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Abstract

The p-invariant g = (p1, p2, 43) of a rational space curve gives impor-
tant information about the curve. In this paper, we describe the struc-
ture of all parameterizations that have the same u-type, what we call a
p-stratum, and as well the closure of strata. Many of our results are based
on papers by the second author that appeared in the commutative algebra
literature. We also present new results, including an explicit formula for
the codimension of the locus of non-proper parametrizations within each
p-stratum and a decomposition of the smallest p-stratum based on which
two-dimensional rational normal scroll the curve lies on.

1 Introduction

A rational curve of degree n in projective 3-space is parametrized by
(1.1) F(s,t) = (ao(s,t),a1(s,t),a2(s,t),as(s,t))

where ag, a1, as, a3 are relatively prime homogeneous polynomials of degree n.
If F' is generically one-to-one and ag, a1, as,as are linearly independent, then
the image curve C has degee n and does not lie in a plane, i.e., C is a genuine
space curve.

For a parametrized planar curve of degree n, the 1998 paper [CSC] intro-
duced the idea of a pu-basis. Since then, u-bases have proved useful in the
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study of the singularities of rational plane curves, as evidenced by the papers
[FWL, SCG] in the geometric modeling literature and [CKPU] in the commu-
tative algebra literature.

The groundwork for the space curve case appears in [CSC, Sec. 5], and
the connection with singularities has been studied in several papers, including
[JWG, SC, SJG, WIG]. For references to the (fairly extensive) algebraic geom-
etry literature on rational space curves, we direct the reader to the bibliography
of [13].

An idea introduced in [CSC] was to study the p-stratum consisting of all
parametrizations of plane rational curves with given degree and p-type. In this
paper, we will extend this idea to rational space curves and more generally to
define the p-strata of rational curves in projective d-space, based on the papers
[I1, I2] of the second author. A terse version of the results presented in Sections 3
and 4.2, written for commutative algebraists, can be found in [I3]. The results
concerning properness in Section 4.1 are new to this paper and this topic is
not mentioned in [I1, I2]. Results concerning the decomposition of the smallest
p-stratum are geometric consequences of [I2], but were not developed there.

We will review the planar case in Section 2 and then discuss p-strata in
higher dimensions in Section 3. We will give examples to illustrate the unex-
pected behaviors that can arise. Section 4 will study non-proper parametriza-
tions and explain how parametrizations in the smallest p-stratum relate to two-
dimensional rational normal scrolls in P?. Proofs will be given in Appendix A.

2 Planar Rational Curves

For the rest of the paper, we will work over an arbitrary infinite field k, which
in practice is usually k = R or C. Set R = k[s,t] and let R,, be the subspace
consisting of homogeneous polynomials of degree n.

A rational curve in the projective plane is parametrized by

(2.1) F(s,t) = (ao(s,t),a1(s,t),aa(s,t)),

where ag, a1,a2 € Ry. In this section, we will assume that ag, a1, as are relatively
prime and linearly independent and that F' is generically one-to-one.

A moving line of degree m is a polynomial Ag(s,t)x + Ai(s,t)y + Aa(s,t)z
with Ag, A1, Ay € Ry,. Tt follows the parametrization if

(22) Aoao + A1a1 + AQCLQ =0in R.

A p-basis for F consists of a pair of moving lines p, q that follow the parametriza-
tion and have the property that any moving line that follows the parametriza-
tion is a linear combination (with polynomial coefficients) of p and ¢. Assuming
deg(p) < deg(q), one sets u = deg(p), so that deg(q) = n — w since it is known
that deg(p) + deg(q) = n. In this situation, we say that F' has type p (this is
the terminology used in [SJG]). Thus the p-type is the minimum degree of a
moving line that follows F. Note that

1<p<|n/2]
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since ag, a1, as are linearly independent and p < n — .

To connect this with algebraic geometry and commutative algebra, we in-
troduce the ideal I = (ag, a1, a2) C R. Then, as explained in [CSC], the Hilbert
Syzygy Theorem gives an exact sequence

(2.3) 0— R(—n—p) & R(=2n+ p) =5 R(-n)® 25T — 0,

where B is given by (ag, a1, a2) and A is the 3 x 2 matrix whose columns are the
coefficients of p and g, and BA = 0. The notation R(—n—pu), R(—2n+u), R(—n)
reflects the degree shifts needed to make the maps in (2.3) preserve degrees. We
note that p-bases and p-types appeared in the algebraic geometry literature as
early as 1986 (see [Ascl, Asc2]).

When we think of p and q as columns of the matrix A, then the Hilbert-Burch
Theorem asserts that the cross product p x ¢ is the parametrization (ag, a1, az),
up to multiplication by a nonzero constant. This feature makes it easy to create
parametrizations with given p-type: just choose generic p and ¢ of respective
degrees 1 and n — p and take their cross product.

To study all parametrizations with the same p-type, we begin with the subset
P, C R2 consisting of all relatively prime linearly independent triples (ag, a1, az)
for which the parametrization is generically one-to-one. Then, for 1 < p <
|n/2], we have the p-stratum

Pt ={(ap,a1,a2) € Py, | (ao,a1,az2) has type u}.

In [CSC], it was proved that P¥ is irreducible of dimension

3 1 if p= 2
n+2u+4, if p<|n/2].
The p-stratum P* is not closed in P,. Let P, denote its Zariski closure in
Pp. In [CSC], it was conjectured that

(2.5) P, =PLu-.-UPL

This was proved in 2004 by D’Andrea [D]. This result also is a consequence
of the 1977 memoir [I1] or the 2004 article [I12] by the second author, though
these are written from a very different viewpoint. It was eight years after [D]
appeared before a connection was made between these papers.

Here is the intuition behind (2.4) and (2.5):

e (2.4) says that the smaller the u, the more special the parametrization.

e (2.5) says that if we are moving around in P¥ and reach its boundary,
then with high probability, we hit a point of P#~1, i.e., u drops by one
unless we are really unlucky.

We will see in the next section that the results in [I1, I2] also apply to parametriza-
tions in projective d-space, though the analogs of the above two bullets become
more sophisticated as d increases.
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3 Rational Curves in Projective Space

Curves in the plane and 3-dimensional space are the most important to geomet-
ric modeling. Since the results of [I1, I2] apply to curves in projective d-space
for all d > 1, we will work in this greater generality. One way to think of our
approach is that it gives a unified treatment of rational plane and space curves,
as well as rational curves in higher dimensions.

We therefore start with d + 1 homogeneous polynomials ag,...,aq € R,.
Then the function

F(s,t) = (ag(s,t),...,aq(s,t))

parametrizes a curve in projective d-space, generalizing (1.1) and (2.1). We will

assume that ag,...,aq are linearly independent, which implies that the image

curve is not contained in a hyperplane. Note also that the span Span(ao, .. .,aq)

is a (d + 1)-dimensional subspace of R,,. This is important, since the results of

[I1, I2] for R = k[s, t] are stated in terms of subspaces of R,, of a given dimension,

equal to d + 1 in our situation. We will say more about this in Appendix A.
In Section 2, we made two assumptions beyond linear independence:

e The parametrization is proper, i.e., generically one-to-one, and
e The polynomials in the parametrization are relatively prime.

In this section, we will dispense with the first assumption, so that we allow
non-proper parametrizations. We will see in Section 4.1 that this is harmless.
As for the second assumption, we will give two versions of our main results, one
that assumes relatively prime, and one that does not.

3.1 p-Bases and u-Types
Before stating our results, we need to define p-types and p-bases.

Proposition 3.1. Let ag,...,aq € R, be linearly independent and let
I=/{ag,...,aq) CR

be the the ideal generated by ag, . ..,aq. Then there exist integers pi1,...,puqg > 1
and an exact sequence

(3.1) 0— @D R(—n— ;) 5 R(—n)" E 1 0.

Furthermore, if we set h = ged(ag, . .., aq), then p1+- - +pqg = n—c, ¢ = deg(h),
and B = (aq, .. .,aq) consists of h times the mazimal minors of A (up to sign).

Proof. Let h = ged(ao, - .., aq) and set b; = a;/h. Then ged(by,...,bs) =1 and
deg(b;) = n—csince ¢ = deg(h). The results of [CSC, Sec. 5] apply to by, .. ., b4,
so that we have an exact sequence

0— @ R(—n—c— ps) = R(=n— )™ 25 (g, ... ba) — 0,
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where B = (b, ...,bs) and A is a (d + 1) x d matrix whose columns form a
basis of the module of moving hyperplanes Agxg + - -+ + Agzy that follow the
parametrization given by (b, ...,bs). Since deg(b;) = n — ¢, [CSC] also implies
that py + -+ + g = n — c. Since a; = hb; and h # 0, we have

d d
1=1 =1

Setting B = hB gives the exact sequence (3.1). The b; are (up to sign) the
maximal minors of A by [CSC], and the final assertion of the proposition follows.
O

If we require p1 < --- < pg, then the d-tuple

(32) H = (/il,"'?,u'd)

is uniquely determined by (aq, ..., aq). We call (3.2) the p-type of (ag,...,aq),
and the columns of the matrix A in (3.1) form a p-basis. Note that when d = 2
and ged(ag, ar,as) = 1, Proposition 3.1 tells us that the p-type can be written

= (p,n—p).

Hence we recover the u-type in the planar case when the polynomials are rela-
tively prime.

Remark 3.2. We use “p” in two ways in this paper. When followed by a
hyphen, as in p-type, p-basis or p-stratum, the p is part of the notation and
has no specific value. But when used by itself, p denotes a vector of integers,
such as p = (1,2, 3).

3.2 The Relatively Prime Case

To state our first result, let
Pn,d g Rﬁ+1

consist of all (ag,...,aq) € R such that ag,...,aq are linearly indepen-
dent and relatively prime. Linear independence means that the image of the
parametrization does not lie in any hyperplane of P?. We will always assume
that n > d (otherwise P, 4 is empty) and d > 2 (curves in P! are not interest-
ing). One can show that P, 4 is a nonempty Zariski open subset of R+ e,
the complement of a proper closed subvariety of RI*1.

Given integers with 1 < pq < -+ < pg, we set o = (u1,...,4q) and |p| =
p1+ -+ pa. We call g a d-part partition. (Many references write partitions in
descending order, e.g., 7 =4 + 2 + 1. We use ascending order since this is how
p-bases are written in the geometric modeling literature.)

If p is a d-part partition of n (so n = |u|), then we define the p-stratum

(3.3) Pl a={(ao,...,aa) € Pna| (ao,...,aq) has type p}.

This set has the following structure.
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Theorem 3.3. Assume that p is a d-part partition of n. Then P”d s a Zariski

open subset of a subvariety of RIT! ~ k(@41 = Byrthermore, Py is irre-
ducible of dimension

dim(P¥ ) = (d+ 1)(n+1) = Y max(0, i — pj — 1).

P>
The proofs of all theorems in this section will be given in Appendix A.

Example 3.4. In the plane case, we have d = 2 and p = (u,n — ). Here,
PH a= = PH as defined in Section 2, and then Theorem 3.3 implies that

dim(P) =3(n+ 1) —max(0,(n —p) —p—1)

3(n+1), ifn—p=up,ie, p=|n/2],
n+2u+4, ifn—p>p, ie, p<|n/2],

in agreement with (2.4).

Example 3.5. A space curve case studied in [JWG]| is p = (1,1,n — 2). As-
suming n > 4, one computes that

dim(P}3) = 4(n + 1) — 2max(0, (n —2) =1 —1) = 2n + 12.
We will soon see that this is the smallest p-stratum of Py, 3.

In general, PT': 4 is not a subvariety of P, 4. We let fid denote its Zariski
closure in P, g4, i.e., the smallest subvariety of P, 4 containing P* ;. Theorem 3.3

tells us that P¥ 4 1s Zariski open in 73" 4- The theorem also unphes that 77" 4 1s
irreducible w1th
dim(fﬁ @) = dim(P¥ ).

The expectation is that the complement ’Pn a2\ PH .q Should consist of “smaller”
p-strata. We compare different p-types as follows.

Definition 3.6. Given d-part partitions g and p’, we define u < p’ provided
pr < phy gt e S ph A phy o g pa <y e+ g
Note that p < g/ implies |p| < |p/].

We can now describe the Zariski closure of 737’:’ 4 in Pp 4. Recall from the
discussion leading up to (3.3) that all p-strata occuring in P, 4 satisfy |pu| = n.

Theorem 3.7. The Zariski closure of P#,d in Pp.q is fid =U w<p 73“

Since p-strata are disjoint, this theorem implies that fﬁﬁ JPE . =U w<p P /d,

confirming our intuition that fid \ P!, is a union of smaller strata.
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Example 3.8. Since (u,n —p) < (p/,n— ') if and only if p < i/, we see that
Theorem 3.7 reduces to (2.5) when d = 2.

Example 3.9. One easily checks that (1,1,n — 2) < p for all 3-part parti-
tions p of n. This and Theorem 3.7 justify our earlier claim that 77(1 n=2)
is the smallest p-stratum of P, 3. Proposition 3.12 will describe the smallest

p-stratum of P, 4.

Example 3.10. Sextic curves in dimension 3 have been studied in [JWG]. Here,
the stratification is especially simple since the 3-part partitions of 6 are given
by (1,1,4) < (1,2,3) < (2,2,2). Hence

Pos = Pas) UPLEY uplh?

324

and the Zariski closure of each stratum consists of that stratum together with
those to the right of it in the above union. The small subscript gives the dimen-
sion of each stratum.

Example 3.11. When d = 3, the smallest n for which incomparable p-types
exist is n = 9, and the types in question are (1,4,4) and (2,2,5). This gives the
following stratification of Py 3:

(3,3,3)0
|
(2,3,4)5
— N
(1,4,4)5 (2,2,5)s0

(1,3,5)s5
|
(1,2,6)5
|
(1,1,7)s0

Here, we have written P, ’“’“f’MB) more simply as (fi1, fi2, 143)aim, Where “dim”

gives the dimension of the stratum. The closure of a stratum consists of the

stratum and everything strictly below it in the diagram.

(2 3,4)
and

P(2 2,5)

One consequence of the diagram is that if we move around in Py
reach its boundary, then with high probability we hit a point in ezther

or P(l :4:4) , and these possibilities are equally likely since both have codimension
—=(2,3 4)
n Py,

3.3 The Largest and Smallest Strata

The stratification of Py 3 shown in Example 3.11 has p = (3, 3, 3) at the top: it
is the maximum stratum in the partial order of Definition 3.6 and it is also the
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unique stratum having the largest dimension 40. The stratum p = (1,1,7) at
the bottom is the minimum in the partial order of Definition 3.5 and also the
unique stratum of smallest dimension 20. This generalizes as follows.

Proposition 3.12. Given integers n > d > 2, write n = kd + r where k,r € Z
and 0 < r < d. Then any d-part partition p of n satisfies

Poin=01,...;L,n—d+ 1) <p<(k... k,k+1,....k4+1)= -
—— —_—— N ———
d—1 d—r T

Furthermore:
1. dim(P)5=) = (d+ 1)(n +1).
2. Pin = Mmax o and only if n=d orn=d+ 1.

3. Ifn>d+1, then dim(Pf:‘g‘“) =d?>+d+2n and 73::”3‘“ has codimension
(d—1)(n—d—1) in Ppg="P,5".

Proof. The formulas for dlm(P” min) and dlm(P“ max) follow from Theorem 3.3.
We omit the rest of the stralghtforward proof. O

Applied to Py 3, this proposition gives pr . = (3,3,3) and p;, = (1,1, 7).
Furthermore, 73(1’1’7) has dimension 32 + 3 + 2 -9 = 30, and its codimension in

Pra=Poy ) is (3—1)(9—3—1) = 10, in agreement with Example 3.11.

We will say more about the structure of 73:: = in Section 4.2.

3.4 The General Case

We can also allow ag,...,aq to have a common factor. Let

CPpn.a C RET!

consist of all (ag,...,aq) € RIT! such that ao,...,aq are linearly independent.
This has Py, 4 as an open subset and in addition contains those parametriza-
tions where (ag, - ..,aq) have a nontrivial common factor. Recall from Propo-

sition 3.1 that the p-type of (ag,...,aq) € CP, q satisfies || = n — ¢, where
deg(ged(ag, - - ., aq)) = c.
Given a d-part partition g with || < n, we have the p-stratum

Pﬁd ={(ag,...,aq) € CPpna| (ao,...,aq) has type p}.

Since a d-part partition satisfies |u| > d, we will always assume that d < |u| < n.
Note also that the p-stratum P}’ ; lies in P, 4 (i.e., is one of the strata (3.3)) if
and only if |p| = n.
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Theorem 3.13. Let p be a d-part partition satisfying d < |p| < n. Then P’L

is a Zariski open subset of a subvariety of RAt1. Furthermore, Pt s zrreduczble
of dimension

dim(P} ;) = dlp| +d+n+1— Zmax(o,,ui —pj —1).

>3

We prove this in Appendix A using results from [I1, 12]. Here we give an
intuitive argument to explain the formula for dim(P* ;). Multiplication gives a
surjection

(R \{O}) < P 4 — Pra

that maps relatively prime d-tuples of degree |u| to d-tuples of degree n with
a common factor h of degree n — |p|. The fibers of this map have dimension 1
since

(A"'h)(Abo, - .., Abg) = h(bo, ..., by) for all A € k\ {0}

and gecd’s are well-defined only up to multiplication by a nonzero constant. By
Theorem 3.3, it follows that

dim(Pf:d): (n—|pl+1)+ ((d+1)(|pu| +1) Zmaxo u; —u; — 1)) — 1.

i>j

This easily reduces to the formula given in Theorem 3.13.

We can also compute the Zariski closure of Pfj 410 CPy g

Theorem 3.14. The Zariski closure of P 4 1 CPryq is ’Pnd U< Pﬁd,
where the union is over all d-part partitions p' with d < |p'| <n and p < p.

By definition, P* , consists of parametrizations with a common factor of
degree n — |u|. Theorem 3.14 tells us that in CP,, 4, the difference fs,d \ PH,
consists of strata fﬁ}d, where p/ < p. Since p’ < p implies that n — |p'| >

n — |p|, we see that ﬁz’d may include strata with common factors of larger
degree.

Example 3.15. In Example 3.10, we saw that Pg 3 has a simple stratification
with three strata. These and four other strata appear in the more complex
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stratification of CPg 3:

(2,2,2)2s
|
(1,2,3)s7
e N
(172?2)25 (13174)24
\ /
(1,1,3)2
|
(1,1,2)2
|
(1,1, D)o
Here, we write Péfgd’if’w) as ({41, 2, 13 )aim, Similar to Example 3.11.

This diagram tells us that if we move around in 7%32,3) and reach its bound-
ary in CPg 3, then with high probability we hit a point in either ’Péif’m (acquire
a common factor) or 73((5’1?;1’4) (remain relatively prime). These possibilities are

5(1,2,3)

not equally likely since the former has codimension 2 in Pg 5"~ while the latter
has codimension 3.

4 Further Topics

In this section we investigate non-proper parametrizations and look more closely
at the smallest and largest strata of P, 4. Section 4.1 is new to this paper;
Section 4.2 is a geometric interpretation of some results of [I2].

4.1 Non-Proper Parametrizations

In this section, we restrict our attention to p-strata P!, with |u| = n, ie., p

is a d-part partition of n. This means that all (ao, ..., aq) € P!, are relatively
prime. As in Section 3, we assume n > d > 2.
A parametrization (ao,...,aq) : P! — P? is proper if it is birational onto

its image. In general, let &k be number of points in the preimage of a generic
point in the image. We say that the parametrization has generic degree k. It is
well-known that if the a; € R,, are relatively prime, then

(4.1) n = km,

where k is the generic degree of the parametrization and m is the degree of the
image curve C' C P?. Thus a proper parametrization has generic degree 1 and
parametrizes a curve of degree n.

Proposition 4.1. Let k > 1 be an integer. Then P, q contains a parametriza-
tion of generic degree k if and only if k | n and n > kd.
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Proof. The restriction k | n is obvious from (4.1). To understand the inequality
n > kd, recall our assumption that the a; are linearly independent, i.e., the
image curve C' does not lie in any hyperplane of P4. But C has degree m = n/k,
and if m < d, then the d+1 polynomials of degree m parametrizing C would have
to be linearly dependent, forcing C' to lie in a hyperplane. Thus n/k = m > d.
This proves one direction of the proposition; the proof of the other direction
will be deferred until Section A.3. O

We next relate non-proper parametrizations to the p-stratification of P, 4.

Proposition 4.2. Suppose we have a p-stratum P“d with = (p1,- .., 1q)
and let k > 1 be an integer. Then ’Pr’:d contains parametrizations of generic
degree k if and only if k| p; for all i.

The proof will be given in Section A.3. Proposition 4.2 has the following
useful corollary.

Corollary 4.3. Given g = (u1,--.,1q), the p-stratum ’Pf:d consists entirely
of proper parametrizations if and only if ged(py, ..., pa) = 1.

Example 4.4. Suppose that n = 12 and d = 3. The integers k > 1 dividing
12 are k = 2,3,4,6,12. By Proposition 4.1, Pi23 has no parametrizations of
generic degree k = 6 or 12 since d = 3, while kK = 2, 3 and 4 can occur.

One can compute that P12 3 decomposes into 12 p-strata, eight of which sat-
isfy the ged criterion of Corollary 4.3 and hence have no non-proper parametriza-
tions. For the remaining four p-strata, we have non-proper parametrizations of
the following types:

. . 4,4,4
e Generic degree 4 occurs in P{Q 3 ).

(3,3,6
e Generic degree 3 occurs in 771 ),

4,4,4) (2,46 (2,2.8)
e Generic degree 2 occurs in 7312 ) 771 ), and 77 123

One expects non-proper parametrizations to be rare. Our next task is to
quantify this intuition by computing the size of the generic degree k locus in
each p-stratum. When P¥ 4 contains a parametrization of generic degree k > 1,
Proposition 4.2 implies that its p-type can be written as u k(1. -y fta), 1
p is divisible by k. This implies k | n since n = kji; + - - - + kfiq.

Theorem 4.5. Assume that p is divisible by k > 1. Then the parametrizations
in P! . of generic degree k form a nonempty constructible subset of P”d with
zrreduczble Zariski closure of codimension

(4.2) (k=1)(m(d+1)=5-2), S=> max(0,i; — i),

i>j
where m = n/k and p = k(fi1, ..., [iq). Furthermore:
1. The codimension is at least (k—1)(d(d—1)+2m—2) and is always positive.
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. . . . I_L .
2. A generic parametrization in Py.a s proper.

The proof of this theorem will be given in Section A.3. Here is a sketch
of some of the ideas involved. Using Liiroth’s Theorem, we will show that a
parametrization F : P! — P? of generic degree k is a composition

pt S pt H,pd

where G is defined by (a(s,?),8(s,t)) € Ry x Ry of degree k and H is a
parametrization in P! , of generic degree 1 for fi = (fi1, ..., fiq). It will follow
that composition gives a map

@ PE X Ry x Ry — PY

(we have to shrink the domain slightly to make this work) whose image consists
of parametrizations of generic degree k. The nonempty fibers of this map have
dimension 4 coming from a natural action of GL(2, k). Hence the generic degree
k locus has dimension

dim(P% ) +2(k+1) —4=(d+1)(m+1) = > max(0, fi; — ji; — 1) + 2(k — 1).

i>j

where we have used Theorem 3.3. The codimension formula in Theorem 4.5
follows by combining this with the corresponding formula for dim(P* ;). Full
details will be provided in Section A.3.

Example 4.6. In Example 3.11, we saw that the maximum p-stratum of Py 3

in the order of Definition 3.6 is 77,5_3?;3’3) of dimension 40 and the minimum is

779(71?;1’7) of dimension 20. The only non-proper parametrizations have generic

degree 3 and lie in ’Pé?fﬁ). Since i = (1,1,1) and m = n/k = 3 in this case,

Theorem 4.5 implies that the generic degree 3 locus has codimension
(k—1(md+1)—-S-2)=3B3-1)3-(3+1)—-0-2)=2-10=20

in Pé?§3’3). Hence non-proper parametrizations really are rare! Note also that

20=3-1)BB-1)+2-3-2)=(k—1)(dd—-1)+2m —2)
since k = d = m = 3. This shows that the lower bound in Theorem 4.5(1) is
sharp.

Example 4.7. In Example 4.4 we noted that non-proper parametrizations with
generic degrees k = 4,3 and 2 occur in P;2 3. We give the respective codimen-
sions using the formula (4.2) of Theorem 4.5:

e Generic degree 4 occurs in P1(3:§’4), which has dimension 52. Here, we have
m = 3 and S = 0, so that the non-proper codimension is (4—1)(3-4—2) =
30. In other words, the non-proper parametrizations have dimension 22.
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e Generic degree 3 occurs in ’PS:?G), which has dimension 48. Here, m =4
and S = 2 so the non-proper codimension is (3 —1)(4-4 —2 —2) = 24.
Hence the non-proper locus has dimension 24.

. . 4,44 2,4,6 2,2,8 o
e Generic degree 2 occurs in ’Pfgg ), P§2’3 )7 and ’P1(2 3 ). A similar calcu-

lation gives respective non-proper codimensions 22, 18, and 18 in u-strata
of dimensions 52, 47, and 42. So these non-proper strata have dimensions
30, 29 and 24, respectively. Again, the non-proper loci have very high
codimensions.

4.2 The Smallest Stratum and Rational Normal Scrolls

In this section we describe a further stratification of the smallest p-stratum
Poin = (1,...,1,n —d + 1) in the relatively prime case, assuming n > d + 1.
The stratification will involve finding which rational normal scroll the curve lies
on. We begin with an example.

Example 4.8. Rational curves in P? with g = (1,1,n — 2) were studied in
[WJG]. Corollary 6.8 of that paper uses u-bases to show that when n > 4, such
curves are either smooth or have a unique singular point of multiplicity n — 2.

This result can be explained using Section 2 of the paper [KPU], which
considers p,;, = (1,...,1,n—d+1) from a commutative algebra point of view.
When p = (1,1,n — 2), the results of [KPU] imply that after a suitable change
of coordinates in P3, the 4 x 3 matrix A from (3.1) can be assumed to be either

s 0 rg
o t 0 1 N .
(4.3) A= 0 s m|° deg(r;) =n —2,
0 t T3
or
s 0 r
|t s N
(4.4) A= 0t 1 deg(r;) =n — 2.
0 0 T3

(See [KPU, Prop. 2.1].) In either case, the first column of A gives the moving
plane szg + tz; = 0 which contains the line L; = {(0,0,a,b) | (a,b) € P'}. In
the terminology of [WJG], this is an azial moving plane with L; as axis. The
second column of A also gives an axial moving plane with axis Lo, the difference
being that in (4.3), the axes L; and Lo are disjoint (and the curve is smooth),
while in (4.4), the axes meet at (0,0,0,1) (and the curve is singular at this
point).
Let us look at (4.3) more closely. Recall that the parametrization (ag, a1, az, ag)

is given by the signed maximal minors of A. If we set hy = srs — try and
ho = srq — trg, then one easily computes that

(45) ag = thl, ay = —Shl, as = —thg, as = Shg.
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Note that hy and hy have degree n — 1.

A first consequence of (4.5) is that apas = ajas, so that the curve lies on
the smooth quadric surface zgrs = z122 in P3. We will see that this surface
is a particularly simple example of a rational normal scroll. In terms of ideals,
(4.5) implies that

I = <a0,a1,a2,a3> = <th1,5h1,th2,5h2> = <h17h2> n @f:;anm

Here, recall that R = k[s, t], so that the above equation tells us that I consists
of all elements of degree m > n in the simpler ideal (hj, ho). In the terminology
of [12], (hy, hs) is the ancestor ideal of I.

For (4.4), we have a similar situation. Let (ag, a1, as, a3) be the parametriza-
tion coming from (4.4) and set hy = r3 and hy = az. Taking the first three
maximal minors of A, we have

(46) ag = t2h1, ap = —Sthl, a9 = 82h1, az = hQ.

Here hy has degree n — 2 and ho has degree n.

From (4.6) we see that agaz = a?, so that the curve lies on the singular
quadric surface zoxo = o2 in P2, This surface is another example of a rational
normal scroll. In terms of ideals, (4.6) implies that

I ={ag,a1,az,a3) = (t*hy, sthy, s*hy, ha) = (b1, ho) N Dpr_,, Rom.-
Again, (hq, ho) is the ancestor ideal of I.

This example shows that the p-stratum for (1,1, n —2) decomposes into two
parts corresponding to (4.3) and (4.4), each of which has a rational normal scroll
and an ancestor ideal. There is some rich geometry and algebra going on here.

In general, the ancestor ideal of I = (ag,...,aq) C R is the largest ho-
mogeneous ideal of R that equals I in degrees n and higher (remember that
ag,...,aq € R,). Here is a result from [12], whose proof we defer until Sec-
tion A.4.

Theorem 4.9. Let I = {(ay,...,aq) C R have p-type p;, = (1,...,1,n—d+1),
n > d+ 1. Then the ancestor ideal of I is equal to (h1,ha), where hq,ho are
relatively prime and satisfy

Iy = Ry _deg(hy) * M1 D Ry_deg(ho) - ha-
Since I, has vector space dimension d + 1, this theorem implies that
d+1=0a1+as, «a;=n+1-—deg(h;) > 1.
If we assume deg(h1) > deg(hz), then a1 < a9, so that we have the partition
A = (ag, a9)

of d+ 1.
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This partition determines the rational normal scroll Sq,—1,0,—1 C P4, which
consists of the points

Mot s =2 70000 0) + p(0,. .., 0,507 g1 72 g2l

for all (s,t), (), p) in PL. In this formula, the first expression in parentheses is
the rational normal curve of degree ai; — 1, sitting in the first oy coordinates of
P?; the second expression in parentheses is the rational normal curve of degree
ag—1, sitting in the last ay coordinates of P4. Note how this uses a1 +as = d+1.
These two rational normal curves are the “edges” of the scroll, which consists
of lines parametrized by (A, ) that connect the points on the two edges with
the same parameter value (s, t). It is well-known that Sy, —1,a,-1 is a surface of
degree d — 1 in P4 (see [EH]).

In our partition, we assume 1 < a; < as. When a3 = 1, the “rational
normal curve of degree 07 is just a point (1,0,...,0). Since @ + ag = d + 1,
we have ap = d, so that the rational normal scroll Sy, —1,a,—1 = S0,d—1 is just
the cone over the rational normal curve of degree d — 1 sitting in the last d
coordinates of P?.

To see how this scroll relates to the paramerization given by I = (aq, ..., aq),
we use Theorem 4.9 to write the ideal as

I={(s""Thy,.. . t*" 7 hy, 522 T hy, ... 12271 hy).

Switching to these generators of I corresponds to a coordinate change in P?.
For (s,t) € P!, the parametrization gives the point

(4.7) ha(s,t)(s™ 7t 71 0,.0,0) + ho(s,)(0,..., 0,527 22T,
which is clearly on Su,—1,4,—1. Hence we have proved:

Corollary 4.10. Let I = (ag,...,aq) C R have p-type pi, = (1,...,1,n —
d+1), n>d+ 1. If the ancestor ideal of I gives the partition A = (a1, a) of
d + 1, then after a change of coordinates in P?, the parametrized curve lies on
the rational normal scroll Sa,—1,a,-1-

Example 4.11. When d = 3 and p,,;,, = (1,1,n — 2), the only two partitions
of 4 are 4 = 24 2 = 3 + 1. The corresponding rational normal scrolls are Sy 1,
defined by xor3 = 172, and Sy, defined by z123 = x3. Hence we recover
(after a small change of coordinates) the two quadric surfaces encountered in
Example 4.8.

Finally, fix a partition A = (a1, as) of d+ 1 with 1 < a; < ay. Then define
77::'37‘;‘4 - P,’; =i to be the subset consisting of all parametrizations in the stratum
whose ancestor ideal gives the partition A. Recall from Proposition 3.12 that
dim(PH=m) = d? + d +n when n > d + 1. We defer the proof of the following
result until Section A.4.

Theorem 4.12. The subsets 79::‘;:’:4 C 737';,’(‘1‘“‘ have the following properties:
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1. 77513‘:‘4 ts irreducible and is open in its Zariski closure in Pﬁ‘;i“
2. dim(Ph=in) = d? + d + 2n — max(0,as — ay — 1).

-7 SHmin - i .
3. The Zariski closure P, 3" in Psd satisfies

PHmin Momin
Pn,d,.A - U 7371,d,./4/7
A'<A

where the union is over 2-part partitions A’ of d + 1.

Example 4.13. Continuing our study of (1,1,n — 2) with n > 4, we have
the partitions (1,3) < (2,2). The larger partition (2,2) is generic and gives
an open dense subset of ’PT(Ll)él’nfz), of dimension 2n + 12. Parametrizations
with the smaller partition (1,3) lie in a closed subset of codimension 1 since

max(0,3—1—-1) =1.

In the above example, recall from [WJG, Cor. 6.8] that the curves corre-
sponding to (2,2) are smooth while those for (1,3) have a unique singular point
of multiplicity n — 2. It would be interesting to study the singularities of curves
in P::‘;j;t in the general case when p;, = (1,...,1,n—d+1).

We conclude by noting that all ideals coming from parametrizations, not
just those in the smallest stratum, have ancestor ideals that determine rational
normal scrolls (possibly of high dimension) containing the curve. More precisely,
suppose we have I = (ag,...,aq), where ag,...,aq € R, are linearly indepen-
dent and relatively prime. If I has p-type = (p1, ..., pa), then we will see in
Appendix A that the ancestor ideal of I can be written

(hi,..., hs),
where
(4.8) T=d+1—#{i|p=1}
and
(4.9) I, = Ry_deghy, h1 ® Ry—deghy - h2® - ® Ry—degh, - Pr-

Note that 7 = 2 precisely when p has d — 1 indices with pu; = 1, i.e., when
p=(1,...;,1,n—d+1)and n > d+1.
The decomposition (4.9) of I,, gives the partition

(4.10) d+1:2ai, a; =n+1—degh,.
i=1
Setting A = (ai,...,a;) determines a subset P#,d,m which as we will see in

Section A.4 has codimension and closure properties similar to those stated in
Theorem 4.12.



STRATA OF RATIONAL SPACE CURVES 17

The partition (4.10) gives a rational normal scroll So,—1,.. o, -1 C P4, This is
formed by putting 7 rational normal curves in P? using the first a; coordinates
for the first curve, the next as coordinates for the second, and so on. This
works since the «; partition d + 1. As in the surface case considered earlier, the
“rational normal curve” reduces to a point when «o; = 1.

The 7 rational normal curves are the “edges” of the scroll. For a fixed
parameter value (s,t), we get 7 points, one on each of the 7 curves. These
points determine a subspace of dimension 7 — 1. Then Su,_1,.. o,—1 is the
union of these subspaces as we vary (s,t) over PL.

When (ag, ..., aq) have no common factor, it is not hard to show that

2<7<min{d+1,n+1-d}.

If 7 = d+1, it is easy to see that there is a unique partition A = (1,...,1) and
So.....0 is just P4; and if 7 = d, then the unique partition is A = (1,...,1,2) and
we again get P4, So the interesting cases are when 7 < d—1. Here Sy, _1,...a,—1
has dimension 7, and one can show that its degree is

(4.11) deg(Say—1..a—1) =d+1—T.

See [EH] for more on rational normal scrolls.

When I has ancestor ideal (hy,...,h.), (4.7) generalizes to show that the
corresponding curve lies on Sg, 1, 4,—1. By (4.8) and (4.11), the degree of
the scroll equals #{i | p; = 1}. Thus the number of 1’s in the p-type of the
parametrization determines the dimension and degree of the scroll containing
the curve. Note also that the interesting case 7 < d — 1 occurs only when
#{i | pi = 1} > 2. In P3, these are the p-types (1,1,n — 2) considered in
Examples 4.8, 4.11, and 4.13.

Finally, we should mention that the rational normal scrolls discussed here
are closely related to (but not the same as) the scrolls considered in [KPU].
They study p = (1,...,1,n —d 4+ 1), so 7 = 2. In this case, our rational normal
scroll is the surface Su,—1,4,—2 C P?. In [KPU], they work in P9+2? with ho-
mogeneous coordinates xg, ..., x4, s,t and consider the three-dimensional scroll

d+2
Sar—1,a—2,1 C P42,
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A Proofs of the Main Results

Most proofs omitted in Section 3 of the paper can be found in [I12]. However, [I2] is
written in the language of Grassmannians, ancestor ideals, and Hilbert functions, so
some translation is needed to the situation of this paper. Section A.2 of the appendix
is for experts who want to make sure that nothing has been lost in translation. Section
A.3 proves the results of Section 4.1; Section A.4 proves the results of Section 4.2 and
gives some extensions of those results to non-minimal p-strata.

A.1 Notation

We have worked with parametrizations (ao, ..., aq) € R and their associated ideals
I = {ao,...,aq4) C R. In [I12], the focus is on subspaces V C R, of dimension d + 1,
and (in the notation of [I12]) the ideal (V) C R generated by V. One can translate
between [I2] and this paper via

V +— Span(ao, ..., aq)
(V) — <LL07 .. .,ad>.

Subspaces V' C R,, of dimension d+ 1 correspond to elements of the Grassmannian
Grass(d+1, Rn). The Hilbert function of the graded k-algebra R/(V') will be denoted
Hy. Thus

Hy (m) = dimk((R/(V))m)

for m > 0. We say Hy < Hy» if Hy(m) < Hy/(m) for all m > 0.

A.2 Proofs for Section 3

Recall that CP,, 4 consists of linearly independent (d + 1)-tuples (ao, ..., aq) € RETL.
This can be regarded as the set of all possible ordered bases of elements of Grass(d +
1, Ry). In particular, we have a map

7w : CPpn,a — Grass(d+ 1, R,)

defined by = (ao,...,an) = Span(ao,...,aq) C R,. We denote by Grassﬁ,d the image
m(P* ), where P, C CP, 4 is defined in Section 3.4.

Ahy two ordered bases of V are related by a unique element of the general linear
group GL(d+ 1,k). Note also that GL(d+ 1, k) is a Zariski open subset of Mata+1(k),
which is an affine space of dimension (d 4 1)?. Hence we get the following result that
relates parametrizations to subspaces.

Lemma A.1. The projection m makes CPn,q into a locally trivial bundle over Grass(d+
1, Ry) with fibre isomorphic to GL(d + 1,k). Thus:
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1. We have an equality of codimensions

codim('PT’:d CCPnya) = codim(Grassﬁyd C Grass(d+ 1, Ry)).
2. The Zariski closures of 'Pf:d and Grassfid are related by
fﬁ,d = Wﬁl(Grassff,d).

Fix (d+ 1)-dimensional subspaces V and V' of R,,. Since the u-type depends only
on the ideal (see Proposition 3.1), the ideals (V) and (V') have respective p-types p
and p’. These ideals also have Hilbert functions Hy and Hy. We need the following
comparison result.

Lemma A.2. Suppose V and V' are (d+1)-dimensional subspaces of R, with respec-
tive p-types p and p' and Hilbert functions Hy and Hy:. Then:

1. Hy(m) =n— |p| for m > 0.
2. u' < pif and only if Hyr > Hy .
3. ' = p if and only if Hyr = Hy .

Proof. We first study Hy. Let p = (p1,...,pq) with g; < -+ < pg. By (3.1), the
ideal I = (V') C R gives the free resolution

0— @ R(—n — i) — R(-n)"*' — R — R/I — 0.
In degree m, this becomes

0— @ | Rn—n—p;, — RE, — Ry — (R/I)m — 0.

Hy (m) = dimy((R/I)m) d
(A1) = dime(Rm) — (d + 1) dime(Rm—n) + »_ dime(Rm—n—p,).

i=1

Since dimk(R;) = max(0,¢ + 1) for all £ € Z, an easy computation using (A.1)
shows that Hy(m) = n — |p| for m > 0. This proves part (1) of the lemma.

For part (2), set Gy (m) = Zle dimy (Rpm—n—p; ). Since the first two terms in the
formula (A.1) for Hy are independent of u, it follows that

Gy > Gy < Hy, > Hy.
Note that Gy (m) = Zle max(0,m —n — p; + 1) since dimy(R,) = max(0, £+ 1).
Let a; =n+p; — 1. Then a1 < -+ < agq and Gy (m) = Zle max (0, m — ay).

For simplicity, assume that a1 < --- < aq. Then one checks that

Gv(ai)=(vi—aa)+-+ (v —ai1) = (i —1Lag —a1 — - — 1.
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The graph of Gv consists of the points (a;, Gv(a;)) linked by line segments of slopes
0,1,2,...,d, where the segments of slopes 0 and d are unbounded:

(053,2053 — ] — a2)

(a2, a2 — o)

(a1,0)

On the interval «; < z < a;+1, Gv(x) is linear of slope i and hence is given by
Gv(z)=ix — a1 — - — .

Thus the region above the graph is defined by the inequalities

(A.2) y>0,y>iz—a; — - —a;, 1 <i<d.

Now suppose p’ = (ul, ..., uy) comes from V' C R, and set aj = n+pj—1. Then
we have the following equivalences:

Gy > Gy <= the graph of Gy lies above the graph of Gv
<= the graph of G satisfies the inequalities (A.2)

< (aj,(i—1)aj —aj — -+ — aj_;) satisfies (A.2) for all 4.
A straightforward computation shows that (o}, (i — 1)aj —aj — -+ - —a}_;) satisfies
y > ix —ap — - — a; if and only if

ah+tap <art o+

This inequality holds for all ¢ when Gy > Gyv. Then p' < p follows immediately
since o = n+pu; —1 and o; = n+p; — 1. The converse takes more work, since one has

to prove that p’ < p implies that for all 4, j, (aj, (1 — 1)aj — o} — -+ — aj_;) satisfies
Yy > jr—ai —---—aj;. We omit the details.
Finally, part (3) of the lemma follows immediately from part (2). O

The graph in the above proof is related to a Harder-Narasimham partial order on
the direct sums of line bundles on P! (see [12, Definition 2.26]).
We complete the dictionary between Hilbert functions and p-types as follows.
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Lemma A.3. Fixn and d with n > d. Then the map sending Hy to the p-type pu of
the ideal (V') induces a well-defined bijection between the following two sets:

1. The set of Hilbert functions T such that T = Hy for some subspace V €
Grass(d + 1, Ry).
2. The set of d-part partitions p satisfying d < |u| < n.
It follows that there are only finite many Hilbert functions T in (1).

Remark A.4. We use T to denote a Hilbert function of the form Hy for V € Grass(d+
1, Ry,) in order to match the notation of [I2]. The reason for using 7" will become clear
later in the appendix.

Proof. Lemma A.2(3) implies that Hy — p gives a well-defined injection from (1) to
(2). It remains to prove that it is a surjection, i.e., that every d-part partition from
(2) is the p-type of an ideal (V) for some V € Grass(d + 1, Ry).

Given p = (u1,...,1q) as in (2), define T: N — N by

d
T(m) = dimg(Rm) = (d+ 1) dimi(Rpm—n) + > _ dimi(Ron—n—p,)-

Using dimk(R,) = max(0, £ + 1), one easily check that H satisfies

m+1, if0<m<n-—1,
T(m)=<n—d, ifm=n,
n—|pl, if m>0.

Furthermore, the inequality max(0, £ — 1) + max(0,¢ + 1) > 2 max(0, £) makes it easy
to show that

T(m —1)+T(m+ 1) > 27 (m) whenever m > n.
Setting e(m) = T'(m — 1) — T'(m), it follows that e(m) > e(m + 1) for all m > n. By
[I1, Proposition 4.6], we conclude that ' = Hy for some V € Grass(d + 1, R,). This
proves the desired surjectivity. ]

Given a Hilbert function T' as in Lemma A.3(1), we let GAr(d + 1,n) be the set
of all V € Grass(d + 1, R,) such that T is the Hilbert function of R/(V) (see [12,
Definition 2.16]). Since there are only finitely many 7”s, the GAr(d+ 1,n)’s partition
Grass(d + 1, R,,) into finitely many disjoint sets.

From [I2, Theorems 2.17 and 2.32] we have

Theorem A.5. Let T be a Hilbert function as in Lemma A.3(1). Then:
1. GAp(d+ 1,n) is irreducible.
2. The Zariski closure GAr(d+ 1,n) = Upisp GAp/(d+ 1,n), where the union is
over all T" > T from Lemma A.3(1).

We also have the following codimension result from [I2].

Theorem A.6. Let T be a Hilbert function as in Lemma A.3(1), and let p be the
corresponding d-part partition. Then the codimension of GAr(d + 1,n) in Grass(d +
1, R,) 1s given by the formula

codim(GAr(d+1,n)) = (n — |p|)d + ZmaX(O, i — p; — 1).

i>7
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This follows from [I2, Theorem 2.24 (2.59)] since n — || = limm— oo T'(m) and the
partition D from [I2, Definition 2.21] is just p written in descending order.

Proof of Theorems 3.3, 3.7, 8.13 and 3.14. First note that Theorems 3.3 and 3.7 fol-
low from Theorems 3.13 and 3.14 by intersecting with the open set P, C CPy 4.

The next observation is that if 7' corresponds to p via Lemma A.3, then Grasss,d
from Lemma A.1 is precisely the set GAr(d + 1,n) since R/(V) has Hilbert function
T = Hy if and only if (V) has p-type u.

Theorem 3.14 is now an immediate consequence of Theorem A.5 via Lemmas A.1,
A.2 and A.3. The irreducibility assertion of Theorem 3.13 follows from Theorem A.5
and Lemma A.1, and the same results imply that

dim(PE,) = (d+ )(n+1) = ((n = [p)d+ Y max(0, p; — p; — 1))

>3

since dim(Py,4) = dim(RZ™') = (d + 1)(n + 1). This easily reduces to the formula
given in Theorem 3.13.
It remains to show that 73‘5 4 is open in its Zariski closure. This follows from the
disjoint union
PE, =P, U | P,
n<p
since the large union on the right is easily seen to be closed by Theorem 3.14. O

A.3 Proofs for Section 4.1
We begin with Proposition 4.1.

Proof of Proposition 4.1. Half of the proof was given in Section 4.1. For the other
half, assume n | k and n > kd. Then n — kd + k > k, so that

pw=(k,...,k,n—kd+k)
———

d—1

is a d-part partition of n. Since p is divisible by k&, Theorem 4.5 implies that 737‘: d
contains parametrizations of generic degree k. Thus the same is true for P, 4. O

We next turn to Proposition 4.2.

Proof of Proposition 4.2. First assume P"’fd contains a parametrization (ao, ..., aq) of
generic degree k. By Liiroth’s Theorem (see Section 6.1 of [SWP]), n = km, m € Z,
and there are relatively prime «, 8 € Ry, and by, ...,bq € R, such that

(A.3) ai(s,t) = bi(a(s,t), B(s,t)), i=0,...,d.

([SWP] focuses on the affine case, but their treatment of non-proper parametrizations
easily translates to the projective setting used here.)

Note that the b; are linearly independent and relatively prime since the a; are (by
assumption). Let ft = (fi1, ..., fq) be the p-type of (bo,...,bn). Thus fi1 < --- < fig
and fi1 + - - - + fig = m since the b; are relatively prime.

Substituting «, 8 into a p-basis of (bo,...,bn) gives syzygies of (ao,...,an) of
degrees kix = (kfi1,...,kiiq). We call these composed syzygies. If we can prove that
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the composed syzygies form a p-basis of (ao,...,an), then we will get the desired
result, namely p = kft.
Let A" be the (d 4+ 1) x d matrix formed by the composed syzygies. Since the

maximal minors of a p-basis of (bo,...,bn) give the b; up to sign, it follows that the
maximal minors of A" give the a; up to sign. Now let A be the (d + 1) x d matrix
formed by a p-basis of (ag,...,an). Its maximal minors also give the a; up to sign.

Expressing each composed syzygy in terms of the p-basis gives a matrix equation
A = AQ

where @ is a d X d matrix of homogeneous polynomials. Taking maximal minors gives
a; = a; det(Q) for all 4, so that det(Q) = 1. Hence @ is an invertible matrix of scalars,
which proves that the composed syzygies are a p-basis of (ao,...,an), hence p is
divisible by k.

To complete the proof, we next assume that g is divisible by k. Then 73#’ 4 contains
a parametrization of generic degree k by Theorem 4.5. O

The proof of Theorem 4.5 will require more work.

Proof of Theorem 4.5. First, note that m > d is needed for the non-proper locus to
be non-empty. Since k divides p implies n = kjfi1 + ... + kfiq and each fi; > 1, this
implies n > kd so that m = n/k > d.

Fix d > 2. We will prove the theorem for all kK > 1 and n > d by complete induction
on n. The base case n = d is vacuously true since n = d implies g = (1,...,1), which
is divisible by no k > 1.

Now assume n > d and that the theorem is true for all m with d < m < n. Take
P where p is a multiple of k and write g = kfs, ft = (fi1, ..., jia). As noted in the
discussion leading up to the theorem, this implies k | n. Set m = n/k and note that
m:ﬁl—l——l—ﬂdZd Let

U = {(bo,...,ba) € P* ;| (bo,...,ba) is proper}.

Since m < n, our inductive hypothesis implies that U is nonempty, constructible, and
Zariski dense in PE. . In particular, dim(U) = dim(P?: ).

Let W = {(«, 8) € Rk X Ry | a, 8 are relatively prime}. Composing (bo,...,bs) €
U with (o, 8) € W gives (ao,...,aq) as in (A.3). The a; have degree n = km and
are relatively prime and linearly indepdendent since the b; are. Furthermore, the
argument following (A.3) shows that (ao,...,aq) has p-type p = kfr. It follows that
composition gives a map
(A.4) UxW — Pﬁd,
and the proof of Proposition 4.2 shows that the image of this map consists of all
generic degree k parametrizations in "Pf: 4- It follows easily that this locus is nonempty,
constructible, and has irreducible Zariski closure.

To determine the codimension, we need to study the nonempty fibers of (A.4).
If a parametrization (ao,...,aq) has generic degree k and image curve C, then the
function field k(C') can be identified with k(a/8) for some («, 8) € V (in [SWP], o/8
is denoted R(t)). Since k(a/B) = k(a'/B’) if and only if a/B and o'/’ are related by
a linear fractional transform, we see that («, 8) is unique up to the action of GL(2, k).
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Since this group has dimension 4, it follows that the nonempty fibers of (A.4) all have
dimension 4. Hence the generic degree k locus in 737‘: 4 has dimension

dim(U) + dim(V) — 4 = dim(P¥ ) + 2(k + 1) — 4 = dim(P¥ ) + 2(k — 1).
Hence the codimension is
(A.5) dim(PH ) — dim(P% ) — 2(k — 1).
Recall from Theorem 3.3 that

dim(P¥ ) = (d+ 1)(n+1) = Y max(0, kfi; — kfi; — 1).
dim(PE ) = (d+1)(m+1) = > max(0, fi: — f1; — 1).

i>]

(A.6)

The following lemma will help compute the difference dim(Pf: a) — dim(Pffz, )
Lemma A.7. Given i = (fi1, ..., fia), let S(p) = 32, ; max(0, i — fi;). Then:
1oS(R) =2 s, i — By
2. > sy max(0, fii — fi; — 1) = S() — C, where C = #{(i, ) [ i > j, fis > fij}.
5. S(7) < (m - d)(d—1).

Proof. The proof of (1) is straightforward, and for (2), we similarly get the formula

> max(0, i —ji; —1) = Y ju—ji;— L

i>j >, > g

From here, (2) follows easily.

We turn to (3). If m = d, then the desired inequality is true since the only
possible 1 is (1,...,1), for which S = 0. Hence we may assume m > d. Now write
p=(1,...,1, fisg,-..,fa), where fi;o0 > 1. Let @ = (1,..., iy — 1,...,fia + 1). If we
can show that S(ft) < S(2'), then it will follow that

S(i) < SA,...,Lm—d+1)=> (m—d+1)—1=(m—d)(d—1),

d>j

and the lemma will be proved.
When we compare S(f1) and S(fx'), we only need to consider pairs i > j where
i=dori=1porj =1io (note ¢ > j implies j # d). We analyze these as follows:

e For terms with 7 = d, we have increased fiq by 1. Since fiq + 1 is guaranteed to
be bigger than every other entry, this increases S(u') by d — 1.

e For terms with j = 7o, we have decreased fi;, by 1 and since we are subtracting,
these terms increase S(f1').

e For terms with ¢ = i, the possible j’s are 1,...,70 — 1, and since we have
decreased fi;, by 1, we decrease S(ix') by io — 1.

Since i9 < d, the increase offsets the decrease, and S(f1) < S(ft') follows. O
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Completion of Proof of Theorem 4.5. By (A.6) and Lemma A.7, it follows that
dim(PY ) = (d+ 1)(km +1) — (kS — C)
dim(PE ) = (d+1)(m+1) - (S - C)

since n = km and S = 3, max(0, fi; — fij) = Zi>j}ﬁi>ﬁj fii — fi;. Combining this
with (A.5), we see that the codimension is
dim(P¥ ) — dim(P% ) — 2(k — 1)
=(d+1)(km+1)—(kS—C)— ((d+1)(m+1)—(S-C)) —2(k—1)
=(k—-1)(m(d+1)—-S5-2).

This proves the desired formula for the codimension.
Since S < (m — d)(d — 1) by Lemma A.7, it follows that

md+1)—S—2>m(d+1)— (m—d)(d—1)—2=d(d— 1)+ 2m — 2.

This easily gives the lower bound (k—1)(d(d—1)+2m—2) stated in (1) of the theorem.
Furthermore, d(d — 1) +2m — 2 > 0 since m > d > 2. It follows that the codimension
is always positive, completing the proof of (1).

For (2), we consider all k¥ > 1 that divide p. For any such k, the locus of generic
degree k parametrizations has positive codimension. Since there are only finitely many
such k’s, the same is true for the non-proper locus. Hence 79# 4 contains a nonempty
Zariski open subset consisting of proper parametrizations. This subset is dense since
’P#y o 1s irreducible, and (2) follows.

When d = 1, we have S = C' = 0 and the codimension formula readily follows from
(A.5) and (A.6). O

A.4 Proofs for Section 4.2

Ancestor ideals, not mentioned so far in this appendix, play a central role in [I2]. As
in Section 4.2, an ideal I C R generated by elements of degree n has an ancestor ideal,
which is the largest homogeneous ideal of R that agrees with I in degrees m > n.
When I = (V) for V € Grass(d + 1, R,), we will follow [I2] and denote its ancestor
ideal by V.

We denote the Hilbert function of R/V by Hys. These Hilbert functions are char-
acterized in [I2, Theorem 2.19]. Given such a function H, let Grassy(d + 1,n) consist
of all V' € Grass(d + 1, R,) such that H = Hyr (see [I2, Definition 1.11]).

We define the partial order >p on these Hilbert functions by setting H' >p H if
and if H'(m) > H(m) for m > n and H'(m) < H(m) for 0 < m < n. Then we have
[I2, Theorem 2.32]:

Theorem A.8. Grassu(d+ 1,n) is irreducible and open dense in its Zariski closure,
which is given by

Grassg(d+1,n) = U Grassy/(d+ 1,n).

H'>pH

For the rest of the appendix, we will work in the relatively prime case. Thus all
partitions g = (p1,. .., na) that appear will be partitions of n, i.e., |u| = n.

Given V € Grass(d + 1, Ry), let hi,...,hr be minimal generators of the ancestor
ideal V. We assume deg(hi1) > --- > deg(h,). Note also that deg(h;) < n for all i
since (V) and V are equal in degrees > n. Then [I2, (2.43)] implies the following.
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Lemma A.9. Suppose V € Grass(d + 1,n) has p-type pp = (u1, - . ., pa) with lu|=n
and ancestor ideal V = (h1,...,hr) as above. Then 7 =d+1— #{i | ps = 1} and we
have a minimal free resolution

0— @ R(—n — 1) — @, R(— deg(hs)) — R — R/V — 0.

This proposition implies in particular that
(A7) V =P Ru—aean,) - his
i=1

so that if we set a; =n + 1 —deg(h;), then a1 +-- 4+ ar =d+1land a1 <--- < ar
since deg(h1) > -+ > deg(h,). Thus A = (a1,...,a,) is a T-part partition of d + 1.
Note also that p determines the length of A since 7 = d+ 1 — #{i | ps = 1} by
Lemma A.9.

It follows that V gives two partitions, g and A. These partitions have a strong
relation to the Hilbert function of the ancestor ideal as follows.

Lemma A.10. Suppose V' € Grass(d + 1, Rn) has partitions p and A, with |p| = n,
and Hilbert function H = Hy of R/V. Given another V' € Grass(d + 1, R,) with
partitions p' and A’, such that |p'| = n, and H' = Hy, then

H > H < p <pand A < A.

Proof. First suppose H' >p H. Since the ideals (V) and V are equal in degrees
> n, it follows that Hy(m) = Hy(m) for m > n. The same is true for V’'. Since
Hy(m) = Hy:/(m) =m+1for 0 <m < n—1, our assumption H' >» H implies that
Hy+ > Hy, and then pu’ < p follows from Lemma A.2.

From Lemma A.9, we see that for m < n,

H(m) = dimk(Rm) - Z dimk(Rm—deg(hi))
i=1
=m+1- ZmaX(O,m —deg(h;) +1).
i=1

We write this as H(m) = m+1—G(m), where G(m) = >_7_, max(0, m —deg(h:)+1),
and similarly H'(m) = m+1— G'(m), where G'(m) = >_;_, max(0,m — deg(h;) + 1).

Then H' >p H implies H'(m) < H(m) for m < n, so that G'(m) > G(m) for the
same m. The proof of Lemma A.2 then implies that

(A.8) (deg(h%), ... ,deg(h})) < (deg(hr),...,deg(h1))

since deg(h,) < --- < deg(h1), similarly for deg(h}). Using a; = n + 1 — deg(h;) and
>oi_ia; =d+ 1, one sees that

deg(hr) + -+ + deg(hys1) = ax + -+ + a5 — (d+1) + (7 — f)(n+1).
It follows that (A.8) is equivalent to A" = (af,...,ar) < A= (a1,...,a:).
We omit the proof of the other implication. O

Since the Hilbert function Hy of R/(V) equals the Hilbert function Hyr of R/V for
m > n, we call T' = Hy the tail of H = Hy; (see [I12, Definition 2.16]). This explains
why we used T for the Hilbert functions occurring earlier in the appendix.

The final result we need is a consequence of [I2, Theorem 2.24].
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Theorem A.11. Let H be associated to partitions = (1, ..., uq) and A= (a1,...,ar)
as above, and assume || = n. Then the codimension of Grassg (d+1,n)) in Grass(d+
1,n) satisfies

codim(Grassg(d + 1,n)) = Zmax(o,,ui —pi— 1)+ ZmaX(O,ai —a; —1).

i>j i>]

Proof. Recall that the the partition D of [I2, Theorem 2.24] is our p written in descend-
ing order, and A there is our A written in descending order. The equation (2.61) of
Theorem 2.24 there can be rewritten when cg = 0 (no common factor of (ai,...,an))
as codim(Grassg (d + 1,n)) = €(A) + £(D), which is the expression above. O

Proofs of Theorems 4.9 and 4.12. Set = p;, = (1,...,1,n —d+ 1) and note that
7=(d4+1)—(d—1) =2 since n > d+ 1. Then Theorem 4.9 follows immediately from
Lemma A.9 and (A.7).

Next observe that the set Pf: 4.4 from Theorem 4.12 satisfies

(A.9) Ploa= 7Y (Grassg (d + 1,n)),

where 7 is from Lemma A.1 and H is the ancestor Hilbert function corresponding to
partitions g and A. Then the codimension formulas from Theorems A.6 and A.11,
together with Lemma A.1, show that ’P::d’A has codimension max(0,a2 — a1 — 1) in
P,’:d (remember that |p| = n).

Finally, we compute the Zariski closure of P#,d,A in Pf:d. Applying 77! to Theo-
rem A.8 and intersecting with Pid, we obtain

—u . w “
,P'fhd’-A - ( U pn,d,.A’) N 7)'n,d
w<p,A'<A

’

by (A.9) and Lemmas A.1 and A.10. Since ’Pf:d,A, Cc Pﬁld is disjoint from Pﬁd for

u' # p, the expression on the right reduces to the formula in Theorem 4.12. O

We note that Pﬁd’A - ”Pf:d can be defined for any d-part partition p of n and
any 7-part partition A4 of d + 1, where 7 =d+ 1 — #{i | u; = 1} as in Lemma A.9.
Theorems 4.9 and 4.12 easily generalize to this case using the above results from [I2].
Furthermore, if A = (a1,...,a-) and 7 < d, then parametrizations in Prﬁd)A give
curves that lie on the 7-dimensional rational normal scroll Sa;—1,...,a, -1 € P4,

.....



