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EXPECTING THE UNEXPECTED: QUANTIFYING THE PERSISTENCE
OF UNEXPECTED HYPERSURFACES

G. FAVACCHIO, E. GUARDO, B. HARBOURNE, AND J. MIGLIORE

ABSTRACT. The independence of imposed vanishing conditions is a foundational issue for
a wide range of research in algebraic geometry. In this spirit, if X C P" is a reduced sub-
scheme, we say that X admits an unexpected hypersurface of degree t and multiplicity m
if the imposition of having multiplicity m at a general point P fails to impose the expected
number of conditions on the linear system of hypersurfaces of degree ¢ containing X. Con-
ditions which either guarantee the occurrence of unexpected hypersurfaces, or which ensure
that they cannot occur, are not well understood. Research to date has made surprising
connections to root systems, hyperplane arrangements, and generic splitting types of vector
bundles, among other diverse topics. In this paper we introduce new methods for studying
unexpectedness, such as the use of generic initial ideals and partial elimination ideals to
clarify when it can and when it cannot occur. We also exhibit algebraic and geometric
properties of X which in some cases guarantee and in other cases preclude X having certain
kinds of unexpectedness. In addition, we formulate a new way of quantifying unexpectedness
(our AV sequence), which allows us to detect the extent to which unexpectedness persists
as t increases but ¢ — m remains constant. Finally, we study to what extent we can detect
unexpectedness from the Hilbert function of X.

1. INTRODUCTION

A classical kind of problem in algebraic geometry is to consider vanishing conditions on
a linear system L, and to ask if the dimension of the resulting linear system is what one
would expect based on the dimension of £ and the specific conditions imposed. That is,
one asks if the desired vanishing imposes the expected number of conditions on L. For
example, if £ is the complete linear system of conics in P? (which is 5-dimensional) and
P is a point, then vanishing to multiplicity 2 at P imposes three conditions on £; that is,
there is a 2-dimensional linear system of conics double at P as expected. However, if we
impose vanishing to multiplicity 2 at each of two points P, and P, we expect 3+ 3 = 6
conditions, i.e. we expect there to be no such conic, while in fact the double line passing
through P, and P; is such a conic. Continuing in this direction leads to the well-known
Segre-Harbourne-Gimigliano-Hirschowitz (SHGH) Conjecture [Se, H, Gi, Hi]. A conjecture
of Laface and Ugaglia addresses the corresponding situation in P? [LU], while results of
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2 G. FAVACCHIO, E. GUARDO, B. HARBOURNE, AND J. MIGLIORE

Alexander and Hirschowitz [AH] partially address the situation in P" for all n > 2, but
much remains unknown.

It is not only vanishing conditions imposed by points that is of interest. Given a general
set of r lines in P", one could ask if vanishing on all of these lines with multiplicity 1 imposes
the expected number of conditions on the complete linear system of hypersurfaces of given
degree d, and an affirmative answer was given by Hartshorne and Hirschowitz [HaHi]. Their
paper led to much other work, such as research in which lines of higher multiplicity are
allowed (for just two recent examples, see [DHRST] and [BDSSS]). The work of Hartshorne
and Hirschowitz also led to the paper [CCG]|, which can be viewed as a direct precursor to
the study of unexpected hypersurfaces.

Thus in recent years, a flurry of activity has emerged on this kind of problem. Some of it
grew out of a striking example in [DIV], later formalized in [CHMN] and since then branch-
ing off in many different directions (for some examples, see [CM, DMO, DHRST, FGST,
HaH, HMNT, HMT, S1, S2, Tr]). The path that led to this paper began by our looking
for conditions on a variety X that either automatically force the existence of unexpected
hypersurfaces, or else force the conclusion that no unexpected hypersurfaces exist. The re-
sults we describe below give examples of such conditions. But more specifically we can ask:
are there conditions on the Hilbert function that force either of these outcomes? It turns
out that if the Hilbert function forces X to be degenerate in P™ then X does not admit any
unexpected hypersurfaces of any kind in P™ (see Corollary 3.5), regardless of whether it does
in the smallest linear space containing it. Beyond that, additional conditions involving the
geometry of X seem to be involved. Indeed, with a minor assumption on the geometry of
X, there are such Hilbert functions (see Theorem 7.8), but in the setting of non-degenerate,
finite sets of points, we conjecture that there are no Hilbert functions that force any kind of
unexpectedness (see Conjecture 7.1).

We now describe our results in more detail. Given a subscheme X of P}, its defining
saturated homogeneous ideal Iy C R = K[P}%] = Klzo,...,x,] (where K is a field) and
integers t > m > 1, we define three numbers associated to (X,¢,m) (see Notation 2.4). The
actual dimension, adim(X, ¢, m), is the dimension of the vector space of the forms in Ix of
degree t vanishing at a general point P with multiplicity m. That is,

adim(X, t,m) = dim[Ix N I},

Next, the wirtual dimension, vdim(X,t,m), is the dimension of the linear system of the
forms of degree t in Iy minus the expected number of conditions imposed by taking P with
multiplicity m. That is,

vdim(X, ¢,m) = dim[Ix]; — (m ; - ”)
Finally, the expected dimension edim(X,t,m) is the maximum of vdim (X, ¢, m) and 0.

Of course, adim(X,¢,m) > edim(X,t,m) > vdim(X,t,m). We say that X admits an
unezxpected hypersurface of degree t wvanishing at a general point P with multiplicity m
when adim(X,t,m) > edim(X,t,m), i.e., when adim(X,¢,m) > 0 and adim(X,t,m) >
vdim(X, t,m).

The purpose of this paper is to get a better feel for when unexpected hypersurfaces are
forced to occur (hence “expecting the unexpected”). We relate unexpectedness to algebraic
and geometric properties (see for example Proposition 3.9 for the former and Corollary 3.5

and Theorem 6.2 for the latter) and we bring to bear methods not previously applied to
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unexpectedness (such as the use of generic initial ideals and partial elimination ideals) to
clarify when unexpectedness can and when it cannot be expected. When it can, we also study
to what extent it can, which we do by introducing AV sequences measuring the gap between
the actual dimension and the virtual dimension (see Definition 2.8), which also allows us to
frame our work in terms of persistence (i.e., how long does the gap remain positive?).

In Section 2 we define these AV sequences. Specifically, for a given subscheme X of
P" and a non-negative integer j > 0, we define AVx; : Z-y — Z>o where AVx ;(m) =
adim (X, m+ j,m) —vdim(X, m+ j,m). Studying the difference adim — vdim is not new (see
for instance [HMT]), but considering it as a sequence is novel. This sequence has interesting
properties and leads to compact formulas. Sometimes we will consider the general case, but
even the cases j = 0 and j = 1 are interesting (see Proposition 3.8 and Sections 4 — 6).

In Section 3, for any subscheme X and integer j > 0, we prove (Theorem 3.4) that the
sequence AVy ; is actually an O-sequence, up to a shift. Indeed, it is the Hilbert function
of the K-algebra R/(gin(Ix) : ™!, where gin(/x) denotes the generic initial ideal with
respect to the lexicographic order. We use this fact to obtain results which ensure the non-
existence of unexpected hypersurfaces. In particular, if X lies on a hyperplane or if gin(/x)
is a lex-segment ideal then X does not admit any unexpected hypersurfaces of any type
(Corollary 3.5 and Proposition 3.9), and hence adim(X,¢,m) always has the expected value.

The fact that the AV sequence is actually an O-sequence raises many other related ques-
tions. In Section 4 we use a cohomological interpretation of the AV sequence, described in
Remark 2.12, to prove that if X is an irreducible, arithmetically Cohen-Macaulay (ACM)
curve in P?, then AVy ;(m) is unimodal and the first part is differentiable (see Theorem 4.4).
Moreover, we have a great deal of experimental evidence which suggests that if X is smooth
then this sequence is also finite and symmetric (see Conjecture 4.1).

In Section 5 we apply a new method to study the question of unexpected hypersurfaces,
namely the theory of partial elimination ideals introduced by Green [Gr]. We consider the
case of a general codimension 2 complete intersection C' C P" and we show the non-vanishing
of [Ic N I for prescribed values of ¢ and m (Proposition 5.1). We apply this to the case
of n =3 to show fort = (a —1)(b—1) + 1 and m = (a — 1)(b — 1), that a general complete
intersection curve C' of type (a,b) with 2 < a < b, admits an unexpected hypersurface of
degree t for multiplicity m (Proposition 5.4).

In Section 6, in the case of either a reduced equidimensional curve C, or the disjoint union
of a finite set of points and a curve C, we describe how the AV-sequence depends only on
geometric information (see Theorems 6.2 and 6.4).

In Section 7 we study how knowledge of the Hilbert function, together with certain geo-
metric assumptions, can provide information about unexpected hypersurfaces. We restrict
our attention to the case of subvarieties of P?, but we expect much more can be said in the
general situation. We use results from [BGM], where maximal growth of the h-vector of a set
of points X forces the existence of a suitable curve C' in the base locus of some component
of Ix. Then we apply some of the results of Section 6 to produce Theorem 7.8, already
described above. We include several examples to show the range of things that can happen
for sets with the same Hilbert function.

2. BACKGROUND

We now introduce the main definitions and notation we need, and begin an investigation
of AV sequences. We begin by recalling the notion of the d-Macaulay representation of a
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positive integer. The notion goes back to Macaulay [Mac] or earlier; see [BH] for an excellent
exposition.

Lemma 2.1 ([BH] Lemma 4.2.6 and page 161). Let d be a positive integer. Any a € Zx
can be written uniquely in the form

_ (ka kg1 k;
= (&) ) ()
where kg > kq_1 > --- > k; > j > 1 are integers.

Given the above d-Macaulay representation of a, we define
kg+1 kqg1+1 ki+1
(@ _ (™ d—1 e J
= (i) () e (0
and set 04 =0

Theorem 2.2 ([BH] Theorem 4.2.10). Let K be a field and let h : Z>y — Z>¢ be a numerical
function. Then h is the Hilbert function of some standard graded K-algebra if and only if

h0)=1 and h(d+1)<h(d)?
foralld > 1.

An infinite sequence ay, aq, ag, . . . of non-negative integers with a; = h(7) for an h satisfying
the conditions of Theorem 2.2 is called an O-sequence. We will regard a finite sequence
agp, a1, as, ..., a, as an infinite sequence by setting a; = 0 for ¢ > r.

Hereafter, let R = K|xy, ..., 2, be a polynomial ring over a field K. Our default assump-
tion will be that K is algebraically closed, but sometimes we will need the characteristic to
be zero, and sometimes we will need only that K is infinite; in these cases we will say so
explicitly.

Notation 2.3. For any subvariety (or subscheme) V' C P" we write Iy C R for the saturated
ideal of V' and Zy for the sheaf on P" corresponding to Iy. For a standard graded algebra
R/I we write hp/(t) for the Hilbert function of R/I, i.e. hpg(t) = dimg[R/I];. When
I = Iy for some subscheme V', we sometimes write hy (t) for hg/r, (t). We say that V' is
arithmetically Cohen-Macaulay (ACM) if R/Iy is a Cohen-Macaulay ring.

For any integer function h : Zso — Z, the first difference Ah is the backward difference,
defined by setting Ah(0) = h(0) and Ah(t) = h(t) — h(t — 1) for ¢ > 0. When X is a finite
set of points, it is well-known and easy to see that hx is strictly increasing until it becomes
constant, hence there is a j such that 1 = hx(0) < --- < hx(j) = hx(j+1) =---. We refer
to (Ahx(0),...,Ahx(j)) as the h-vector of X; it is known to be a finite O-sequence (see,
e.g., [CH, Proposition 6.3]).

Notation 2.4. Let t > m be positive integers and let P € P" be a general point. Given
X C P™ a subscheme, we set
adim(X,t,m) = adim(Ix,t,m) = dim[Ix NIZ; (the actual dimension),
m+n—1

vdim(X,t,m) = vdim(Ix,t,m) = dim[/x]; — ) (the virtual dimension),
n

edim(X,t,m) = edim(Ix,t,m) = max{0,vdim(X,t,m)} (the expected dimension).
Note that we always have
adim (X, t,m) > edim(X,t,m) > vdim(X, t, m).
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Definition 2.5. If adim(X,¢,m) > edim(X,t,m), we say that X admits an unezpected
hypersurface of degree t for multiplicity m. (In this case, note that adim(X, ¢, m) > 0, hence
t > m.) If X C P?is a finite set of points which admits an unexpected hypersurface of
degree t for multiplicity m =t — 1, then following [CHMN] we say simply that X admits an
unezpected curve of degree t.

Remark 2.6. An equivalent condition for X to admit an unexpected hypersurface of degree
t for multiplicity m is adim(X,¢,m) > 0 and adim(X, ¢, m) > vdim(X, ¢, m).

Remark 2.7. Any hypersurface of degree ¢t with an isolated singularity of multiplicity ¢
must be a cone (by Bezout’s theorem). Thus adim(X,¢,t) is the dimension of the vector
space of cones over X of degree t with vertex at P. If adim(X,t,¢) > edim(X,¢,t), we
say that X admits an unexpected cone of degree t. See [HMNT, CM, HMT] for more on
unexpected cones. In particular, if X has codimension two and is reduced, equidimensional
and non-degenerate then the cone Sp over X with vertex P is an unexpected cone of degree
t = deg X ([HMNT] Proposition 2.4).

Definition 2.8. Let X C P" be a closed subscheme. Fixing a non-negative integer j, we
define the sequence AVx ; as follows:

AVx ;(m) = adim(X,m+ j,m) — vdim(X, m + j,m), m > 1.

Remark 2.9. Rephrasing Remark 2.6, if adim(X,¢,m) > 0 then X admits an unexpected
hypersurface of degree ¢ for multiplicity m if and only if AVx j(m) > 0 for j =t —m.

Notation 2.10. Let P € P" be a general point, with defining ideal Ip. We will denote the
scheme defined by I} in P by P™. We will sometimes consider the hyperplane section of
P™ by a hyperplane H containing P, and we will denote the corresponding subscheme of H
by mP, thus mP = P™ N H.

We now give an interpretation of the sequence AVx ;. Notice that, in the following lemma,
the ideal in the dimension of the quotient on the right changes with m.

Lemma 2.11. Let X C P" be a subscheme. Then
AVx ;(m) = dim [R/(IX + [g)]
Proof. Set t :=m + j. From the short exact sequence
0—R/(IxNIp)—= R/Ix®R/I} — R/(Ix+1p) —0
we get the relation between the dimension of the modules in degree t
dim[R]; — adim(X, t, m) — dim|[R]; + dim[/x]; — dim[R]; + dim[I}']; + dim[R/(Ix + I}')]: = 0.
Therefore

dim[R/(Ix + I})]: = adim(X,t,m)— dim[Ix]; + dim[R]; — dim[/P]; =
= adlm(X, t, m) - dlm[[X]t + hPm (t)

Since t > m the Hilbert function of the fat point P™ in degree t is hpm(t) = (mt?_l). (Tt
reaches the degree deg(P™) in degree m — 1.) So we get

dim[R/(Ix + I})]: = adim(X, ¢, m) — vdim(X, ¢, m)
as desired. n

m—+j
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Remark 2.12. We can also give a cohomological interpretation for the sequence AVy ;(m).
Let X be an ACM subscheme in P" of dimension > 1. Assume m > 0 and 7 > 0. Consider
the exact sequence of sheaves

00— Zxupm — Ix — Opm — 0.
Twisting by m 4 j and taking cohomology gives the exact sequence
0 = [Ixupmlmes = Ux)mej = HY(Opm(m + j)) — H (Zxupm(m + 7)) — 0.

(Exactness on the right is because X is ACM of dimension > 1; see [Mi, pp. 9-11].) This
gives

(m—1)4+n

v petm+ ) = ()

) — dim[j)(]m+j + dim[[XUpm]m+j = AVXJ(TI’L).
Remark 2.13. Given a subscheme X C P, it is natural to ask about the persistence of the
unexpectedness imposed by X. For example, in [HMNT, Corollary 2.12], it is shown that
a nondegenerate curve C' C P? of degree d = deg C' admits an unexpected hypersurface of
degree t for multiplicity ¢ at a general point for all ¢ > d. Thus fixing 0 = j =t — m, and
fixing C', we have the persistence of unexpectedness as long as t > d.

Many of the results in this paper give formulas for the sequences AVx ;(m). Leaving
aside the issue of whether adim(X,¢,m) > 0, this sequence can be interpreted both as a
measure of unexpectedness (how much bigger is the actual dimension than what one would
expect?) and as a measure of persistence (how long is AVy ;(m) positive?). The fact that
these sequences are represented by simple formulas, as we will see in the coming sections, is
a pleasant bonus.

3. GENERIC INITIAL IDEALS AND UNEXPECTEDNESS

In this section we relate the study of unexpected hypersurfaces of a subscheme X C P" to
the generic initial ideal of Iy with respect to the lexicographic order. Then, we prove that
the AVx ; sequence, up to a shift, is an O-sequence. As a consequence of this result we are
able to ensure the non-existence of unexpected hypersurfaces in several cases.

Let R = Klzg,1,...,2,] be a standard graded polynomial ring. In this section we only
require K to be infinite. We assume the monomials of R are ordered by >,.,., the lexicographic
monomial order which satisfies xqg > x1 > --- > x,,. We recall that a set M C R of monomials

is a lex-segment if the monomials have the same degree and they satisfy the condition that
whenever u, v are monomials with « > v and v € M, then v € M [V]. It is convenient to
also refer to a vector subspace W C R as a lex-segment if W is spanned by a lex-segment in
the previous sense. We also recall that a homogeneous ideal I C R is a lez-segment ideal if
for each degree d the the homogeneous component I; of I of degree d is a lex segment [V];
see also [Hu].

For a graded ideal I C R, we will denote by gin(/) the generic initial ideal of I with respect
to the monomial order >;.,,. For an introduction to generic initial ideals, see for instance
[Gr] and Section 15.9 in [E]. The next lemma relates the actual and virtual dimensions of a
scheme in terms of the generic initial ideal of its ideal.

Lemma 3.1. Let X C P" be a subscheme. For any non-negative integers t and m, we have
(i) adim(X,t,m) = dim[gin(Ix) N I}];, where @ = (1,0,...,0).
(i) vdim(X,t,m) = vdim(gin(Ix),t,m).
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Proof. (i) Let X’ be the image of X under a general linear change of variables, so gin(Ix) =
in(7x/) and so the point @ is general for X’. Moreover, if pq, 1o are monomials of the same
degree with py € [I{}']; and 1 >ieq pi, then pp € 17, hence in(Ix: N I7) = in(Lx) NI (To
see this note that both sides of the equality are monomial ideals, and that in(Zx: N [g) -
in(Ix:) NI is clear. So suppose that w € in(Ix:) NI is a monomial. Then there is a form
W € Iy with w = in(W). It follows that the other terms of W have lex order less than
w, so each is in If}, hence W € I}, and we have W € Ix, N I} so w € in(Ix N I}) giving
in(Ix:N1y) 2 in(Ix)N15.) Thus we have adim(X,t,m) = dim[Ix NI7]; = dim[Ix NI, =
dim[in(Ix- N I})]; = dim[in(Ix/) N I = dim[gin(Ix) N I

(ii) This is a consequence of hx = hg/(gin(1x))- O

Remark 3.2. Let I = @I, be a homogeneous ideal in R. Then we make the following
definition (see [Gr, Definition 6.1]):

Kq(1) = @ n 157,

where @ = (1,0,...,0), so K4(/) is a graded module over K|xy,...,z,]|. In particular, K(/)
is an ideal: it is obtained from I by eliminating the variable xy,. Geometrically, it corresponds
to the linear space of the cones having vertex at (). Then Lemma 3.1 (i) can be rephrased
as follows:

dim(Ix N I7), = dim | K, (gin([x))]t .

Example 3.3. Assume char(K) = 0. Here, given only the Hilbert function hx of a set of
points X C P?, we show how information about gin(/x) relates to whether or not X has an
unexpected curve. So let X C P? be a set of 13 points with hx = (1,3,6,10,12,13,13,...), so
X lies on three independent quartics but no cubics (such examples exist, as we see later in this
example). Then dim|[/x]s = 15, so vdim(X, 6,5) = 0, hence X admits an unexpected curve of
degree 6 if and only if adim (X, 6,5) > 0. From Lemma 3.1(i), adim(X, 6,5) > 0 if and only if
dim[gin(Zx) N I3Js > 0. In this case, the ideal defining the point Q is I = (y, 2) C K[z, y, 2],
so the monomials of degree 6 contained in []%]6 are exactly those lexicographically less than
or equal to zy®. But (in characteristic 0) generic initial ideals are (by [CaS]) strongly stable
(see [AL] for the definition and properties of strong stability), hence if any monomial of
degree 6 less than or equal to xy® is in gin(Ix), then zy® is in gin(/x) too. Thus X admits
an unexpected curve of degree 6 if and only if zy° € gin(Iy).

Now we determine all the monomials in [gin(/x)]<s, assuming that X admits no unex-
pected curves in degrees strictly lower than 6. With this assumption and using the fact that
unexpected curves have degree at least 4 [A, FGST], from Lemma 3.1(i) we have

o [gin(Ix) N3]y = [gin(Ix) N IH]s = (0), so if 2°y’z° € [gin(Ix)]<e then a > 2, and
e edim(X,4,2) = adim(X, 4,2) = 0 (by Bertini’s Theorem), hence [gin(IX)ﬂI%h = (0),
so if 2%92¢ € [gin(Ix)]4 then a > 3.

Collecting this information, we get only one strongly stable ideal through degree 5 (with the
given Hilbert function), that is (x4, 2%y, 232, 22y3, %y?2). So, [gin(Ix)]<s is a lex segment.
Taking generators up to degree 6 of the lex-segment ideal with Hilbert function hx we get

_ (A .3 .3 .23 292 92 3 94
L= (2% xy,x°z, 2y, xy 2z, x7yz", x°2"%),
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thus X has an unexpected curve of degree 6 with a general multiple point of multiplicity 5
if and only if the component [gin(/x )]s fails to be equal to the degree 6 component of the
lex-segment ideal with the same Hilbert function.

As promised, we now show that sets X do arise. We first give an example of a set
X of 13 points with no unexpected curves of degree 6 or less. We get 12 points of the
points of X as the complete intersection of a general cubic and quartic; add to this a
general point () to obtain X. It is easy to see that X has the Hilbert function as spec-
ified above, and by direct computation with Macaulay2 [GS], we find that X has no un-
expected curves of degree 6 or less. In this case, we find from Macaulay2 that gin(/x) =
(x, 23y, 22, 223, 2%y 2, 2y 23 2?2t wyS ayPz, wyted w0,y T ay®, w2t yt3), hence 2y®,
as claimed, does not occur.

We now give two examples of an X with the specified Hilbert function which do have
unexpected sextics. Returning to the specfied Hilbert function, we see that two monomials
of degree 6 are needed in the minimal set of generators of gin(/x). If X admits an unexpected
curve of degree 6 with a general multiple point of multiplicity 5, we have already noticed
that zy® € ginlyx. Thus, the strongly stable property forces [gin(Ix)]<¢ to be either

_ 4 3 3 2,3 .2 2 2,3 5
gl_(xaxyvmzaxywryzﬂxyzwry)

or
Go = (2, 2%y, %2, 2%°, 2%yP 2, wy®, wyt2).

By direct computation we see that a set of points X with [gin(/x)]<¢ = G» would have
adim(X,6,5) = 2, but by [CHMN, Corollary 5.5] this would mean X has an unexpected
quintic, contrary to our assumption that X admits no unexpected curves in degrees strictly
lower than 6. Thus [gin(Ix)]<¢ = G2 cannot occur if X is a reduced set of 13 points.

However, [gin(Ix)]<s = G1 can occur; we give two examples. Specifically, the following two
sets of points X; and X, have hy, = hx, = hx and [gin(Ix,)]<¢ = G1. The lines (see Figure
1) dual to the points X; give what [DMO] refers to as a (1,1) tic-tac-toe arrangement:

X; = {(1,0,0),(0,1,0),(0,0,1),(1,1,0),(0,1,1),(1,0,1),(-1,1,0),(0,—1,1),(=1,0, 1),
5 1

(L 1,1), (~1,1,1), (=1, 1,-1), (1,1,~ 1)}
The ideal defining X, is
Ix, = (P2 —y2®, 282 — 22, 23y — 21®).
The second set of points is

X, = {(1,0,0),(0,1,0), (0,0,
2

1),(1,1,0), (0,1 1),( 0.1, (=1,1,0),(0,~1,1),(~1,0,1)
(2,1 ;

)7(1 Y Y Y
? 27]" )’(

1), (=
it is defined by the ideal

Ix, = (y3z — yz3, 2z — 2 — SxyZZ, :133y — my3 — 3xy22),
(The lines dual to X, are shown in Figure 2.)

We now show that the sequence AV ; is the Hilbert function of a fixed standard graded
algebra; since AVx ;(m) is defined for m > 1 we need to shift it by 1
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FIGURE 1. A sketch of the line configuration dual to the points of X; from
Example 3.3. (The line at infinity, corresponding to the point (0,0, 1), is not
shown).

FIGURE 2. A sketch of the line configuration dual to the points of X5 from
Example 3.3. (The line at infinity, corresponding to the point (0,0, 1), is not
shown).

Theorem 3.4. For any non-negative integer j, the sequence AVx ; shifted to the left by 1 is
an O-sequence. In particular, setting J := gin(Ilx) : x(’)H, the sequence AVx ; shifted to the
left by 1 coincides with the Hilbert function of R/J, i.e.,

AVx j(d+1) = hgyy(d), d>0.

Proof. Set q = (x1,--- ,x,) the ideal defining the point @ = (1,0,...,0). For any m > 1
and for any non-negative integer j, from Lemma 2.11, reasoning as in the proof of Lemma
3.1, we have

= dim [®gin(1) + 4]

as the following direct

) — i [R ]
AVx ;(m) = dim [ /([X + I e N
For a monomial ideal 7', it is easy to show that we can write [T

sum (and so the summands have only 0 in common):

m+j

[T]m+j = [:E{)H (T xéﬂ)}mﬂ @ [N qm]m+j :
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In particular,

(Bl = [ R ™), @D IRAG T, = [ R, @D "],
so dim [R/q™],,,; = dim [%HR] ;- Similarly,

[
[ (gin(Ix) s 2™, D 0y

so dim [(gin(Ix) +q™)/q™],,,, = dim [a:%“ - (gin(Iy) : x6+1)]m+j. Thus

: R — dim R/q™
dim [gin(lx)ﬂmLH - {(gin(lx)ﬂm)/qm]mﬂ
= dim[R/q™],,; — dim[(gin(Ix) +q™)/a™],,;

- — dim [a:é“ (gin(Ix) : 2™

= dim [%HR} i

>] m-j

= dim[R],,_, — dim [gin(Ix) : 23] |

= dim [R/(gin(Ix) : 23*)]

m—1"

O

As a consequence of Theorem 3.4 we get a new criterion (in this case, geometric) for the
non-existence of unexpected hypersurfaces.

Corollary 3.5. If X is a reduced subscheme of P contained in a hypersurface of degree
d+1>1, then for anyt > d+ m and m > 1 we have

adim(X, t,m) = vdim(X, t, m).
In particular, if X is degenerate (meaning, X is contained in a hyperplane, or, equivalently,

d=0), then X admits no unexpected hypersurfaces for multiplicity m in degrees t > m, and
hence no unexpected hypersurfaces of any kind.

Proof. Since Iy has an element of degree d + 1, 23" € gin(Ix). This implies 1 € (gin(/x) :

xé‘m“) when ¢t > d +m,m > 0. From Theorem 3.4 and Definition 2.8, for t = m + j,5 >
d,m > 1, we have 0 = AVx ;(m) = adim(X,t,m) — vdim(X,¢,m). The last part, about
unexpected hypersurfaces, follows from Definition 2.5. O

The next corollary compares the sequences AVx ;j(m) and AVx ji1(m) for a subscheme X.
Corollary 3.6. Let X be a subscheme of P*. Then
AVx j(m) > AVx j11(m).
Proof. From Theorem 3.4 we have, for any i,
AV ;(m) = dim [R/(gin(Ix) : xf)“)}
So the statement is equivalent to proving that

dim [gin(]x) : xéﬂ]m_l < dim [gin(IX) : x{fﬂ

m—1"

m—1"
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and this is trivial since we always have gin(Iy) : 2™ C gin(Ix) : 23 O
Lemma 3.7. Let P be a general point in P*. Let Y, be the zero-dimensional subscheme
of P" defined by 17 and let Yy be the subscheme of Y, defined by I]T_l. Fiz a positive
integer t > m — 1 and consider the component [Ix];, where X is some subvariety of P". If
Y, imposes (m_;“”) independent conditions on [Ix]; then Ys imposes (m_jJr") independent
conditions on [Ix];.
Proof. We know that deg(Y;) = (m_f“") and deg(Y3) = (m_i’L”), and that Y7 and Y5 impose
independent conditions on [R]; since t > m — 1 (by a regularity argument). In particular we
know that

m—1+n

n

dim[Iy,]; = dim[R]; — ( n

) and dmmgh:mmmh—(m_2+”)

Consider first the exact sequence
0—=1Iy, > Iy, > A—0,

where A is the quotient, and is supported on P. We have

it (727 (77 ().

Let A be the sheafification of A. From the above exact sequence and the fact that ¢t >
m — 1 (so h'(ZF(t)) = h'(Zy,(t)) = 0) and the fact that Iy, and Iy, are saturated, we get
hO(A(t)) = dim[A],.

Remembering that X and P are disjoint, consider the exact sequence of sheaves

0 — Zxuy, (t) = Zxuy,(t) — A(t) — 0.
Taking cohomology we obtain
0= [IxNIp) = [IxNIF Y — [Al — -
Hence
dim[Ix N Iy,]); = dim[Ix NIZY,
< dim[Ix N IP]; + dim[A];

= dim[Ix], — (") + (")

n n—1
o —24
= dim[Ix], — ("77").
But Y5 cannot impose more conditions in degree ¢ than its degree, so we must have equality.
O

Like Corollary 3.5, the next result gives a criterion (again basically geometric), based on
one single piece of information, for a subvariety X C P" to admit no unexpected hypersur-
faces of any degree or multiplicity at a general point.

Proposition 3.8. Let X C P" be a subscheme. Let o := a(lx) be the least degree t such
that [Ix]s # 0. If AVxo(a) = 0, then X does not admit unexpected hypersurfaces, for any
degree and multiplicity at a general point.
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Proof. By Remark 2.6, X fails to admit an unexpected hypersurface of degree t for multi-
plicity m if and only if T} ,,, = min(adim(X, t,m), AVx—m(m)) = 0. Consider the table T" of
values of T} ,,, for t,m > 1. It suffices to show we always have T} ,, = 0. We will divide the
table into three regions as follows:

t11 2 3 ... a—1l|la a+1 a+2 a+3
m
1
2
IIT
a—1
« I
a—+1
: II

As always, P denotes a general point.

For t < «v it is clear that T, = adim(X,¢,m) = 0. This takes care of region I.

We now show that all entries in region II are 0. The condition AVyo(a) = 0 gives us
that T, , = 0; this the top left point of region II. It also gives us that Y, defined by
I%, imposes (*~'*") independent conditions on [Iy],. But then by Corollary 3.6 we have
Tjtaa = AVx (o) = 0 for all 7 > 0 (this gives the top row of region II).

In the portion below the main diagonal of region II we have m > t, so T}, = adim(X, ¢, m)
is 0, since there there can be no hypersurfaces with degree ¢ and multiplicity m (unexpected
or not). For the portion on and above the main diagonal of region II, we apply Theorem
3.4, which says that AVx ;(m) is an O-sequence. Recall that the top row of region II gives
us AVx j(a) = 0 for j > 0. Then it follows for i > 0 that T,;+ja+i = AVx j(a+17) =0 as
well, since a Hilbert function that attains a value 0 cannot subsequently become non-zero.
Thus starting from each entry on the top row of region II (all of which are 0), the entries
descending diagonally and to the right are all 0. Thus all entries in region II above the main
diagonal are also 0.

We now show all entries in region III are 0. Because AVx ;(a)) = 0, the scheme Y; defined
by the (saturated) ideal I& imposes independent conditions on [Ix]; for all ¢ > «. Hence,
applying Lemma 3.7 iteratively, so does the scheme Y, defined by I% for « —1 > k > 1. Thus
Ty = AVx—k(k) = 0 for ¢ > a. Thus all entries in region III are 0, and we are done. O

The next proposition shows that if a subscheme X admits an unexpected hypersurface of
degree t vanishing with multiplicity m at a general point, then [gin(/x)]; is not a lex-segment.
This gives a criterion (this time algebraic), again based on a single piece of information
(admittedly more difficult to verify), for the non-existence of any unexpected hypersurfaces.

Proposition 3.9. Let X be a subscheme of P*. Assume there exists j > 0 such that
[gin(Ix)|m+j s a lez-segment and adim(X,m+j,m) > 0. Then AVx ;j(m) = 0. In particular,
if gin(Ix) is a lex-segment ideal, then X does not admit any unexpected hypersurfaces.

Proof. Let 5 > 0 be an integer such that X admits a hypersurface of degree m + 7 van-
ishing with multiplicity at least m at a general point P. Then by Lemma 3.1(i) we have
adim(X,t,m) = dim[gin(/x) N I}]; > 0, so there is a monomial zgM € gin(Ix) where
M| € I so has degree deg M =m+j—s>m, but j > s > 0. Now, since [gin(Lx)]m+; is a
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lex-segment, we have zjM € gin(Ix). In order to prove the statement, it is enough by The-
orem 3.4 to show that dim[R/(gin(Ix) : #)"")]m_1 = 0. So, take any monomial F € R,,_;.
Then z)t'F € [R]pmy; and )7 F >0, agM. Thus, 237'F € gin(Ix), so F € gin(Ix) : )™,
hence [R/(gin(Ix) : 23] m_1 = 0. O

It is natural to ask if the converse of Proposition 3.9 is true, namely if it is true for a
finite set of points X that if gin(/x) is not a lex-segment ideal then X must admit some sort
of unexpected hypersurface. Recalling that one must take with a grain of salt the generic
initial ideal produced by a computer algebra program (is the change of variables “general
enough?”), a counterexample is given in Example 3.10. It would be interesting to have a
theoretical procedure to determine if the generic initial ideal of a finite set of points is a
lex-segment ideal or not.

Example 3.10. Assume the characteristic of the field K is 0. Let X,, C P" be the set
of (”;2) points obtained from the root system A,; as described in [HMNT], section 3.1.
Specifically, X,, consists of the (";’1) points having one entry equal to 1, one equal to —1
and the rest 0, together with the n 4+ 1 coordinate points.

The initial degree of Ix, C K[xg,x1,...,z,] is a(lx,) = 3 for n > 2, because the product
of any 3 indeterminates vanishes at X,, and [Ix, ]2 = (0). To see that X,, does not lie on a
quadric we take F':= > cypraxy € Iy, and we show that F' = 0. Indeed, since F' vanishes
at the coordinate points, ¢, = 0 if @ = b; also ¢y, = 0 for a # b because F' vanishes at the
point having no zero entries at the positions a and b.

A computer calculation, by CoCoA [ABR], showed that AVx, ¢(3) = 0 for 2 < n < 12.
Therefore, by Proposition 3.8, X,, does not admit any unexpected hypersurface of any sort,
for 2 <n <12.

This result is consistent with [HMNT], where a computer search did not turn up any
unexpected hypersurfaces for X,, in the cases 2 <n <6,2<d<6,2<m<d.

Furthermore, we checked with CoCoA that, for 4 < n < 12, the ideal defining the set of
points X,, C P" has a generic initial ideal that is not a lex-segment ideal. In particular, in
the cases 5 < n < 12 we noticed that [gin(Ix, )], fails to be a lex-segment because x122 fails
to belong to gin(Ix,, ).

Interestingly, we have checked for 3 < n < 12 that the set of points Y,, C P", constructed
from X,, by replacing in the coordinates of its points all the “-1”7 with “+1,” admits an
unexpected cone of degree 3, and xox? fails to belong to gin(ly,).

4. ON THE SEQUENCE AV ;(m) WHEN X IS AN IRREDUCIBLE ACM CURVE IN P3

In this section we will assume that K has characteristic zero. We have already seen in
Theorem 3.4 that for a subscheme X C P", the sequence AV ; shifted to the left by 1 is an
O-sequence. In this section we will abuse terminology and just say that the sequence is an
O-sequence, often (but not always) suppressing the shift. Furthermore, if the positive part
of the sequence AV ; is finite, we will ignore the terms that are zero and just say that AV ;
is finite. In this section our focus is on the case j = 1.

Recall that an Sl-sequence is a finite, non-zero, symmetric O-sequence such that the
first half is a differentiable O-sequence (i.e., also the first difference of the first half is an
O-sequence). The significance of Sl-sequences is that they characterize the h-vectors of
arithmetically Gorenstein subschemes of projective space whose artinian reductions have
the Weak Lefschetz Property. In codimension three they characterize the h-vectors of all
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arithmetically Gorenstein subschemes. Note that SI-sequences are automatically unimodal.
See [Hrm] for properties of SI-sequences.

We have produced a great deal of experimental evidence for the following conjecture
concerning Sl-sequences. We will shortly prove part of it. We recall that an ACM scheme is
always connected [E, Theorem 18.12], hence a smooth ACM scheme is irreducible.

Conjecture 4.1. Let X C P? be a smooth ACM curve not lying on a quadric surface. Then
the sequence AVx 1 is an SI-sequence (shifted by 1). The last non-zero term in this sequence
is AVx1(deg X —5), so the SI-sequence ends in degree deg X — 6.

Remark 4.2. We point out two things. First, we have not yet seen a direct connection to
Gorenstein algebras; we have only this numerical conjecture. It would be very interesting to
tie Gorenstein algebras to the study of unexpected hypersurfaces in some way. Second, some-
times the Sl-sequences that we obtain have codimension three and sometimes codimension
four.

The case where X does lie on a quadric surface is contained in Theorem 4.4. We first give
examples to show that all of the other assumptions are needed in this conjecture.

Example 4.3. The symmetry of the sequence AVy(m) requires all of the given assump-
tions. The following examples, which were run in either CoCoA [ABR] or Macaulay2 [GS],
show that dropping a hypothesis can result in the AV sequence either not being finite, or, if
finite, not being symmetric.

(a) (X satisfies all assumptions.) Assume that X, is a line in P3 and X is obtained as
the residual to X; by two general cubic surfaces containing X;. Then X is a smooth
ACM curve of degree 8 and genus 7, and the positive part of the sequence AVx is
(1,2,1). This satisfies Conjecture 4.1, and in particular it is symmetric with its last
value being in degree 8 — 6 = 2.

(b) (X i4s not ACM.) Assume that X is the disjoint union of two lines in P? and X is
linked to X by a general choice of two cubic surfaces. Then X is a smooth, non-ACM
curve of degree 7 and genus 4, and the positive part of the sequence AVy; is (1,2),
which is not symmetric.

(c) (X is not in P3.) Assume that X is a smooth surface of degree 8 in P* obtained from
a plane by linking using two general hypersurfaces of degree 3. (The example in (a)
is a hyperplane section of this one.) Then the positive part of the sequence AVx
is (1,3,4,4,...), which is not finite. (Note that its first difference is the sequence in
(a).)

(d) (X is not equidimensional, but the curve part is ACM.) Assume that X is the residual
in P? of a line inside the complete intersection of two cubics (as in (a)). Let Y be
the union of X with a general point. Then the positive part of AVy; is the sequence
(1,3,2), which is not symmetric.

(e) (j = 0 instead of j = 1.) Assume that X is the curve in (a) but take j = 0. Then
the positive part of AVy is the sequence (1,4,8,11,13,14,14,14,...), which is not
finite.

(f) (j = 2 instead of j = 1.) Assume that X is the curve in (a) but take j = 2. Then
AVx 5 is the sequence (0,0,...), and so is finite and vacuously symmetric, but does
not end in the conjectured degree. However, linking the line X; from (a) using two
surfaces of degree 4 gives a curve X of degree 15 and genus 28, with the positive part
of AVx 5 being the sequence (1,2,2), which is not symmetric.
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(g) (X is zero-dimensional.) Assume that X is the complete intersection in P* of three
general quartic surfaces. Then the positive part of the sequence AV is (1,4,7,8,5)
which is not symmetric.

(h) (X s ACM but not irreducible, 1.) Let Z C P? be the set of 9 points coming from
the Bj root system (see [DIV, Figure 2] and [HMNT]). Let X be the cone over Z
with vertex at a general point (). Then X is an ACM union of lines (whose general
hyperplane section admits an unexpected quartic curve), and the positive part of the
sequence AVy is (1,3,4,4,4,...), which is not finite.

(i) (X is ACM but not irreducible, 2). Let X be as in (h), except now let Z C P? be
a general set of 9 points. The Hilbert function of Z (and hence X) is the same as
it was in (h), but now one computes that the positive part of the sequence AVx
is (1,3,3,3,...), which is not finite. (Thus the AV sequence depends on geometry
beyond the Hilbert function.)

(j) (X is ACM and irreducible but not smooth). Let () be a general point and let X be
the complete intersection of two general quartic surfaces in IE’Q. Then X is ACM and
we have verified that X is irreducible (using Macaulay2), but the positive part of the
sequence AVy; is (1,4,8,12,15,16,15,12,8,4,2,2,2,...), which is not finite. (Thus
we need smoothness and not simply irreducibility in the statement of the conjecture.)

While we are not able to prove the full conjecture, we at least show unimodality and
the differentiability of the increasing part, using only irreducibility of X and not necessarily
smoothness. What is missing is the finiteness, the symmetry and the degree of the last
positive term in the sequence when X is smooth. Notice that nothing about our argument
fails for (i) or (j) in Example 4.3, so something more will be needed to prove the rest of the
conjecture.

Theorem 4.4. Let X C P? be an irreducible ACM curve.

(a) If X lies on a quadric surface, then for each j > 1 the sequence AVx ;j(m) is zero.
(b) If X does not lie on a quadric surface then the sequence AVx1(m) is non-zero and
unimodal. Furthermore, the increasing part is a differentiable O-sequence.

Proof. (a) This follows by Corollary 3.5.

(b) We assume that
P € P? is a general point with defining ideal Ip,
H is a general plane in P? containing P,

Le Ip is a linear form defining H,
e /=XNH.

Note that P may be taken to be a general point in H with respect to the set Z. In addition
to the notation introduced in Remark 2.12, recall from Notation 2.10 that

we will denote the scheme defined by IIT|H by mP, a fat point in the plane, to
distinguish it from the fat point scheme P™ in P3 defined by I.
Notice that

[XUPm‘H L= IXUPm and (IXUP’” -+ (L))Sat = [ZUmP-

Since Z = X N H is a general hyperplane section of X, and X is irreducible, Z is a set
of points in linearly general position in H (in this case meaning no three points of Z are
collinear). Hence by [CHMN] Corollary 6.8, Z does not admit any unexpected curves in the
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plane. Considering the exact sequence of sheaves

Tm+2

0— IZU(m+1)P(m + 2) — Iz(m + 2) — 0(m+1)p(m + 2) — 0

from Remark 2.12 (where the ideal sheaves are on H = P?), the fact that Z does not admit
any unexpected curves means that r,,, has maximal rank on global sections. (For some
values of m it will be injective, and eventually it will be surjective.)

Now consider the commutative diagram of sheaves (the rows are exact since P ¢ X and
the columns are exact since X is irreducible):

0 0 0
) 1 \J
0 — Zxupm(m+1) — IZx(m+1) — Opn(m+1) — 0
l x L l x L l x L
0 — IXUpm+1(m—|—2) — IX(m—|—2) — Opm+1(m+ 2) — 0
\J 1 \J
0 — IZU(m+1)p(m + 2) — Iz<m + 2) — O(m+1)p(m + 2) — 0.
\J 1 \J
0 0 0
In cohomology we obtain
0 0 0
\J \ \:
0 —  [Uxuprlm+yr = Uxlmyr — HY(Opm(m+1)) —  HYIxupn(m+1) — 0
Am+1
0 = [Ixupmalmsz = Uxlmrz —  HYOpmwna(m+2)) — H'(Ixupmn(m+2)) — 0
1 1 1 A
0 — [IZU(m+1)P]m+2 — [Iz]m+2 e HO (O(m+1)p(m + 2)) — coker(rm+2) — 0
\: 1 A
0 0 0

using the fact that X is ACM for the first vertical surjection (marked by an asterisk).
To begin, we focus only on the first line of the above commutative diagram. For m = 0
we obtain
Y (Zxupo(1)) = K (Zx(1)) =0
since X is ACM. For m = 1 we obtain
0 if dim[Ix]s > 1
h1<ZXUP(2)) = { 1 if dim%]ﬁi _ 0.

Since, by Remark 2.12 we have h'(Zxypm(m + 1)) = AVx1(m), and we know the latter is
an O-sequence shifted by one thanks to Theorem 3.4, this gives that the start of the shifted
O-sequence (the value 1) corresponds to h!'(Zxyp(2)). Thus the sequence is non-zero since
X does not lie on a quadric surface, so we have the first part of (b). (If we had merely
assumed that X is not degenerate, this also shows that the sequence is non-zero if and only
if X does not lie on a quadric surface.)

So for the rest of the proof we assume that X does not lie on a quadric surface. Applying
the Snake Lemma to the above commutative diagram, the fact that r,,,» has maximal rank
means that also «,,,; has maximal rank (in the right-hand column of the diagram). Then
applying Remark 2.12 as m varies, since r,,.o is initially injective and then surjective, the
same is true for the map a,,4+1. This shows that the sequence AVy;(m) is unimodal.
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Finally, we argue that the increasing part of the sequence {h*(Zxypm(m + 1))} is a differ-
entiable O-sequence (shifted by 2).

Thanks to Theorem 3.4 and Remark 2.12, we know that the sequence {h'(Zx pm(m+1))}
is an O-sequence, and we have just seen that the map a1 is injective as long as coker(r,,12)
is non-zero. So we have only to show that dim(coker(r,, o)) is an O-sequence (shifted
by 2). But because 7,12 has maximal rank, when coker(r,,2) is non-zero we have from the
exactness of the bottom row of the above diagram that
((m +1)—1+2

dim[coker (7,1 2)]mia =

9 ) - dim[lz]erQ

= Dy, (m+2) = [2(m +2) +1]

as long as this number is positive.
So for t > 2 we want to show that

k?t_g = hR/IZ(t) — (2t + ]_)

15 an O-sequence as long as it is positive. Let s =t — 2, so we want to show that kg is an
O-sequence for s > 0. Since X does not lie on a quadric surface, Z does not lie on a conic
(since X is ACM). Thus ko = dim[coker(ry)]s =6 — 5 = 1.

Now assume that ¢ > 3, so s > 1. As long as hgyz,(t) = ("}?) (i.e., before I, begins) this
difference is ks = (5;2), which is an O-sequence. So assume hg/r,(t) < (th?). Consider the

t-binomial expansion of kg, (t). Since

t+2
2t+1<hR/IZ<t>< ( _|2— ),

we have

t t—1

(21 1) = (tjl) 4 (tfl).

Hence ks = hp/r,(t) — (2¢t + 1) has an s-binomial expansion coming directly from the ¢-
binomial expansion of kg, (t), by removing the first two binomial coefficients. But hg/y, is
an O-sequence, so it obeys Macaulay’s bound (Theorem 2.2). Thus k, does as well, and so
is an O-sequence. 0

1
hrr,(t) = (t i ) + ( ! ) + (terms in degrees <t — 2)

and

5. CODIMENSION 2 COMPLETE INTERSECTIONS IN P"

In this section we apply results of Section 3 to the case of complete intersections of codi-
mension 2 in P". In particular, as introduced in Remark 3.2, we get partial information
on the actual dimension for a complete intersection of codimension 2 in a certain degree by
using the theory of partial elimination ideals. (See [Gr] for background on partial elimination
ideals and for Sylvester matrices, which appear in the proof of Proposition 5.1.) Complete
intersections of codimension 2 have been investigated in several papers. Indeed, the fol-
lowing result can be deduced from Proposition 6.8 in [Gr] and Corollary 3.9 in [CoS]. We
include here a proof for completeness of the exposition and to show explicitly how the partial
elimination theory affects the existence of unexpected hypersurfaces.
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Recall that R = Klzg,z1,...,x,] denotes a standard graded polynomial ring and the
monomials of R are ordered by >, the lexicographic monomial order which satisfies xq >
Ty > > X,

Proposition 5.1. Let C C P" be a codimension 2 complete intersection. Assume C' s
defined by two, sufficiently general, forms of degree a,b respectively. Say a < b. Set, for any
integer 0 < j < a,

~
Il

(@ —=3)(b—j)+j and
(@ —=35)(b=J)-

3
Il

Then
adim(X,t,m) > 0.

Proof. After a general change of coordinates, say

F = fo+ fozo+ faoxd+- -+ fle‘l + foxd
G = g+ gp170+ gpr22 + -+ gral 4 goad

and define J := (F,G) to be the ideal generated by F' and G. Let M be the following matrix
of size (a+b—2j) x (a + b —2j):

fa—j  fa—j-1 -+ fr fo O - 0O
fa—jt1 fa—j - fa fi fo -+ O
fa fa.—l
0 fa
0 0 fo
M := Gb—j gb—j—1 0
Ib—j+1 9b—j 0
9b 9b—1
0 9b
0 0 9o

(Note that the determinant of the matrix M is one of the minors of the Sylvester matrix
Syl(F,G,xp) of F' and G, and these minors belong to the partial elimination ideal K;(J).
See in particular Corollary 3.9 in [CoS| and Proposition 6.9 and the following Remark in
[Gr].) One can check that det(M) is homogeneous and it has degree m. Let M; denote the
cofactor of M corresponding to (—1)""! times the determinant of the matrix that results
from deleting the ¢-th row and the first column of M. Consider the following a + b — 2j
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polynomials

F = fa + fa—ll'O + -t fa—j$€) + fa—j—la?j+1 +
ol = favo  + ot fainmlh + fajmdt™t o+
o 'F = fard +  faoxd™ 4

l’g_‘j_lF g P . A
G = g + Gamo + -+ gyTy + gb—j—lﬂ?éfl +
TG = o+ o+ Gty + o gry

G =

Multiplying the above a+b—2j polynomials respectively by M, My, ..., My y—2; and taking
the sum of them, we get

b—j ‘ a—j ,
T := (Z Mixf)_l) F + (Z Mb_jﬂ-xg‘l) G =
i=1 i=1 . .
= fMy My +ao () T )+

Note that in the form T € K[z, ... x,][zo] the coefficient of 27 is det(M). Also, note that all
the coefficients of the powers of zy greater than j are zero; for instance the coefficient of x%“
is the sum of the entries of the second column in M multiplied by the cofactors of the entries
in the first column. Of course T" belongs to the ideal generated by F' and GG, therefore, since
we performed a general change of variables, its leading term belongs to in(J) = gin(I¢). As
noted above, the form 7" can be written as 1" = T, + 2o (Tingj1) + -+ + xé(Tm) where
T, € K[zy,...x,); and T}, = det(M), thus in(T) = zJ - in(det(M)) € gin(I¢). Since in(7T)
vanishes with multiplicity m at the point @ := (1,0,...,0), by Lemma 3.1, we are done. [

Remark 5.2. As a consequence of Proposition 5.1, a general codimension 2 complete inte-
section C' C P admits an unexpected hypersurface of degree ¢ for multiplicity m whenever
edim (C,t,m) =0, i.e. vdim (C,t,m) < 0. In order to compute edim (C,t, m), where C' is a
complete intersection of type (a,b) in P, take the short exact sequence

0— R(—a—10) - R(—a) ® R(—b) — Ic — 0.

So, computing the dimension of the graded pieces of degree ¢, we get

dim[I,], = (t—i%—n) n (t—i—i—n) B (t—a;b%—n)‘

Therefore, we have

—1
edim (C|t,m) = max {dim[[c]t — (m + n) , O} )

n

Remark 5.3. The case j = 0 is covered by [HMNT, Proposition 2.4]. The cone with
vertex P over a codimension 2 complete intesection C' C P" of type (a,b) is an unexpected
hypersurface for C' of degree ab and multiplicity ab at P.
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If j > 1 it is enough to show that vdim(C, (a — j)(b—j) + 4, (a — j)(b— j)) < 0 to ensure
the existence of an unexpected hypersurface. In the next proposition we deal with the case
j = 1in P3. Theorem 4.4 shows that a general complete intersection of type (2,b) never
admits an unexpected hypersurface with j = 1. The following shows that when a > 2 we do
obtain unexpected hypersurfaces.

Proposition 5.4. Let C C P3 be a general codimension 2 complete intersection defined
by two forms of degree a,b respectively. Say a < b. Sett = (a—1)(b—1)+ 1 and
m:= (a—1)(b—1). If a > 2 then C admits an unexpected hypersurface of degree t for
multiplicity m.

Proof. From Remark 5.2 we have

amim (75 (5 (5)-( )

Ifa=b6=3thent=>5and

wamic.m = (%) + (2) - () <o

A similar computation follows if a = 3 and b = 4. Note that, in this case t + 3 —a — b = 3.
Since the integer ¢ + 3 — a — b increases with a and b, in particular if (a,b) > (3,4) we
have t +3 —a — b > 3, so the binomial coefficient (t+3g“_b) is not zero. Then, assuming
(a,b) > (3,4), after a standard computation we get

1 1
vdim (C,t,m) = —§a2b— QaijLaQ + % + 4ab — 6a — 6b+ 9 =

1
= —§(a—2)(b—2)(a+b—4)+1 <0.
Thus vdim (C,¢,m) < 0. O

Remark 5.5. Question 2.11 of [HMNT] asks the following: Let Z be a non-degenerate set
of points in linear general position in P*, n > 3. Is it true that there does not exist an
unexpected hypersurface of any degree ¢ and multiplicity m =t — 1 at a general point? (All
other possible combinations of (n,t,m) are settled.)

The work in this section allows us to give a negative answer to this question. Indeed, let X
be a general complete intersection of type (3,3) in P* (n > 3). Thenlett = (3—1)(3—1)+1 =
5and m =t —1=4. From Remark 5.2 we have

i (Xt om) <n;:2>+<n;:2) B <n;1) - (n;ll—?)) <

for all n > 3. On the other hand, Proposition 5.1 gives (with a = b = 3 and j = 1)
that X does lie on a hypersurface of degree 5 and multiplicity 4 at a general point, so this
hypersurface is unexpected. Now take a set Z consisting of sufficiently many general points
on X, so that [Ix]|5 = [Iz]5. Then Z is in linear general position since X is irreducible, and
so Z admits an unexpected hypersurface and gives a negative answer to the question.

We believe that the natural extension of Proposition 5.4 to P™ is also true, but we do not
have a proof.
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Remark 5.6. One could make the following objection to Remark 5.5 as an answer to Ques-
tion 2.11 of [HMNT]. That is that the degree 5 component of I is the same as the degree
5 component of Ix, so the base locus of [I]5 is X and the geometry is really only about X
and not about Z.

To respond to this, we make the following tweak. Take n = 4. We choose the same X as
above (now a surface in P*), and we still take ¢ = 5, m = 4. One checks that the Hilbert
function of R/Iy is

1,5,15,33,60,96, 141...
and we still have

odim (X, £, m) = (41-2> ) (412) B <4;1) - <413) .

But X contains a set Z of 225 points giving a (3, 3,5,5) complete intersection, hence

so vdim(Z, t,m) = —3, hence all quintic hypersurfaces containing Z with a general point of
multiplicity 4 are unexpected, and there is certainly at least one (this being the one that
contains X). There still remains an objection: computations show in this case that X and
Z both have a unique unexpected quintic for multiplicity 4, so the one for Z is the same one
that we already got for X. Nevertheless, what we have gained is that the component of the
ideal for Z in degree 5 is no longer the same as that of X, and indeed the base locus now is
finite while the base locus in the original example was X itself.

6. CONES, UNMIXED CURVES AND UNIONS WITH FINITE SETS OF POINTS IN P3

In this section, for the most part we restrict our attention to the case of subvarieties of

P3. We recall that
AVxo(t) = adim(X, t,t) — vdim(X, ¢, ).

We will determine the AV o sequence for the cases where Z = C'is an equidimensional curve
in P? and where Z = CUX is the union of a curve C' and a finite set of points X . In particular,
since 7 = 0, we are focusing on the case of unexpected cones. In both cases the geometric
information on C' provides a description of the persistence of unexpected hypersurfaces. We
recall the following result, which reflects the persistence of unexpectedness for cones for a
non-degenerate curve in P3.

Theorem 6.1 ([HMNT] Corollary 2.12). Let C' C P? be a reduced, equidimensional, non-
degenerate curve of degree d > 2 (C' may be reducible, singular, and/or disconnected). Let
P € P3 be a general point. Let k > d be a positive integer. Then C admits an unexpected
hypersurface of degree k with multiplicity k at P. When k = d, this hypersurface is unique.

Our next result not only reproduces the persistence given by the result of Theorem 6.1
but also gives a measure of the unexpectedness in each degree.

Theorem 6.2. Let C C IP3 be a reduced, equidimensional curve of degree e and arithmetic

genus g. Then
e—1
AVeo(t) = ( 9 ) -9

for all t > e. Moreover, AVc(e) = 0 if and only if AVeo(t) =0 fort > e if and only if C
lies in a plane.
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Proof. Let P be a general point. We are considering hypersurfaces of degree ¢ with mul-
tiplicity ¢ at P, which are cones with vertex P that contain C'. Since the projection of C'
from P is contained in the hyperplane section of such a cone, we must have t > e. We first
compute the virtual dimension of Iopt:

dimllc) = () = () =he) = (3 =

= (%) —[te—g+1].
(The fact that for ¢ > e we have he(t) = te — g + 1 follows from the main result of [GLP].)
On the other hand, if S is such a cone of degree ¢t and if @) is a point of C, then the line
joining P and ) meets S with multiplicity at least ¢ + 1, so it must lie on S. That is, S
contains as a component the cone over C' with vertex P. Then the actual dimension of I pt
is the (vector space) dimension of the linear system of plane curves of degree t — e, i.e. it is

(t_6+2). Then we obtain
—1
AVeo(t) = (e , ) _g

2
after a simple calculation. The last part follows since g = (651) if and only if C' is a plane
curve, [HMNT, Proposition 2.1, Claim 1]. a

Even if your interest is for the case when Z is a finite set of points (which we consider
in the next section), situations involving curves (such as we are looking at in this section)
sometimes force themselves into the picture in subtle ways, as the next example shows.

Example 6.3. Let X, X, C IP? be finite sets of points with h-vectors, respectively,
(1,3,6,5,3,3,2) and (1,3,6,6,3,3,2).

In both cases, the two 3’s constitute maximal growth, viewing the h-vector as a Hilbert
function, and force “many” of the points to lie on a curve of degree 3 [BGM]. For the sake of
this example, let us assume that in both cases this curve is a twisted cubic, that it contains
18 points of each of X; and X, (with h-vector (1,3,3,3,3,3,2) in both cases), and that the
remaining 5 points of X; and the remaining 6 points of X5 are chosen generically. Then in
the first case there is a unique unexpected cone of degree 5 with vertex at a general point,
while in the second case there is no unexpected cone of degree 5. We omit details here since
we will study this kind of situation in the next section (see especially Example 7.4).

Our next result can again be viewed as a measure of unexpectedness for cones in each
degree, and a statement about the persistence of unexpected cones.

Theorem 6.4. Let X C IP3 be a finite set of points. Let C be a reduced, equidimensional
curve of degree e and arithmetic genus g. Assume that X is disjoint from C. Let t be the
smallest integer such that

(i) |X| < (*1?), and

(ii) X imposes independent conditions on forms of degree t.
Then

e—1
AVXUQO(t —|— 6) = AVXﬂ(t) + |:( 2 ) — g:| .
Proof. Let P be a general point. Let Sp be the cone over C' with vertex P; we know
deg Sp = e, Sp is reduced, and Sp has multiplicity e at P. Let Tp be a surface (unmixed)
of degree t + e containing X U C' and having multiplicity ¢ + e at P. (Tp is a cone over a
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suitable plane curve.) Note that Sp is a component of Tp, and note that since P is general,
no point of X lies on Sp. Write Up for the residual to Sp in Tp. Note that degUp =t, Up
has multiplicity ¢ at P and Up contains X. We also know that adim(C,e,e) = 1 (Theorem
6.1). These observations imply

dlm[[X N [f:)]t = dlm[[xuc N Itp+e]t+e.

We also remark that since X imposes independent conditions on forms of degree ¢t and C
imposes independent conditions on forms of degree e (by [GLP]), we can conclude

(6.1) X also imposes independent conditions on [Ic]tye.

By definition we have

AVio(t) = dimlIy N Ib], — {dim[lx]t _ (t ! 2)} |

Now we compute (using the observation about independent conditions)
. e . t+e+2
AVXUc’70(t + 6) = dlm[IXUo N I;j— }H—e — [dlm[[xuc]t+e — ( 3 >:|

= dim[Ix NIb); — [dim[lxuc]ﬂre - <t i §+ 2)}
= AVxo(t) + [dim[fx]t - (t : 2)] [ m{xuclie = (t ! §+ 2)]
v+ <t§3> x| <t+2)] (dim[Zc]ere — X)) + <t+§+ 2)

t 2
)it (45

= AVxpo(t) + t;2) - [<t+e+3> —(e(t+e)—g+1)} + <t+e+2>

3
-1
= AVxo(t)+ <e ) ) ~9

(the fourth line uses (6.1) and the last line comes after a routine calculation). O

~
o+
[\]

Corollary 6.5. Let X C IP? be a finite set of points. Let C be a reduced plane curve in P3
of degree d disjoint from X. Then X has an unexpected cone of degree t if and only if X UC
has an unexpected cone of degree t + d. Furthermore, AVx o(t) = AVxuco(t + d) for allt.

Proof. The arithmetic genus of a plane curve of degree e is (egl). OJ

7. FINITE SETS OF POINTS IN P3

In this section we assume that K has characteristic zero. One of the original motivations
for this paper was to determine if there are any Hilbert functions for non-degenerate sets of
points that force the existence of unexpected hypersurfaces of some sort. (A consequence
of Corollary 3.5 is that given a finite O-sequence (1,ay,...,a,), one can trivially find a set
of points in some projective space, with this h-vector, that does not admit any unexpected
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hypersurfaces. One simply produces a set X in P" for n > a; having this h-vector. Then
X is degenerate, hence admits no unexpected hypersurfaces. Thus it is more interesting to
consider non-degenerate sets.)

It now seems plausible that in a strict sense there are no such Hilbert functions. Indeed,
we make the following conjecture (but see Theorem 7.8 and Corollary 7.10, which show that
such Hilbert functions do arise when combined with a little geometric information).

Conjecture 7.1. For every possible h-vector (1,n,aq, ..., a,) for a non-degenerate, finite
set of points in P, there is a set of points X with that h-vector such that X does not admit
any unexpected hypersurfaces of any degree and multiplicity.

In trying to prove Conjecture 7.1 we made the following observations. Recall that a
distraction is a construction that converts, in particular, an artinian monomial ideal in
K|z, ..., z,-1] to the ideal of a reduced set of points in P". It was introduced in [Hart]. See
also [MN] for related constructions and results.

One way of constructing a reduced set of points with a given h-vector is to start with the
artinian lex-segment ideal with Hilbert function A and perform a distraction to produce a
set of points X. Experimentally, it seems that very often gin(ly) is a lex-segment ideal. If
this were always the case, we would be done by Corollary 7.2:

Corollary 7.2. Let h = (1,n,aq,...,a,) be a finite O-sequence. Let X C P™ be a set of
points with this h-vector. If gin(Ix) is a lex-segment ideal in R = K[xg,x1,...,,], then X
does not admit any unexpected hypersurfaces, for any degree and multiplicity.

Proof. This follows immediately from Proposition 3.9. O

Unfortunately, we have verified that the h-vector (1,3,6,10,5,5,2) results in a set of
points for which gin(/x) is not a lex-segment ideal, and in fact one can check on CoCoA that
it admits an unexpected hypersurface of degree 4 with multiplicity 3. However, we were able
to confirm that the union in P? of 22 general points on a plane curve of degree 5 and 10
general points in IP? results in a set of points with the desired h-vector, which does not admit
any unexpected hypersurfaces, so the conjecture is still true for this h-vector even though
the distraction does not produce the desired set of points. This should be contrasted with
the end of Example 7.4; in this case we verified that the distraction does produce a set of
points whose gin is a lex-segment. Thus the conjecture remains open.

We recall a result from [BGM], modified to fit our context. For a set of points X we
denote by ([Ix]<q) the ideal generated by the polynomials in Ix of degree < d. Recall also
that for a subscheme Y of P we denote by hy () its Hilbert function.

Proposition 7.3 ([BGM] Theorem 3.6). Let X C P? be a reduced, finite set of points with
h-vector

(]-7 37 a2, as, . .., ag, d7 d) Qp+3, - - 7a'r)
where d < k+ 1. Then

(a) ([Ix])<k+1) is the saturated ideal of a reduced curve, V', of degree d (not necessarily
unmized). Also, Ix has no minimal generators in degree k + 2, so ([Ix]<k+1) =
(Ux]<r+2)-

(b) Let C' be the unmized, one-dimensional part of V. Let Xy be the subset of X on C
and let Xo be the subset of X not on C; note X = X1 U Xy. Then ([Ix,]<k+1) = Ic,
and V = C U Xs.
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(c) hx,(t) = hx(t) — | Xa| for all t > k.
(d)

| Ahe(t) fort <k+2;
Ahxxﬂ“{ Ahi@) fort >k +1.

From now on we focus on the special case j = 0, i.e. when the degree of the unexpected
hypersurface is equal to the multiplicity at the general point. The following example shows
that knowing the h-vector of a finite set of points, and taking into account the fact that the
base locus of some component of Iy contains a curve, is not enough to ensure that X has
an unexpected surface. We generally have to know something more about the curve.

Example 7.4. Consider the h-vector
(1,3,6,6,3,3,2).

The values in degrees 4 and 5 force the existence of a cubic curve of some sort in the base
locus of [Ix]s and of [Ix]s for any finite set X with this h-vector. We will look at a few
different kinds of cubic curves to see how the differences in the geometry of the curves gives
different behavior with respect to unexpected hypersurfaces (specifically cones). Our goal
is not to give an exhaustive list of possible sets of points with this h-vector, but rather to
highlight a few to see how they differ. So consider the following sets of points sharing this
h-vector.

e Let X consist of 18 points on a twisted cubic C' (note that the h-vector of these
18 points is (1,3,3,3,3,3,2)) plus 6 general points. Then we claim that X admits no
unexpected cone of any degree.

Notice that

4 if t =3
. 16 if t = 4;
dim|Zx)e = | 54 if t = 5:

("% —24 ift > 6.

We first consider the case ¢t < 5, and we notice edim(X,¢,¢) = 0 in this case. Since

any cone of degree < 5 containing X must also contain C', it also contains the cone

over C' (which is a surface of degree 3) as a component. But the projection from P of

the 6 general points gives 6 general points in the plane, and there is no conic through

6 general points. Thus dim[/xypt]; = 0 for t < 5 so adim(X, ¢,t) = edim(X,¢,t) = 0.
Now let t > 6. We have

2 2
i = () o (142) - (752) S

Now, the projection of the points on C' gives a set of points with h-vector
(1,2,3,3,3,3,3) so adding six general points gives a set with h-vector (1,2, 3,4,5,6,3),
hence the general projection imposes independent conditions on plane curves of de-
gree t. Thus the vector space dimension of this linear system (hence the vector space
dimension of the family of cones of degree ¢t with vertex P) is the expected one.

Notice that if the h-vector had been (1,3,6,6,3,3,3) then the projection would
have h-vector (1,2,3,3,3,3,3,1) and the above argument would not work for ¢ = 6.
Indeed, Theorem 7.8 gives an unexpected sextic cone.
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e Let C be a set of three disjoint lines. Let X consist of 6 points on one of the lines
and 7 points on each of the remaining lines, chosen generally, together with 4 general
points in P2, (The h-vector of the points on C is (1,3,5,3,3,3,2), and the h-vector of
X is again (1,3,6,6,3,3,2).) Then the expected dimension in degree 5 is 0 as before,
but since there is a pencil of conics through four general points in the plane we obtain
adim(X,5,5) = 2, i.e. there is a pencil of unexpected cones of degree 5.

e Let C' be a smooth plane cubic curve and let X consist of 17 points on C' (with
h-vector (1,2,3,3,3,3,2)) plus a set X, of 7 general points in P3. One can check that
1 = AVxo(5) = AVeux, 0(5) = AVx, 0(2) in accordance with Corollary 6.5 but that
there is no unexpected hypersurface because adim(Xy, 2,2) = 0.

e Let C be a smooth plane cubic curve in P3, and let A\; and Ay be general lines in
P3. Let X consist of 17 general points on C, plus a subset X of four general points
on A\; and three general points on Ay. One can check that X also has the h-vector
(1,3,6,6,3,3,2) so we expect no surface of degree 5 with a point of multiplicity 5 at
a general point P. However, the cone over C'U A; U Ay is such a surface. But notice
that the one-dimensional component of the base locus of [Ix]5 is only the plane cubic.

Thus the h-vector (1,3,6,6,3,3,2) may or may not force an unexpected cone, depending
mostly, but not entirely, on the cubic curve that is forced by the h-vector.

It is worth noting that the h-vector (1,3,6,5,3,3,2) (analyzed as above) admits an un-
expected cone even when the cubic curve is a twisted cubic, and (1,3, 6,6, 3, 3,2) admits an
unexpected cone even when the cubic is a plane cubic.

As mentioned at the beginning of this section, we do not believe that any finite O-sequence
forces the existence of unexpected hypersurfaces for non-degenerate sets of points. However,
some sequences force the existence of a curve in the base locus of at least some components
of the ideal, and if this curve is not a plane curve then we can find finite O-sequences that
force unexpected hypersurfaces. This idea is elementary, but a bit technical. Thus we will
first look at an example, to make the proof of Theorem 7.8 clearer. We will refer to the
notation of Theorem 7.8 in this example.

Example 7.5. Consider sets of points X with the h-vector

(1,3,6,9,8,7,6,6,...,6)
J4

where ¢ > 6. In the notation of Theorem 7.8 we have k = 5, d =6, N = (6 —4) + (9 —
5)+ (8 —6) + (7—6) =9 and m = 3. Because of the values of this h-vector, Proposition 7.3
applies. We get that for 6 <t < ¢+ 5, (Ix)<: has a 1-dimensional base locus, C, of degree
6, together with a finite set X5, which imposes independent conditions on hypersurfaces of
degree > 5. In fact

(Ix)<t = (Houxa)<t
for 6 <t < ¢+ 5. Furthermore, using Lemma 7.7 as in the proof of Theorem 7.8, we see
that | Xo| < N =9. Assume that C' is not a plane curve.
Now we look in degree 11, which is in the range 6 <t < ¢+ 5. Applying Theorem 6.4 we
obtain

6—1
AVX70(11) - AVXQUC,O(ll) — AVX2,[)(5) + |:< 2 ) - g‘| > O,
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where ¢ is the arithmetic genus of C. The fact that this is positive follows since C' is not a
plane curve.

We remark that this works because the degree 11 is such that the value of the h-vector is
still 6 in that degree. Beyond degree k + ¢ there is no longer a curve, and Theorem 6.4 no
longer applies.

Now let P be a general point in P and consider the projection from P to a general P2,
The image of X, is thus a set of < 9 points in the plane, and as such it lies on a plane curve
of degree m = 3 and hence also a plane curve of degree k = 5. The cone over this curve is a
surface of degree 5 containing X, with multiplicity 5 at P. Together with the cone over C'
(which has degree 6), we have a surface of degree 11 having multiplicity 11 at P. This means
adim(X, 11,11) > 0. Since also AVx¢(11) > 0, X admits an unexpected cone of degree 1.

Lemma 7.6 ([BGM] Lemma 3.1). Let I C R be an ideal satisfying hgi(t) = ("") and

t

hri(t+1) = (ttim) Then [I]; is the degree t component of the saturated ideal of an

m-dimensional linear space in P (and similarly for [I]i11).

Lemma 7.7. Let C be a reduced, unmized, non-degenerate curve in P of degree d. Let
he(t) be its Hilbert function. Then Ahc(t) has a sharp lower bound as follows: If d =2 or
3 then the lower bound is (respectively)

degt‘012345 d degt‘012345
132 2 22 o 133333
If d > 4 then the lower bound is
degt|0 1 2 34 ... d-3d-2d-14dd
113456 ... d-1 d d d d

Proof. In all cases, since C' is non-degenerate we must have Aho(1) =3. If d =2 and C' is
non-degenerate then C' must be a pair of disjoint lines, and the first given Ah¢ is its Hilbert
function. (So this is precisely the Hilbert function and not a lower bound.) If d = 3 and
Ahe(t) < 2 for any ¢ > 2 then by Macaulay it can never grow to 3, which it must do since
deg C' = 3. Thus the first two cases are done.

Notice that the given sequence is Ah¢e for the curve C' consisting of the union of a plane
curve of degree d — 1 and a line, meeting at one point. Thus this sequence occurs.

Let I be the saturated ideal of C'. Since R/I¢ has depth > 1, if L is a general linear form
then the first difference of h(t) is the Hilbert function of R/(I¢, L) and so is an O-sequence.
We know Ahe(t) = d for t > 0. If Ahe(2) < 2 then by Macaulay’s theorem it can never
grow to d, so we must have Aho(2) > 3.

Suppose Aho(2) = 3. In order to eventually reach d, by Macaulay’s theorem we must have
Ahe(t) =t+1for 2<t <d—1. Then by Lemma 7.6 (taking m = 1), [({c + (L))/(L)]: is
the degree t component of a line in K[x,y, z]. Thus since I is saturated, [I¢]; is the degree
t component of a plane, i.e. C' is a plane curve of degree d. This is impossible since C' is
non-degenerate.

The same argument applies for all degrees 3 <t < d — 2: we must have Aho(t) >t + 1
in order to reach d, and if we have equality then C' must be a plane curve. Thus the stated
Hilbert function is the smallest possible. O

If Conjecture 7.1 is true, the following kind of result is the best that one can hope for,
in terms of finding a Hilbert function that forces unexpectedness (but we do not claim that
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this result is optimal in any way). It says that for a certain class of Hilbert functions (which
we define specifically via some numerical conditions) for which a curve is forced in some
component of the ideal because of maximal growth, if you assume that this curve is not a
plane curve, then any set of points with this Hilbert function must admit unexpected cones.
Conjecture 7.1 thus implies that if, however, you allow the curve to be a plane curve then a
set of points can be found for which there is no unexpected cone.

Theorem 7.8. Let X be a set of points in P? with h-vector
(1,3,@2,@3,...,ak,d,d,...,d),
‘
where k > 2 and a;, > d. Assume

2 <d<min{k+1,¢}.

In case d > 4, let
b a;—(i+2) for2<i<d-2
] ai—d ford—1<i<k.
If d =2 or d =3, we replace i + 2 by the bounds given in the first two parts of Lemma 7.7.
Set

and

)+ 2
m:min{i|(lg>> N}.
We also assume m < k.

Let C' be the equidimensional curve of degree d guaranteed by Proposition 7.5. If C' is not
a plane curve then X admits an unexpected cone of degree d + k.

Proof. Since d < k + 1, Proposition 7.3 applies in degree k. In particular, we get from
Proposition 7.3 (c) that X5 imposes independent conditions on [Ix]s for any s > k, hence it
also imposes independent conditions on the complete linear system of forms of degree s; we
will use the case s = k.

Now we look in degree d + k. By Theorem 6.4 we have

AVeux,(d+ k) = AVx, o(k) + [(d; 1) - g] >0

since C' is not a plane curve.

Note that N is an upper bound for | Xs|, thanks to Lemma 7.7. If we denote by mp the
projection from a general point P to a general plane, the assumption m < k guarantees that
mp(Xs) lies on a curve of degree k. This means that X, lies on a cone of degree k with vertex
at P. If Sp is the cone over C' with vertex P, the union of these cones is a surface of degree
d + k with multiplicity d + k at P. Thus adim(C U Xs,d + k,d + k) > 0, so we have an
unexpected cone of degree d+k for CUXy. But k+1 < d+k < k+{s0 [Ix]arr = [Louxs)dik,
so also X admits an unexpected cone of degree d + k. O

Example 7.9. As mentioned above, the preceding result is not meant to be optimal. Con-
sider for instance the h-vector (1,3,6,5,3,3,3). We haved = 3,/ =3, N =3+2 =5,
m = 2, k = 3. The cubic curve C guaranteed in the base locus of [Ix]; for t =4, 5,6 is either
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a twisted cubic, the union of a line and a conic (meeting in 0 or 1 points), or the union of
three lines (meeting in a total of < 3 points). Considering possible Hilbert functions of such
curves, the given h-vector forces a set X, of at most N = 5 points off the curve (as a result
of Lemma 7.7).

The theorem guarantees an unexpected cone of degree 6. Indeed,

6—-1+3

dﬁﬂUXk——( 5

) =60 —56=4

and since the projection of < 5 points to P? lies on at least a 5-dimensional vector space of
plane cubics, the cones over these cubics (with vertex at the general point P) together with
the cone over C' confirm the conclusion that there is an unexpected sextic.

However, these projected points also lie on at least one conic, so there is a quadric cone
containing X5, and together with the cone over C' we get an unexpected quintic cone (since
dim[Ix]5; — (5_§+3) = 0), which is not covered by the theorem.

If we had allowed C to be a plane cubic curve, Lemma 7.7 would no longer hold: the lower
bound in this case would be given by the sequence (1,2,3,3,3,...) so |Xs| could also be 6.

The following result gives a geometric property for a set of points that is enough to find
h-vectors that force unexpected cones.

Corollary 7.10. Let X be a set of points in P in linear general position, and assume
that X has h-vector given by the numerical conditions in Theorem 7.8. Then X admits an
unexpected cone.

Proof. The assumption of linear general position forces C' to be non-degenerate. O
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