —d) = by = 1, we can apply
the formula of Theorem 29, which, substituting our data, turns out to be significantly simplified:

det<gi<2 (le(s”) _(S_Zt‘if;b“'“ ) where Ny (s, 1) = by(As—s+1)+(— 1)[( )] (ﬂ 2”’) Now, we have

N(L D = 2-1+D+(3) =2, N(1,2) = 2= 1+2)+(3) = 5, N2, 1) = 0; N(2,2) = (1-2+2) = |,

50 we compute det[ XEBH;‘] xﬁ[L;]] ]: det( x3(1+x2)(11+x+x2) x5(1+x)(1+2x2) )= 10429 438 +3x7 +
X1

o x(1+x+ x°)

3x% + x° + x*. For example, there are 3 partitions with norm 8, namely

4 1 4 2 4 3
3 0fl2 0o)l1 o
We see now how to construct the norm generating function for the partitions of Definition 26.

Theorem 31 (Krattenthaler, Krattenthaler (1993)). Let c,d be arbitrary integers, A a partition
with A, > r and let a, b be r-tuples of integers satisfying a;—c—d > a;y1 and b +c(A;— i) +(1—
d) > by fori=1,2,...,r — 1. Then, denoting Ny = Y,;_,(bi(4; —i) + a; + c( )) the polynomial

Nideti<g <, ([(/ls =)l -c)+ (1/1_f ; d)(s—1) +a, - bx:|),

is the norm generating function for shifted (c, d)-plane partitions of shape A in which the first
part in row i is equal to a; and the last part in row i is at least b;.

Example 32. Let us consider the shifted (1,0)-plane partitions of shape A = (3,3, 3), such that

7, My M3
a =(6,3,1)and b = (1,1, 1). By definition, they are matrices [ (])I n;z n;; , with my; = 6,
0 0 33

My = 3, m33 = 1. Moreover, my3,m3 > 1. We compute the norm generating function for these
partitions, via Theorem 31. First of all Ny = Y,\_(bi(A; = i) + a; + c(i"z_')) = 14. Then we have

- [“S“)(I‘C)J’(;‘C;d)(s_’““‘_h S], 1 < s,t < r and then the determinant of the
__mEa=
[T, (=¥ T3, (1-x)

myp = B] = 1, mj3 = [g] =O, mp = [1] = HL.(%}I;&X’) =x4+x3+x2+x+1,

12

to compute each m,

matrix M = (Mg )1<5<r- We have m; = [ ] =2+ D+ 3+ 2 +x+ 1),



_[2] M2, (1-x) _ _ [o] _ _ _ _ .
22 = [1] T x+ 1, m3 = || =0 m3; =m3p =ms3 = 1. This way
E+DE*+2+2+x+1) 1 7 6 5 4 3 5
:[ el ex+l x+1 0 |,s0det(M) = x" +2x° +3x> +3x" + 3x° + 2x~ + x. The

1 1
generating function is then x'*det(M) = x'° +2x'0+3x"7 +3x'8 4+ 3x12 + 2520 + x2!. If we consider;

for example, n(r) = 17, the coefficient of x'7 in the above polynomial is 3, so it tells us that there
are exactly three shifted (1,0)-plane partitions of shape A = (3,3, 3), such that a = (6,3, 1) and
b = (1,1, 1). We can write them down for completeness’ sake:

6 5 1 6 4 2 6 3 2
o 3 1 [,{0o 3 1|0 3 2
0o 0 1 0 0 1 0o 0 1

6. Counting stable ideals

In this section, we connect the Bar Code associated to the Groebner escalier of a zerodimensional
stable monomial ideal to the theory of integer and plane partitions, in order to find the number of
such ideals in two or three variables with constant affine Hilbert polynomial H () = p € N. We
start recalling some definitions and known facts about stable and strongly stable ideals.

Definition 33. ((Janet, 1924, pg.41), Janet (1929), c.f.(Mora, 2016, pg.673,679)) A monomial
ideal J <P = K[x, ..., x,] is called stable (Eliahou and Kervaire (1990)) if it holds

. X;T
T € J, x; > min(r) =

min(7)

Definition 34 (Robinson (1913, 1917); Gunther (1913b,a); Galligo (1974); Peeva (1996)). A
monomial ideal [ <P = K[x1, ..., x,] is called strongly stable (Aramova and Herzog (1997, 1996))

TX;

if, for every term T € I and pair of variables x;, x; with x|t and x; < x;, then also —* € I or,
equivalently, for every o € N(I), and pair of variables x;, x; with xjlo and x; > xj, then also
(T)Cj

—L e N(I).

Xi

It is well known that, to verify the (strong) stability of a monomial ideal, we can verify the
conditions above for the terms in G([).

Example 35 (Ceria et al. (2015)). InK[x, x2,x3], X1 < X < x3, [} = (7, X1 X2, X3, X2x3, X2.X3, X3)
is stable, but it is not strongly stable, since x1x, € I, but % = x1x3 € Iy, while the ideal
L= (x%, X1X2, x%, x3) is strongly stable.

From now on, with (strongly) stable ideal, we will always mean zerodimensional strongly
stable ideal.

Proposition 36 (Ceria et al. (2015)). Let J be a monomial ideal. Then:
J is stable & F(J) = G(J)

A simple property, useful for what follows, and trivially following from Remark 22 and Propo-
sition 36, is that Bar Codes of (strongly) stable ideals are full.

Example 37. InK[x, x2, x3] with x; < xp < x3, consider again the ideals I, = (x?, XX, x%, x%x3, X2 X3, x%),
L= (x%, X1X7, x%, x3) of example 35. We display here their Bar Codes:

13



o1 XXy X X3 XX 1 X X

I — = —x—=— X3 I — ——an
2 —x3 %253 2 —x
3 3 3 —x

We have ¥ (I,) = G(I;) = {x?,xl)Cz,x%,x%)Q,sz}, x%} and F(I) = G() = {x%,xlxz,xg, x3}. We
see that, as expected, both their Bar Codes are full.

Proposition 38. Let I <K[xy, ..., x,] be a stable zerodimensional monomial ideal and let B be its
Bar Code. Then the following two conditions hold:
a) LBy > .. > ln_l(B(")))

pln

b) V1 <i<n-2 V1< j<u+2) take the (i + 2)-bar By“) and let Bg."f”,...,B("“) st h

. . Jith? .

satisfies h € {0, .., u(i+1)= ji} be the (i+1)-bars over B, Then [(B{™") > ... > [(BI"}).
Proof. By lemma 17 the case < cannot occur. Suppose that for some 1 < [ < p(n) — 1 it holds
L (BE")) =1, (B;Tl ), let B,(CI) be the rightmost 1-bar over BE") and call 7y, the term labelling B;(l).
By definition of 7 (), x,1 Py, (1) € F(I) C I; moreover, Py, () € N(I). But if [,_;(B{") =
L1 (B, then x, Py, (1) = 2™
1<i<n-2,¥1 < j<pu(i+2) we take the (i + 2)-bar B;'”) and Bf’”, . Bi’;’;’ (where h satisfies
he{0, ..., u(i + 1) = j1}) are the (i + 1)-bars over B*?, then for a fixed [€{1, .., u(i + 1) = 1 = ju},

l,-(B(]."]:l[)) = li(B(I.’:r'lll ), a similar argument shows that I cannot be stable. [

x, ¢ I, contradicting the stability of /. If for some

Remark 39. Note that every zerodimensional monomial ideal I is quasi stable by definition, i.e.

s

for each T € I, ¥x; > min(7), ds > 0 s.t. m)i:ﬁ(TT). Counting quasi stable ideals would mean

counting every admissible Bar Code, which is not in the aim of this paper.
In the example below, we show that there are also non-stable ideals satisfying conditions a), b).

Example 40. For the ideal I = (x%, X1X2, x%, X1X3, X2 X3, x%, XpX4, X3X4, xﬁ) <K[x1, x2, X3, x4], we
have N(I) = {1, x1, X2, X3, X4, X1 X4} and the associated Bar Code B is

I X1 X X3 Xq XXy . > > )
— P —mw— —y The star set is ¥ (I) ={x7, x1x2, X5, X1 X3, X2X3, X3, X{ X4,
_— —X§—J‘2§3—‘2X4 X2 X4, X3X4, xﬁ} and we have ¥ (I) 2 G(), so I is not sta-
—_— X34

2 ble (note also that x% €l but x1x4 ¢ 1).

4

oW oN =

We can observe that B satisfies conditions a) b) of Proposition 38.
Indeed: a)2 = ,B) > 1 = 5BY); )2 = LBP) > 1 = 1,BY); 2= LBD) > 1 = LBY).

In the following two examples, we show that the result of Proposition 38 is only local, even if we
consider strongly stable ideals, then strengthening the hypothesis of Proposition 38. This means
that in general, fixed a row 2 < i < n of the Bar Code B associated to a (even strongly) stable
monomial ideal /, it does not hold l(i_l)(B(l’)) > > l(i_l)(Bl(j()i)), in particular, the (i — 1)-length
could even be completely unordered.

Example 41. Consider the (strongly) stable monomial ideals I = (x?, X1X2, x%, X1X3, X2 X3, x%, X1 X4,
2 — (3 42 2 .3 .2 2 )

XaX4, X3X4, X3) <K[x1, X2, X3, X4], I = (X7, X{X2, X1X3, X3, X[ X3, X1 X2.X3, X33, X3) < K[x1, X2, X3] and

their Bar Codes B,B’:
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2
L&y 2 B X 1 Xy x2 X oxx X X3 X1X3  X2X3
N X} 1 Yo X—1 X4 [

| -
—_— x ——x—x 1} —— 03
2 XX X4 2
2 £ X3
3 X% —3 X4
4

2
23 X3

For B, associated to I, we have 2 = 12(8(13)) > 12(5(23)) = 12(8(33)) = 1. Even if I is strongly stable,
L(BP) =3, 1(B®) =2 1,BY) =1, 1(B) =2, [;(BY) = 1, so the 1-lengths are unordered.

The proposition below gives a way to count zerodimensional stable ideals in two variables, once
known their affine Hilbert polynomial.

Proposition 42. The number of Bar Codes B € B, with bar list (p,h) and such that n(B) =
N c K[x1, x5] is the Groebner escalier of a stable ideal J <K[x1, x;] equals the number of integer
partitions of p into h distinct parts.

Proof. Take the set B, := {B € Ay, s.t. Lg = (p, h) and n(B) = N(J), J stable} and the set of
integer partitions of p in & distinct parts, i.e. I, n) :{(aq, woap) €N >...> @) and Z?:l aj:p}.
We define 2 : B, — N" B (ll(B(lz)), vees ll(Bf))) and we prove that = defines a bijection
between B,y and I, C N’ LetB € B,n. We have n(B) = N(J), J <K[x(, x2] stable. For
eachl < j< hseta; = ll(B(jz)). By Proposition 38 a), we have @ > ... > a;, and by definition
of Bar Code (definition 3) p = Zipzl ll(Bgl)) = 2]}:1 ll(Bf)) = Zif:l @, so we can desume that
(L(BY), s [{BY)) = (@1, .oes @) € Lp iy, 50 E(Bpy) € Lpy- The map is injective by definition
of 1-length of a bar. Now, let us consider (ai, ..., @) € I, and construct a Bar Code B € B,
with & 2-bars B(lz), s Bf) and s.t. for each 1 < j < h there are ; 1-bars lying over B;z).

B" B By Clearly B is univocally determined by (a1, ..., @) € Ipn
L

B2 B(f)_ and foreach 1 < j < h, 11(85.2)) =a;.

2
We prove that B € A,. Let B be a 1-bar, | < i < p and let e(B\") = (b; 1, b;») be its e-list. If
bi1 = bi» = 0 there is nothing to prove. If b;; > 0, there is a 1-bar with e-list (b;; — 1, b;»2); if
bis > 0, the assumption @; > ... > a;, proves that there is a 1-bar with e-list (b; 1, b;» —1). Finally,
we prove that the order ideal N = n(B) is the Groebner escalier N = N(J) of a stable ideal J.
Let us take o= € ¥ (J); it can be constructed from a) or b) of Definition 19. If o comes from a),
o = x;Py,(1:), i = 1,2. For i = 2, there is nothing to prove. We prove then the case i = 1, so we
write o = x1 Py, (11), where 7, labels B  and we prove that ‘”2 = x,P,,(71) belongs to J. Since

u(1)’
P (11) | Py (11), 2Py, (11) | X2Py, (7). Now, 7, labels a 1 bar over B2, 5o x2Py,(11) € F(J)
(1 .

)’

and so we are done. Suppose now o coming from b), so o = x| Py, (T( )) where T is the term

labelling a bar B(l) 1 <j<ul)-1,and B(l) and BEI) are two consecutive 1 baIs not lying
over the same 2- bar in particular, we say that B( ) hes over B(z) and B(l) lies over BEZ)H We
have to prove that x; Py, (T( ) belongs to J. Denoted T ) the term labelhng the rightmost 1-bar

2)
over B 1

deg, (x2Py, (') and degz(lexl (Tg ) = deg, (X2 Py, (7)), whence x, Py, (77 D) | xaPy, (Tj”) and

we have degz(r(])) = deg,(='") + 1 and degl(T(j ) < deg, ('), so deg, (x| P,, (T DY) <

since x; Py, (7'9)) € J we are done. O
j

With the proposition below, we prove which is the maximal value that /4 can assume.
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Proposition 43. Denoting by B a Bar Code associated to a stable ideal I <K[x1, x,] with affine
Hilbert polynomial Hi(d) = p € N and by Lg = (p, h) its bar list, the maximal value that h can

1mJ

assume is h .= { >

Proof. By Proposition 42, the Bar Codes associated to stable ideals s.t. the associated bar list
is (p, i) are in bijection with the integer partitions of p with i distinct parts, i.e. of the form
(@1, ..., €N @) > ... > a;, Z‘jzl a; = p. Since the minimal value we can give to o, 1 < j < i,
sothata; > ... > o, isaj =i— j+ 1 and Z;Zl(i —AjA+ 1) = @, we have that @ is the
minimal sum of i positive distinct integer numbers. If @ > p, there cannot exist any partition
i(i+1)
% < p, itis possible to find a partition of p with i distinct parts starting from («;, ..., @;) € N,

for example by increasing the value of a;, until 23:1 a; = p.Then, we have proved that the

of p with i distinct parts; if = p, the i-tuple (ay,...,@;) € N’ is such a partition and if

maximal number 4 of distinct parts in a partition of p is & := max;ey {@ < p}. Since @ <p

—1-4/1+8 . —1+4/1+8 -1+ \/1+8
for > P<i< > p,thenh:: {—‘”J O

2

Example 44. Applying proposition 43, we get that for p = 1,2, we have h = 1, so the only
(strongly) stable monomial ideals of K[x|, x,], with constant affine Hilbert polynomial p = 1,2
are the ideals I} = (x1,x3) and I, = (x%, X7) (see Remark 47). For the affine Hilbert polynomial
p = 3 we have h = 2, so we have two (strongly) stable monomial ideals, J; = (x?,xg) and
Jr = (x%, X1X2, x%). The Bar Codes By, B, associated to Ji, J, are respectively

1 x x? 1 X x
—_ — 1 2 | — —d—n
—_— 2

Their bar lists are respectively Lg, = (3,1) and L, = (3,2).

E—

2

To deal with stable ideals J <Kk[xy, ..., x,,] for n > 2, the following corollary will be rather useful.

Corollary 45. The number of Bar Codes associated to stable ideals in K[x, ..., x,], n > 2, whose
bar list is (p,h, 1,..., 1), p,h € N, p > h equals the number of integer partitions of p in h distinct
——

parts, namely p = ay + ... + ap, a1 > ... > ap > 0. Moreover, the maximal value that h can

M/@J

assume in the bar list (p,h, 1,...,1)ish := { >

Proof. 1t is a straightforward consequence of Propositions 42 and 43, noticing that, if u(3) =
... = u(n) =1, x3, ..., x, do not appear in any term of Mg with nonzero exponent. O

The following proposition is a consequence of 42 and 43 and completely solves the problem of
counting stable monomial ideals in two variables.

Proposition 46. The number of stable ideals J <K[x, x,] with H (t,J) = p is Zf’zl O(p, i), where
hoe {—H\/@

> J and Q(p, i) is the number of integer partitions of p into i distinct parts.

Remark 47. Let I <K[x;, x2] be a strongly stable monomial ideal with affine Hilbert polynomial
H;(t) = p, B be the corresponding Bar Code and suppose that Lg = (p,1). In this case, we
can easily deduce that I = (x'l’ , x2) so I is a lex-segment ideal, i.e., for each degree i € N, I is
k-spanned by the first H;(i) terms w.r.t. Lex.
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By Remark 47, for each p € N, there exists a (strongly) stable monomial ideal / <k[x;, x,] with
affine Hilbert polynomial H;(f) = p and s.t. the corresponding Bar Code B has Lg = (p, 1), so
the minimal value that /2 can assume is 1. The table below summarizes the possible bar lists for
stable ideals corresponding to some small values of p, together with the corresponding ideals.

H@®=p Bar lists Ideals
1 (1,1 (x1,x2)
2 2,1 (x3, x2)
3 (3,1),(3,2) (x3, x2), (X7, X122, X3)
4 4,1),4,2) (x], X2), (X}, X1 X2, X3)
5 (5,1),(5,2),(5,2) (x?, X2), (x‘l‘, X1X2, x%), (x?, x%xz, x%)
6 (6,1),(6,2),(6,2),(6,3) | (x5, x2), (x}, x1x2, x3), (x}, x1x2, x2), (X}, X712, X1 X3, X2)

We notice that the above ideals are also strongly stable.

Example 48. For the polynomial ring K[x1, x;], consider H(t) = p = 10. In this case, we
have h = 4, so we have to compute the sum Q(10, 1) + Q(10,2) + Q(10,3) + Q(10,4). We have:
0(10,1) = 1, 0(10,2) = P(9,2) = P8, 1) + P(7,2) = 1+ P(7,2) = 1 + P(6,1) + P(5,2) =
2+P(5,2)=2+P4, 1)+ P3,2) =3+ P2,1) =4, 0(10,3) = P(7,3) = P(6,2) + P(4,3) =
1+P(4,2)+P3,2) = 1+P3, D+P(2,2)+P(2,1) = 1+1+1+1 =4, 0(10,4) = P(4,4) = 1. Then,
we have exactly 10 strongly stable monomial ideals with H (t) = 10. More precisely, they are

(xl ,xz) Jr = (xl,xlxz,xz), J3 = (x?, x%xz,xg), Jy = (x?, x?xz,xg), Js = (x?,xlxé,xzx%,xg),
J(, = (x X xz,xz) J7 = (x X]X%,X?XQ,X;), Jg = (x?,x%xl,xzx‘l‘,xg), Jo = (xf,x%x%,xzx?,xg),
Jio = (xl,xle,xgxl,xle, )

Example 49. With the same formula (using Singular (Decker et al. (2015))), we get that the
strongly stable monomial ideals with H_(t) = 100 are 444793.

We now start studying the case of three variables, so we need to consider the bar lists of the form
(p, h, k). By Corollary 45, we can use the formulas for two variables in order to count the stable
monomial ideals in three variables, associated to bar lists of the form (p, A, 1). This means that
we only have to deal with the bar lists of the form (p, i, k), such that k > 1.

Lemma 50. With the previous notation, it holds:

1. ke{l,.., 1}, where | := max;en{i® + 312 + 2i < 6p};
2. he {"“‘*” om}, wherem = max {r| 34 € Iyp), Sm(A) < p}, and Sm(A) := Sm([A,, ..., At])

(A+I)

ko A+

izl =% is the minimal sum of/l.

Proof. By Corollary 45, k > 1. Now, in order to build a Bar Code B associated to a stable
ideal, we should at least meet the requirements of proposition 38, so, given k, for each 3-bar Bf)

there should be at least (k — j + 1) 2-bars over it, so that 4 > @ Now, select a 3-bar B?),

1 <j <kandlet Bf) B(IZ)H ptzk— j be the 2-bars over 8;3 ). With a similar argument w.r.t.

that for 2-bars, we can say that for Bflj_l, 1 < j < t, we must have at least # — j + 1 1-bars,
so that their total number will be Sm([1, 2, ...,k]) = Zf‘ I ’ml) . Since |7(B)| = p, we must have

Sm([1,2,....k]) = X5, &1 < p. Now 3¥ | ’“*” =3k 1(’21) (M) < p,so k> +3k2 +2k < 6p
and we are done. As regards the maximal for £, from similar arguments, to meet the requirements
of proposition 38, it is enough to be able to find a partition A € I,y with Sm(4) < p. O
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Thanks to the lemma 50, we know which are the bar lists we have to take into account in order
to count the stable ideals with affine Hilbert polynomial H_(¢#) = p. Next step then, is to find out
how many stable ideals exist s.t. H_ (f) = p and their Bar Code B has bar list (p, &, k) are there.
Take then a bar list (p, i, k) and let 8 € Ly, sO Bi > ...> Py and Zl ],8, = h. We can construct
plane partitions p of the form

P1,1 P12 'DUT]

P21 P 0O
p=(pij)= 2P

Pk1 Y~ 0

S.t.

1opi;j>0,1<i<k1<j<B;
2. pi’j>p[’j+1,1SiSk,lSjSE_l;
3. Pij>pi+lj1<i<k_l 1<j <P

4. n(p) =3, 2 pij = p.

These plane partitions are of the form defined in 25, with shape / B,c=1andd = 1, so they are
row-strict and column-strict plane partitions of shape S. leed B € Iy, we denote by P k) B
the set of all partitions defined as above and Py = U, (& nip- Inother words, P, , ) 5 =
{p e Pg(l, 1)s.tn(p) = p} and P,pp) = {p € SDE(I, 1) for some B € Iz and s.t. n(p) = p}. Each
plane partition p € P, 5.k uniquely identifies a Bar Code B:

(a) each row i represents a 3-bar BES), 1<i<k

(b) foreachrow i, 1 <i <k, lz(B(.B)) = B;; the B; nonzero entries represent the 3; 2-bars over
i P
BES), i.e the j-th entry of row i, 1 < j < j3;, represents the 2-bar Bﬁz), where t = (25;{ B+

(c) foreach 1 <i <k, and each 1 < j < 3;, the number pi,j represents the number of 1-bars
over Bgz), t= (Z;;}E) + Jj, the j-th 2-bar lying over B?). In other words, 11(852)) = pij-

In conclusion, foreach 1 <i<k,andeach 1 < j < E, the number p; ; means that in B there are
l—barslabelledby O, j-1,i-1),(1, j=1,i-1),...,(p;j—1, j—1,i—1), but there is no 1-bar labelled
by (0, j — 1,i — 1), or equivalently, xoxé lxg 1,x1xé lxg 1 ...,x’l’" lxé lxg ! belong to the set of

terms associated to B via B1 and B2, but x’l) Yxy X, ~! does not belong to the aforementioned set’.

Example 51. Taken the plane partition below and its Bar Code

Let us examine py = 2 (in bold). We havet = B +2 = 6, 502 = pyy = ll(B(GZ)) (B(Gz) is the
red bar above). Applying B1 and B2 we can see, in agreement with the above comments, that
X2X3, X1 XpX3 are in the set of terms associated to B, while x%x2x3 does not.

7 Actually, we will see that x p" xé 1)c3 ! will belong to the star set associated to the Bar Code B, after proving that it

is admissible.
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Remark 52. The Bar Code B, uniquely identified by p, has bar list Lg = (p, h, k). The relation
u@3) = k comes from (a), u(2) = h comes from (b), since B € L), so Zf-‘zlﬁ[ = h, whereas
u(1) = pis an easy consequence of (c).

In the following lemma, we prove that a Bar Code B, defined as above, is admissible.

Lemma 53. Fixed (p,h,k) and B € Iy, let p be a partition in P,k p. The Bar Code B,
uniquely identified by p, is admissible.

Proof. By remark 52, Lg = (p, h, k), so take a 1-bar Bgl), 1 <1 < p and its e-list that we denote
e(Bgl)) = (by1,b12,b;3). From the construction of B from p, we desume py, ;115,41 = b1 + 1;
moreover (m,by2,b;3), 0 < m < pp11p,+1 — 1 are e-lists for some bars of B, so, if b;; > 1,
(b11 — 1,b;2,b;3) is an e-list labelling a 1-bar of B. For B being admissible, we also need that:

a. if by > 0, then (b1, b;2 — 1, b;3) labels a 1-bar of B;
b. if b;3 > 0, then (by1, b2, b3 — 1) labels a 1-bar of B.
Let us prove a.,b.:

a. suppose by, > 0; for (b1, b2 — 1,b;3) labelling a 1-bar of B, we would need Pby,+1.b,,
by, + 1, but since Pbiy+1by, > Phiy+1b,+1 = by, + 1 we are done '

[\

b. suppose b;3 > 0; for (b;1,b;2,b;3 — 1) labelling a 1-bar of B, we would need Pbyy by+1 2
by, + 1, but since Phiy by +1 > Phy+1by,+1 2 by, + 1 we are done again and B is admissible. 0

Lemma 54. Let p € P, i) be a strict plane partition and B be the Bar Code uniquely de-
termined by p. Denoted by J the monomial ideal s.t. n(B) = N(J) and by A the set A :=
ok, i T T < i<k 1< < B, then F(J) =

Proof. Let us first prove (J) 2 A. Neither x5, nor xgxg !, nor X" x] J-1 x5 are in N(J) by the
definition of 1 and by the construction of B from p. Consider xk belng k > 0, mln(x3) = X3,
so we prove that x’;‘l € N(J). Since k = u(3), there are exactly k 3-bars. By B1, the k-th 3-bar

of B is labelled by ll(B,i3 )) copies of x§", so the 1-bars over B,(f ) are labelled by terms which
are multiple of x4~!. The Bar Code B is admissible, then also x5! € N(J)®. As regards xg’xg‘l,
1 <i<k B >0, whence min(xgixé’l) = xp, so we have to prove that xgi ! x5 e N(J). We
take the i-th 3-bar Bl@; it is labelled by 11(853) ) copies of x"3‘1. Now, over Bl(. ) there are exactly
i 2-bars and, by B2, the Si-th 2-bar over B (i.e. B”, r = YI_, 8) is labelled by /;(B{*)) copies
of xg" lxg !, so the 1-bars over B( ) are labelled by terms Wthh are multiple of xﬁ lx ; by the
admissibility of B, we get xg -l x5 '€ N(J)°. Take then x’;” X, X X1 1<i<k 1< j<p;since
pij > 0, min(x"” xé_lxg‘l) = x; and so we have to prove that x|~ xé 1x’3 I e N(J), but this is
trivial by the construction of B from p. N

We prove now that ¥ (J) C A. Let 7 € ¥(J); we have to show 7 € A. If min(7) = x3, then 7 = x;
for some h; € N; we show that necessarily 73 = k and so 7 = xg € A. By the construction of

8By 81, xé ! labels the first 1-bar over B(g)
By ®1, xg‘ x’ ! labels the first 1-bar over B( ),
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B from p we have u(3) = k, i.e. B has exactly k 3-bars; by Definition 19 a), withi = n = 3,
x3P.(13) € F(J), where 73 is a term labelling a 1-bar over BG) Now, by 81, each 73 € T

labelling a 1-bar over B(3) iss.t. Py (13) = xk 1 so X3PM (13) = xk € ¥ (J). No other pure powers
of x3 can occur in T(J) by Definition 19, 1ndeed x3 is the only term with minimal variable x3
derived by a) and there cannot be terms derived by b), since each term o coming from b) has
min(o) < x;. We can conclude that the only pure power of x3 in F(J) is 7 = x’;, which is also in
A. Let now be min(7) = x5, 80 7 = x;” xé”, for some h,, h; € N. This term may be derived either
from a) or from b) of definition 19; we have to prove that, in any case, it belongs to A.

a) In this case, T = x, P,,(72), where 75 is a term labelling a 1-bar over B® )" But u(2) = h; since

B,(lz()z) = B(z) is the rightmost 2-bar, it lies over B, where k = ((3) and, in particular it is the

Br-th bar over B;( ). Now, by B1 and B2, we can desume that i3 = k— 1 and h, = B¢ — 1, so
Ty, = xgk_lxg‘l and so T = xg‘x’;‘l €A.

b) In this case, for 1 < / < h — 1, we consider two consecutive 2-bars B(z) 853)1 not lying
over the same 3-bar, i.e. lying over two consecutive 3-bars B(x) Bﬂl, <l <k let 7(2)

term labelling a 1-bar over B;z). Since 752) labels a 2-bar lylng over Bgl) 1 <[} <k, it holds

l‘ ! | T(z) and xg‘ " 732). Now, over Bf) there are ,B;l 2-bars and since B( ) lies over B

L+1°
then B( ) lies over the B, -th 2-bar over B( ), so xg" | ng) and xgl' " 7';2). ThlS implies that
T= szxZ(r@)) A lea 1<l <k,

Finally, let mm(T) = x1; as for the above case, we have to examine a) and b) separately:

a) In this case, T = x; P, (1), where 7| labels B(l()l) = B(l) Now, B( is the rightmost 1-bar, so it

lies over Bf), which, in turn, lies over B(3) By 81 and 82, X' | 7y, &L {1, xgk_l | 71, xgk &3l
From ll(Bf)) = pip, We desume that 7 = x Py, (1) = xlwA xﬁk : e A
b) In this case, for 1 <} < u(l) =1 = p — 1 we consider two consecutive 1-bars B(l) and B"

L+1°
2 Bgzil, < I, < h and we denote B(3) < I3 <k, the

3-bar underlying'® B(z) Let Tll) be the term labelling B(l) by B1 and B2 xl’ ! (1) &t T(l)

1 1 -1 plul 1 Plyu 1
‘|‘r(), xzf‘r(), =bL -7 B <P and x° |T§1)’ Xy T"'El)’ sowehaverz

a Pru -1
lexl(T ))— 5 x5 lx; €A. O

lying over two consecutive 2-bars B

={B e A;st Lp

Theorem 55. There is a bijection between P,y and the set B®
(p7 ha k), U(B) N(J) J Stable}.

Proof. LetB € Bgs)h 1> We construct a plane partition

(phk)

PLL P12 e e e e PLBy
p=(pij) = P21 p2p, 0

el e iy O
with k rows and 12(8(13)) = 1 columns. Chosen 1 <i < k as row index and 1 < j < 8, as column
index and set 3; = 12(85.3)), we define

[ LBy witht= (T B+ for 1 <i<k 1<j<p,
Y0 ifl<i<k, B;<j<pi

10We remark that B may lie over B(3) or - if it exists - to its consecutive 2-bar, but we do not care about it, since it

bh+1
has no influence on 7. Remember also that by construction, I, = Z/* ',6’, +jwithl <j <B.

20



so B is the shape of p. We notice that p is uniquely determined by B and that 8 € [ ); indeed
Zf-‘zlﬁ[ = h = u(2) and, by proposition 38 a), 5] > ... > B,.

Now, we prove that p € P, 1. The nonzero parts of p are positive by definition of length of a
bar. Clearly p;; > pijs1, 1| <i <k, 1< j<p,, indeed, this can be stated as /;(B{*) > /;(B{?)),
t= (Zf;i B + j, with BEZ) and Bfi)l lying over the same 3-bar Bl(.3). This statement follows from
Proposition 38 b). Moreover, p;; > piy1,; 1 <i<k—-1,1<j <. Indeed, for1 <i< k-1,
1 <j<PBit,o = )cﬁ’"fxé_lxé‘l € J; being p;; > 0, min(o) = x; < x3, S0 ‘Tx—f‘ = x/l)"f_lxé_lxg
should belong to the stable ideal J. But this implies p;; > pj.1,; since p;; < pi+q,; implies
o= x?"”"'_lxéflxg € N(J) and %= | 7, contradicting the stability of J. Finally, n(p) = p by
definition of 1-length. Then, we can define a map E : Bg’)h,k) — Pk B = p, where p is
constructed from B as described above. We prove that E is a bijection. It is clearly an injection
by definition of length of a bar: two different Bar Codes have at least one bar with different
length. Now, we have to prove the surjectivity of Z, so let us take p € P, 1. We know that it
uniquely identifies a Bar Code B and by lemma 53 that B is admissible, so we only have to prove

that Lg = (p, h, k) and that n(B) = N(J), J stable. Obviously Lg = (p, i, k):

1. there are k 3-bars,
2. foreach 1 <i <k, L(BY) =g and 3 i = h,
3. foreach 1 <i <k, 1<j<p,L(BP)=pijt= i)+ jand n(p) = p.

A monomial ideal J is stable if and only if F(J) = G(J); by Lemma 54, F(J) = A = {x}, x'g"xg",
x’f”jxé_]xé’l, 1 <i<k 1< j<p} so we only have to prove that A C G(J), i.e. that, for each
element in the star set, all the predecessors belong to the Groebner escalier. We have already

proved that x5~! € N(J), since min(x3) = x3 and x§ € F(J). Let us take xg"xg‘l, 1 <i < k;since it
belongs to the star set, x'g"_lxg’l € N(J), so we only have to prove that xgixg’z eNWU),2<i<k.
The bar Bf)l is labelled by xg—z and, over Bf)l , there are 8;_1 > 3; 2-bars. The (B; + 1)-th 2-bar
over Bl(i)l, ie. BEZ), t = Zﬁﬁ Bi + (B; + 1), is labelled by x’j’xg‘z so all the terms labelling the
1-bars over Bgz) are multiples of xg’xg’z and since the Bar Code is admissible, we can desume
that xg"xg‘z € N(J). Let us finally take )ﬁ’“xé_lxg‘l, 1<i<k, 1< j<p; weneed to prove that

K xé_zxg’l and X"/ xé_] xi72, when they are defined, belong to N(J).

. %’i‘jx£72x2‘1 e N(J): we take B, 1 = Si1Br+(j— 1), ie. the (j — 1)-th 2-bar over Bf3);
since p; 1 > pij the (p;; + 1)-th 1-bar over B is labelled by K xé_zxé‘l, so belonging
to N(J);

. x(l”"f xé_]x§’2 € N(J): analogously as above, it comes from the inequality p;_; ; > p; ;.

This proves the stability of J, concluding our proof. O
By theorem 55, counting stable ideals in three variables becomes an application of theorem 29
(see Krattenthaler (1990)). Fix a constant Hilbert polynomial p. Lemma 50 allows to enumerate

all bar lists. Fix then a bar list (p, i, k) and construct the plane partitions p as explained above,
denoting by (By, ..., Bx) their shape. Finally, denote by b = (1, ..., 1) and a = (ay, ..., ax) such that

_ BiBi=D k  BiBi+D
a =p-— : 21 _Zizz 2 (1)
a=ai-1—1,2<i<k
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the vectors of theorem 29. We can compute the number of stable ideals by exploiting the formula
in the aforementioned theorem (see Appendix A.l). We remark that our choice for a and b
meets the required inequalities of theorem 29, remembering that u = 0 and A; > A;;; for each
i=1,.,k—1.Indeed,a; =a;;.; +1soa; >a;.;and b; + (4; —Aiz1)) = 1+ (A4 — Aip1) = 1 = byyy.

Remark 56. We conjecture that, with some cumbersome computation, Theorem 55 can be gener-
alized to the case of n > 4 variables, by introducing a suitable notion of strict (n—1)-dimensional
partitions.

7. Counting strongly stable ideals

In this section, we extensively deal with strongly stable ideals (see Definition 34).An asymptot-
ical estimation of the number of strongly stable ideals with a fixed constant Hilbert polynomial
has been given by Onn-Sturmfels in Onn and Sturmfels (1999); in the aforementioned paper,

2 . .
(1\11 )stair denotes the size-n subsets of N? that are also staircases.

Proposition 57. The number of Borel-fixed staircases in (Rf) is 29V,

stair

The works of Cioffi et al. (2011); Moore and Nagel (2014); Reeves (1993) develop three different
algorithms to list all saturated strongly stable ideals with Hilbert polynomial p(z), considering
any Hilbert polynomial p(z), so non-necessarily in the zerodimensional case. Moreover, Moore
and Nagel (2014) give a bound on the number of those ideals, depending on the coefficients
of p(z), and a comparison of its algorithm with those in Cioffi et al. (2011); Reeves (1993).
Their approach is somehow different to that of the present paper. Indeed, we restrict to the
zerodimensional case in two or three variables, with the aim of giving the exact number of stable
and strongly stable zerodimensional ideals in two or three variables, given their affine Hilbert
polynomial by means of determinantal formulas, without listing them.

The following Lemma is enough to deal with the case of two variables.

Lemma 58. An ideal I <K[x, x,] is stable if and only if it is strongly stable.

Proof. A strongly stable ideal is trivially stable, so we only need to prove the converse, namely,
given a stable ideal I, we have to show that for each for every term 7 € [ and pair of variables
X, x;j such that x;|t and x; < x;, then also =2 € I. The only pair of variables of the above type is
X1 < xp and x; is the smallest variable in k[xl,xz] so, if x; | T € I, then x; = min(7) and T;‘lz el
by definition of stable ideal, whereas if x; 1 T there is nothing to do. This proves the claim. [

By the above lemma and by proposition 46, we can conclude that the number of strongly stable
ideals J <K[xy, xo] with H (¢, J) = p is Zf‘zl O(p, i), where n := { ”‘WJ and Q(p, i) is the number
of integer partitions of p into 7 distinct parts.

Let us examine now the case of strongly ideals in K[x;, x5, x3]. Strongly stable ideals are also
stable, so all the propositions proved for stable ideals also hold here; then the computation of
the bar lists is the same as done for stable ideals. Fixed a bar list (p, h, k), we first compute
the integer partitions of 4 in k distinct parts. Each partition (o, ...,ax) € N, a7 > ... > ay,
Yk | @; = h represents a precise structure for the 2-bars and the 3-bars: for each 1 < i < k there
are exactly «; 2-bars over Bl@. Now, fix a partition @ € I, @ = (@7, ..., @) € NK a7 > ... > @,
Zle «@; = h. We can construct the plane partitions 7 of the form

1,1 T2 Ty
0... 2 T2+ —-1 0...
m=(m) =\ e
0... Tk Tk k+ag—1 0...
3
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S.t.

7 >0,1<i<ki<j<i+a-1;
>, 1 <i<ki<j<ita-1;
71',"}'271','.'.1/'1<i<k—1,i+1§j§i+m—1;
4 n(m) = 2i, X = p

These plane partitions are of the form of definition 26, with 4, =i+ a; -1 > i, 1 <i<k,c=1
and d = 0. In Remark 59, we will highlight the relation between these partitions and the ones
defined in the previous section 6. We denote by S, 1.1z the set of all partitions defined above and
S(p,h,k) = UEEI(h,k) S(p,h,k),5~ In other words, S(p,h,k),a ={re 81(1,0), n(m) = p, i = i+a;—-1,1<
i<kjand S = {m € Sa(1,0), n(m) = p, i =i+a;— 1,1 <i<k, forsome & € [jp).

W=

Remark 59. The set of the shifted plane partitions defined here for strongly stable ideals can be
easily viewed as a subset of the strict plane partitions defined in the previous section for counting
stable ideals. With the notation above, let us take a shifted plane partition 7 := (m; j), 1 <i <k,
i < j<i+a;—1. There are exactly a; elements in the i-th row and the entries in row i are shifted
to the right by i — 1 positions. We define then a non-shifted plane partition p := (p;,) of shape
@ = (a1, .0, @), Y Pin = Tippsict 1 £ <k, 1 <m < ;. We prove that p € P piyar

® pim>0,1<i<k 1<m<a;holds true sincen;;>0,1 <i<ki<j<i+a -1
® Pim > Pim+1, | i<k 1 <m<a;—1is trivially true since ot pyi—1 > T mi.

® Pim > Pirim | Li<k—1,1<j< @iy comes from mwpmrio1 > Timei = Tisl mei-

e n(p) = 5‘{:1 Yoot Pij = Zz 12(;71 1 Tij = P-

On the other hand, we have to point out that there are some strict plane partitions that cannot
. .. e 4 1
be brought back to any shifted plane partition. For example, shifting p = (3

2
0 0)wegetn:

(g g (1)) which cannot be associated to any strongly stable ideal.
Each plane partition 7 € S, 5.1 uniquely identifies a Bar Code B:
(a) each row i represents a 3-bar BES), 1<i<k

(b) foreachrowi, 1 <i <k, 12(853)) = a;; the @; nonzero entries represent the a; 2-bars over
BY,ieB”, wherer= (Sila) +j—i+1,i<j<i+a-1;

(c) foreach 1 <i <k,andeachi < j <i+a; — 1, the number r; ; represents the number of
1-bars over BEZ), t= (Zf;} @) + j— i+ 1, namely the j — i + 1-th 2-bar lying over B?). In
other words, l](Bﬁz)) =7 j.

In conclusion, for each 1 < i < k, and eachi < j < i + @; — 1, the number 7; ; means that in

B there are 1-bars labelled by (0 j— i—1),,j—ii—-1,..,(m; -1, j —i,i — 1), but there
is no 1-bar labelled by (n; ;, j — i,i — 1), or, equivalently, xoxé lx’3 1 xlxz x’3 1, ...,xl" ]xé lx’3 1

belong to the set of terms assomated to B via B1 and B2, but xl”x’ x’3 !"does not belong to the
aforementioned set!!.

11 Again, as for stable ideals, we will see that B is admissible and that X, i xé 'xg ! belongs to the star set associated to

B.
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Example 60. Let us take the bar list (p,h,k) = (6,3,2), a1 =2>a;, =1, a1 +a; =3 =h. We
have, for example = =( (3) % ) and it holds

Lomj>mjp, 1<i<2i<j<i+a -1l iem>mpy;
2. mpj 2w i=1, j=2ie my2mp;
3. n(r) = Y2, zj;‘;f“ 7 =6.
With the notation of Krattenthaler (1990), A1 = A, = 2. The associated Bar Code B is:
I @ 2 mxxmy  withk=23bars B, BY, h(BY) = 2, b(BY) = 1. The bars
‘- - - — - _ B(12) and Bgz) lie over B(ls), whereas B(32) lie over B(;). As regards
3 —  1-lengths, we have ll(B(lz)) =m =3 ll(B(zz)) =m,=2and
ll(Bgz)) = myp = 1. The associated set of terms, via Bl and B2 is N = {1, x, x%, X, X1 X2, X3} and
it is an order ideal.

Remark 61. The Bar Code B, uniquely identified by n, has bar list Lg = (p, h, k). The relation
1) = k comes from (a), u(2) = h comes from (b), since @ € Iy y, so Zf;l «a; = h, whereas
u(l) = pis an easy consequence of (c).

Lemma 62. Fixed (p,h,k) and @ € I, a = (1, ..., @) € N @) > .. > g, Zle a;, =h letmw
be a partition in S(, 5o The Bar Code B, uniquely identified by n, is admissible.

Proof. By Remark 61, Lg = (p,h,k). Consider a 1-bar B{", 1 < [ < p and let its e-list be

e(Bgl)) = (b11,b12,b;3). From the construction of B from n, we desume that Tyt byotby+1 2
by1 +1; moreover, we know that (m, by2, b;3), 0 < m < 7,115, 4,5+1 — 1 are e-lists for some bars
of B, so,if by; > 1, (by1 — 1,b;2,b;3) is a bar list labelling a 1-bar of B. For B being admissible,
we also need two other conditions:

o if bzyg > 0, (bl,17 bl,2 - 1, b[!3) labels a 1-bar of B;
o if b3 >0, (by1,b1n, b3 — 1) labels a 1-bar of B.
Let us prove them:

e suppose b;, > 0; for (b; 1, b2 — 1, by 3) labelling a 1-bar of B, we would need Ty +1byy +byy =
by, + 1, but since M1y, +byy > Ty, +1byy +biy+1 = by, + 1 we are done

e suppose b;3 > 0; for (b1, b2, b3 — 1) labelling a 1-bar of B, we would need by by +byy 2
by, + 1, but since 7y, iyebry > Ty by by, +1 > Ty +1,by, +biy+1 = by, + 1 we are done again and
B turns out to be admissible.

O

Example 63. The set of terms associated to the Bar Code constructed in example 60 is an order
ideal, so the Bar Code is admissible.

Theorem 64. There is a bijection between S, k) and the set B,y = {B € Az s.t. Lg =
(p, h, k), n(B) = N(J), J strongly stable}.
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Proof. Let B € B, s1). We construct a plane partition

Mg W2 e e e Tl
0. mp . T2 4an-1 0...
=)= ’ 2
0... Tk nk‘k+(yk71 0...

with k rows and 12(8(13) ) columns. Fixed the index i for the rows and the index j for the columns,

we define r;; = 0if j <iori+a;—1 < j < LBY)andr;; = [;(B”) with t = (SiZ} @)+ j—i+]1
otherwise, where a; = 12(853) ), 1 < i < k. We observe that 7 is uniquely determined by B and
that, by proposition 38, a € Iy, x); we have to prove that 7 € S, 4. The nonzero parts of 7 are
positive by definition of length of a bar. Clearly 7;; > m;j.1, 1 < i<k i< j<i+a -1,
indeed, this can be stated as ll(Bgz)) > 1 (Bfr)l) with Bﬁz) and Bfr)l lying over the same 3-bar B?).
This statement follows from proposition 38 b) with i = 1. Moreover, m; ; > iy ; 1 < i < k-1,
i+ 1< j<i+aq. Indeed, if ;; < m;q; then it would happen that x’lr”l’j_lxé_i_]xg e N(J)),
but ler,-+1,,- _lxé_ixg’l ¢ N(J), contradicting the strongly stable property of J. By construction, the
shape of mis 4 = (Ay,....4) with 4; = i+a;— 1,1 <i <k, sonr € §;(1,0). Moreover,
n(r) = p by definitions of bar list and 1-length. Then, we can define amap Z : B, 5.6y = Sk
B — &, where 7 is constructed from B as described above. We prove that Z is a bijection. It is
clearly an injection by definition of length of a bar: two different Bar Codes have at least one
bar with different length. Now, we have to prove the surjectivity of Z, so let us take 7 € S, 1.4
We know that it uniquely identifies a Bar Code B and by Lemma 62 that B is admissible, so
we only have to prove that B € 8B, 1. More precisely, we have to prove that Lg = (p, i, k)
and that n(B) = N(J), J strongly stable. Since there are k 3-bars, for each row i, 1 < i < k,
L(BY) = @; and Y a; = h, and foreach 1 < i < k,andeachi < j <i+a;— 1, ;(BY) = m;;,
t= (X a)+ j—i+1andn(n) = p, then Lg = (p, h,k). Now, let B I € {1,..., p} be a 1-bar
labelled by e(Bfl)) = (b11,b12,b;3), s0 T+ 1botbiy +1 2 by + 1. To prove that J is strongly stable,
we have to prove that

o if byj3>0, (b +1,b12,b;3—1),(br1,b1n + 1,b;3 — 1) are the e-lists of some 1-bars of B
® by >0,y +1,b;5 — 1,b;3) is the e-list of a 1-bar of B.
Let us prove these statements.

e suppose that b;3 > 0 and consider (b;; + 1, b, b;3 — 1): we have to prove that Ty, by, +brg
b[l + 2. Since TCbiy by, +bi, > by by +byy +1 > Tty +1by, +by, +1 > b1‘1 + 1 we are done.

[\

e suppose that b;3 > 0 and consider (b;;,b;2+1, b;3—1): we have to prove that TCbyy by, +bry +1
by, + 1. Since by by +biy+1 2 Ty 1 by +hyy +1 2 b1 + 1 we are done.

e suppose that b;, > 0 and consider (b;;+1, b;2—1, b;3): we have to prove that Ty 41y, +biy 2
by, + 2. Since Ty 1 byy+byy > Ty 41y, +byy+1 = b1 + 1 we are done.

This concludes our proof. O

Now, by theorem 64, counting strongly stable ideals in three variables becomes an application
of theorem 31 (Krattenthaler (1993)). Fix a constant Hilbert polynomial p. Lemma 50 allows to
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compute all bar lists. Fix then a bar list (p, &, k) and their shape A. Finally, denote by b = (1, ..., 1)
and a = (ay, ..., a,) such that

a=A,-r+1,.M-r+1 2
a; = aiy +1,...,M—i+1, 1<i<r-1
M:=p-3", M,cl =Ai—landc;=4;—j+1, j=2,..,r, the vectors of theorem 31. We

can compute the number of strongly stable ideals by exploiting the formula in the aforementioned
theorem (see appendix Appendix A.2). There is a simple case of shifted (1, 0)-plane partition
for which a closed formula can be easily computed.

Proposition 65. Let p € N\{0}. Then there is a bijection between the sets S (1,0) with 2 = (2,2)
and P3 ,_y := {A partition of p — 1 in 3 non necessarily distinct parts }.

Proof. Let m € 8)(1,0), 4 = (2,2), then 7 is of the form | "' 22 ), with 71 > 7y, M5 >
Mo, and my; + mp + My = p. Consider the 3-uple n’ = (m;; — 1,72, M), whose sum is
ma—1+mp+mpy=p-1.Sincen;; — 1 > m, > m, then &' is a partition of p — 1 in three
non necessarily distinct parts.

Conversely, let us consider a partition 7’ = (7], 717, 71’3) € P31 of p — 1 in three non necessarily
distinct parts. Then 7| > ), > n}. Take n” := (n} + 1,7}, m}): ny + 1 > 7, n, > x} and
7y + 1+, +x, = p so, putting it in the plane as ( ”lgl ;i ), we get a shifted (1,0)-plane
partition of shape (2, 2) of p. O

The closed formula for the partitions of proposition 65 is well known in literature.
Proposition 66 (Hardy and Wright (1979); Sloane (2010)). The partitions in P3 ,_; are = gzm 1.

In general, finding closed formulas for plane partitions is difficult and most of them are still
unknown.

Remark 67. We conjecture that, with some cumbersome computation, Theorem 64 can be gen-
eralized to the case of n > 4 variables, by introducing a suitable notion of shifted (n — 1)-
dimensional partitions.

Appendix A. Some explicit computation

In example 48 we have counted the (strongly) stable ideals in k[x], x,]; in the next sections, we
will count the stable (section Appendix A.1) and strongly stable ideals (section Appendix A.2)
in K[xy, x», x3] with constant affine Hilbert polynomial p = 10.

Appendix A.1. Stable ideals

Let us count the stable ideals in k[x1, x», x3] with constant affine Hilbert polynomial p = 10. By
corollary 45 and lemma 50, there are 8 possible bar lists of the form (p = 10, A, k). In particular,
fork=1,1<h<4,fork=2,3<h<5,andfork =3,h=6.Fork =1 we have (see Corollary
45) 010, 1)+ 0(10,2) + O(10, 3) + O(10,4) = 10. Take now (10, 3, 2); the only possible shape12

121t is the only possible partition of 3 in two distinct parts.

26



is B = (2,1), so we have ( Z;: s ) We need to take a = (8,7) (see (1) of section 6) and

b = (1,1) so that the determinant to compute is det[ x31[§] x 73‘] ) = x4+ 2x% 4+ 3x%0 £ 5519 4
RN
TxB 4017 4 12210 + 1345 + 140 + 14xB + 1452+ 126 + 11619+ 8x% + 628 +4x7 + 340 + 27 + 1%,
so we have 11 stable ideals with this bar list. With analogous computations, we get that there are
29 stable ideals in k[xy, x5, x3], with affine Hilbert polynomial equal to 10. Note that a tedious
computation could allow us to list all 29 plane partitions and the corresponding stable ideals.

Appendix A.2. Strongly stable ideals

Let us count the strongly stable ideals in k[x, x;, x3] with constant affine Hilbert polynomial
p = 10. By Corollary 45 and Lemma 50, the possible bar lists are the same as for the case of
stable ideals. For k = 1 we proceed as for stable ideals, thanks to the equivalence of Lemma 58,
getting Q(10, 1)+ Q(10,2)+ Q(10, 3)+ Q(10,4) = 10. Consider now (10, 3, 2), for which we have

the partition below ( 4! 42 J.so4 = (2.2).r=2.M=8.a = L...7anday = a + 1,....8

(see (2) in section 7). For example, if a = (5,1), Ny = 7and M = ( x3+le+"+1 ? ), so that

xMidet(M) = x7(x® + x* + x + 1). Therefore there is one such plane partition. With analogous
computations we see that there are 24 strongly stable ideals in 3 variables with constant affine
Hilbert polynomial H () = 10. Note that a tedious computation could allow us to list all 24 plane
partitions and the corresponding strongly stable ideals.
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