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CURVES ON NORMAL SURFACES

GUNNAR FLOYSTAD

ABSTRACT. We study locally Cohen-Macaulay space curves lying on normal
surfaces. We prove some theorems on the behaviour of the cohomology func-
tions and initial ideals of such space curves, which give a basic distinction
between those curves and curves lying on non-normal surfaces.

A natural step in the study and classification of space curves is to classify the
Hilbert functions of space curves, or, more generally, cohomology functions of space
curves. A closely related approach is to study the somewhat more refined invariants,
the generic initial ideal and higher initial ideal, and classify which of them can occur
for smooth, integral or locally Cohen-Macaulay space curves.

Given a space curve C on a surface S C P?, one may do descending biliaison
on the surface S and end up with a curve X minimal in its biliaison class on the
surface S. On the other hand, one might consider a surface T of minimal degree
such that C' may be linked (S,T) to a curve Y.

In these cases it will often happen that X or Y will have non-reduced components.
The invariants of C' may be deduced from the invariants of X or Y. Hence it is
natural to try to get an understanding of the invariants of curves on S with non-
reduced components.

Here it turns out that there is a basic distinction between when S is normal and
when S is not normal. The reason is that if one has a reduced curve D on S then
a multiplicity n structure on D in S is uniquely determined if S is normal, while
if S is not normal there may exist many (in fact infinitely many) multiplicity n
structures on D in S.

For C a curve on a surface S of degree s there is a basic sequence

(1) 0— L — 05— Oc — 0,

where L is the ideal sheaf of C'in S. This also gives rise to a sequence

(2) 0— Os(s—4) — LY (s —4) — we — 0.

In both cases £ and £Y(s — 4) are torsion free rank one sheaves on S with local

projective dimension one as Ops-modules. We prove the following.

Theorem 2.1. Let S C P3? be a normal surface of degree s, and L a torsion free
rank one sheaf on S with local projective dimension one as Ops-module. Let the
minimal generators of HOL = @nez HOL(n) occur in degrees ng <mny < -+ < n,.
Thenn; —nj_1 <s—2 forj=1,...,r, and the reqularity of L is < n, + (s —2).
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The theorem is sharp. It is not true if S is not normal. In fact, on a given non-
normal surface S there may exist £ on S with a gap between successive degrees of
minimal generators of H?L exceeding any given number.

Of course, by the sequences () and (Z)) this gives immediate consequences for
the generators of the homogeneous ideal I and the speciality module HOwc.

The proof of the theorem is an elaboration of the following key idea. Let D
be a smooth irreducible curve on a smooth surface S. Let D) be the multiple i
structure on D in S. Then there are sequences

0— ]:i—l — OD(i) — OD(i—l) —0
where the line bundles F; are related by
Fi=F1® wg(s — 4).

If Opm)(—r) has sections for some —r < 0, then F;(—r) also has sections for some
i <n—1. Since Fy = Op, the line bundle w},(s — 4) must have positive degree.
Thus the F; have successively more and more positive degree. However they can
not increase too fast in degree. Since

degw),(s —4) < deg Op(s —2)
(with equality if and only if D is a line), we have
deg F; < deg Fi_1(s — 2)
which is the reason for the number s — 2.

When it comes to the Hilbert function of the ideal I, it turns out that Theorem
2.1 is most conveniently interpreted in terms of the generic initial ideal for the
reverse lexicographic order.

Note. Throughout the paper, whenever we consider a curve C and its initial ideal or
higher initial ideal, we always assume the curve to be given in general coordinates.
Thus these are the generic initial ideal and generic higher initial ideal for the reverse
lexicographic order.

An almost immediate consequence of Theorem 2.1 is
Theorem 4.1. Let
in(Io) = (xPo,xM, ... x™)
be a minimal generating set. Consider the set
{xfo .. xT N\ {3}
Let the elements of this set have degrees
ng <nyp <o <ny
Thenn; —nj_1 <s—2forj=1,...,¢t.

In other words, the gaps between the degrees of the minimal generators of the
initial ideal, excluding «§ if that is a minimal generator, are at most s — 2.

The theorem is sharp. It is not true if S is a fixed non-normal surface. Then,
given any number, there may exist smooth curves on S with a gap between suc-
cessive degrees of minimal generators of in(/¢) (none of which are z if that is a
minimal generator) exceeding this number.
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There is also a corresponding result for the higher initial ideal in; (1) (Theorem
4.2).

We give some examples. For the diagram notation given here we refer to [F1-Gr]
or [Fl], section 13.

Example 1. Suppose S is a normal quadric surface (i.e. S is reduced and irre-
ducible). Excluding 3 there can be no gaps between the degrees of the generators
of in(I¢). Thus the initial ideal must look like the following :

It is not difficult to work out that one must have N = n or n + 1. This may
for instance be seen from the fact that a curve in C + rH for r > 0 must have
connected numerical character.

Example 2. Suppose S is a normal cubic surface. The following monomial ideal
has generators in degree 5 and 7 but none in degree 6. Thus it cannot be the initial
ideal of a curve on S.

It turns out that the most convenient interpretation of these results for coho-
mology functions of C' is in terms of the Rao function

p(n) = h'Zc(n).
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Let A2p be the second difference function. Let ¢ be minimal such that C is in
a complete intersection (s,t). Consider the interval A = [a,a + (s — 3)], where
a>t+s—1. A consequence of Theorem 2.1 is the following: If A%p(n) = 0 for
n € A, then A?p(n) = 0 for n > a. Actually a closer investigation shows that
something more can be deduced. Suppose C is on a normal surface S with s = 3.
Let e = ec be the speciality index and let d,(n) = d4n be the Kronecker delta
function.

Theorem 3.2 (s = 3). The function A*p(n) + b._(s—a)(n) is weakly increasing in
the range n < e — (s — 4).
Theorem 3.3 (s = 3). The function A%p(n) + §;1s—2(n) is weakly decreasing in
the rangen > t+ s — 2.

The method used to prove these theorems is not particular to cubic surfaces. For
a normal surface of degree s > 4 it has been awkward to find a precise formulation

for what should hold, and probably still more awkward to prove it, but a statement
should be something along these lines: the function

r(n) = — S %)

s—2\
i€[n,... ,n+(s—3)]

is weakly increasing in the rang n + (s — 3) < e — (s — 4) (resp. decreasing for
n > t+s—2). (This form of statement is probably not true, but it gives the
intuitive idea.)

We also interpret Theorems 3.2 and 3.3 in terms of initial ideals. Let I(v) be the
number of generators of in(I¢) of degree v which are divisible by xs.

Theorem 5.1 (s = 3). The function [(v) + dpys—2(v) is weakly decreasing in the
range v > 1+ s — 2.

There is also a corresponding theorem for the higher initial ideal (Theorem 5.2).

Example 3. The following monomial ideal cannot be the initial ideal of a curve
on a normal cubic surface:

We apply Theorem 5.1 with ¢ = 6. The number of minimal generators divisible
by x5 is 1 in degree t + 2 and 2 in degree ¢ + 3. This is impossible by Theorem 5.1.
But maybe it could be the initial ideal of a curve on a non-normal cubic surface.
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The reason we put emphasis on the initial ideal interpretation of these results
is that we see the problem of understanding what initial ideals can occur for space
curves as a natural question in the classification of space curves. And moreover,
and not least important, it was by considering initial ideals that we were first led
to Theorem 2.1 and subsequently to the other theorems of this paper.

The outline of the paper is as follows. Section 1 contains some preliminary
results and notation. Section 6 is the main technical section of this paper. It
studies non-reduced curves on normal surfaces. In Sections 2, 3, 4, and 5 we derive
the theorems, and in a way they are all corollaries to Section 6.

In Section 2 we prove Theorem 2.1. In Section 3 we prove Theorems 3.2 and 3.3.
Section 4 gives the initial ideal interpretation of Theorem 2.1. Section 5 gives the
initial ideal interpretation of 3.2 and 3.3.

In Section 7 we show by an example what may happen on a non-normal surface
S. We consider the irreducible non-normal cubic surface. Then, given any number,
we give examples of smooth curves C on S with a gap between successive degrees
of minimal generators of I¢ or in(I¢) exceeding this number.

Throughout the paper all curves are assumed to be locally Cohen-Macaulay
unless stronger conditions are explicitly stated.

1. PRELIMINARIES

In this section we collect some notation and general facts used in this paper.

Sheaves of local depth one on a curve. Let X be a locally Cohen-Macaulay curve,
i.e., a curve without isolated or embedded points. Let M be a coherent sheaf on
X. We denote by M° the quotient sheaf of M obtained by dividing out by the
intersection of the primary submodules primary to the minimal prime ideals of M.
More intuitively, M° is obtained from M by throwing away all module components
of dimension 0. Note that M° will have local depth one.

Suppose now that R C M is an inclusion of coherent sheaves of local depth one
on X. We may form the quotient A = M/R. This gives a composition

M— A— A°.
We denote by R the kernel of this composition.

Dualizing functors. Suppose now that X is a closed subscheme of a locally Cohen-
Macaulay scheme Y of pure dimension r. Suppose Y has a canonical sheaf wy.
Then X has a canonical sheaf wx = Emt’é_yl (Ox,wy) by [Ei], Theorem 2.15. In the
following we consider the category of coherent sheaves of local depth one on X and
let M be an object in this category.

Proposition 1.1. 1. Homoy (—,wx) is a dualizing functor on X ; in particular,
the natural map

M — Homo (Homo (M,wx),wx)

is an isomorphism.
2. Exty, (M,wy) =0 fori#r—1.
3. There is an isomorphism of functors

Homoy (—,wx) = Sxtgyl(—,wy).
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Proof. 1. This is [Ei], Theorem 21.21 c.

3. Given 2. above, the proof of [Hal, III, Lemma 7.4, goes through.

2. That &Ctzby (M,wy) =0 for i > r — 1 is [Ei], Proposition 21.12 a. The case
when ¢ < 7 — 1 comes from the following.

Lemma 1.2. Let A be a local Cohen-Macaulay ring of dimension d.

a) Then wy is a mazimal Cohen-Macaulay module, i.e., depth wa = d.

b) If M is a mazimal Cohen-Macaulay module and N has support in dimension
<e, then Exty,(N,M) =0 fori<d—e.

Proof. a) This is [Ei], Proposition 21.8.
b) This follows by |Ei], Propositions 18.4 and 18.3. O

This also finishes the proof of Proposition 1.1. O

Residual schemes. Now suppose that the curve X is on a normal surface S. Given
a subscheme D of X, we may define the residual scheme Y of D in X by

Iy/;x = (0:04 Ip/x)-

By the proof of [Ei], Theorem 21.23, Y is a locally Cohen-Macaulay subcurve of X.
This gives a sequence

O—>Iy/x—>(’)x—>(9y—>0.

We claim that Zy,x is an invertible sheaf on D outside the singularities of S.
Clearly, since Y is a Cartier divisor outside Sing S, the sheaf 7y, x is invertible on
its support outside SingS. Since AnnZy,x 2 ZIp,x, the support is contained in
D, but by Hilbert polynomial considerations we must have equality, so the support
of Iy/X is D.

Rank one sheaves on a surface. Now on the surface S there is an exact sequence
0—L—0s—0x —0,

where £ = Tx,g. Here L is a rank 1 sheaf on S of local projective dimension one as
an Ops-module. Let £V be the dual as Og-module. We have the following result.

Lemma 1.3. Suppose the local projective dimension ldeP3 L=1. Then:
L lpde_, LY =1.
2. LYY = L.
Proof. There is a sequence
0—§G—H—L—0,
where G and H are locally free on P3. This gives
0—H — G — Sxtl(ﬁ, Ops) — 0,
where v denotes the dual as Ops-module. Since
Ext* (L, Ops) = Hom(L, Og(s)) = LV (s),

we get lpdop3 LV = 1. Dualizing once more gives

0—G—H— Ext' (LY (s),Ops) — 0.



CURVES ON NORMAL SURFACES 5491

Here
Ext' (LY (s),Ops) = Hom(LY,05) = LYY,
so we get L= LVV. O

2. THE MAIN RESULT

Let S C P3 be a normal surface (i.e., with a finite number of singularities). Let
C C S be a locally Cohen-Macaulay curve. There is an exact sequence

(3) 0— L— O — Oc — 0,

where £ = Z¢,g. Here L is a rank 1 sheaf on S of local projective dimension one
as an Ops-module. Let £V be the dual as an Og-module. Then there is a sequence

4) 0— Os(s—4) — LY (s —4) — wc — 0,
and furthermore a sequence
0— OP:}(—S) — IC/P3 — L —0.

The following theorem then says something about the generators of the homoge-
neous ideal of the curve, and also something about the generators of the graded
module Hwe.

Theorem 2.1. Let S C P? be a normal surface of degree s and let £ be a rank 1
sheaf on S with ldeP3 L = 1. Let the minimal set of generators of HOL occur in
degrees

ng <np <o <N

Then
g —nNnj—1 S s—2
forj=1,...,r, and the regularity of L is <n, + (s — 2).

Remark. Looking at the homogeneous ideal I C k[zg, 21, 2, 23], this implies that
the gaps in the successive degrees of the generators of Io (excluding the form
defining the surface S, if that is a minimal generator) are at most s — 2.

Furthermore one sees that if the sequence @) is obtained by taking a section of
H?LY of minimal degree (which is equivalent to ec < s—4), then the gaps between
successive degrees of generators of Hw¢ are at most s — 2.

Remark. The theorem is sharp. Let S be a smooth surface with a line L and let
L™ be a multiple n structure on L. If C is linked to L™ on S and £ is the ideal
sheaf of C, then all gaps between minimal generators of H?L of successive degrees
are of size s — 2.

Remark. This theorem does not hold for curves on non-normal surfaces. In fact, if
S is a given non-normal surface, then given any number, there may exist £ with a
gap between successive degrees of generators of H?L exceeding this number. (See
Section 7.)

Proof of Theorem 2.1. By replacing £ with a twist we may assume it has its first
generator in degree —(s — 4). We then get

0— Og(s—4) — L— wx — 0,

where the speciality index ex < s — 4. To prove the theorem it will be enough to
establish the following three facts.
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1. ex Z —2.

The gap in the generators of Hlwx is < s — 2.

3. If the last generator of H2wx occurs in degree d, then the regularity of Hwyx
is <d+ (s —2).

o

1. This obviously holds, since the speciality index of X is greater or equal to
that of any reduced, irreducible subcurve of X.

3. If the last generator of Howx occurs in degree d, then wx (d) is generated by
its sections. Since X is generically a Cartier divisor on S, wx(d) is generically an
invertible sheaf on X. Then a general map Ox — wx(d) will have a cokernel 7
with finite support giving a sequence

0 — Ox — wx(d) — T — 0.
Since ex < s — 4, we get H'Ox (s —3) = 0; so H'wx(d + (s — 3)) = 0, implying
that wy is d + (s — 2)-regular.
2. Suppose there are minimal generators of Hlwx of degrees d’ and d’ with
d’ > d + (s — 2), and that there is no minimal generator of Hlwx of degree

between d’ and d”. Let M be the subsheaf of wx generated by the generators of
degree < d’. The inclusion M — wy gives by Section 1 a sequence

(5) 0—M—wxy —A—0.
Applying the functor Homo, (—,wx), we get by Proposition 1.1 a sequence
0 — Homoy, (A wx) — Ox — Homoy (M,wx) — 0.

Thus Homoe (M,w x) = Oy for some locally Cohen-Macaulay subcurve Y, and
Homoy (A, wx) = Iy, x, an ideal subsheaf of Ox. Dualizing back and using Propo-
sition 1.1, we see that the sequence (@) is then

O—>wy—>wX—>A—>0.

Now since wy (d') is generated by its sections except at a finite number of points,
wy is d' 4 (s — 2) regular by the same argument as in 3. Thus Y # X. We also see
that the minimal generator of H%wy of highest degree is in degree d’.

Next we claim that H°A(n) = 0 for n < d”. This is because

H'oy(d +(s—3))=0
and the first degree of a minimal generator of Howx of degree > d' is d” > d' +

(s —2).

The idea is now to use Theorem 6.1 to show that this large gap between degrees
of generators in H2wy and H?A is impossible. Let D be a reduced, irreducible
curve in the support of Zy,x (but the support of Zy,x may be nonreduced along
D). Let F = (Zyx)p°- By pushdown we get a diagram

Ty/x Ox Oy
I I |
a Oy Oy

and a sequence

0 — Ty)x — Iyyx — F —0.
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Applying Homo, (—,wx), we get a sequence
0 — Homoy (F,wx) — A — Homoy (Tyx,wx) — 0.

Let G = Homo, (F,wx). Then we see that G has no sections in degrees < d”’. Now
distinguish two cases.

a. If D is not a subcurve of Y, then F is an ideal in Op. Thus
wp = Home, (Op,wx) CG.

But since wp(2) has sections (by Hilbert polynomial considerations), we see that
d” < 2. This is impossible, since d' > —(s — 4).

b. Suppose then that D is a subcurve of Y. Let Y’ be the residual of D in Y,
so we have a sequence

0—F — Oy — Oy, — 0.
Let G = Homo, (F,wy), so we have a sequence
0 — wyr — wy — G — 0.

Then, since Y’ # Y, clearly G(d') has a section. By Corollary 6.2 then also

G(d' + (s — 2)) has a section. This gives a contradiction. O

3. CURVES ON A CUBIC SURFACE

In this section we wish to say something more about how the Hilbert function
of the sheaf £ behaves, where L is given as in Theorem 2.1. By replacing £ with a
twist so the minimal section is in degree —(s — 4) we get a sequence

0— Os(s—4) — L— wx — 0.

We study the Hilbert function of £ by studying the Hilbert function of wx. Let
p(n) = hPwx(n) and let A2p, be the second difference function.

In the following we restrict to the case where S is a normal cubic surface. In
this case we may derive a simple necessary condition on the behaviour of A2p. The
methods are not in principle particular for a cubic surface, but formulating a precise
theorem about the behaviour of A%p when s > 4 seems to be more awkward, and
proving it would be even more so.

We show the following (the proof is at the end of this section).

Theorem 3.1. Let S be a normal cubic surface. Let X be constructed as above.
Then A2p(n) is a non-negative weakly decreasing function for n > 2. For n > 0
we have A%p(n) = 0.

Here X is a curve with speciality index ex < s—4 = —1. Thus X is minimal in
its even biliaison class on the surface S. One might then ask what version might
be true for a curve on S not minimal in its even biliaison class on the surface S. It
turns out that in this case it is more natural to formulate the theorem as a property
of the Rao module of X.

Let

p(n) = h'Zx(n).
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Then p(n) = h°Ox (n) for n < 0, and p(0) = h°Ox — 1. From the two identities
h°Ox(n) — h'Ox(n) =dn+1—g,
R'Ox(n) = hPwx (—n),
we deduce that for n < —1

o) —p(n—1) = d+ WO (—n) — Wux(-n+1),
Ap(n) = d—Ap(-n+1),
A?p(n) = A?p(—n+2),

and for n = 0 we get
A%p(n) = A’p(—n+2) — 1.
Let ¢, be the Kronecker delta function, i.e. d4(n) = 0p,q. Then for n <0
(6) A%p(n) + o(n) = A?p(—n + 2).
Theorem 3.2. Let X be on a normal cubic surface S.
1. Ifex > s—4 = —1, then A’p(n)+06 _(s—a)(n) is a weakly increasing function
whenn <ex — (s —4).

2. Ifex < s—4=—1, then A%p(n)+0(n) is a weakly increasing function when
n < 0.

Proof. We have the sequence
0—L—0s—0x —0

and the Rao module Rx = H!L. Furthermore, h'Ox(ex) # 0 gives
h®L(ex) # 0. Now
(H?L(ex))* Exto(ﬁ(ex),ws)

Hom(L,Og(s — 4 —ex)).

We thus get
0— Lex —(s—4)) — Og — Oy,

where the speciality index ey < s — 4, and the Rao module

Ry = Hiﬁ(ex—(s—él))
= Rx(ex —(s—4)).
The theorem now follows from Theorem 3.1 and (@). O

By looking on the curve linked to X we may also get a description of how the
Rao module of X behaves for larger values of n.

Theorem 3.3. Let X be a curve on a normal cubic surface S. Let t be minimal
such that X is on a complete intersection (3,t). Then A?p(n) + §;11(n) is weakly
decreasing forn >t + 1.

Proof. We have the sequence
00— L —0s—0x —0
and the Rao module Rx = H!L. Also, the injection
Og(-t) — L
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gives a sequence
0—Os(s—4) — L(t+s—4) —wp —0
for a curve D. Here
WLt +s—4+71)=h'wp(r) = h°Op(-r)
for r > 1, and
R'L(t+s—4) = hOp — 1.
Thus
R'L(t+s—4+71)=h'Ip(-r)

for r > 0.
Now we get for r > 2

Ap(t+s—4+7r) = A’R'L(t+s—4+T)
= A’R'Ip(—r+2).
From this we see that A2p + §;,1 is weakly decreasing for n > 2+t +s—4 =
t+1. O

Remark. From the sequence
0—L—0s—0x —0
it follows that for n > max(s — 3,ex + 1) we have H2L(n) = 0. Furthermore, for
n <t, H'L(n) = 0. Thus
p(n) = H'L(n) = —xL(n) = xOx(n) — xOs(n)
for
max(s —3,ex +1) <n <t

This holds whether S is normal or not (and regardless of the degree of S). The
values of A%p which we do not have any statement about are thus (assuming s = 3)

A?p(t), A?plex +2) (resp. A%p(1) if ex = —2).

Curves with multiplicities on lines. In order to prove Theorem 3.1 we need to do
some preliminary work. Let L be a line on S and let R be another curve on S with
RN L finite. The ideal Z% - Zx defines a subscheme of S consisiting of a locally
Cohen-Macaulay curve X and some embedded points. As we shall see just after
Corollary 6.4, we get sequences

(7) 0— Fii1 — Oxw — Oxu-1ny — 0,
and if L() is the multiplicity i structure on L in S we get sequences
0— gi_l — OL(i,) — OL(i—l) — 0.

Lemma 3.4. Suppose H°Ox ) (—1) # 0 for some i. Then there are m > 1 and
v >0 such that

i. deg F, <0 for a < w.

ii'fv:Ferl:"': v+m71:OL-

. Fogm = Fa(l) fora >wv.
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Proof. We see that Gy = Op. From the sequence
0—G — O — 0L —0

we see that G, = Tor?s (Or,0p)°. The sequence ([IG) in Section 6 with s = 3 and
F = Or, becomes

0 — OL(=3) — Or(~1) @ O(~1) — Tor?*(Or,0r) — 0,
so we get that Tors (O, 01)° = Op(—1),0r, or O (1).
By Theorem 6.1 we have
(8) Gi CGia(1), FiCFia(1).
Also, since RN L is finite we have
Fi € Gi.

Now let m be minimal such that degG,, > degG,,—1. (If no such m exists, then
clearly

deg F; < degG; <0

for all 4, and H°Ox ) (—1) = 0.) By @) we get G = Gm—1(1). From Theorem 6.5
we then get

9) Fatm =Fa @ Gm
for all a > 0.
a. If now G; = Op(-1), we get deg G, <0 and
deg F; < degG; <0

for i < m. By (@) this gives deg F, <0 for all @ > 0, and so H°O @) (—1) = 0.
b. If Gy = OL(1), then m =1, and F,41 = Fo(1) for all @ > 0.

c. So consider the case Gy = Op. The non-zero map (g1)®i — G; gives
degG; > 0 for ¢ > 0. Then G,, = Or(1) and
Go=G1==Gn_1=0_.
Let v be minimal with deg F, > 0. Then we must have F, = Or. We claim that
Fo=Fpy1="=Fpitm-1=0OL.

By (21)) in Section 6 there are non-zero maps F; ® Gi — Fip1. If v > 1, then
.7:1,71 = OL(—l) and

-/Termfl = -/val(]-) - OL~
If v =0, then
deg Fo4m—1 = deg Fro—1 < degGr—1 < 0.

We now show the following, which is equivalent to Theorem 3.1 by (@)).

Theorem 3.5. The function A?p(n)+do(n) of X is weakly increasing in the range
n <0.



CURVES ON NORMAL SURFACES 5497

Proof. Let —r be minimal such that H°Ox(—r) # 0. Let F be the subsheaf of
Ox (—r) generated by its sections H'Ox (—r). By Section 1 we have a sequence

0—>.7:——>Ox—>0y—>0,

where Y is a locally Cohen-Macaulay subcurve of X. By Corollary 6.4 the support
of F is set-theoretically the disjoint union of lines, say Li,Lo,...,Ly. Let L;
occur with multiplicity n; in X, so X = Lgni) U R; for some curve R; with finite
intersection with L;. We then get a filtration as in (@):

0— Fij-1— 0,05 — Opi-v,z —0.
By Lemma 3.4 there are m; > 1 and v; > 0 such that
Fiws = Fiwvitr =+ = Fiwi4mi—1 = O,

and
fi,aeri = -Fi,a(l)
for a > v;. Write n; = v; + t; + r;m;, where 0 < t; < m;. Note that we must have

Fin, = Or,(r).
Now let

X/ = L§v1+r1m171) U---U Lgvthrhmhfl) UR.
Then there is a sequence
0—K-—0x —0x —0

where C is the kernel.

We now see the following:

1. hOOX/(—T - ].) =0.

2. BOK(=r) = 20 (ti + 1).

3. WOK(=r+ )= G+ 1), (¢ + 1) for j > 0.

4. h°Ox:(—r) = 0. This is because a section of Ox/(—r) must lift to a section
of Ox(—r). It would therefore have to be set-theoretically supported on a
subset of the lines L;. But by Lemma 3.4 applied to X’ this is impossible.

5. h°Ox:(—r+1) > Z?:l m; > Z:‘L:1(ti +1). This follows again by Lemma 3.4.

From this we now see the following;:

a. A?px(n) = A%px/(n) for n € [—r + 1,0].

b. A2px(—7’ + 1) = AQsz(—r + 1) > Z?:l(ti + 1)

o A2px(=r) =Y, (ti + 1)

By induction on deg X we then see that A%px(n) + do(n) is weakly increasing

for n < 0. O

4. INTERPRETATION BY INITIAL IDEALS

In this section we wish to give interpretations of the results in the two preceding
sections via initial ideals. The reason is that the initial ideal and the higher initial
ideal are simple natural objects associated to a space curve, and they give a fairly
refined invariant of the space curve which is nicely represented in a plane diagram
and contains a lot of information. For instance, from the initial ideal and the higher
initial ideal one may read all the cohomological dimensions h‘Zx (n) of a curve X.
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We therefore see it as a goal to understand which initial ideals and higher initial
ideals can be associated to a space curve. Actually it is by considerations about
the initial ideal that we were led to the theorems in Sections 1 and 2.

Now X C S is a curve on a normal surface S C P? of degree s. Let I C
klxo,x1, x2, 3] be its homogeneous ideal and in(I) its initial ideal for the reverse
lexicographic order. (See [Ei], 15.2.)

Theorem 4.1. Let

in(I) = (xo, ... x)
be a minimal generator set. Consider the set

{xfo, .. xT {3},
Let the elements have degree

ng <nyp <o <ny

Thennj —nj_1 <s—2forj=1,...,t.
In other words, the gap between the degrees of the minimal generators in in(I),
excluding xj) if that is a minimal generator, is < s — 2.

Proof. There is a sequence
0— Ops(—s) —Ix — L—0,
where £ is the ideal of X in S. Let the minimal generators of HYL be in degrees
mo < mp < e <My

If m, = 1, then X is a line and the theorem holds. So assume m, > 2. The ideal
I will also have minimal generators in these degrees and thus also in(I) (being a
degeneration of I). Now the regularity

reg in(I) =reg I < max(s,reg L) < m, + (s — 2).

Then the biggest generator of in(I) occurs in degree < m, + (s — 2) by [Ba-St].
Furthermore, the only possible generator of in(7) in degree < mg will be x§. Hence
the theorem follows. O

Again we must say that the theorem does not hold when the suface S is not
normal. Then the gaps between the degrees of the generators of in(/) may be
arbitrarily large.

When giving the analogous statement for the higher initial ideal it is most natural
to do so for curves that are minimal in their biliaison class on the surface S. So let
X be such a curve, i.e. a curve with speciality index ex < s — 4.

The higher initial ideal in; (I) of X consists of T2 C R2. (See [F]] or [FI-G1].)

Theorem 4.2. Let the minimal generators of T? occur in degrees
ng <ng <o <ng.
Thennj —nj_1 <s—2forj=1,... ¢t
Proof. There is a sequence
0— Og(s—4) — L — wx — 0,

where HYL has its minimal generator in degree —(s — 4). Let the other generators
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of HYL occur in degrees
mo < mp <o <My,

These will also be the degrees of the minimal generators of Hlwx.

Now the resolution of T2 is a specialisation of the resolution of wx(4). (See
[F1], Section 4.) Thus T?(—4) also has generators in these degrees. To conclude
we must show that the degree of the largest degree generator of 72(—4) has degree
<my + (s —2).

We show that the regularity of wx is greater or equal to the degree of the
highest degree generator of T%(—4). Since the regularity of £ is < m,, + (s — 2)
with m,, > —(s — 4), we get that the regularity of wx is < m, + (s — 2), and the
theorem follows.

So let r be the regularity of wx. Then

Hlox(r—2)#0, H'wx(r—1)=0,
SO
H°Ox(—r+2)#£0, H°Ox(-r+1)=0.

This gives r > 2. Let the generator of T?(—4) of highest degree occur in degree m.
Suppose m > 3. There is a sequence ([El], 11.4)

(10) 0 —T? — R* — P} —0.
By [E]], Section 11, there is a sequence
(11) 0— T2 — R, — P —0

such that (I0) is just (II) tensored with @, k[zs]. Now R2_ is generated by ele-
ments of degree < —2. The submodule Tgf3 has a generator in degree m — 4 > —1.
But then P2 must have an element in degree m — 5. This gives H'Zx (2 —m) # 0
([ET, 12.10), which implies H°Ox (2 — m) # 0. Thus —r +1 < 2 — m, giving
r > m. |

Examples 1 and 2 of the introduction are applications of Theorem 4.1.

Example 4. Suppose S is a normal quadric surface (i.e. S is reduced and irre-
ducible). Let X be a curve on S minimal in its even liaison class on S. By Theorem
4.2, in1 (Ix ) must have the following form.
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By [FI-G1], if C' is any curve on S with X as a minimal curve in its even liaison
class on S, then in; (/) must look like the following.

Analogously to Example 1 in the introduction, it follows that one must have
N=norn+1.

5. INITIAL IDEAL OF CURVES ON NORMAL CUBIC SURFACES

We now wish to give the initial ideal version of the theorems of Section 3. We
suppose that X C S C P23, where S is a normal cubic surface. Let I be the
homogeneous ideal of X. Then we get the initial ideal in(J) and the higher initial
ideal in; (I) represented by T2 C R2.

Let ¢ be minimal such that X is on a complete intersection (3,t). That is, ¢ is

minimal such that 222! ~2 € in(I).

Theorem 5.1. Let I[(v) be the number of minimal generators of in1, divisible by
xo. Then l(v) + 0141(v) is weakly decreasing for v >t + 1.

Let e be the speciality index of X; that is, e is maximal such that (2512)*(2) €
T?. (Exception: if the speciality index of X is —2, let e = —1.)
Theorem 5.2. Let m(v) be the number of minimal generators of T2 of the form
(228)*(2) - 25, where ¢ > 1. Then m(v) + §_._3(v) is weakly decreasing for v >
—e— 3.

We first give some notation. Let I, be the image of the map

I — k[xg, x1, z2, 23] — k[x0, 21, 22].
Then in(1,,) = in(J),,, since the order is revlex. Let
Lo = in(1) ;%" /in(I) .,
and let Lo, be the graded piece of degree v. Also put
lo(v) = dimy, Lo,
Recalling that Rx is the Rao module, from [F]], 12.12 ¢), it follows that
lo(v) = dimy, ker(Rx ,—1 N Rx ),

where h is a general linear form.
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Now for the proof of Theorem 5.1.

Proof. Note that if C' is a complete intersection then 4.1 holds trivially. So assume
C is not a complete intersection. First we show that z2zt™* zox! and 2/ are all

in in(I). Suppose the diagram for in([) is

X @ ®x 01
© @

Then, since C' is contained in a complete intersection (3,t), we must have ¢ = 0,
and since C is not a complete intersection, d must be a finite number. By linking
(3,t) we get by [F1-Gr1] a curve D where in; (Ip) has diagram

® @

By Borel-fixedness of inj(Ip) one sees readily that if d > 0 then T2, = 0, giving
h?Ip(—2) = 0. But any curve has speciality index > —2, so this is impossible.
Thus d = 0, and the above mentioned monomials are all in in(7).

Let ' = X N H be a general hyperplane section and J = Ip. Since in(J) =
in(7)4, 5" we see that in(J) is generated by monomials of degree < ¢+ 1, and hence
J is (t + 1)-regular, [Ba-St], giving H'Zr(v) = 0 for v > t.

The sequence

0— Tx(-1) -5 Ty —Tp — 0
gives
H'Zx(v—1) -5 H'Ix(v) — H'Ip(v),
implying that
Rx,-1— Rx,

is surjective for v > t. Thus lo(v) = —Ap(v) for v > t.
Consider the map

-To
LO,I/*I — LO,V~

We claim it is surjective for v > ¢ + 1. Assume to the contrary that there is an
m € in(I),,** such that m is not in the image. Let m = x3z%x5. Then x¢z? must
be in the saturation in(7),,**. If ¢ > 0 this implies that 7 is in the image.

If ¢ =0, then m & in(I),, but m € in(I);,*** = in(J). From the first thing
shown in this proof this implies degm < ¢. Thus the map is surjective for v > t+ 1.
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The kernel has a basis consisting of monomials 7@ such that mxzs is a minimal
generator of in(/). All such generators of in(I) of degree v >t + 1 occur this way.
Thus

A2p(v) = —Aly(v) = 1(v),
the number of minimal generators of in(I), divisible by z». O
Remark. Example 3 of the introduction is an application of Theorem 5.1.

The proof of Theorem 5.2 is quite analogous to the above proof. We give a
sketch. The higher initial ideal of I is represented by T2 C R2. We get the module
P?_ from the sequence (I0) in Section 4, and let

pi-(v) = dimg P,
Then, by [F]], 12.10,
pf_(u) = dimy, coker(Rx, —,—4 N Rx _,_3).
Now first show that
(x32i71)"(2), (zoz)*(2), (277)"(2)

are all in T2.
Then show that

-h
Rx -1 — Rx,p

is injective for p <e —1.
Finally, show that

2 T2 p2
Pl—,u—l — Pl—,u
is surjective for v > —e — 3 and that the kernel is generated by elements
(afah)*(2) - a5,
b

where ¢ > 1, such that (zgx%)*(2) - x5 is a minimal generator of T2

6. TECHNICAL RESULTS

In this section we develop the necessary theory about non-reduced curves on
normal surfaces in P3 required to yield the results in the previous sections.

The difference between normal surfaces and non-normal surfaces for the matters
studied here is that if S C P3 is a surface and D C S is a reduced and irreducible
curve on S, then a multiplicity n structure on D is uniquely determined if S is
normal, but if S is non-normal then there may be many (in fact infinitely many)
such structures.

Suppose from now on that S is normal. Let X be a curve on S and let D be any
locally Cohen-Macaulay subcurve of X. Let X be the residual of D in X. Suppose
that D is also a subscheme of X, and let X’ be the residual of D in X. We then
get two exact sequences:

0 —F — O0Ox — Ox — 0,
(12) O—>.T—>(9y—>(’)x—>0,
where F and F are the kernels. By Section 1 they are generically invertible sheaves
on D.
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Let Zx/s be the ideal of X in S and Zx,,g the ideal of X’ in S. From the
diagram

Os Og

| |

F —— Ox —— Ox/

one gets the sequence
0 —TIx/s — Ixiys — F — 0.
Since X’ is generically a Cartier divisor on S, this gives that
(13) (Zx/)s®0Op)° =F,
where © denotes the torsion free part. Correspondingly,
(Ix/s ® Op)° = F.
The following says something about the relation between F and F.

Theorem 6.1. 1. Ix,s®0Op, Tors (F,0p) and Homo,, (wp, F)(s—4) are all
generically invertible sheaves on D whose classes in the Grothendieck group
are equal.

2. There are generical isomorphisms

Tor?* (F,Op) — Ix;s ® Op — Homo,, (wp, F)(s —4).
In particular there is an injection
F — Homo, (wp, F)(s — 4).

Proof. 1. Let Zx be the ideal sheaf of X in P? and Zx- the ideal sheaf of X’ in
P3. By tensoring

0—ZIx — Ops — Ox — 0

with Op we get in the Grothendieck group of sheaves on P? that

[0p) = (= 1)[Tor; ** (Ops, Op))]

(14) >0
_Z TOI‘ Ix,OD +Z TOI‘ (Ox,OD)].
i>0 >0

Since Op has local projective dimension 2, there is a resolution of locally free
sheaves on P3.

(15) 0— & — & — & — Op — 0.
Thus
S (1) [Tor " (Ox, Op)] = 0

i>0
Since furthermore

Tor’®* (Zx,0p) = TorH_1 (Ox,0p)
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for i > 1, we get
Tor?l’3 (Zx,0p)=0
for s > 2 and Tor?"3 (Zx,Op) is torsion free of rank one on D.
Tensoring the sequence
0—1Ixy —Ix —F—0
with Op gives a sequence
0— Tor;9P3 (F,0p) — Tor?"3 (Zx,0p) — Tor?"3 (Zx:,0p).

Since all these sheaves are torsion free of rank one, the first map must be an
isomorphism.
Hence we get from (I4) that

[Tory ** (F, Op)] = [Tory ™ (Ix,Op)] = [Ix ® Op) — [Op].
From the sequence

0— Op3(—8) —>IX —>Ix/5 — 0

we get
0 — Op(—s) — Ix ®Op — Ix;s ® Op — 0,
giving
[Zx ® Op] = [Ix/s ® Op] + [Op(—s)],
S0

[Ix/s ® Op] = [Ix ® Op|—[Op(—s)]
= [TorS™*(F,0p)(s)].
‘We now wish to show that

la) Torgl’3 (F,0p)(s) = Homo, (wp, F(s — 4)),

1b) [Tory ™ (F,Op)(s)] = [Tor?s (F,Op)].

To show 1a) we apply the functor Homeg (—,wps) to the complex (I5) and get
a resolution

0— & — & — & — wp(4) — 0.
Applying Homoe,, (—, F) to this, we get
0 — Homo,(wp, F(—4)) — FR&E — F® &,
so we see that

Tor;9P3 (F,0p) = Homo, (wp, F(—4)).

Now we prove 1b). From [Ei], Exercise A3.45, there exist to an algebra morphism
R — S, an R-module B and an S-module A associated a spectral sequence

2EP1 = Tor] (Torl (S, B), A) =, Tork, (B, A).

p+q
Applying this with

SZOS, RZOP3, A:OD; B:}—,
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we get a sequence
(16) 0 — F(=s) — Tor, *(F,O0p) — Tor¥s(F,0p) — 0.
Again from (I we see that
[Tor™ (F,0p)] = [Tory ™ (F,0p)] + [F].
Hence (I6]) gives that
[Tor{* (F, Op)] = [Tory ™ (F,0p)] + [F] = [F(=s)]
= [Tory ™ (F,0p)(s)]

2. The sequence
0 —TIx/s —Ixys —F —0
gives
Tors (F,0p) — Ix)s ®O0p — Ix)s®0Op — F —0,

so the first map must be generically an isomorphism.
From the sequence

0—Ix/s — O0s — Ox —0
one gets
0 — ws — Homog(Zx;s,ws) — wx — 0.
Let

L =Homogs(Ix/s,Os),

SO
Homog(Zx/s,ws) = L(s —4).
We get a generic isomorphism
L(s —4)p — wx|p — 0.

Dualizing, we get an isomorphism

cuX|Dv >~ L(s— 4)‘DV.

Let us investigate the left and right hand sides of this.
Right hand side : Since £ = Homog(Zx,s,Os), one gets a map

Lip — Homo,(Zx/s)p:Ob),

giving
Homo, (Zx/s)p,Op)(s —4)Y — L(s — 4)‘DV.
Left hand side: The sequence

0 —F —0Ox — 0Ox —0

gives
0 — wxr — wx — Homo, (F,wx) — 0.

Now by Proposition 1.1

Homoy (F,wx) = Home, (F,wp).



5506 GUNNAR FLOYSTAD

This gives a generic isomorphism
wx|p — Homo, (F,wp) — 0,
giving an isomorphism
wX‘DV >~ Homeo,(Homo, (F,wp), Op).
All in all, we now have
F(d-3)=(Ix/s®0p)°(d—s) — (Ix;s®O0p)""(4~-3s)
— Homo,(Homo,(F,wp),Op).
We now wish to show that there is an injection
Homo, (Homo, (F,wp),Op) — Homo, (wp, F).
By Proposition 1.1 there is an isomorphism
(17) F — Homo,(Home, (F,wp),wp).
For a sheaf A on D there is a natural map
Homo, (A, Op) — Homo, (wp, Homo,, (A,wp)).
Putting A = Home,, (F,wp) and using that ([IT) is an isomorphism, one gets an
injection
Homo, (Homo, (F,wp),Op) — Homo, (wp, F)
and thus an injection

F — Homo, (wp, F)(s — 4).

Now let
g = Ext?gD (F,wps) = Homo, (F,wp)

and correspondingly define G. The following is the result used to prove Theorem
2.1.

Corollary 6.2. Suppose D is a reduced and irreducible curve. If G(d) has a section,
then G(d + (s — 2)) has a section.

Proof. Suppose we are given a map
(18) F — wp(d)
corresponding to a section of G(d). By Theorem 6.1
F C Homoy, (wp, F)(s — 4).
We will show that we get a map
Homo, (wp, F)(s —4) — wp(d + (s — 2)),
or, equivalently,
Homo, (wp, F) — wp(d+ 2),

giving a section of G(d + (s — 2)). Since H°Op(—1) = 0, we get H'wp(1) = 0.
Thus wp is 2-regular, and hence wp(2) is generated by its sections. So we get a
map Op — wp(2) giving the map

Homo, (wp(2),wp(d+2)) — Home, (Op,wp(d+2)) =wp(d+2).
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Putting this together with (IR) gives
Homo, (wp, F) — Homo,, (wp,wp(d)) — wp(d + 2).

O

As a motivation for the next theorem, consider the special case where S is smooth
and D is a smooth curve on S. Let D™ be the multiplicity n structure on D in
S. As remarked in the introduction, if Opm)(—r) has sections for some —r < 0,
then w),(s — 4) has positive degree. The following is a more general version, and
the situation we consider is as in the first sequence in ([I2).

Theorem 6.3. Suppose F(—1) has a non-zero section o and let D be a curve
contained in the support of o. Then wp(4 — s) has no sections.

Proof. Assume to the contrary that wp(4 — s) has a section. This gives an injection
Op — wp(d—s)
for some EF C D. By Section 1 we get a sequence of torsion free modules
(19) 0— Op — wp(d—5) — A —0.
Dualizing once by Homo, (—,wp), we get
0 — Homo,, (A,wp) — Op(s —4) — Homo, (Op,wp) — 0,

so Homo,, (Og,wp(s —4)) = Op(s — 4). Dualizing back, we get that (I9) is the
same as

0 —wp(d—85) —wpd—s) — A—0.

Thus by replacing D with E' we may assume that a section of wp(4—s) is generically
non-zero.

Next we claim that we may assume that the support of F is D. The restriction
F — (Fp)° gives by push-down a diagram

0O — F Ox Ox 0
| | H
0 —— (Fp)° Oy Ox/ 0.

By replacing F by (F|p)° and X by Y we may then assume the claim to hold.

Now D is a subscheme of X, so we get a composition
¢: Op(l) — F — Ox — Op.

Consider now two cases.

a. ¢ is zero. Then D is a subscheme of X’. Let X" be the residual of D in X,
so we have a sequence

0—)F/—>OXI —>OX// —>07
and by Theorem 6.1 we have
F C Homo, (wp(4 —s), F').

Thus if F(—1) has a section generically non-zero on D, so does F'(—1).
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b. ¢ is non-zero. Then we get a factorization
Op(1) — Og(1) — Op,

where F is a proper closed subscheme of D. The first map is surjective and the other
map is injective. Applying the dualizing functor Home,(—,wp) and twisting, we
get

0 —wp(d—s) —wrp(B—3s) —wp(83-—5) —0.

The composition gives a section of wp(3 — s) generically non-zero on E. We may
then proceed as in the first part of the proof and replace D by E. Then proceed as
in the second part of the proof to get F with support on D.

Now we see that in a. the degree of X decreases and in b. the degree of D
decreases. The procedure can always be carried on. This gives a contradiciton. O

Corollary 6.4. Suppose the surface S is of degree three. Then the set-theoretical
support of o is a disjoint union of lines.

Proof. Let D be a reduced connected curve in the support of o. Then wp(1) has no
sections. By Hilbert polynomial considerations we see that D must be a line. [

Now let D be a reduced curve on S, and R another curve on S. The ideal
T4, - Ig defines a subscheme of S consisting of a locally Cohen-Macaulay curve xX®
and some embedded points. Let F;_; be defined by the sequence

0— fifl —_— Ox(i) — Ox(i—l) — 0.
Also let DG be the multiplicity i structure on D in S. So we get sequences
0 —Gi-1 — Opwy — Opu-1ny — 0,

where G;_1 is defined as the kernel.
Let J; be the ideal sheaf of D™ in Og and let Z; be the ideal sheaf of X @ in
Og. Then, as in [3J),

Gi=(Ji®0p)°, Fi=(Zi®0p)°.

From [Ba-Fo| there are natural maps
(20) Gi ®Gm — Gitm
coming from the maps

Ji+ Im — Titm-
Analogously there are maps
(21) Fi ® Gm — Figm
coming from the maps

Zi - Im — Litm-

Theorem 6.5. Suppose D is smooth. If G, = Homo,, (wp, Gm—1(s—4)), then the
maps (20) and ZI) are isomorphisms.

Proof. Theorem 6.1 tells us that if
Gm = Homo, (wp,Gm-1(s —4)),

then G, = Jm ® Op. Since G,, is locally free on D, J,, becomes locally free on S.
But then Z; 1, = Z; @ T and Jipm = Ji @ T, so the theorem follows. O
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7. EXAMPLES ON A NON-NORMAL SURFACE

Here we give examples showing that if S is not a normal surface then Theorems
2.1 and 4.1 do not hold.
Let S be an irreducible cubic surface with a double line L. We may assume

I, = (z,y) € klz,y, 2, w].
Let L(® be the multiplicity 2 structure on L given by the ideal
(@®,zy,v*, 2 f + yg),

where f and ¢ are homogeneous in z and w of degrees r > 0 (see [Ha], Ex. 6.4).
There is a sequence

0— L — 05— Ope —0,

where HOL has generators in degrees 2 and r + 1.
According to [Hal], Proposition 6.6, a general map

L(-r) — Og
gives a sequence
0— L(-r) — Os — Oc — 0,

where C' is a smooth curve on S. We then see that the generators of Io occur in
degrees

3, r+2, 2r4+1.

It is also easily seen that the initial ideal in(I} 2)) is represented by




5510

GUNNAR FLOYSTAD

Thus we see that, disregarding the generator of degree 3 coming from a form
defining the surface S, we have a smooth curve C' with a gap of r — 1 between
successive degrees of generators of in(I¢).

[Ba-Fol
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(F1]
[F1-Gr]

(Gi]

[Hal
(L]

[MD-Pe]
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