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Abstract
Recently, Skjelnes and Smith classified which Hilbert schemes on projective space are
smooth in terms of integer partitions A = (A1, ..., A,) withr =0, L = (n + 1), or

n>2Ap > ---> XA > 1. Inparticular, they found there to be seven families of smooth
Hilbert schemes: one with » = 0 or A = (n + 1), one with Hilbert schemes on the
projective line or plane, 4 families with A, = 1, and one with A, > 2. In this paper,
we compute the sum of the Betti numbers for all of these families of smooth Hilbert
schemes over projective space except the case A, > 2.

Keywords Hilbert scheme - Cohomology - Homology

1 Introduction

Hilbert schemes are one of the classic families of varieties. In particular, Hilbert
schemes of points on surfaces have been extensively studied; so extensively studied
that any reasonable list of example literature would take several pages, see [6,14,15]
for introductions to the area. This study was at least in part due to these being one
of the only sets of Hilbert schemes which were known to be smooth. Recent work
[17] has characterized exactly which Hilbert schemes on projective spaces are smooth
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by giving seven “families” of smooth Hilbert schemes in terms of integer partitions
A= A1,..., A satisfyingA =+ 1),r =0,orn > Ay >--- > X, > 1. Note,
a Hilbert scheme on projective space is nonempty if and only if the corresponding
Hilbert polynomial can be written as p(1) = Y \_, (’;’ET’) for some integer partition
A

One of the most fundamental topological properties of an algebraic variety is its
homology. The homology of Hilbert schemes of points has been extensively studied,
e.g., [2,3,7,8,11,12]. It is an immediate consequence of [1] that the smooth Hilbert
schemes over C have freely generated even homology groups and zero odd homology
groups. This was used to compute the Betti numbers of Hilbert schemes of points
on the plane in [2]. A natural follow-up question then is what are the ranks of the
homology groups for all of the smooth Hilbert schemes? In this paper, we compute
the sum of the Betti numbers for six of the seven families of smooth Hilbert schemes.
Since these Hilbert schemes are smooth, this is equivalent to computing the dimension
of the cohomology ring as a vector space over C. Note, in this case, the cohomology
and the Chow rings are isomorphic.

In order to state the theorem, recall that Macaulay proved that the Hilbert scheme
of subschemes of P with Hilbert polynomial p, denoted P"!P), is nonempty if and
only if p can be written in the form p(t) = Y I_, (’1’\5’) for some integer partition
A= (A1, ..., Ar)ofintegers satisfying A = (n+1),r =0,0rn > Ay > --- > A > 1.
Recently Skjelnes and Smith extended this work by classifying which of these Hilbert
schemes were smooth

Theorem 1.1 [17] Let p be a polynomial in a single variable with some sequence
A=, ., ) withn > A > ...> A > Lorwith A = (n + 1). Then, the Hilbert
scheme PP} on projective space is smooth if and only if:

n <2,
Ar > 2,
A= (Dorr = (n”z,)\}_l, 1])f0rallr > 2,

A= 30812 20 1Y) forallr > 2,

A= @32 1Y forall0<s <r—Sandallr > 5,
A= (n’_3, 13)f0rallr >3 or

r=0or(n+1)

Nk Wb =

Our main theorem computes the sum of the Betti numbers for six of those seven
families.

Theorem 1.2 Let H, ; be the sum of the Betti numbers for P"P:) where p; cor-
responds to the integer partition . = (A1, ..., A;). Explicit formulas for H, ) in
terms of only n and M for families 1, 3, 4, 5, 6, and 7 are given in Propositions (3.2
& 4.4), 5.5,57,5.8, 5.9, and 5.1, respectively.

The proofs of these results work by translating the computation of the ranks of the
homology groups into counting saturated monomial ideals and then translating that
into counting choices of orthants in an (n + 1)-dimensional lattice.

There are countless future directions for work on the now classified smooth Hilbert
schemes. In particular, building on this work, ongoing work aims to complete the count
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in the remaining case and to refine the computation to compute the Betti numbers for
the smooth Hilbert schemes. Going further, one would hope to understand the geometry
of the cycles such as the stable base locus decomposition on smooth Hilbert schemes
in terms of the integer partition and the geometry of the parametrized varieties.

The organization of the paper is as follows. In Sect. 2, the necessary background
is given. In Sect. 3, the case of Hilbert schemes over the projective line is worked out
as an example case. In Sect. 4, the case of Hilbert schemes over the projective plane
is worked out, which proves finishes the first part of Theorem 1.2. Finally, in Sect. 5,
we prove cases 3—7 of Theorem 1.2.

The authors would like to thank Harry Bray, who directed the Laboratory of Geom-
etry at Michigan when this work was carried out there, and Zhan Jiang, for many
enlightening conversations. The authors would also like to thank the referees; in par-
ticular, one of whom pointed out that Theorem 2.4 could be used to streamline many
of the proofs of later theorems.

2 Background

In this section, we review the necessary background material.

Let I C Clxo, ..., x,] be a homogeneous ideal. As the quotient ring R/I is a
graded ring, it comes equipped with a Hilbert function, i; : Z>o — Zs0, which
sends d to the dimension of the degree d graded piece. By Hilbert [10], this function
agrees with a polynomial H; for d >> 0. This is the Hilbert polynomial of I; note,
this is more properly the Hilbert polynomial of R/I, but no confusion will arise by
this usage.

The degree of this polynomial is the dimension of V (1), and the other coefficients
include other geometric information such as the degree. As the polynomial captures
a lot of the geometry of the subvariety cut out by /, a natural definition of equiva-
lence on algebraic subvarieties of P” is those with the same Hilbert polynomial. By
Grothendieck [9], the set of subvarieties of P" with the same Hilbert polynomial p
forms an algebraic scheme called the Hilbert scheme, denoted Hilb? (P") or P"[P1,
The first question one can ask about these Hilbert schemes is when are they nonempty.
This was answered by Macaulay.

Theorem 2.1 [13] Given R = Clxy, ..., x,] and nonzero polynomial p(d) in one
variable, there exists ideals in R with Hilbert polynomial p(d) if and only if p(d) can be
written in the form Z;"zl (di'i)\_"l_’)for some integer partitionn > Ay > -+ > Ay > 1.

Further, the zero polynomial corresponds to the integer partition (n + 1).

This theorem means any A-sequence defines a Hilbert polynomial, and we can
also get a A-sequence from any Hilbert polynomial written in the form shown in
Theorem 3.2. For example, if A = (3, 2), then the corresponding Hilbert polynomial
is () 1 (20) = () + () = U 4 = 17 4 3d 4 1. We wil
abuse notation and refer interchangeably to A and p;..

Itis a natural question to ask about the homology of a Hilbert scheme, but this question
is most interesting for the smooth Hilbert schemes where Poincare duality holds, which

makes the homology dual to the cohomology. That naturally leads one to ask which
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Hilbert schemes are smooth. This was recently answered by Skjelnes and Smith [17].
Note, the As in the following theorem are exactly the same as the A's mentioned in
the previous theorem.

Theorem 2.2 [17] Let p = p;. be a polynomial in a single variable corresponding to
the integer partition A = (A1, ..., Ap) Withn > A1 > ... > X > lork = (n+ 1).
Then, the Hilbert scheme P"'P) on projective space is smooth if and only if:

n <2,

A =2,

A= (Dorr= @2 1Y forallr > 2,

A= 30812 20 1Y) forallr > 2,

A= 2,2M AIY forall0 <s <r —5Sandallr > 5,
A= (nr*3, 13)f0r allr > 3, or

r=0orm+1).

N kA Wb =

Using this classification is simplified by a special case of Theorem 1.4 of [4], which
we restate in our notation, that allows one to treat the n* part of the partition separately.

Theorem 2.3 [4] Let p = pj, with A = (n*, ') = (0%, ety ooy higr) Withn — 1 >
Mgl = -+ = Akqr = L. Then, the Hilbert scheme P"\P) splits into the product

prpl — prlal o prlrl

where q and r correspond to the partitions n* and ', respectively.

The Hilbert schemes over P” inherit the PGL(n + 1) action from projective space
itself. In particular, this restricts to a C*-action; actually it restricts to many C*-
actions, any of which suffices for what follows. The fixed points of this action are
points corresponding to the finitely many saturated monomial ideals with that Hilbert
polynomial. That lets us apply the following theorem of Bialynicki-Birula to smooth
Hilbert schemes.

Theorem 2.4 [1] Let X be a smooth projective variety with an action of C*. Suppose
that the fixpoint set {p1, ..., pm} is finite, and let X; = {x € X : lim,,otx = p;}.
Then, X has a cellular decomposition with cells X;.

Pairing this theorem with the following result of Fulton shows that a smooth Hilbert
scheme has freely generated even cohomology groups and no odd cohomology groups.

Theorem 2.5 [5] Let X be a scheme with a cellular decomposition. Then for 0 < i <

dim(X),

(1) Hzi+1(X) =0,

(2) Hyi(X) is a Z-module freely generated by the classes of the closures of the i-
dimensional cells, and

(3) The cycle map cl : A (X) — H.(X) is an isomorphism.

Thus, in order to count the sum of the Betti numbers of a smooth Hilbert scheme it

suffices to count the number of saturated monomial ideals with that Hilbert polynomial.
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3 The projective line

We first consider the case where n = 1; equivalently, this is the case where the
polynomial ring is R = Clxg, x;]. In this case, the only possible partitions are A =
(1") or (2) which are equivalent to the constant Hilbert polynomial m or £ 4 1. It is well
known that P'"1 = P and P!"+11 is a reduced point so Theorem 1.2 is immediate
in these cases. However, for completeness and clarity, we will give a basic argument
in the case of P!l = P which will illuminate the argument which is somewhat
obscured by indexing in the later sections.

3.1 Translation for the two variable case

Monomials in the variables xo and x; are of the form x(‘)‘x{’ where a, b € Zxo.
Monomials in two variables are equivalent to points in the lattice Z2>0 by pairing the
point (a, b) with the monomial xgxlf . By a ray or I-orthant in this lattice, we will
mean the points corresponding to the monomials in a set of the form (Fig. 1)

pio = {xl%xf’] | b € Z=¢) for some fixed a € Zxy.

We want to see how a set of rays/1-orthants corresponds to (the complement of) a
monomial ideal. Since all saturated ideals in two variables are principal, consider the
monomial ideal I = (xgx{’ ). Every monomial x = xéxij ¢ I either has that ¢ < a or
that d < b. That can be rephrased as

b—1 a—1
X ¢ Iifand only if ¥ € (U P})U U7
i=0 j=0

This shows that the Hilbert polynomial of I = ()ch'lb ) is a + b, which gives the
following lemma.

Lemma 3.1 The number of saturated monomial ideals in two variables with Hilbert
polynomial d, which corresponds to the partition (19), is the same as the number of
ways to choose d rays/I-orthants in the lattice Z2>0 in stacks along the two axes.

The next proposition uses this lemma to count the number of saturated monomial
ideals.

Proposition 3.2 Given the ring R = C[xo, x1] and the partition » = (1™), there are
exactly m + 1 saturated monomial ideals of R with Hilbert polynomial p, = m.

Proof By the previous lemma, the problem of finding the number of saturated mono-
mial ideals boils down to finding the number of ways of choosing m rays/1-orthants
along either the xp-axis or xj-axis, which is clearly equal to m + 1. O
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Fig. 1 A visualization of the sets P31 (in blue) and Pg (in maize) in the Z2>0 (xg,x1) lattice

4 The projective plane

In this section, we prove the remainder of the first case of Theorem 1.2, which is the
case of Hilbert schemes on the projective plane. We note that this is known, at least
implicitly by [2]. We include this case at least in part to exemplify some of the more
difficult counting arguments which did not appear in the case of Hilbert schemes on
the projective line. To prove this case, we first show the correspondence of saturated
monomial ideals in 3 variables and the choice of rays and quadrants in Z3>0 similarly
to the correspondence in Sect. 3.

The three-variable case In the three-dimensional lattice, we have rays of the form

i0,i1 a, b _c
P = {xj,x; x;,|c € Z=o} for some fixed a, b € Zx.

On the other hand, we have quadrants of the form
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P’O = {xjx lbl xi,|b, ¢ € Z>o} for some fixed a € Zxo.
We want to see how the complement of a monomial ideal in this case is the union of
quadrants and rays; that is the content of the following lemma.

Lemma 4.1 Given the ring R = Clxg, x1, x2] and a saturated monomial ideal

n m

al ol ol ag'
I = (x,°x, l.xzz, e X Xy x22 ), then the set of monomials not in I is of the form

(Ukzo P U (U P1Y) where

Paiol;i‘ (x¢xPx¢ | ce Z>0)} for some fixed a, b € Z>o and

i 11 12
Pl0 = {xx | b, ¢ € Zxo} for some fixed a € Z>q.

io z 1 12
These are equivalent to quadrants/2-orthants and rays/1-orthants, respectively, in the

Z3>0 lattice where each point in our lattice (yo, y1, y2) corresponds to the monomial

Yo .yl .2
Xo X1 X5

Proof First consider the monomial ideal generated by a single monomial I =
(xox1 xz) A monomial X = xgx{’xz‘ isnotin / if and only if a < «, b < B, or

¢ < y. In other words,

a—1 p—1 y—1
¥ ¢ [ ifand only if ¥ € (U P,.O) ulUer JullU P

i=0 j=0 k=0

Now let us consider a general monomial ideal, which we denote [ = (xo x'lﬂ ! x2 s e

xo x1 "’) where oy, B¢, ye € Z>o , Y€ € {1, ..., m}. Defining I, = (x0 xl x2 )
for € e {1, ..,m}, we notice that I = (Jj_, Ip. By De Morgan’s Law, we see that

m op— Be—1 ye—1
x¢11fandonly1fxeﬂ (UP0> UPl U UPk2

k=0

To make set manipulation simpler, we define

ag—1 Be—1 ve—1
A= U P) By =|J P}, andC, =[] P}
j=0 k=0

Using this, we can rewrite the compliment of / as

m
X ¢ IifandonlyifX € () (A¢UB,UCy).
=1
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Recall that this intersection is equivalent to a union of 3" intersections of size m by
the distributive property of set intersections over unions.

In order to formally write this, we need some notation. Recall the symmetric group
on m letters, denoted S, is the set of permutations of the set {1, ..., m}. Define the
subset G, of Sy, as the set of permutations o of {1, ..., m} suchthato; < --- < oy,
O+l < -+- < op,and opy] < --- < oy, for some 1 < k < £ < m, i.e., permutations
which decrease at most twice. With this notation, we can write the complement of /
as

k 4 m
X ¢lifandonlyif¥e | N4ah | N B O N e
8€Gom Jj=1 j=k+1 j=0+1

We must consider 3 possible cases for our m sized intersections depending on the
values of k and £.

Case I: Consider the case where 0 < k < £ < m. An intersection of such a form will
contain finitely many monomials. Since we are interested only in saturated ideals, we
can ignore this case since the Hilbert polynomial H; (d) does not consider the elements
in this intersection.

Case II: Next, consider any m-intersection of the form 0=k < ¢ <m,0 <k =¢ <
m,or0 <k <f€=m.If0 < k < £ = m, the intersection is of the following form:

Ay MA,N---NA; mBikH n---NB; ,NB;,.
Let 04 0 = min{a;,, ..., @; } and g 1 = min{B;,,, ..., Bi, }. The above intersection is
now equivalent to
0g.0—1 0g.1—1
0 1] _ 0,1
U n{ U#r|= U P
i=0 j=0 0<i<By0—1,0<j<b,1—1
Similarly, if 0 < k = £ < m and 60 = min{a;,...,a;} and Ogr =
min{y;,_,, ..., ¥i, }» then the intersection above is now equivalent to
0g.0—1 Og2—1
0 21 0,2
U rn{ U #= U Py
i=0 j=0 0<i<bg0—1,0=<j<052—1

Finally,if0 =k < £ <mand 6, 1 = min{B;, ..., B} and 0y > = min{y;,_,, ..., Vi, }»
then the intersection above is now equivalent to

Qg_l—l Qg,z—l
JeolU®)]- U 22
i=0 Jj=0 0<i<fp,1—1,0<j<0,2—1
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Case III: Lastly, consider any m-intersection with0 < k =€ =m,0 =k < € = m,
or0=k=¢ <m.If0 < k =€ = m, we have the intersection

AiN---NA,

Now, let p = min{«q, ..., a,}, and note that

6p—1
AN nA, =P
i=0

Similarly, if 0 = k < £ = m and 6 = min{fy, ..., B,}, then

01—1
Bin---nB,=|JP.
i=0

Finally, if 0 = k = £ < m and 6, = min{yy, ..., y,}, then

0r—1
cin--NCw=J P
i=0

Since every intersection is one of those three cases, the result follows. O

This lemma means that counting saturated monomial ideals on the plane with fixed
Hilbert polynomial is equivalent to counting quadrants and rays whose complement is
the monomials of an ideal with that Hilbert polynomial. We want to bound the exact
number of quadrants and rays that will give the correct Hilbert polynomial, but first
we need to know some more information about Hilbert polynomials when n = 2.

Proposition 4.2 Suppose p(d) is a polynomial in d such that p(d) = Md —r for some
M,r € R, then p(d) is a Hilbert polynomial if and only if M € Z>o, r € Z, and

M? —3M 2_
r < — and therefore A = (2M, lM 23M*r).

Proof We first prove the forward direction. Assume p(d) is a Hilbert polynomial. By
Macaulay [13], this implies that there exists a lambda sequence, say A = (2A, 18 ),
where A, B € Z>¢ such that

A . A+B .
d+2—i d+1—i
d) =
=y ("] >+.Z( o)
i=1 i=A+1
Simplifying the expression for p(d), we get
A% —3A
p(d) = Ad — — —B|)=Md—-r
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Thus, we see here that M = A and r = AZ_TM — B.Since A, B € Z>p and p(d) is a

Hilbert polynomial, we have that M € Z>p andr = B — # € Z.Since B > 0,

M?*—3M
we get that > > r.

Now, we proceed with the reverse direction. Let p(d) = Md —r, M € Zxo,
r€Z,andr < M

#. Then, p(d) is a Hilbert polynomial because we can choose

M M2_3M ) .
A=02", 172 ). With that choice, we get that

2
M 53M7r+M

A —i M
Hid) = < :_] l)=§ d+2—1)
! i=1

i=1

2
M §3M—r+M

+ Y ()=Md-r=pad.

i=M+1
O

Next, we know from Lemma 4.1 that the number of saturated monomial ideals in
three variables for a given Hilbert polynomial p(d) is equivalent to the number of
ways of choosing some number of quadrants and rays in the Z3>0 lattice. So, now we
establish the connection between a given Hilbert polynomial and the exact number of
quadrants and rays that will be chosen in the Z3>0 lattice.

Lemma4.3 In R = C[xg, x1, x2], given a Hilbert polynomial p, with associated
lambda partition A = (ZA, 18 ), the number of saturated monomial ideals in R with
associated Hilbert polynomial p; is equivalent to the number of ways of choosing A
quadrants and B rays in Z?;O (none of which are contained in another).

Proof Consider a Hilbert polynomial p;. By Theorem 4.2, we note that this Hilbert
polynomial must take the form p; (d) = Md —r where A = M € Z>¢, r € Z, and
B = Mz_# —r>0.

a PN

Any quadrant in Zio, say P;°, represents all monomials of the form Xj X; X;, Where

a is fixed and p, n € Zx( are variable. We choose the quadrants in order, subject to

listing P, before P.’_, for all ¢ and Jj . Thus, the number of monomials of degree d in

a+1 )
which x;, has degree a is (df‘fﬂ) =d — a + 1. However, if P, is the i-th quadrant

we list, then it has i — a monomials of degree d in common with previously listed
quadrants (one for each quadrant which is not parallel to it). Putting this together, the
i-th listed quadrant contributesd —a — (i — 1 —a) + 1 = d + 2 — i to the Hilbert
polynomial; by the contribution of a (k-)orthant we mean the number of monomials
of degree d for d >> 0 in that (k-)orthant not in a previously listed (k-)-orthant. This
implies that in order for the linear term of the Hilbert polynomial p,(x) to have a
coefficient of M, there must be M distinct quadrants in the complement of the ideal
as the rays do not contribute to the linear term. Thus, the contribution of all of the
quadrants to the Hilbert polynomial is 2, ("1%77).

Then, the rays must contribute the remaining part of the constant term which is
easily seen to be B. Since rays in Z3>0 contain only one point in the Z3>0 lattice for
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each d > 0, they each contribute 1 to the Hilbert polynomial. Thus, the monomials
not in the ideal consist of exactly A quadrants and B rays. O

Thus, given a Hilbert polynomial p; with associated lambda partition A = (24, 15),
A, B € Z>o we note that the number of saturated monomial ideals for this Hilbert
polynomial in R = C[xg, x1, x2] is equivalent to number of ways of choosing A
quadrants and B rays in Z3>o~ Finally, we can establish the following proposition,
which is part of Theorem 1.2.

Proposition 4.4 Given the ring R = C[xq, x1, x2] and the partition . = 2™, 1"), the
number of saturated monomial ideals of R with Hilbert polynomial p,. is exactly

<m+2>. > [Ae- fien- fie]

2
c1t+certez=r

where c1, ¢2, c3 € Z>o and f| : Z>o — Z=q is the function which maps an integer ¢
to the number of integer partitions of c.

Proof First, consider the case where » = 0. In that case, the lambda partition of
ps. is of the form A = (2). By the previous lemma, we know that the number of
saturated ideals I € R = C[xg, x, x2] is equivalent to the number of ways to choose
m quadrants in Z>0, or in other words, the number of unique sets

a—1 p—1 y—1
<U Pi°>u UrelulUR
i=0 j=0 k=0

where @ + B+ y = m.

Clearly, the uniqueness of each set is determined by the assignment of «, 8 and y.
Thus, for the case where r = 0, we get that the number of saturated monomial ideals
for p; forn =2is ('";2).

Next, consider when m = 0, i.e., when A = (1"). By the previous lemma, the num-
ber of saturated monomial ideals with Hilbert polynomial p, for n = 2 is equivalent
to the number of ways to choose r rays in Zio. Much like for the case where r = 0,
we note that there are only 3 forms of which these rays can be; for a fixed a, b € Z>g
these are

P;%i — i, lz

x{|c € Zso}, P'O 2 — (x4 xxb e e Z>o}, or P,

L0 ll 12 L0 ll 12

= {x x{\ x] |c € Zo).

0 ll 12
Visually, these r rays can only extend in one of 3 directions in the Z3>0 lattice: the x;,,
the x;,, or the x;, direction. In order to count the number of ways to pick r rays, we
first count the ways to divide the rays into one of the 3 directions, and then count the
number of ways to orient the rays in each direction. These two counts are independent
of each other. It is easy to see that there are (r;Z) unique distributions of these r rays
into the x;, x;, and x;, directions.
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If P;j ,;lk is in the complement of a saturated ideal then so are P;’_ llk p OF Pal’_ | unless
a = 0. Similarly, if P;j l;lk is in the complement of a saturated ideal then so are P;j z;lfl

or ng_ | unless b = 0. Given the previous facts and that we have already picked which
quadrants are included, any valid choice of a set of rays in one direction is such that the
lattice points of fixed degree in the rays form (the centers of the squares of) a Young
diagram. In other words, the number of valid arrangement of k rays in one direction
is the number of integer partitions of k.

If we do this for each distinct distribution of rays then the number of ways to choose
r rays in Z3>0 is given by

> [ - fiten) - filen)]

cotciter=r

Lastly, when m and r are both nonzero, we find that the choice of the m quadrants will
not affect the number of choices possible for the » rays. To see this, recall that a given
choice of the m quadrants in Z;O is of the form

(Ur)e(Urm)(Un)

i=0 j=0 k=0

where o + B+ y = m.

This choice “shifts” the region in which the remaining r rays can be chosen. We can
think about choosing the remaining r rays in the Z3>0 lattice in which the coordinate
axes are defined by xo — o, x; — 8 and x; — y. Thus, the number of ways to choose
the r rays in this region is exactly the same as choosing r rays when m = 0 so the
choice of the m quadrants is independent of the choice of the r rays. Thus, combining
the earlier two cases, we have that there are

<m+2) . Z [f1(61) - file2) - fl(c3)]

2
citerte3=r

many ways to choose m quadrants and r rays in Z3>0 where c1, ¢2, ¢3 € Z>0. Along
with Lemma 4.3, this concludes the proof. O

5 General case

In this section, we prove the remaining cases of Theorem 1.2.
We first note that one case of Theorem 1.2 is immediate as the relevant Hilbert
schemes are each a single reduced point.

Proposition 5.1 If r =0or A = (n 4 1), then H, , = 1.
For the rest of the cases, we must first show that a saturated monomial ideal corresponds

to a union of 1-orthants, 2-orthants, 3-orthants, etc., in the lattice Z’;gl.
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Proposition 5.2 Given the ring R = Clxg, x1, ..., x,] and a saturated monomial
8
ideal
o o) oy al . . .
I=(xy" . ..x", .00, %" ... x," ), then the set of monomials not in I is of the form
e, el .
Uiﬁil PP; prl.’ for some positive integer M and for some fixed p1, ..., ppt1—k € Z>0
100 Pry
where
ClyeensCntl1—k P1 Pn+1—k . Pn+2—k p
P e =Xy X, Xewerg -+ Xew | Pna2—ks - oy Pn € Ziz0)
is ak-orthant in an+1-dimensional lattice where each point in our lattice (po, . .., Pn)

corresponds to the monomial xg O X

Proof Utilizing the same approach as before gives us that a k-orthant in the n + 1-
dimensional lattice would be of the form

ClyensCntl—k __ g Pl Pn+l—k _Pn+2—k P
P o = {xey X6, Xegis g oo Xy | Pny2—ks - Pn € =0}
for some fixed py, ..., puti—k € Z>0

As with the previous approach, let us begin by considering a monomial ideal generated
by a single element (x;° . .. x5™"). Then, the set of monomials in the compliment of /
is

ag—1 ap—1

'UIP,.OO U..-u UP;E
0=

in=1

1 m

1
. . . . [0% o
Now, let us consider a monomial ideal with m generators I = (xo0 T N

m £ Y4
xf,[" )Yandlet I, = (xgo .. .x;f") which then gives us that I = UZ"Zl I;,. By De Morgan’s
laws, we have that

m 045—1 al—1
f¢lifand0nlyiffeﬂ UPl% U.--u UP[;
e=1| \io=1 in=1

From here, let us simplify our notation by setting
a§—1
J_ J
A= P
ij=1
Using this, we can rewrite the compliment of / as
m n .
X ¢ lifandonlyifx e (]| A/
=1 \j=1
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The intersection above then simplifies into a (n + 1)™ sized union of m sized inter-
sections.
In order to formally write this, we need some notation. Recall the symmetric group

on m letters, denoted S, is the set of permutations of the set {1, ..., m}. Define the
subset G, of Sy, as the set of permutations o of {1, ..., m} suchthato] < --- < oy,
,and oy, 41 < --- <o, forsome 1l < k; <-.- <k,_1 < n,ie., permutations

which decrease at most n times. With this notation, we can write the complement of
I as

X ¢lifandonlyifx e | J ﬂAg<J) NN ﬂ A%y

g€Gnm J=kn—1+1

Now as before, we observe that if a single one of these intersections has all possible
A!, then it contains finitely many monomials. Hence, we can ignore this case since
for d >> 0 the Hilbert polynomial H;(d) would not count these. Next, consider an
intersection of the form

0 0 1 1 h h
An--naAln@l nnabn. @l nenat

with i < n. If we let 6y = min{aé, .. 1} 0, = mln{a“H, a0 =
min{a; ¥l ”’“ } then our intersection above is equivalent to

6p—1 Op—1

Jo | _ Jos-
U Plo n---n U Plh - U P lh
lp=0 1,=0 0<lp<6p—1,...,0<l,<6;,—1

Thus, the intersections of this form correspond to an n — h-orthant. Since any inter-
section in the union has this form for some 1 < & < n — 1 (or is irrelevant to the
saturation), the result follows. O

Based on the case of the line, one may naively expect that any arrangement of (k-
yorthants giving the Hilbert polynomial p; where A = (n*n, ..., 1%1) consists of k;
many i-orthants, but this is incorrect.

Example 5.1 Consider the Hilbert polynomial p(d) = 2d + 1 with lambda sequence

= (22) and n > 3. If the naive correspondence holds true for all n > 3, then
we should expect that every choice of two quadrants in Z"+1 will result in a Hilbert
function h(d) such that h(d) = p(d) for some d >> 0. However, consider the
following two quadrants in ZT(;I

2,

3.4,. 0,1,4,.
Pr=Pyoo 0 and Py = Py 0

Note that P; and P> do not intersect other than at the origin since recall that the
elements of P; and P, are
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Py = {1, xo, X1, X0X1, ..., xgx{’, ...} forsome a,b € Zsg

P, = {1, xo, x3, x2x3, ...,x§x3d, ...} forsome c,d € Zxg

Thus, P; and P, each contribute d + 1 to the Hilbert polynomial for this specific
monomial ideal /#(d). Thus, the Hilbert polynomial of the corresponding ideal must
be h(d) = (d + 1) + (d + 1) = 2d + 2. Thus, the naive correspondence fails.

In order to study the case where the naive correspondence does hold, or where we
can salvage an adapted version of it, we first need a general remark

Remark 5.3 Consider a k-orthant K in the complement of a saturated monomial ideal /
such that every (k 4 1)-orthant containing it intersects the ideal. The number of degree
d monomials in K is (“/*7") so K’s contribution to the Hilbert polynomial only
effects the coefficients of the terms with degree at most k£ — 1 and adds nonnegatively

to the degree k — 1 coefficient.

Using this remark, we can show that the naive correspondence does hold for the
n-orthants in the arrangement and the n* in the partition, which splits off as a product
by 2.3.

Lemma 5.4 Let pj be the Hilbert polynomial corresponding to the partition . = (n*).
Then, the complement of any saturated monomial ideal in n + 1 variables with Hilbert
polynomial p; is exactly k many n-orthants and

n+k
mo= (1)

Proof We first show that the complement of any monomial with Hilbert polynomial
P> contains exactly k many n-orthants. Given A, the corresponding Hilbert polynomial
p (t—;,)” ’) has degree n — 1. Since there are no terms of degree greater thann — 1,

the complement of the ideal cannot contain the entire n + 1-dimensional lattice so only
the n-orthants contained in the complement of / contribute to the leading coefficient.
Since the n-orthants overlap with other (k-)orthants in lower-dimensional spaces, each
n- orthant contributes —— = 1), to the leading coefficient. Since the leading coefficient of

D is (nTl)!’ the complement of / contains exactly k many n-orthants.

We now exclude the possibility of any other k-orthants being in the complement
of the ideal. If we think of choosing those n-orthants in order by the amount which
they are shifted away from the axes, consider the i-th chosen n-orthant, K. It is
parallel to j previously chosen n-orthants for some 0 < j < i — 1. Then, there are

(d:”fj ) monomials of degree d in K. Similarly, it overlaps each of the k-th previously
chosen nonparallel n-orthants (of the i — 1 — j previously n-orthants) in (d+"_é k)

many monomials of degree d. Thus, the contribution of the i-th chosen n-orthant is

(d+" = )— ;;’1 (d+n_k_f )= (d+" ’) Thus, the contribution of all of the n-orthants

n—1 n—2
to the Hilbert polynomial is Y 5_; (“3" "

complement of the ideal.

) so there are no other k-orthants in the
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Finally, we count H, ;. By the proof so far, a saturated monomial with this Hilbert
polynomial is equivalent to the choice of kK many n-orthants so there are (":k) ways

to choose k of them. O

These lemmas form the basis for proving the remaining cases of Theorem 1.2, in
the following there propositions.

Proposition 5.5 If . = (nk, 1), then Hy = ("}*)(n + 1).
kg2 +hy (n+1
If 1 = (n*,12), then H, 5, = 3("*) ("3").
IfA = W2, A1, 1) where r > 2andn —1 > A_1 > 2, then H,) =
("jﬁ;z) (';:tll)(n +1 =24 _1)r—1 + 1), respectively.

Proof In the case A = (1), the Hilbert polynomial is p; = 1. Then, the Hilbert scheme
is P" so the result is immediate. Similarly, the case of A = (nk, 12) is immediate by
Lemma 5.4, Theorem 2.3, and Lemma 2.1 of [16].

In the last case, it suffices to show that H), ; = (;lill)(n + 1) where A corresponds to
the partition (A1, 1) withn—1 > A1 > 2 by Lemma 5.4 and Theorem 2.3. The Hilbert
polynomial in this case is py = (ir_)‘i) + 1 which has degree A; — 1, the complement
of the ideal must contain at least 1 Aj-orthant. The first A;-orthant chosen contributes
(‘ii’\{) to the Hilbert polynomial. After having chosen this, there is only a remaining 1
to be contributed to the Hilbert polynomial, which again must be contributed by a ray.
Thus, a saturated monomial ideal with Hilbert polynomial p, is equivalent to picking
a Ap-orthant and a ray.

There is (”):" 1) ways to choose the Aj-orthant, and there are then n + 1 — A1 ways
to choose the ray not parallel to the 1| orthant and A1 (n + 1 — A1) ways to choose the

ray parallel to it given the previous choice. Putting these together gives

n—+1
H, ) = N n+1—-—x)M +1).
1

O

Lemma5.6 IfA = (n', )L“;H, 1) wherer,s > 0andn —1 > A, > 1 and P2l g
smooth, then

<n+r>< n+1 )((Ar+1+1+s)
Hn,A -
r )\.r+1 +1 N

n =2 D)Rr41+2) = Q1 + Dt — 1 = 24,41)) .

Proof By Lemma 5.4 and Theorem 2.3, it suffices to show that

_ n—+1 Arg1+ 145 _ n—+1
o= (G ) () =)= (1)) e

where A corresponds to the partition (A7, 1). Arguing analogously to the previous cases
using the coefficients of the Hilbert polynomials, we see the complement must also
contain exactly s many Aj-orthants. However, not all choices of s many A-orthants
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live in the complement some ideal with the correct Hilbert polynomial. In particular,
a generalization of Example 5.1 to 6 variables (choosing two 3-orthants such that they
all only intersect at the origin) shows that not all choices of s quadrants live in the
complement some ideal with the correct Hilbert polynomial. We now characterize
those that do.

If the Aq-orthants are not all contained in any (A1 + 1)-orthant, then we claim that
they do not give the correct Hilbert polynomial. In particular, choose the first two of
them to not lie in the same (A1 + 1)-orthant, then they contribute at least

d+xr —1 d+ir —2
() ()
d+ir —2 d+ir —2
+<< A—2 ) < A —3 ))
and all of the subsequently chosen ones contribute at least the expected amount. In
either case, this would force a negative number of (A; — 1)-orthants in order to have
the correct Hilbert polynomial, which is obviously impossible.

On the other hand, if all of them are chosen within a (A; + 1)-orthant, then the k-th
chosen one contributes (dﬁ_'fk) to the Hilbert polynomial as expected.

Finally, given a choice of s many A;-orthants in some (A + 1)-orthant, there is a
remaining one in the Hilbert polynomial which must be contributed by a single addi-
tional ray. Thus, a saturated monomial ideal with Hilbert polynomial p; is equivalent
to the choice of s many Aj-orthants in some (] + 1)-orthant and a single ray.

There at (flill) ways to choose the (A1 + 1)-orthant containing the A-orthants. We
count the case where all of the Aj-orthants are parallel separately as the number of
choices of ray depends on that difference. Given a chosen (A1 + 1)-orthant, there are
()‘ 1+51+s) — (A1 + 1) ways to choose the Aj-orthants such that they are not all parallel
and (A1 + 1) ways to choose them all parallel. If the );-orthants are not all parallel,
then there are (n + 1 — (A1 + 1))(A1 + 2) = (n — A1) (X1 + 2) ways to choose a ray.
If the A;-orthants are all parallel, then there are (n + 1 — A1)(A; 4 1) ways to choose
aray.

Putting this together gives

1 A 1
Hyy = (A”li 1)((( ! +S “) . 1)) (n =)0 +2)

+(n+1 =) + 1)2)

1 A 1
=(2 (e -4 - kv - 1-200).

]

When A, 41 > 3, replacing r and s with » —s — 3 and s + 2, respectively, immediately
gives the following corollary.
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Proposition 5.7 If . = (n 573, kiff_z, 1) wherer —3 > s > 0andn—1 >
Ar—s—2 >3, then

n+r—s—3 n+1
Hn,)L:
r—s—3 Ap—s—2+1

Ap—s—2+s+3
* << g SS2+ > )(” —dpes—2) Ay 2 +2) — (s 2+ D — 1 — 2)\}’—3—2)) .

Similarly, when A, = 2, replacing r and s with r — s — 5 and s + 4, respectively,
immediately gives the following corollary.

Proposition 5.8 If A = (n" 57,25 1) where r —5 > 5 > 0, then

n+r—s—5/n+1 s+7
e () (v ws).

Proposition 5.9 If 1 = (n*, 13), then H, ; = (k:")w
Proof By Lemma 5.4 and Theorem 2.3, it suffices to show that H,, ; = w
where A corresponds to the partition (13). Since rays contribute 1 each and any k-
orthant for k > 2 would change higher order terms, this means that there are 3 rays to
be chosen. Thus, a saturated monomial with this Hilbert polynomial is equivalent to
the choice of 3 rays.

There are (";l) ways to choose the rays in distinct directions. There are 2n (”42'1)
ways to choose the rays in only two directions. Finally, there are (n + 1) (n + (g))
ways to choose the three rays in the same direction. In total, there are

[C?ﬁ+%¢§ﬁ+@+w@+ﬂgﬁﬂ

saturated monomial ideals in n + 1 variables with Hilbert polynomial p;. This count
simplifies to

Hy s = (n(n + 1)3(5n + 1)) '
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