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ON A CLASS OF SPECIAL LINEAR SYSTEMS OF P?
ANTONIO LAFACE AND LUCA UGAGLIA

ABSTRACT. In this paper we deal with linear systems of P3 through fat points.
We consider the behavior of these systems under a cubic Cremona transforma-
tion that allows us to produce a class of special systems which we conjecture
to be the only ones.

INTRODUCTION

Let us take the projective space P™ and let us consider the linear system of
hypersurfaces of degree d having some points of fixed multiplicity. The virtual
dimension of such systems is the dimension of the system of degree d polynomials
minus the conditions imposed by the multiple points, and the expected dimension
is the maximum between the virtual one and —1. The systems whose dimension is
bigger than the expected one are called special systems.

There exists a conjecture due to Harbourne (see [7]) and Hirschowitz (see [9]),
characterizing special linear systems on P2, which has been proved in some special
cases (see [2 B, 12, [11]).

In this paper we describe a class of special linear systems on P3. The main tool
will be the cubic Cremona transformation (2.I]) which allows us to transform a linear
system into another one. The dimension of the two systems is the same, while the
virtual one may be different. This is a new phenomenon which does not occur in P2.
In Proposition we give a formula expressing the difference between these virtual
dimensions, and in particular we prove that if a transformation decreases the degree
of a system, then it does not decrease its virtual dimension (Corollary 24). We
will say that a system for which it is no longer possible to decrease the degree using
one of these transformations is in standard form. Starting from a special system in
standard form it is possible to construct infinitely many special systems by applying
a sequence of cubic Cremona transformations. In this paper we describe two types
of special systems in standard form, and we conjecture that they produce all the
possible special cases.

The paper is organized as follows: in the first section we recall some definitions
and notations. In Section 2 we give a description of a cubic Cremona transformation
of P and its action on linear systems, while Section 3 deals with the resolution of
the indeterminacy of this transformation. In Section 4 we state the conjecture and
we give a procedure for evaluating the dimension of a system, and in the next
section we give some motivations. Section 6 deals with special homogeneous linear
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systems according to the conjecture, and finally Section 7 provides some examples
related to the procedure.

1. PRELIMINARIES
We start by fixing some definitions and notations.

Definition 1.1. Given a sheaf F = Ops(d) ® Zy, where Zy is the ideal sheaf of a
subscheme V' C P?, we denote by v(F) its virtual dimension, defined as

v(F)=x(F)-1.

By £ = L3(d,m1,...,m,) we will denote the linear system associated to the
sheaf Ops(d) ® Iz, where Z = > m;p; is a zero-dimensional scheme of fat points in
general position. If no confusion arises, by abuse of notation we will use the same
letter £ to also denote the sheaf. From the cohomology exact sequence associated
to

0—— L —— Ops(d) —— Oz —— 0,
we obtain that h*(£) = 0 for i = 2, 3. Therefore we deduce that v(£) = h®(Ops(d))—
h%(0,) — 1, which may also be written as
d+3 " (m;+ 2
- - ~1.
o = ()2 (")
Let us denote by e(£) = max(v(L), —1) the expected dimension of L.

Definition 1.2. A non-empty linear system L is special if its expected dimension
is strictly smaller than the effective one or, equivalently, if h'(L) # 0.

Let (X, 7) be the blowing-up of P along {p,...,p,}; by abuse of notation we
will denote by L the linear system associated to L = dH — Y m;E;, where H is
the pull-back of a hyperplane of P? and E; = 7~ (p;). Let (H,E,...,E,) and
(h,e1,...,e.) be two bases for the Chow groups A!(X) and A?(X), respectively,
where h is the pull-back of a line and e; is the class of a line in F;. The intersection
matrix, with respect to these two bases, is diagonal with the first element equal to
1 and the others equal to —1 (since F,;e; = —1).

Given a curve C' C P2, by abuse of notation we will denote by £C' the intersection
product of their strict transforms in X. We will write C € ¢3(8, 1, . . ., 1) to denote
a curve of degree & with multiplicity u; at p;. In this way, the intersection is given
by the formula

(1.1) LC=db =) pim;.

i=1
We recall the Riemann-Roch formula for a divisor L on a smooth threefold X:

L) = L(L — KX)(2L1—2KX) +ea(X)L (Ox).

If the linear system associated to L can be written as |L| = F + |M|, where F is
a fixed divisor of |L| and |M] is the residual system, then the above formula implies
FM(L - Kx)

(1.2) v(L) :U(M)—I—U(F)—l-f.
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2. CuBiIC CREMONA TRANSFORMATIONS AND LINEAR SYSTEMS

In this section we focus our attention on a class of cubic Cremona transformations
of P3. Consider the system L3(3,2%). By putting the four double points in the
fundamental ones, the associated rational map is given by

(2.1) Cr:(zo:ay:awg:as) —» (xg oyt oyt agt).

The birational map (21J) induces an action on the Picard group of X which can
be described in the following way.

Proposition 2.1. The action of transformation 1) on L = L3(d,m1,...,m;) is
given by

(22) Cr(ﬁ) = ,Cg(d—l—k,ml +k,...,my +/€,m5,...,m,~),
where k = 2d — 2?21 m.

Proof. Since the transformation (ZJJ) is an isomorphism outside the base locus, we
can reduce to the case 7 = 4. The exponents of monomials which generate £ (i.e.
monomials of degree d in x1, ..., x4 with multiplicity m; at p; for i = 1,...,4) can
be represented by the points of the truncated lattice tetrahedron

4
(2.3) T :={(a1,...,a4) €Z* | 0 < a; < d —m; and Zai = d}.
i=1

In the same way T corresponds to L3(d+ k,my + k, ..., my + k). Observe that

4 4
Cr (H xi‘“) = Hil?id_ai,
i=1 i=1

where the right term may be written as

4

(x;nl . xT4) H xidfaifmi'
i=1

This may be summarized by saying that the transformation ([21]) induces the map
flay,...;a4) = (d—a; —ma,...,d — aqg — my) from Z* to Z*. We want to prove
that f is a bijection between T and T”. First of all observe that if (a1, ...,aq4) € T,
then 0 <d—a; —m; < (d+ k) — (m; + k) and Z?Zl(d—ai —my;) = d+ k, which
implies that f(7) C T’. In the same way it is possible to prove that f(T') C T
and, since f2 = 134, we get the claim. O

Observe that dim Cr (£) = dim £, but in general the virtual dimensions of the
two systems may be different.

Lemma 2.2. Suppose that 2d — mq — ms — m3 < 0. Then Bs L3(d, m1, ms, m3)
contains the plane through the three points.

Proof. Consider T as before (with my4 = 0). Then we have the inequality a; + as +
az < 3d —my1 —mg —mg < d. This implies that each monomial contains x4, which
gives the fixed plane. ([



5488 ANTONIO LAFACE AND LUCA UGAGLIA

Proposition 2.3. Let L = L3(d,my,...,m,) be a linear system such that 2d >
m; +mj + my, for any choice of {i,7,k} C {1,2,3,4}. Then

. 1 + tij B 1-— tij
(2.4 weren-ue= ¥ (V)= 2 (1),
tij>2 ti; <—2
where t;; = m; +m; —d.

Proof. We can reduce to the case £ = L3(d, my,...,my), since the contribution of
the other points is 0 in equation (Z4]). In this case, dim £ = #T — 1, where T is
the set defined in (Z3]). In order to evaluate this number, consider the sets

4

A = {(an,...,a0) €24 | Y a;i=d},
i=1

Ai = {(al""7a4)€A|ai2d—mi—|—1}7

and observe that T = A\ U?:l A;. By the inclusion-exclusion principle,
HT = H#A =Y H#A+ D #ANA) = D #(ANA;NA).

i<j i<j<k
The virtual dimension v(£) is one less than the difference of the first two terms on
the right side of the equation above. A point (a4, ..., a4) belongs to the intersection
of the first three A;’s if a; > d — m; for i = 1,2, 3; summing up these inequalities
one obtains d — aq > 3d —m1 —mg —ms which implies that 2d —my —mo —mg < 0,
a contradiction to our assumption. The same argument holds for any other triple
of points, so this gives the following formula:

dim £ =v(L)+ Y #(AiNA;).

1<j

The set A1 N Ay is in one-to-one correspondence with the tetrahedron
4
ANDRES {(bl,...,b4) S ZéO | sz =mq +ms 7d72},

i=1
where b; = a;—d—1+m; for i = 1,2 and b; = a; for i = 3,4. The same holds for the
other intersections and, since m;+m; —d—2 = t;; —2, we have #(A;NA;) = (t7'j3+1).
The equality dim £ = dim Cr (£) implies that

B tij +1 t+1
oeren —ue) = ¥ (- (),
ti;>2 t,>2
where t;; is defined in the same way as t;; for the system Cr (£). This implies that
tlo = (m1+ k) + (mag+ k) — (d+ k) = t12 + k = —t34, and an analogous equality
holds for each #};. O

Corollary 2.4. Under the assumptions of Proposition 23], if the degree of Cr (L)
is less than that of L, then v(Cr (L)) > v(L).

Proof. The difference between the degree of Cr (L) and that of L is equal to k =
2d — 2?21 m;. From 2d < 2?21 m; we deduce that, if 15 > 2, then d — m3z —my <
m1 + mg — d which is equivalent to —t34 < t12. The same holds for each ¢;; such
that ¢;; > 2, hence the right side of equation (2.4) is non-negative. O
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3. THE ISOMORPHISMS OF A (Y)
INDUCED BY THE CUBIC TRANSFORMATION

The resolution of the indeterminacy of map (ZI]) may be expressed by the fol-
lowing diagram:

(3.1) Y

Here 7 is the blowing-up of P? along the points p1, . . ., p4, and p is the blowing-up of
X along the strict transforms of the lines /;; through p; and p;. The Picard group of
X is generated by (H, E1, ..., E4), where E; is the exceptional divisor corresponding
to p;. Let us denote F; = p*E; (this means that F; is the blowing-up of a plane
through three points), and let Fj; be the exceptional divisor corresponding to the
blowing-up of the strict transform of /;;. The divisor F;; is a quadric, and we will
denote by f}; its “vertical” ruling, i.e. the one given by the lines of the blowing-up,
and by Z}; the other one (the “horizontal”). The morphism p’ contracts the quadrics
F;; along the horizontal rulings, while the divisors contracted by 7’ are the four
fundamental planes. A base for Pic(Y) is given by (H, Fy,...,Fy, Fia,..., F34),
where, with abuse of notation, we write H instead of p*H. Let H; = H — F5 —
F3 — F; — Fy3 — Fyy — F34 be the strict transform of the plane of P? through the
points ps, p3, p4 and the three lines of the triangle. In the same way we define H;
for i = 2,3,4. The involution Cr : Pic (Y) — Pic (Y) induced by (Z1J) is given by

(32) Cr (Fz) = I’IZ Cr (FZ]) = Fhk7
where {h,k} ={1,2,3,4}\ {¢, 5}, which gives
(3.3) Cr(H)=3H - 2F, - Fj.

i i<j
Proposition 3.1. Let Z be the 0-dimensional scheme of four points p1,. .., ps with
multiplicities mq, ..., ma and let W be the 1-dimensional scheme of the lines (p;, p;j)
with multiplicities n;;. The map Z1) transforms the sheaf F = Ops(d) ® Tz @ Tw
into F' = Ops(d + 8) @ Tzr @ I+, where s = 2d — > m;, m;, = m; + s and
ni; =d—m; —m; + npy.
Proof. Let us take the pull-back of F on Y:

i i<j

By B2) and B3] its image under the map Cr is

Cr(p*n*F) = (d+s)H — Z(ml +s)F; — Z(d —m; —mj + npe) Fij,

% i<j

which finishes the proof. ([
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To each linear system £ = L3(d, mq,...,my4) we associate a 1-cycle defined as
F(,C) = Z tijlij,
tiy>1
where t;; = m; +m; — d and [;; is the line through p; and p;. Observe that by

definition H°(L ® Ir(z)) = H(L), since each line I;; € T'(£) is contained in the
base locus of £ with multiplicity at least t;;.

Proposition 3.2. With the preceding notations we have

o Te) =x©0+ Y ().

t;j>2

Proof. We recall that by abuse of notation we denote by £ the linear system on X
associated to dH — ) m;E;. Consider the pull-back of £ ® Zp(z) on Y. In what
follows we will concentrate on one of the six lines, and in order to simplify the
notations we will omit the indices. Let [ € A?(X) be the strict transform of the
line, then Njjx = Op1(—1) @ Op1(—1). From the evaluation of the tautological line
bundle associated to the blowing-up of I (see [5]), one obtains that Fjp = —f" — f".
The intersection LI = —t gives p*Ljp = —tf". The exact sequence

0—p*L—(k+1)F ——pL—kF —— (p"L—kF)jp ——0

and the preceding formulas imply that h°((p* L —kF)|p) = h°(kf" +(k—1)f") =0
if and only if k < ¢t. Therefore tF' C Bs (p*L) and

ML — tF) = (0 L) — 3" x(kf* + (k— 1)),
k=0

By the Riemann-Roch theorem on the quadric F we have x(kf" + (k —t)f?) =
(k+1)(k4+1—t). An easy calculation shows that the last sum of the above equation

is equal to —("%"), hence applying this procedure to each of the F}; one obtains

X(p"L =)ty Fiy) = x(0" L) + ) ( J3 >
ti;>2 ti;>2

The proof follows from the projection formula p.p*F = F and Rip.p*F =
with 4 > 1, for a blowing-up (see [§]). These properties imply that H*(Y, p*F)
H'(X,F), where F is L or L ® Ip(z).

OmRse

Corollary 3.3. Let L = L3(d,my,...,m;) be a linear system and let Cy,...,C, €
A?(X) be a set of irreducible rational curves such that N, x = Op1 (—1)&Op1(—1)
and LC; = —t; < =2 fori=1,...,n. Then

dim£ —v(L) > ) <t" ; 1) — W (L ®Ir),

i=1
where T := > t;,C; is the 1-dimensional scheme of the multiple curves.

Proof. Observe that in the proof of Proposition the only assumption needed on
the curve [ is that its normal bundle in X is Opi(—1) @ Op1(—1). Since we are
assuming the same for the C;, we have that y(£ ® Zr) = x(£) + X (“§'). The
equalities h%(L) = h?(L£ ® Ir) and h*(L) = 0 finish the proof. O
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Remark 3.4. Let us take a system L, choose four points and consider the associated
sheaf £ ® Zr(zy. Use Proposition B.] to transform this sheaf into £’ ® Zp(ry.
The system L’ is obtained from L by applying Proposition 2J1 Observe that
(L @ Ir(zy) = h'(L' & Iprcry), since the pull-back of the first system on Y is just
the pull-back of the second one obtained by a base change on Pic (Y). In particular
this implies that the virtual dimensions of the two systems are the same. This,
together with Proposition gives another proof of Proposition 2.3l

Let us now consider the action of transformation ([21I) on the curves of Y. A
basis for A%(Y) may be given by (h, f1,..., f1, fi2,-- -, f34), where h is the pull-
back of the class of a line in P3, f; is the pull-back of a line of E; and f;; = I 1s
the vertical ruling of Fj;.

Proposition 3.5. The intersection matriz M : A*(Y) x A%(Y) — Z with respect
to the chosen bases of A'(Y) is given by

M:<(1) o )

Proof. By using the projection formula, since (7 o p),.F; = p;, F; has a non-zero
intersection only with f; and F;f; = Fj |, fi = —f? = —1, where the second equa-
tion is due to F? = p*E? = p*Ng,x = p*(—e;) = —f;. In the same way, since
(mop).Fi; = l;j, Fi; has a non-vanishing intersection only with f;;. Let F' and f be
F;j and f;;, respectively; then Ff = Fipf = (—f" — f")f* = —1. Finally Hh =1
since it is the intersection of a plane with a line. O

Proposition 3.6. With the same notation as before, we have that HFy; = f;; and
FY = —h+ fi+ fj —2fi;.

Proof. As before we will use F, f instead of Fj;, fi;. The first equality is obvious,
since p, H intersects p, F along a point and f is just the vertical fiber of the quadric
over that point. Observe that since F? has a non-vanishing intersection only with
H, F;, F; and F, then by Proposition B.5 we have F? = ah+m; fi+m;f; +bf. The
coefficient a is equal to F2H = Ff = —1. Inthe same way m; = —F?F; = —Ff =1
and b= —F% = —(—fv — f")?2 = —2. O

Proposition 3.7. The action of map 2] on A%(Y) is given by

Cr(h) =3h—Y_fi, Cr(f)=2h—>_ fi, Cr(fi;) =h+ frs — fr — fs,
: i
where (k. s} = {1,2,3,4\ 7).
Proof. Since h = H?, f; = —F? and fi» = HF}5, we have

Cr(h) = Cr(H)?
= (BH-2) F-> Fy)
i i<j
= Oh—4Y fim D (h—fi—fi+2f) =6 fu+8> fy
i i<j 1<j i<j

3h—> fis
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Cr(fy) = —Cr(F)?

—(H — Fy — F3 — Fy — Fo3 — Fyy — F34)°

—(h—=fo—fa = fa = 3h+2(fo + f3+ fa) — 2(faz + foa + faa)
—2(f23 + foa + f34) +4(foz + foa + f34))

= 2h— fo— f3— fa,
Cr(fi2) = Cr(H)Cr(F12)
= (3H—2ZFi_ZFij)F34
i 1<y
= 3fsy —A4fss +h— f3— f1+ 2fa
h+ fsa— f3 = fa-

O

Now, by £3(0, ji1, ..., pia, P12, - - -, 334) we will denote the system of curves of P3
of degree § with multiplicities y; in the four points and intersecting the line I;;
along (3;; points.

Proposition 3.8. The image of the system ¢ = €3(5, p1, ..., pa, P12, ..., 034) by
transformation 210 s Cr (€) := £3(8', pl, .., ty, Bia, - -+, Bh4), where
(34) &=30- 2w~ By, =0 i~ > By B =Prs

i i<y J#r {i.j}Fr

Proof. The strict transform of a general element of ¢ may be written on Y as
O0h — > uifi =Y Bijfi;- The image of this element by the map Cr is

SBh =" fi) = > mh =" f;) =Y Bij(h+ frs — fu = fs).
i i j#i i<j
This immediately gives the value of ¢’ and 3];. For p., observe that f. appears
in the first sum with coefficient —¢, in the second with coefficient o Hjs and in

the third sum it appears each time that the index r € {k, s} or, which is the same,
each time that r ¢ {4, j}. O

If the system ¢ has no intersection with any one of the six lines, then we have
the following.

Corollary 3.9. The action of transformation (ZI0) on £ = £3(0, 1, - . ., ) 18 given
by

(35) CI’(@) = 6(64_275”1 “‘%7#4‘1'%#5;7#%);
where v =§ — Z?:l L -

The action of Cr on the space of curves may be extended to a linear action on
the space of polynomials C[d, ui1,. .., u,]. An easy calculation gives

Corollary 3.10. The following polynomials are invariant with respect to transfor-

mation (33):
26— iy, 2= 2.
i=1 i=1
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4. CONJECTURE

In this section we state a conjecture which allows us to give a procedure for
computing the dimension of a linear system £ = L3(d,m1,...,m,). First of all,
since birational transformations do not change the effective dimension of £, we can
perform Cremona transformations until we get a system in standard form. If at
some step we get a system £* with a negative multiplicity —cy; at p;, then the system
contains «; F; in its base locus. We remark that if this is the case, then there also
exists a fixed component contained «; times in the base locus of the starting system
L. This is the image of E; by the sequence of Cremona transformations sending
L back to £. This component can be removed without changing the dimension
of £. In particular we can remove o; E; from £* and keep performing Cremona if
possible. That way we can reduce the problem to the study of the dimension of
linear systems in standard form. In this direction let us state the following.

Conjecture 4.1. A linear system L = L3(d,m1,...,m,) in standard form is spe-
cial if and only if one of the following holds:

(i) there exists a quadric Q = L3(2,1°) such that Q(L — Q)(L — K) < 0;

(ii) there exists a line £ = (3(1,12) such that LI < —2.

We remark that if condition (i) holds, then by (L2) v(L) < v(£ — @), while
dim £ > dim(£ — @), which means that £ is special. In order to simplify the
procedure we are going to prove that, under an extra assumption, condition (i)
implies that the quadric @ is contained in the base locus of L.

Lemma 4.2. Let us suppose that the Harbourne-Hirschowitz Conjecture holds for
linear systems on P? with 10 fized points. If L = L3(d,my,...,m,) is a system in
standard form and such that Q(L — Q)(L — K) <0, then Q C Bs(L).

Proof. From the exact sequence

0——L-Q c Liq 0,
we get v(L) = v(L — Q) +v(Lg) + 1. If we compare with (IL.2) we obtain that

QL - Q)L -~ K)
2

The system Ljq = Lq((d,d), m1,...,mg) is equivalent to the planar system Ly =
Lo(2d —my, (d—m1)% ma, ..., mg) (see [10]). Therefore in order to prove the claim
it is enough to prove that the system Lo is non-special or, since we assume that
the Harbourne-Hirschowitz Conjecture holds for 10 multiple points, to prove that
L5 is not (—1)-special. Let us compare the multiplicity d — m; to the m;’s.

If d—my > mg, the system Ly is Cremona-stable (since 2d—m; > 2(d—mq)+ms),
and hence it is not special.

If d — mi; < mg and L5 is not Cremona-stable, then 2d — m1 < mg + ms3 + my,
which is not possible since we are assuming that £ is in standard form.

Finally, if my < d—m7 < mg and L5 is not Cremona-stable, then d < mo+msz—1.
If we write d = mo + mg — t, with ¢ > 1, then

’U([:‘Q) = —1<0.

Lo = £2(2m2 + 2ms3 — mq — 2t, mo, M3, (mg +m3z —mq — t)2,m4, .. .,7719).

Performing a Cremona transformation with the first three points we obtain a stable
system (the degree equals the sum of the highest multiplicities). ([
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Now we wonder: which system of quadrics may be contained in the base locus
of a given linear system? The answer is given by the following.

Lemma 4.3. If | Y1 | 7;,Q;| is contained in the base locus of a linear system, then
the Q; must share 8 points, i.e. Q; € L3(2,1%) for each i.

Proof. Consider any two of the given quadrics, say (1, @2, which share s < 8 points.
Since |Q1 + Q2| = L£3(4,2%,118729) has virtual dimension 16 — 2s, the system moves
unless s = 8. Now consider any three quadrics, say Q1,Q2, Q3. If they have less
than 8 common points, then |Q1 + Q2 + Q3| = £3(6, 37, 23) since, by the preceding
observation, each pair must share 8 points. But this system has virtual dimension
1, which is not possible. If four or more quadrics share less than 8 points, then
there exist three of them which do not share 8 points, and this is not possible as
proved before.

On the other hand, let us prove that if s = 8, then the system £ = |1 | r;Q;|
cannot move. We can write £ = L3(2r,r%,ry,...,7,), where r = 7" | ;. From
the exact sequence of (1 we get

00— L—Q1 c Lo, 0.

Let us consider the restricted system Lo, = Lq((2r,2r), 7% 1). By [10] this is
equivalent to the planar system Lo (37,77, 71), which is empty since Ly(3r,7°) is the
fixed cubic £4(3,1%) counted r times. Therefore also L, = (), which implies that
()1 is contained in the base locus of £. This also implies that ;@ is contained in
the base locus of £, and the same holds for r;Q);. Therefore £ = Z?Zl riQ;. O

In order to conclude the part of the procedure concerning quadrics we need the
following.

Lemma 4.4. Let us suppose that the Harbourne-Hirschowitz Conjecture holds for
linear systems on P? with 10 points. If L = L3(d,my,...,m,) is in standard form
and Q(L — Q)(L — K) < 0, where Q 1is the quadric through the first 9 points, then
L — Q s still in standard form.

Proof. By hypothesis 2d > Zle my;; moreover the degree of £ — @ is d — 2 while
the first 9 multiplicities are m; — 1. Therefore £ — @ is in standard form unless

mig > my — 1. But this can happen only if m; = m for i = 4,...,10. In this case
L would contain all the quadrics through pi, p2, ps and 6 of the points py, ..., pio,
but by Lemma 3] this is not possible. O

Therefore, assuming that the Harbourne-Hirschowitz Conjecture holds for up to
10 points, we can proceed by computing Q(L — Q)(L — K). If it is negative we can
remove the quadric @ and consider the system £ — @, which is still in standard
form. We reorder the multiplicities if necessary, and we keep removing the quadric
as long as Q(L —Q)(L — K) < 0.

Let us consider part (ii) of Conjecture Il We are going to prove that, in fact,
such a system L is special.

Proposition 4.5. Let £ = L3(d,my,...,m,) be a non-empty linear system and
let | be the line through py,ps. If LI = —t < —1, then h?(L ® Ty) = 0.

Proof. Let Z = 7' + Z", where Z' = mip1 + map2 and Z" = mgps + ... + m,p,,
and let £ = Ops(d) ® Zz:. The tensor product of the defining sequence of Z” with
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L' ® Ty gives

0—>£®Itl —>£I®Itl OZ” O

Since h?(Ozn) = 0 for i > 1, it is enough to prove that h?(L' ® Zy) = 0.
Let us take a plane V € £(1,12) and denote by W the corresponding element of
£(1,1%) ® Z;. From the defining sequence of W we obtain

0— (L' =V)®Zyp1y —— L' Ty —— (L' @Ty)jw —— 0.

Observe that h((L' @Zy)\w) = h*(Op2(d—t)®Tz) = 0, since t = mi+my—d < d
(otherwise my > d, and the system would be empty). This means that

W((L = V)@ I-ay) = h*(L' @ Tu),
so we can proceed by induction on ¢ until we obtain the system
£3(d — t,m1 — t,mg — t)

whose h? vanishes. O

An easy consequence of Corollary and Proposition is the following.

Corollary 4.6. Let L and l be as before. If LI = —t < —2, then L is special and
dim £ —v(L) > (H,;l).

Observe that if there exists C; with ¢ > 2, such that LC; = —t; < —2, then by the
corollary above L is special. It may happen that h(£ ®Zr) > 0 for i = 1,2, where
I' = > t;C;. This means that we are not able to compute the speciality of £ (see
Example [Z.6). For a system in standard form, we conjecture that h?(£ ® Ir) = 0
(this has been proved up to eight multiple points in [4]). Moreover, by assuming
Conjecture[d]] after removing the quadrics in Bs (£), we have that h' (L' ®@Zr) = 0,
where £’ is the residual system. This allows us to give the procedure shown in Table
1 for the evaluation of dim L.

TABLE 1.

While £ is not in standard form

put £:=Cr(L).

If m; = —a; <0 then put L:=L—a;F;.
While Q(L—-Q)(L—K) <0

put L:=L—-Q.

ti; +1
Put t;; :=m;+m;—d. Return dimZL =v(L)+ Z ( j;_ > .
tiy>2

5. MOTIVATIONS

In [4] Conjecture I has been proved for systems L3(d, my,...,m,) with r <8.
With the help of a procedure written in the programming language of the computer
algebra system SINGULAR [6], we verified the conjecture for systems £3(d, m") with
m <7 and r < 20.
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A consequence of the conjecture is that the only curves £ which can give speciality
are the images of the line £3(1, 1) by a finite set of Cremona transformations. In one
direction, observe that if there exists a curve £ which is the image of #3(1, 12) by a fi-
nite set of Cremona transformations and such that £¢ = —t < —2, then L is special.
In fact, performing back Cremona, we get a system £’ such that £'¢3(1,1%) = —t,
since the intersection product is invariant under Cremona. Therefore, by Proposi-
tion L] since cohomology groups are invariant under birational transformations,
h?(L£ ® Ty) = 0, and L is special. On the other hand, for other classes of curves
one can have the following problem.

Example 5.1. Let £ = /3(4,1%) be the system of quartics through 8 fixed points
and suppose that £ = —t < —2. The intersection product is 4d — Zle m; < —2,
and hence necessarily 2d — Zle m; < —1, which implies that £ is not in standard
form. Let us perform a Cremona transformation involving the first 4 points. Since
the intersection product is invariant under this transformation, £¢/ = L£ = —t,
where £/ = Cr (L) and ¢’ = Cr (£). Moreover the degree d' of £’ is strictly smaller
than d and, by Proposition 39 ¢/ = £. Arguing as before we can say that £’ is
not in standard form, and we can perform another transformation. Iterating this
procedure we can transform £ until we get a system having negative degree, and
hence we conclude that £ = (). Therefore the quartic cannot give speciality. The
fact that ¢3(4,1%) cannot be obtained from ¢3(1,1%) by a finite set of Cremona
transformations is also an easy consequence of Corollary B.I0, since the invariant
5% — >"2u2 is 0 for the quartic and —3 for the line.

Another consequence of Conjecture 1] is that if £ is in standard form, then
we cannot find any curve ¢ # ¢3(1,12) which is the image of a line and such that
L¢ < —2. In order to give a motivation for this we prove the following.

Lemma 5.2. Let us suppose that L = L3(d,mq,...,m;) and ¢ is obtained from
03(1,12) by a finite set of Cremona transformations such that at each step the degree
of the curve increases. Then we can write

4 4
(5.1) L0=31(2d — Zmz(-l)) + o4 Ba(2d — nga)) + (d —mp — my),

i=1 i=1
where 3; > 1, mz(j) are chosen between mq,...,m, and h,k > 5.
Proof. We argue by induction on the number of Cremona transformations necessary
to obtain £ from the line ¢3(1,12). First of all, after one transformation the image
of the line is the rational normal cubic £3(3,1%), having intersection product with
L equal to 3d — Z?Zl m; = (2d — Z:.Lzl m;) + (d — ms — mg). Now we assume
that the formula is true for ¢ = ¢5(0, p1,...,us), and we prove it for the curve
0 = Cr(f) = £3(8, 1, ..., 1) obtained from ¢ performing one more Cremona
transformation increasing the degree. We can suppose that the transformation is
based on the first 4 points. By formula X)), &' = § + 2 and p) = u; + v for
i =1,...,4, where v = § — 2?21 w; > 0, and p; = p; for i« > 5. Therefore
L0 — L0 =~(2d — Z:.Lzl m;), which proves the claim. O
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Corollary 5.3. If L is not empty and in standard form and £ is obtained from
03(1,12) by a finite set of Cremona transformations such that at each step the
degree of the curve increases, then L0 > 0.

Proof. Since L is in standard form, 2d > >~ mgj). Moreover d —my, —my > 0, since
otherwise 2d < my + mg + my, + my. Hence all the terms on the right side of (5.1))
are non-negative. O

Therefore, if we assume that the following conjecture holds, we have that a
system in standard form cannot have a negative intersection product with the
image of a line.

Conjecture 5.4. Let £ = {3(0, 1, - .., ) be a curve that can be obtained from the
line £3(1,12) by a finite set of Cremona transformations. Then £ can be obtained
by a finite set of Cremona transformations such that at each step the degree of the
curve increases.

6. HOMOGENEOUS LINEAR SYSTEMS
In this section we study special homogeneous systems £ = L3(d, m").
Proposition 6.1. The system L is empty for d < 2m —1 and r > 8.

Proof. Tt is enough to show that the system L3(2m — 1,m8) is empty. We first
prove by induction that performing Cremona on the first four points and the last
four alternatively, at the i-th step we get the system

LP= L3(2m —2i* —1,(m —i* +49)*, (m —i* —i)*).
The basis of induction holds since applying Cremona to the starting system we get
LY = L3(2m — 3, (m — 2)*, m*). If we now perform Cremona to £ taking the first
four points we have that k = 2(2m — 2i2 — 1) — 4(m — i®> + i) = —4i — 2 and hence
the transform system is
Cr (LY =L3(2m -2+ 1) =1, (m— (i +1)% = (i +1)* (m—1i* —i)?).

The multiplicity m — i2 — i can be written as m — (i + 1)? + (i + 1), and hence,
reordering the points, we get that Cr (L£?) = L+, which gives the inductive step.

We keep performing these transformations until m — 2 — i < 0. At this step we

have that 2m — 2i? — 1 < m — 2 + i, and hence the system £? is empty since it has
some multiplicity bigger than the degree. O

By assuming Conjecture[fI]and the Harbourne-Hirschowitz Conjecture for linear
systems on P? with 10 points, we can prove the following.

Proposition 6.2. If d > 2m the system L = L3(d,m") is special if and only if
r=9and2m < d < [-1+ 3v2m? + 2m).

Proof. Our assumption on the degree implies that £ is in standard form. According
to Conjecture @Il the system L is special if and only if there exists a quadric
Q € £3(2,1°) such that Q(L — Q)(L — K) < 0, or if there exists a line ¢ = £3(1,12)
such that /£ < —2. But under our hypothesis on the degree, a line through 2 fixed
points has non-negative intersection product with £, and hence L is special if and
only if Q(L—Q)(L—K) < 0. But we can write Q(L—Q)(L—K) = 2(d—2)(d+4) —
9(m — 1)(m + 2), which is negative if and only if 2m < d < [—1 + £v/2m?2 + 2m].
We finish the proof by showing that if £ is special, then the number r of fixed
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points cannot be bigger than 9. If we suppose by contradiction that » > 10, then
Qi(L—Q;)(L—K) <0, where Q; is the quadric through all the first 10 points but
p;.- By Lemma L must contain the system of quadrics 21‘121 Q;, and this is not
possible because of Lemma [£.3] O

We can conclude that if the system £ has more than 9 fixed points (or exactly
8 points), then it is not special. If it has 9 fixed points, it is special if and only if
2m <d < [-1+ %\/ 2m? 4+ 2m). If r < 7 and d > 2m, the system cannot be special.
Finally, if r < 7 and d < 2m — 1, we have to follow the procedure of Table [l

7. EXAMPLES

We end the paper by presenting many examples of special systems and comput-

ing their dimension following the procedure of Table [l We remark that for each
example the dimension we found in this way agrees with the dimension computed
with the help of a Singular program.
Notation 7.1. We will use the symbols S-)n @ and @ to signify that we are applying
the first, the second and the third step of the procedure (in (i) we are applying a
Cremona transformation, in (ii) we are removing a plane and in (iii) we are removing
a quadric).

Example 7.2. Consider the system £ := £3(7,4%) with v(£) = —1. Following the
procedure of Table [l we can apply four Cremona transformations:

£5(7,4%) & £3(5,42,2%) & £4(3,24) Y £50),
so that dim £ = 3. Observe that since £3(7,4%)¢3(3,1%) = —3, the starting sys-
tem contains the rational normal curve. After the first transformation f3(3,1%) ~
3(1,1%) and, in fact, £3(5,42,24)l5(1,12) = 3.

Example 7.3. Consider the system £ := £3(12,7°%) with v(£) = —50. As before
we can apply the following Cremona transformations:

£5(12,7°) 2 £4(8,72,3%) 2 £3(4,3",—1%) X £5(4,34) 2 £3(0,-1%) 2 £4(0),
so that dim£ = 0. From the procedure we may deduce that £ is given by the

union of six surfaces of type £3(2,2,1%) (each surface can be obtained from a plane
L3(1,13) applying one Cremona transformation).

In these two first examples, by performing some Cremona transformations and
removing fixed planes we get a system in standard form which is not special. Let
us give two examples where the system in standard form is still special.

Example 7.4. Consider the system £ := £3(10,6°) with v(£) = 5. Apply the
Cremona transformation:
£5(10,6%) & £4(6,6,2%).

The last system is in standard form and has virtual dimension 11 while its dimension
is 15, as expected by our conjecture. In fact each of the four lines l;;, j = 2,...,5,
has intersection product —2 with the system.
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Example 7.5. Consider the system in standard form £ := £3(16,11,7%) with
v(L) = 10. Since Q(L — Q)(L — K) = —2 following the procedure, we may remove
the quadric from the base locus of L:

£5(16,11,7%) W £,(14,10,6%).
The virtual dimension of the last system is 11, and its dimension is 19 (each of the
8 lines 14, j = 2,...,9, has intersection product —2 with the system).

We remark that in the two examples above, when the linear system is in standard
form and does not contain any quadric, then its speciality is given exactly by the
sum of the binomials (t”;' 1), where —%;; is the intersection product of the line [ ;
with the system. In the following example we show that if a linear system L is not
in standard form, then its speciality can be strictly smaller than the sum of these
binomials, or equivalently h?(£ ® Ir) # 0 (where T is the 1-dimensional scheme of
the multiple lines).

Example 7.6. The system £ = £3(3,3%) with v(£) = —11 is not in standard form,
hence ‘ )

£5(3,3%) & £5(0,-3) & £4(0).
This implies that dim £ = 0, since it is three times the plane £3(1,13). For each line
l;; through two of the three points we have L£I;; = —3. Let I' = 3(l12+ 113 +123). By
Corollary dim £ — v(£) > 12 — h?(L ® Ir), which implies that h?(£L ® Zr) > 1.

In the next example we give a way to construct a class of systems whose speciality
is due to multiple quadrics in the fixed locus.

Example 7.7. Let ry,...,r, be positive integers and let r = > r;. As we proved in
Lemma B3] the system £ = L3(2r,78,71,...,7,) has dimension 0, while its virtual
dimension is 3" (r; — ("3%)) < 0. Moreover this sum is 0 if and only if each r; = 1,
otherwise the system is special.
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