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1 Introduction

This paper discusses punctual Hilbert schemes, Hilbert schemes that parametrize collec-
tions of points. When the points lie on a two dimensional surface, these schemes are well
understood. Section 2 of this paper briefly describes such schemes, and motivates what
will be this paper’s central topic: Understanding schemes of degree d supported at a point.
Section 3 and 4 deal with some examples. Section 3 describes the variety parametrizing
schemes of degree 3 supported at a point, and section 4 examines the spaces parametrizing
schemes supported at a point and contained in a curve. Sections 5 and 6 generalizes a result
from section 4 and describes an affine cover for schemes supported at a point when degree
and hilbert function are fixed. Section 7, using earlier results, computes the dimension of
the varieties from sections 5 and 6, and, by extension, the dimension of Hilb" P2, showing
it to be 2n.

2 Punctual Hilbert Schemes of the Plane

Definition 2.1. For a fixed scheme X, and a polynomial f such that f(n) € Z for any
integer n the Hilbert Scheme Hilb/ (X) is the scheme that parametrizes all subschemes
of X with Hilbert polynomial f.

When X is projective, this scheme always exists, see [2] for a construction.

The purpose of this thesis is to study a specific type of Hilbert scheme. For our purposes,
the fixed scheme X will be P? (or really any smooth surface) over an algebraicly closed
field of characteristic 0, to be called k. We will parametrize schemes with constant Hilbert
polynomial, i.e those supported at a point Hilb™(P?) parametrizes schemes of dimension
0, and degree n. If such a scheme is also reduced, then it is a collection of n distinct
points. If such a scheme is not reduced it is supported at m points in P? for m < n. Since
the schemes parametrized are supported on finite sets of points, the space is called the
Punctual Hilbert Scheme.

There is a map from Hilb"(P?) — (P2)"/S™. The target space is an n-fold product
of copies of P? modulo the action of the symmetric group on n letters permuting the
coordinates. The map sends a punctual scheme to the closed points of its support, counted
with multiplicity. The map is surjective, and on the open set excluding the diagonal (tuples
of points in P? where at least two of the points are nondistinct) the map is one-to-one,
because there is exactly one scheme of degree n supported at n distinct points, the collection
of points themselves.

This map from Hilb"(X) — (X)"/S™ for smooth projective varieties X is known as
the Hilbert-Chow Morphism. In the case of X = P? this map is a desingularization, but
that will not be shown here.

Understanding the fibers away from the open set of distinct points will allow us to
understand Hilb™ P2. This paper will spend most of its time studying fibers over the small



diagonal, tuples of points in P? /S™ where every point is the same. The main theorem, that
a fiber over such a point has dimension n — 1 allows us to conclude that dim Hilb™ P? = 2n.
This does not seem surprising, but the analogous result for P? or higher is false!

If a point is in the small diagonal of (P2)", its pre-image under the Hilbert-Chow
morphism is the set of degree n schemes supported at a single point.

This set can be understood as a variety and as a Hilbert scheme by replacing P? with
Spec k[[x, y]]. This is easier to work with because Spec k[[x, y]] is affine, schemes of degree
n are in bijection with ideals I in k[[x,y|] with dimy k[[z,y]]/] = n. Since the rest of the
paper will study this construction it will be helpful to abbreviate and set R = k[[x, y]], and
in an abuse of notation write Hilb™ Spec k[[z, y]] as Hilb"™ R.

2.1 Ideals of k[[z,y]]

First, some preliminary notions and definitions that will appear throughout the paper. If
I is an ideal in R then denote by I; the elements in R; that are initial forms of elements
in I, i.e. the u € R; such that there is some v € m/H with w40 e 1.

Next, and ideal [ is graded if it can be generated by homogenous polynomials. To each
ideal I, we define the associated graded ideal I* as the ideal generated by the initial forms
of elements in I.

Definition 2.2. The type of I is the tuple (to(1),t:1(I),t2(I),...) where t; = dimy R;/I;.
There are several important but simple claims to be made about the type of and ideal.
1. If I has colength n, then 3 ¢;(I) = n.
2. t(I) =t;(I%)

3. Say that dim R; — t;(I) = j + 1 — t;(I) is greater than 0. This means that I; # 0.
Since dim R;,1 = j+2 and multiplying by x and by y gives that dim I;; > dim I;+1
it is the case that t;1(I) < tj(/;). This means that the set of possible types is must
be of the form (1,2,3...d,t4(I),tq41(I),...). d is the largest integer with I C mé*!,
and for k > d we have t,(I) < tp_1(I).

4. Tt is also true that for any tuple of the form (1,2, 3...d, ng, ng+1, ...) with ng > ngq for
k > d there is an ideal I in R with exactly this tuple as its type. This is relatively easy
to construct. Generate I by choosing d + 1 — ng elements in Ry, and in successive
graded piece of R pick new generators not already contained in I to produce the
proper codimension.

Later, it will be convenient to have defined the jump indez of a type T as the following
sequence of numbers. For fixed T and an integer j > d, define the jump index at j as
€; = tj — tjfl.



Finally, let Z7 denote the locally closed subscheme of Hilb"(R) consisting of ideals of
type T. It is clear that
Hilb" k[[z,] = | J Zr
|T|=n

2.2 Variety Structure and Inclusion into the Grassmanian

Theorem 2.3. Hilb"(R) is a variety (i.e. it is reduced)
This will be done by constructing Hilb"(R) as a subvariety of a grassmanian.

Lemma 2.4. FEvery ideal in R of colength n is contains m™ where m is the mazximal ideal
(z,y).

Proof. This is shown by induction. First, as a base case, R itself is the only ideal of colength
0, and it contains m* = R. Now assume the theorem holds true for ideals of colength n — 1
and less. Let I be an ideal of colength n that does not contain m™. Pick some f in m" and
not in I. Then the ideal generated by I and f is strictly bigger than I so has colength less
than n, so it contains m"~!. Since m"~! = (I, f),_1 = I,_1 we conclude that I contains
m”~ 1. Contradiction. O

This lets us realize the punctual Hilbert scheme as a variety within a grassmanian. We
know that
m? +m

2

Then every ideal of colength n can be realized as a point within the grassmanian
G(R/mn, mm _ ),

Not every n-dimensional subspace of k[[z,y]]/m"” is an ideal. The subspaces V' that are
ideals satisfy the constraint that zV;_1 UyV;_1 C V; for all . But this can be expressed as
an algebraic constraint, so the subspaces that are ideals form a subvariety.

dimk R] /m" =

3 The case where n =3

Without too much work, Hilb3(k[[x, y]]) admits an explicit description, and can be recog-
nized as a cone over a cubic curve.
First, we describe its stratification.

Definition 3.1. A scheme supported at a point is called curvilinear if it is contained in a
smooth curve passing through its support

Now we give a more algebraic characterization

Proposition 3.2. The ideals in k[[z,y]] characterizing curvilinear schemes are exactly the

nontrivial ideals (of finite colength) that are not contained in m?.



Proof. Let S be a scheme supported at the origin in A? and C be a smooth curve containing
S. Let S correspond to the ideal I C k[[z,y]] and I(C) = J. The image of J localized to
k[[z,y]] is not contained in m?, and since J C I neither is I.

In the other direction let I be a nontrivial ideal of k[[z,y]] not contained in m2. If
I = m, then we are done. Suppose I # m we must have ¢1(/) = 1. This means ¢,(/) <1
for n > 1. Since [ has finite colength this means the type of I is (1,1,1,...1,0,0,0,...). This
means I/m" is a principle ideal, generated by some polynomial f. f cuts out a smooth
curve passing through the origin, containing Spec I. 0

Notice now that if an ideal in k[[z, y]] has colength 3 and is contained in m? it must be
m?. So there is only one point in Hilb?(k[[z,]]) that is not curvilinear. Every other ideal
is contained in a smooth curve. In particular, it is of the form (f,m?) for f a curve that is
smooth at the origin, and of degree at most 2.

The subvariety of curvilinear schemes, which will be called C3, has a nice description:
it is the total space of Op1(3), the degree 3 line bundle on P'. First note that there is a
natural inclusion of i : P — C3. Interpret P! as the space of lines through the origin in
P2, and send every line £ to the ideal (I(£), m?) where I(£) is the linear form cutting out £.

We also have a projection map p : C2 — P2, Send an ideal of the form (f, m3) to the
line tangent to f at the origin. This is equivalent to deleting the degree 2 terms in f, so it
is clear that p ot = id.

Proposition 3.3. C3 is the total space of the line bundle Op1(3), with i being the zero
section.

Proof. Let I be a curvilinear ideal written as (f, m3). Say the linear part of f is ax +by and
assume without loss of generality that a # 0. Then it is clear that z2 + g$y7 and xy + ng
are contained in I, so we can pick a new generator for I and write it as (z + §y + cy?, m3).
This form (x has coefficient 1, no x2 or zy term) is unique. Let ¢ be the point in P! that 4
sends to (z + %y, m3). Then the fiber of p over / is identified with A! by the coefficient ¢
of y2.

The fibers are locally trivial over the two open sets of D, and D,, by construction.
Further, we can write down the explicit transition functions. If I can be written as (z +
coy + c1y?, m3), then modulo I we have the equivalences

22 4 cozy = 0 and zy + coy® =
so I can be rewritten as (y + %x + Z—éxQ, m3). This is the transition function for O(3). O
0

The fact that this bundle is O(3) can be seen in one other way. Pick 3 general points
pi in A%, Then if £ is a line through the origin there is a unique conic containing the three
points tangent to ¢ at the origin. By taking ¢ to the curvilinear scheme contained in that
conic at the origin, the three points determine a section of C3, as seen in figure 1. The
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Figure 1: The points P, Q, R, and the points 2P, 2Q, 2R determine two conics through the
origin with identical slope.

section has a zero whenever the curvilinear scheme produced is contained in a line through
the origin, and that happens whenever ¢ = Op;, so it happens three times.

Now, fixing ¢, we can explore the fiber by looking at tpy, tps, tps and letting ¢ vary. Let
S; be the scheme associated to ¢ in this set up. To compute lim;_, 5, make the same setup
in P2, define [1 : 0 : 0] as the origin and take p; to the line at infinity. Once the p; are
collinear, the only conics containing them are unions of two lines, one through the p; and
on through the origin. So lim;_, St is a scheme contained in a line.

To compute lim;_,q it is easier to take the limit in G(3, k[[x, y]]/m3). The subspace
corresponding to the ideal (z + coy + cy?, m?) has x + coy + cy?, 2y + coy?, 2% + cozy as a
basis.

If the points pi,po,ps and the line ¢ determine the ideal (z + coy + cy?, m?) then
the points tp1, tps, tp3 determine the ideal (tz + tcoy + cy?, m?®). This corresponds to the
subspace (tx + tcoy + cy?, xy + coy?, 2 + cory). We take t — 0 to see the limit is the
subspace (y2, ry, z%) which of course is the ideal m?.

G(3,6) is embedded in P(A®k5). In this embedding the curve parametrized by

t > (tx + tegy + cy?, zy + coy®, 22 + coxy)

is in fact a line. So the variety Hilb® K[[x, y]] is a cone over the image of P! as the curvilinear
schemes contained in a line. To find the degree of this image, take an arbitrary hyperplane
that does not contain the point corresponding to the ideal m?. The intersection of this
hyperplane with Hilb® K[[z,]] defines a section of the bundle O(3) so the hyperplane



meets the graded curvilinear ideals 3 times, so the graded curvilinear ideals are a curve of
degree 3. Thus Hilb® k[[z, y]] is a cone over a curve of degree 3.

4 Curvilinear schemes of higher degree

When n > 3, curvilinear schemes become more complicated. The ideal corresponding to a
curvilinear scheme of degree n can be written as (f, m") for f a degree n — 1 polynomial
in x and y that is smooth at the origin. Denote by C™ the variety of curvilinear schemes
of degree n supported at a point.

Similarly to the first part of the proof of theorem 3.3, if we assume without loss of
generality that the linear part of f is  + c1y, we can write the ideal as

(x4 1y + coy® + - cp1y™H,m")
Once again there are the natural maps from i : P! — C™ taking a line through the origin
to the degree n scheme it contains, and p : C™ — P! taking a curvilinear scheme to its
tangent line. The fibers of p are A"~2, since for i > 1 ¢; can be freely determined.

C™ is then an affine bundle over P! with a distinguished section. However, for n > 3,

C™ is not algebraic vector bundle.

Proposition 4.1. For each n, and any k > n, the line bundle over P! corresponding to
ideals of the form (ax + by + cy™, m*) is O(n).

Proof. Reduce to the case k = n+1 by noting that for f and g two polynomials in x and y of

degree n and k > n it’s the case that (f,m*) = (g, m") if and only if (f,m"*!) = (g, m"+1)

It suffices to describe the transition functions on the open set in P! where neither x or

y is 0. The ideal (z — coy + cy™, m"+1) contains x'y" ¢ + coa’~1y" ="+ for all i. Therefore,
n — C n—1

ey = Say" . We can continue this process, trading powers of y for powers of x and

picking up additional % terms to see that the ideal can be rewritten as can be rewritten
as (y — éaz — Sa™ m™*1). This is the transition function for O(n) O
0

For each n there is a map p, : C" — C™ ! coming from the map I — I +m"™. There
is also a map i, : P! — C™ as usual coming from the inclusion of linear forms among
polynomials of degree at most n — 1. Then p,, ! (i,_1(P!)) is the O™ just described. Hence
it is sufficient to show that C* is not a vector bundle. The rest of the proof follows from
induction. If C™ were a vector bundle, it would contain O(n), and, as a vector bundle over
P!, it would split. Then C™~! would be isomorphic to C"/O(n) and thus a vector bundle
as well.

Theorem 4.2. C* is not a vector bundle



Proof. Assume for the sake of contradiction that C* is a vector bundle. We first show it
must be isomorphic to the bundle O(4) & O(3). Note that it sits in the middle of

0 —— O(4) ct L 3 0

We will show that,assuming C* is a vector bundle, then p is a map of vector bundles,
so this will be a bonafide short exact sequence of vector bundles, and hence must split.

Restricted to the inclusion of O(4) — C* the map p is the zero map. Then if u is a
section of O(3), and w a section of O(4), viewed as a section of C* we have p(u + w) =
p(u) + p(w) = p(u) since a map sending w +— p(u + w) — p(u) is a fiber bundle map from
O(4) — O(3) and must be zero. Similarly, since the only fiber bundle maps from O(3) to
itself are vector bundle homomorphisms p|O(3) must be a vector bundle isomorphism.

This derives a contradiction because there is no section from C® — C4. This becomes
apparent when the transition functions for C* are written out. If (x4 c1y + coy® + c3y®, m?)
and (y+byx +box? + b3z, m*) define the same ideal I then substituting y = —(b1x +boz? +
bsz3)(mod I) shows that

x — 1 (b1 + box® 4 b3x3) 4 co(brx 4 box? + b3x)? — c3(brx + boa® + bza®)3 € 1

This polynomial is also in (z), but TNz C x*, or else I contains 2® and y+byz+box? +bza?,
contradicting the fact that it is codimension 4. By setting the linear through cubic terms
of this polynomial equal to 0, we derive the transition functions

1. 1-— Clbl =0
2. Cgb% — 01b2 =0
3. 2cob1by — c1b3 — 036? =0

Combining these equations we can write by = bl_lb% — c3b]. Now say c3 can be written
as a polynomial function of ¢; and co, or as a polynomial function g of bl_]L and b1_3b2. That
means by = by b3 — g(by ', b °bo)bt. But it is impossible for a term of g(by !, b7 2b2)b} to
cancel by b3, so this section g cannot be extended over by = 0.

This completes the proof O

This concludes the bulk of the examples for the paper. The rest will be devoted to
computing the dimension of Hilb" k[[x, y]] and, in order to do this, proving that for any
type T', the ideals of that type form an affine bundle over the graded ideals of this type.

5 Affine Bundle Structure for Ideals with Fixed Pattern

The plan of attack, drawn from [1], is as follows. First, instead of looking at all the ideals
of type T, we will first look at the ideals of type T that are disjoint from a fixed, large-
as-possible subspace of R/m". When this is assumed, it is possible to straightforwardly



produce generators for an ideal. Upon further examination, some terms in the generators
can be freely chosen, and the other parts are then uniquely determined. This shows that
the subscheme of ideals disjoint from the fixed vector space is actually an affine space and
lets us determine its dimension.

After showing this for a fixed vector space. It will be shown that after selecting only
finitely many such vector spaces, every ideal will be disjoint from at least one of the vector
spaces chosen, i.e. Zp can be covered by a finite union of affine spaces.

5.1 The structure of ideals in k[[z, y]]

Definition 5.1. For T a type, A pattern of type T is a set P of polynomials in x and y
with |Pj| = t;. The normal pattern of type T is the pattern of type T' where terms are
chosen to have highest possible = degree.

Definition 5.2. An ideal I C R has pattern P if one of the following equivalent formula-
tions holds:

1. For all j € N it is the case that (PNm/) @ (I Nm/) = m?
2. For all j € N it is the case that (P;) @ (I;) = R;

3. (PyNI=0and |Pj| =t;(I)

Of course, equivalence needs to be proven.

Proof. 1 — 2) Given that (INm?)@® (PNm’) = m’ and that (INm/TH) @ (PNmI*T!) = m/*!
it follows that

Rj=w//mi™ = (Inw)) & (Pnw!)) /(I Nnm/™) & (Pnmith)
= (Inw))/(Inm/tH)) & (Pnwm!)/(Pnm/th)
— ;0P

2 — 3) Since t;(I) is defined as dim R; —dim [; it is clear that dim P; = ¢;([), and that
(Pj) N I; = 0. Say the intersection (P) NI has some nonzero element. Then that element
has an initial form of degree j, but this contradicts (P;) N I; = 0.

3= 1)If(P)NI =0and |Pj| = t;(I) then (PNm/)N(INm/) = 0. Quotienting out by
m”, where n = codim I we have that the two subsapces are disjoint and of complementary
dimension, so for all j <n (PNm/)/m"® (I Nm’/)/m™ = mI /m™. We know that for k > n
P, =0 and I, = Ry, so this result lifts to what is desired ]

It will frequently be helpful to think of R, and ideals and patterns in R as arranged in
a sort of Pascal’s Triangle, as in figure 2.

Now, pick a pattern P that is a valid pattern for an ideal, it can be used to determine
a generating set for I. Let v; be the monomial in R; with the highest z-degree that is not
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Figure 2: In a pattern of type (1,2,2,1,0...). By our notation ug = X4, u; = X?Y, and
us = Y?

in P;. For convenience when P; = R; say v; = 0. It is clear that, the z-degree of zv; is
less than or equal to the x-degree of v;;.

Let U be the set of monomials such that U; = {2/ "y;|deg, v; < j —i < deg, xvj_1}.
The set U is highlighted in figure 2.

Proposition 5.3. Some simple facts about U :

1. If d is as above, the largest integer for which Py_1 = Rq_1, then Uy = 0 for k < d.
2. U has exactly d+ 1 elements

3. Distinct elements have distinct y degrees going from 0 to d. For the future, u; will
refer to the monomial ¥y contained in U. Note that ug is a power of x, and ug = y®

4. Define Uy as the subset of U consisting of elements of degree k. Letting T =
(1,2,3,...d,tq, tay1,..) then Uy has size equal to eq + 1, and for j > d U; has size
equal to e;.

As a vector space (P) spans R/I, since it is disjoint from I and dimensions check out.
Thus for every u; € U there is an h; € (P) such that f; = u; — h; € I. These f; will be
called the standard generators for I, and now we prove this name has merit.

Theorem 5.4. Defined as above, I = (fo,...fq)

Proof. This is first shown in the case that I is graded. Let J = (fo,...fq) Clearly J C I.
The fact that J = I will follow from the claim that for all k& Jy + (Px) = Rx.

10



Figure 3: The set S(zy)

The proof of this claim goes by induction. Clearly for k < d Ji + (Px) = 0 + Ry and
for k =d Jg+ (P) = (Ug) + (P;) = Ry.
Now assume Ji + (P;) = Rj. Then

Ri1 = (yF 1 o Ry)
= (" ady, o P)

= (" Ty, Pey, Upsr)

By definition (Pk+1, Uk+1> C <Pk+1, Jk+1>, so Rpy1 = <Pk+1, Jk+1>

This shows the result if I is graded. Suppose that I is not graded, and let fi,...fq be
the standard generators for I. Denote by F; the initial form of f;. It is not hard to see that
Fy,...Fy will be the standard generators for I*. Since I* is equal to I/ml we can apply
Nakayama’s lemma to see that I = (f1,...fq) O

Definition 5.5. If u is a monomial, then S(u), called the shadow of u, is the set of all
monomials of degree greater than or equal to the degree of u, and = degree greater than or
equal to the x degree of w.

In the Pascal’s triangle arrangement, S(u) is all monomials in or to the left of the
triangle extending below u. Figure 3 shows S(xy) below the dotted line.
Now we show an alternate way to generate S(u)

Lemma 5.6. For a fixed pattern P, let U be as above, and let f; be equal to u; — h; for
h; € <Pﬂmdegui>.
Then (fo,...fs) + (P Nmdesus) = (S(uy))

Proof. The proof proceeds by induction. In the case s = 0 fy = ug = 2%, PN mko = (),
and S(zo) = (z0) = (fo)-

11



Now assume the theorem holds for s — 1. It is pictorially clear that (S(us)) = (us) +
(S(us_1)) + (P Nmdees) Take g € (S(us)), and write g as agus + k for k € (S(us_1)) +
(P Nmdeets). Then

g— aofs = agus — agfs + k= aphs + k

Examining ahg, it is possible to express ag as § + v so that yhs € (S(us—1)) + (PN
mde8¥s) and Bhs € (us). This means Bhy, = ajus and it is neccessary that the highest
power of x dividing «y is greater than the highest power dividing £, which is in turn greater
than or equal to the highest power of x dividing ay We then can rewrite g — g f = ajz+ k'
for k' € (S(us_1)) + (P Nmdesus)

This can be repeated until zF—1=%s divides the resultant cv,. This means

9= (a0 + a1+ an1)fs € 27 7P (ug) + (S(us1)) + (P NmIesn
From the definition z¥s—17Fs (u,) C (S(us_1)) so that means
9 € (fs) + (S(us—1)) + (P nmeesre
Apply the induction hypothesis to see g € (fo,...fs) + (P Nmdesus), O
As a corrollary of this, if (fo,...fs) N (P) =0 then (S(us)) = (fo,..-fs) ® (P).

This concludes the helpful lemmas and allows us to state and prove the main result.

5.2 Relations on Generators

The goal is to prove that the subvariety of ideals with pattern P is affine. From earlier
results, we know that to specify and ideal with pattern P, it is enough to specify all the
coefficients of the monomials in P for each f;. Now we show that the relations on such
coefficients are particularly nice.

Theorem 5.7. Let P be a normal pattern, and fy,...fs be polynomials of the form f; =
u; + h; for hy € (P Nmde%) so that (fo,...fs) N (P) = 0. We want to choose fsi1 so that
(fos - fs, fs+1) N (P) = 0. Write

for1 =ust1+ Y aii + Y biB;

so that o;, j € PN mdesvi gnd gks—Fst10; & P while x¥s~*s+18; € P. Then the set of a;
uniquely determine the set of b;j and moreover, the set of a; can be chosen arbitrarily.

Proof. Say
g= mks—l~cs+1 Z a; o and h = xks_ks+1 Z bj,Bj

Then, gd+ h = xFs—kst1f 1 € (S(us)). So modulo (fo,...fs), g is equivalent to some
B € (P nmdegus),

12



This means that z¥s—%s+1 f. .y = b/ 4+hmod(fo, ...fs). To enforce that (fo,...fs11) NP =
0, it must be the case that z¥s=*s+1 .1 = 0mod(fy,...fs). Since k' and h are contained in
(P Nmdee¥s) that means h’ = —h. Since A’ is clearly determined by g, so is h.

Moreover, suppose the a; are determined. Then we can solve for h, and dividing
by zFs—Fs+1 uncover the bj. This gives us a candidate fs;1. We need to show that
(fo,---fs+1) N (P) = 0. First note that (fs41) N (P) = 0, since foy1 = Ust1 + hpy1 and
(us41) N (P) =0, while hsy1 € (P).

Now observe that (fo,...fs11) N (P) C (P Nmdeus) : Let S5 g, f; = ho + hy be in
(fos - fsr1) N {P) with deghg < degus. Then modding out by m4°8%s we have g,y 1fs11 =
ho(mod mdeg“S). But this is impossible unless hg = 0, since fs11 contains ugy; and no
terms of lower degree.

Now suppose Zfi& gifi € (fo,...fst1) N {P). Since (S(us)) = (fo,...fs) @ (P N mdeets)
then gsi1fst1 € (S(us)). But (fsy1) N (S(us)) = (zFFs+1 £, 1) C (fo,...fs). This means

(fo, - fst1) N {P) C (fo, - fs, 2™ 7F1 fo0) N (P) = (fo, .. fs) N (P) =0
This completes the proof. ]

This theorem is the most important result of this section and the rest follows straight-
forwardly.

For one thing, consider graded ideals. The following propositions show that the gener-
ators described above work well for graded ideals

Proposition 5.8. Say I has pattern P. I is a graded ideal if and only if the standard
generators f; are homogenous

Proof. Since (fo, ...f4) = I the < direction is clear.

Now suppose [ is graded. Then f; = h; + hj41 + --- with hy in the kth graded piece
of I, and j = deg(u;). But this means hjy1 4+ hjio +--- € IN(P), so it is 0, so every term
is 0 so fs = h;. O

This lets us show a similar result for graded ideals

Theorem 5.9. Let fy,...fs be chosen to be homogenous, of the form f; = u; + h; for
h; € (P Nmde%) so that (fo,...fs) N {P) = 0. Also, let a;, oy, bj, and B; be as above.

Then say that the a; of fsy1 are determined so that ap, = 0 whenever deg ay, # degugy1.
The b; are uniquely determined so that (fo,...fs+1) N {(P) =0, but in addition to this, fsi1
will be homogenous of degree deg ug

Proof. 1t suffices to show, in the language of the earlier result, that A is homogenous of
the same degree as g, since we can then divide by z¥s=*s+1. But g — h € (fo, ...fs) which
is graded, so it can be written as g — hj — hjp1 — --- with h; in the ith graded piece of
(fo,.-.fs). But then hji1, hjio, ... are contained in (fo, ...fs) and also (P) so they are 0. [
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This shows that for a fixed pattern P, the ideals of pattern P form a trivial affine
bundle over the graded ideals of pattern P. Once we write Zr as a union of finitely many
such open sets, this will show that Zp is a locally trivial affine bundle over Gp. This is
because if an ideal I has pattern P, its associated graded ideal has pattern P as well., so
we can check local triviality over the open sets corresponding to a fixed pattern.

6 Finite covering

This will only proves the result for Z; one we show that Zp can be written as a union of
finitely many Zp with different patterns P.

A pattern corresponds to a particular parametrization of R. Any polynomial in z and
y can be rewritten as a polynomial of the same degree in 2’ =  — ay and y. When the
generators of an ideal are rewritten, we can check whether or not they satisfy the normal
pattern of the same type in 2’ and y.

We will show that for a fixed type T there are finitely many aj,..an such that every
ideal of type T satisfies the normal pattern in the parametrization z — a;y, y.

A stronger claim, which will prove the above is that there is some M such that for any
ideal I there are at most M choices of a so that I does not satisfy the normal pattern in
x — ay,y. Then any choice of a1, ...aps+1 will be acceptable.

First, we restate what it means to have a normal pattern.

Proposition 6.1. I has normal pattern in the parametrization x,y if and only if for all j
(27+176) 1 (I;) = 0.

Proof. From Definition 5.2, I has normal pattern P if and only if (P;) N (I;) = 0.
The elements of P; are 27,27 ly, .27t =tiyti. Thus (P;) = (27717%) N R}, so

(PyNL = @9y NR; NI = (27 T179) N I

Now we prove the main result of this section
Theorem 6.2. Z7 is a union of finitely many Zp

Proof. When t; = 0 it is immediate that (z/71=%) N I; = 0, because the two things we are
intersecting live in different degrees. Also if I has codimension n, then ¢; = 0 for j > n.
So it is enough to find an M, such that for any ideal I and any j ((z —ay)? ™ =%)N1; #0
for at most M; values of a. For j > n M; will be 0 so we can then take M = >"° M;.

If I; = 0 we can take M; = 0, so assume otherwise. Since dim R; = j+1 and dim P; = t;
we have dim [; = j + 1 —t;. Say that I = (fi(z,y),...fi+1-¢;(x,y)). Let V be a k vector
space that is a subspace of k[z] generated as (fi(z,1),...fj+1-¢,(2,1)). It is clear that
((x — ay)?™174) N I; # 0 if and only if there is some f € V with (z — a)/™17% dividing f.

14



In this case there is a neat way of determining if there is such an f. This is equivalent to
r — a dividing the Wronskian of fi,...fj+1-+;. The Wronskian is equal to the determinant

of
fi e fit1-t;
Dfp -+ Dfjti-y
Di7tify ... DIi74 fijtj

where D is the ith derivative.

If (# — a)’*!17% divides some element in f € (f1,...fj11-;) then we can change basis
for V' and rewrite the above matrix so one column is f, % fy.o.. Then (z — a) will clearly
divide the wronskian.

Since f; has degree no greater than j, the wronskian is a polynomial of bounded degree.
Furthermore, since the f; are linearly independent the Wronskian is not uniformly 0, and
thus has a bounded number of roots. This will be proven as a separate lemma.

This completes the proof. O

Lemma 6.3. If f1,...f, are linearly independent polynomials, their wronskian is not uni-
formly 0.

Proof. Since differentiation is linear we can replace f; with linear combinations as long
as we preserve linear independence. Then we assume, without loss of generality, that f;
has the highest degree and the degree of fo,...f, is strictly smaller. Then we make it so
f2 has the highest degree of fs,...f, and the degrees of fs,...f, are strictly smaller, and
so on. This means that when we compute |D/f;|, there is a unique monomial of highest
degree found in the product of the terms along the diagonal, so the polynomial cannot be
uniformly 0. O

Returning to Hilbert Schemes, this finite union is connected. In fact, the combined
intersection of all the open sets in the cover is nonempty. Let P be the normal pattern in
x and y, and let I be the ideal generated by (uo, ...uq) as before. Then I has every normal
pattern in every parametrisation.

This is clear because I; = (y/,zy/ 1, .27 tiyl) so V; = (1,x,..27"%) which has an
upper triangular wronskian with diagonal 1. Since x — ay never divides 1, I has every
normal pattern.

7 Dimension

Recall the properties listed about the set U in Proposition 5.3. In particular, |Uy| = eq+ 1
and for j > d |U;| = e;

We can now compute dimensions. Since Zr can be covered by finitely many Zp, it
suffices to compute dimension for ideals having a fixed pattern.
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Figure 4: s = 3 and with the given pattern ko — k3 = 2. The highlight terms are the
elements of P that land outside when multiplied by z2. Those in red are of degree less
than degus

7.1 Dimension of the space of all ideals of type T

Let P be a pattern with type T'. For each fg there are s(ks_1 — ks) monomials in P with
z-degree no less than us such that multiplying by z*s-1~%s brings them out of P. (For
s = 0 ks_1 is incoherent, but this term is 0 anyway so it doesn’t matter). See figure 4 for
an example where us = uz = y> and uy = z2y>.

Also note that J

d
D s(ke1 — k) =) ki=n
s=0 s=0

This however, overcounts the total number of terms. For each fs we have counted terms
of degree less than the degree of us. These should not contribute to f;. One such term in
the excess is produced for every u, with a < s and degu, = degus_1, and all such terms
are produced this way.

Say 7 > d. We will compute the number of overcounted terms when degus_1 = j. Let
Uj = {Ua;Uay1, - Uate;—1} fate; contributes |U;| overcounted terms, foye;—1 contributes
|Uj| — 1 overcounted terms, and so on. Remembering that |U;| = e; this gives a total of

€j

. ejle;+1
S = Gl

=1

Now say that j = d This is the same as before except there is no us of degree less than
d with degus_1 = d, so the sum is instead ngol_l i. However, since |Uy| — 1 = eq4, this is

exactly M.
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This gives the total dimension of Zp, and thus Z7 as n — 37, ej(eéﬂ).

This proves that the dimension of Hilb™ R is equal to n — 1, since curvilinears have
dimension n — 1 and are the highest-dimensional component. In fact, Hilb™ R is irreducible
of dimension n — 1, but that takes more work to show.

7.2 Dimension of graded ideals of type T’

For graded ideals, it is easier to count exactly the number of terms. For each s, we want
to count elements of P that have degree equal to degus such that multiplying the element
by x¥s—17ks sends it outside of P. This is equivalent to the number of a such that

degu, > degug, and degus_1 < degu, < degus_1 + 1

Fix u, with degu,. = j. How many allowable options are there for us_1 so that the
above relation holds? us—1 could be any element of U;_1, unless j — 1 = d in which case
us—1 could be all elements except ug. If j # d us—1 could also be the element of U; with
highest possible y-degree, guaranteeing that degus < degu,. Thus the total number of
terms coming from u, is

0 if degug, =d
|Uq| if degu, =d—1
|Uj—1| + 1 otherwise

This simplifies because |Uy| = eq + 1 and |U;| = e; for j > d. The total is then

Z Zej_l +1= Z ej(ej_1 + 1) = Z(ej + 1)€j+1

J=d+1 |U;] J=d+1 j=d

As a final note, this shows that dim Hilb™[[z, y]] = n — 1, since this is the dimension of
the subscheme parametrizing curvilinear schemes. This shows that in Hilb™ P2, nothing has
higher dimension than the open set parametrizing n distinct points, so dim Hilb" P? = 2n

8 Conclusion

That concludes the results for this paper. There are many other related areas of interest.
When P? is replaced with P2, the above methods fail to generalize easily. For large enough
n, Hilb™ P? is not irreducible and has unknown dimension. In a different direction, affine
bundle that are not vector bundles are not well understood. The ones constructed in this
paper can be distinguished by looking at the tangent bundle of the ’zero section’. For
example, the tangent bundle of P! included in C* is O(4) ® O(3).
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