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Abstract

In this paper, we exploit some geometric-differential techniques to prove the strong Lefschetz
property in degree 1 for a complete intersection standard Artinian Gorenstein algebra of
codimension 6 presented by quadrics. We prove also some strong Lefschetz properties for
the same kind of Artinian algebras in higher codimensions. Moreover, we analyze some loci
that come naturally into the picture of “special” Artinian algebras: for them we give some
geometric descriptions and show a connection between the non emptiness of the so-called
non-Lefschetz locus in degree 1 and the “lifting” of a weak Lefschetz property to an algebra
from one of its quotients.
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Introduction

In this article we exploit and generalize some techniques that the authors have developed
in previous works on these topics, in collaboration with Gian Pietro Pirola (see [9] and [4])
in order to prove the validity of some Lefschetz properties for particular Artinian algebras.
More precisely, we deal with standard Artinian Gorenstein graded algebras over a field K of
characteristic 0. For brevity, we refer to such an algebra using the acronym SAGA. SAGAs are
generated in degree 1 and satisfy a sort of "inner duality" property induced by the products of
elements in complementary degrees (see Sect. 1.1 for details). We recall that the codimension
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of a standard Artinian graded algebra R is the dimension of R, i.e. its degree-1 part, as vector
space over K.

Classical examples of these algebras are jacobian rings of smooth hypersurfaces in projec-
tive spaces. These are constructed by considering the smooth hypersurface X = V(F) C P"
with F homogeneous in § = K][xg, - -, x,,] and by taking the quotient R = S/I where I
is the ideal generated by the partial derivatives of F' (the so-called jacobian ideal of F). The
importance of these objects lies, for example, in the strong geometric relations between X and
its jacobian ring. Just to mention some, in the seminal works [5, 6, 12, 13], Carlson, Griffiths,
Green and Harris proved that a portion of the primitive part of the Dolbeault cohomology
is codified in R and that R plays a crucial role in the study of the infinitesimal variation of
Hodge structure of X.

This construction is a special case of a more general one. Indeed, one can also consider
the quotient S/I, where I is generated by a regular sequence of length n + 1 of homogeneous
polynomials, i.e. I = (fo, -, fn) C Klxo, -, x,], where V(fo, -, fn) C P" is the
empty set. This kind of algebras are SAGAs and are also complete intersection rings so it
makes sense to refer to them as complete intersection SAGAs. For brevity one often says (see,
for example, [19]) that R is a complete intersection SAGA presented by forms of degree e, if
the generators of the ideal / have all the same degree, equal to e. Our main result (Theorem
3.1) will deal with the case e = 2, i.e. with complete intersection SAGAs presented by forms
of degree 2.

Lefschetz properties for an Artinian algebra were defined in the 80’s by taking inspiration
from the Hard Lefschetz Theorem for a Kéhler variety X of complex dimension n. We
recall that this theorem states that for all k < n the cup product map o*- : H" *(X,C) —
H"t*(X, C) is an isomorphism for v € H?(X, C) generic (more precisely, for any Kihler
form in H(,-:’] (X)). Then, the even cohomology ring R = @'_, R' = P'_, H* (X, C) of
X is a Gorenstein Artinian algebra. In particular, R is such that for x € R! general, the
multiplication map x"~2%. : R® — R"~/ is an isomorphism for i < n/2. This is, roughly,
the definition of the strong Lefschetz property (SL P) for an Artinian algebra (for details see
Definition 1.2). Starting from this idea a weaker version has been introduced by following
similar ideas: an algebra R has the weak Lefschetz property (W L P) if the multiplication map
x-: R¥ — R**1is of maximal rank for all k > 0 and x € R' general. For a comprehensive
treatment of Lefschetz properties the interested reader can refer to [14].

In the recent years, there has been a growing interest in Artinian algebras and their Lef-
schetz properties. We summarize here some results and conjectures relevant with respect to
the topics of our article. In [15] it is shown that any Artinian standard algebra R of codimen-
sion 2 satisfies SL P. In the same article, it is also proved that if R has codimension 3 and
is a complete intersection then it satisfies W L P. Again in codimension 3, if one restricts its
attention to jacobian rings of curves of degree d in P2, the validity of SLP is known only
up to degree 4 with the case for d = 4 treated in the very recent work [7]. In codimension 4,
again in [7], the authors prove that jacobian rings of cubic surfaces have the SL P. In partic-
ular, nothing is known for Lefschetz properties for jacobian rings when the degree increases:
quintic curves in P? (regarding SL P) and quartic surfaces in P> (regarding both WL P and
SL P) are the first open cases. For what concerns the case of complete intersection SAGAs
presented by quadrics, in [19] it is shown that W L P holds in degree 1 (i.e. x- : R' — R?
is injective for x € R! general) in any codimension. If one wonders if all SAGAs have to
satisfy W L P, this is known to be false as there are counterexamples (which are not complete
intersection) in higher codimension [10] but it is conjectured to hold for complete intersection
SAGAs. For codimension bigger than or equal to 5 very little is known. For codimension
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5, WL P has been proved in [2] for complete intersection SAGAs presented by quadrics
whereas, in [4] the authors proved SLP for the same SAGAs (in particular, for jacobian
rings of smooth cubic threefolds). The cases of higher codimensions or higher degrees are,
at the moment, completely open.

Just to mention some other papers, which treat problems related to Lefschetz properties
for Artinian Algebras, we cite, for example, [1, 16—18] and [8]. These articles are really
interesting on their own since the approaches used to study, roughly, the “same” problems
are really different and involve a lot of different techniques.

In this work, we follow the “geometric-differential” approach used in [2] and [4] by
exploiting and generalising the techniques of the latter, in order to prove, partially, the SL P
for the first open case with low degree in higher codimension. More precisely, we deal with
a complete intersection SAGA R presented by quadrics of codimension 6 and we prove our
first main result:

Theorem (Theorem 3.1) Let R be a SAGA as above. Then R satisfies the SLP in degree 1,
i.e. for x general in R' the multiplication map x*- - R* — R® is a bijection.

This result is a step towards the evidence of a well known conjecture, according to which, in
characteristic 0 all complete intersection SAGAs should satisfy the Lefschetz properties (see
[14, Conjecture 3.46], for example). Beyond being the first open case, the interest for these
SAGAs lies in the fact that they involve Lefschetz properties for the jacobian rings of cubic
fourfolds, which are very interesting on their own for what concerns several other unrelated
topics (such as, for example, the well known Kuznetsov’s conjecture about the rationality of
the cubic fourfolds).

We stress that Lefschetz properties, at least for a general complete intersection SAGA S/
with fixed degrees of the generators of /, are known to hold. For this reason, it is interesting
to analyze “special” SAGAs. With this idea, we proceed by obtaining two interesting results
concerning special SAGAs. The first one is a collection of geometric properties satisfied by
the subschemes

N; == {[x] € P(R") |x" = 0}

that we call Nihilpotent loci. Roughly, when R is “general”, A; is empty for low values
of i, then, in case of non-emptiness, we do expect that these loci reflect some properties of
“special” SAGAs. The most relevant results are Proposition 2.1, which has as a consequence,
a characterization of Fermat hypersurfaces (see 2.2) and Theorem 2.6 which analyzes the
geometric behaviour of these loci when they contain a linear space.

For the second result, we consider what are called the non-Lefschetz loci, i.e. the sub-
schemes parametrising linear forms for which the injectivity of the multiplication map fails
(see Definition 1.4). These are really interesting for the geometry and the algebraic structure
of a SAGA. Just to mention some articles which study these loci, one can consider [3] and
[2]. Our contribution for this topic is the following lifting criterion:

Theorem (Theorem 4.2) Let R = S/I be a complete intersection SAGA of codimension
n + 1 > 6 presented by quadrics and assume that z is a non-Lefschetz element for R. If
R = R/(2) satisfies the WL P in degree 2, then the same holds for R.

This is a result for “special” SAGASs since, as for the Nilpotent loci, when R is general,

all [x] € P(R") are Lefschetz elements. This unexpected theorem gives a sort of converse
for results which prove that Lefschetz properties are inherited by suitable quotients. This
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happens, for example, for SL P when one takes the quotient by the conductor of a Lefschetz
element ( [14, Proposition 3.11]) or, for the WL P as shown in the recent article [11].

The plan of the article is the following. In Section 1, we set our notation and we introduce
the main characters of the paper. Moreover, we establish a general framework that will be
used in several specific situations through the paper, and we prove the first general technical
results. In Section 2, we analyze the nihilpotent loci A; for a SAGA R regardless of the
validity of some Lefschetz properties. We study them from a geometric point of view and we
recollect some examples which show how the nature of these loci can be very different from
one case to another. In Section 3 we prove the first main result, i.e. Theorem 3.1. In Section
4, we analyze the weak Lefschetz property for complete intersection SAGAs presented by
quadrics and prove the “lifting” of the W L P to R from suitable quotients, i.e. Theorem 4.2.
Finally, one might wonder how much the different techniques developed in this paper could
be exploited to study the next open cases. In Section 5 we try to answer to this question,
by generalizing the validity of some strong Lefschetz properties to complete intersection
SAGAs presented by quadrics of higher codimension.

1 Notations, preliminaries and technical results

Through all the article we will assume that K is an algebraically closed field of characteristic
0. First of all, let us recall two basic definitions that will play an important role in what
follows (the reader can refer to [14] for a deeper treatment).

Definition 1.1 Consider an Artinian graded K-algebra R = @fvz 0 R'. Then

e the dimension of R! as K-vector space is called codimension of R;

e R is standard if it is generated by R! as K-algebra;

e R is said to have the Gorenstein duality if RN ~ K and the multiplication map R/ x
RN=J — RN is a perfect pairing whenever 0 < j < N.

If R is a graded Artinian algebra, having the Gorenstein duality is equivalent to ask that
R is Gorenstein. In this case, RN is called socle of R and R® ~ R . A standard Artinian
Gorenstein algebra will be called, for brevity, SAGA.

Examples of SAGAS are algebras that can be written as K[xo, ..., x,]/I with I an homo-
geneous ideal generated by a regular sequence of polynomials of length n 4+ 1. We will be
interested in the case where the generators of / have all the same degree e: for brevity, in this
situation we say that R is a complete intersection SAGA presented by forms of degree ¢.
Relevant examples of this kind of SAGASs are jacobian rings of smooth hypersurfaces of P".

We now introduce Lefschetz properties for a SAGA R. These involve the multiplication
maps by suitable elements of R. In the following we will often deal with kernels of such
maps so it is convenient to set

Ky = ker (q-: R* > R*™) forq € R®.

Definition 1.2 Consider a SAGA R = @lNzo R’ Tt is said to satisfy the

e weak Lefschetz property in degree k, (W L Py in short) if there exists x € R! such that
x-: R¥ — R¥t! has maximal rank;

e strong Lefschetz property in degree k at range s, (SL Py (s) in short) if there exists x € R!
such that x*- : R¥ — R**S has maximal rank.
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The algebra R has the strong Lefschetz property in degree k (SL Py) if SL Py (s) holds for
all s. We also say that R satisfies weak (strong) Lefschetz property - WL P (respectively
SL P) in short - if it satisfies W L P (respectively SL Py) for all k.

Remark 1.3 For SAGAs, the above definition of SL P is equivalent to ask SL Py (N — 2k) for
all k < N /2 (see Definition 3.18 and subsequent discussion in [14]). Moreover, notice that if
k< N/2and1 <s < N—2k,SLPy(s)implies SL Py (s —1). Note that, by definition, W L Py
is equivalent to SL Px (1) and, by Gorenstein duality, W L P, holds if and only if WL Py_;—1
holds. Finally, for k < N /2, WL Py implies W L Py_ by [18, Proposition 2.1].

Elements of P(R') for which the multiplication map is not of maximal rank will be
important in Section 4 so it is convenient to introduce the following subschemes of P(R!).

Definition 1.4 Let R be any SAGA with socle in degree N. For 1 < a < N — 1 we define
the Lefschetz locus in degree a to be

Lo :={[x] € P(RY) | x-: R* — R“"! has maximal rank} C P(R").

An element [x] € P(R') (or, equivalently, x € R'\ {0}) is called Lefschetz element in
degree a if [x] € L,. On the contrary, elements not in £, are called non-Lefschetz elements
(in degree a).

Geometric results on these loci can be found, for example, in [2] and [3].

In the next sections, we will make a large use of the framework that we present here in a
general setting. This kind of construction has been used in some articles (see, for example
[4] and [2]) in order to study from a geometric perspective SAGAs which do not satisfy some
Lefschetz properties.

Let R be a SAGA of codimension n + 1 and socle in degree N.For 1 <a,b < N we set

I = {(Ix), YD) € P(RY) x P(R?) | x'y/ =0} and N;® = {[x] € P(R*) | x* = 0O}.

We will refer to /\/}C(“) as nihilpotent loci of P(R%). For brevity, we will set /\/'k(l) = N;.
We will denote by p; and p; the standard projections from Fl.(fljfb) to P(R) and P(R?),

respectively. Notice that when we consider F_S“l’b) , we have

py ! (IxD) = {(x], [yD | x*y = 0} = [x] x P(K})

so all the fibers of p; are projective spaces (not necessarily of the same dimension).

We will often assume the failure of some Lefschetz property and this assumption will
reflect on a condition on the projection p;. More precisely, we make the following observa-
tions.

e Assume that b < N /2 and that SL P,(s) does not hold. Then, for all [x] € P(R") we
have that the multiplication map x*- : R® — R”* is not injective. In particular, there
exists [y] € P(R?) such that x*y = 0 in R®**. This shows that the failure of SL Py (s) is
equivalent to ask that py : Fgl’b) — P(R') is surjective.

e Assume that p; : Fii’l’h) — P(R?) is surjective. Then, as observed above, we have that all

the fibers of p; are projective spaces and this implies that there exists a unique irreducible

component ® of F‘E“I’b) which dominates P(R%) via p;. In this case, we set

7 =pilo, Y =pa®) =m(®) and Fy,=m(w; ([y]) forall[y] €Y.

@ Springer



D. Bricalli, F. F. Favale

Construction 1.5 To summarize, if R is a SAGA of codimension n + 1 and socle in degree
N and we assume that SL Py(s) does not hold for R, we can construct the loci Fs(}ib), 0,Y
and Fy as above and we have the following diagram '

Fy x [y]\ ) ] ¢))
) e 16
) ' — 2 - P&
" @pl
F\C P(RY).

We stress that, in this case, as © is the unique irreducible component which dominates P(R 1 ),
we have

n]_l([x]) = pl_l([x]) = [x] x IP’(KfJ-) for general [x] € IP’(RI).

On the contrary, for specific [x] € IP’(RI), it can happen that n]_l (IxD) < p]_1 ([x]) and that

711_] ([x]) is not a projective subspace of [x] x P(RD).

In [4] and in [9] the authors have developped a technical lemma which gives strong
informations on the locus ® introduced above. We present now a generalised version of it.

Proposition 1.6 Let T be an irreducible variety in P(R%) x P(R?) such that pilr : T —
P(R?) is surjective. Assume that T C {x'y/ =0} = F;fl/?b) withi, j > 1. Then

(1) Forall v € R* one has vx"_lyf‘"1 =0, ‘
(2) Ifa(i) + b(j + 1) < N, then all points of T satisfy also x'~1yJT1 = 0.

In particular, ifa =b =1landk < N —2,if T C F,E}il) then T C Fl.(,lj’.l)for all i, j such
thati+ j=k+ land j > 1.

Proof 1t is enough to prove the claim for a general smooth point p = ([x], [y]) € T. For
any v € R% t € K consider x’ = x + tv € R%. Since p; : T — P(R?) is surjective by
hypothesis, we have that there exists y’ in R? \ {0} such that (x")'(y")/ = 0. Then we can
define B(r) such that 8(0) = y and (x + rv)' (B(¢))’ = O for all r € K. We can consider the
expansion of 8 and write this relation as

0= (x + 1) (v 1w+ 2 )T =2y eGor™"y 4 juxdy = 420,

In particular we have ivx’~'y/ 4+ jwx’y/~! = 0 for all v € R®. If we multiply by y we
have ivx~!y/T! = 0 for all v € R which yields the first claim since i > 1 by hyphotesis.
For the second claim, consider the multiplication map R? x RU~Da+(+Db _ piatjb+b
and notice that it is non degenerate by the assumptionia-+bj+b < N.Hence, if vxi~!y/+!
0 for all v € R%, then one has also x"_lyj+l = 0 as claimed.

O
Proposition 1.6 gives some easy but relevant relations involving the dimension of Y, ®
and F), for [y] € Y general. We summarize these results in the following

Lemma 1.7 Assume that R is any SAGA of codimension n + 1 with socle in degree N and
assume that SL Py (k) does not hold for some integer k such that 1 < k < N — 2b. Then,
defining F,Elib), ©,Y and Fy as in 1.5, we have the following properties:
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(a) dim(Y) + dim(Fy) = dim(®) > n = dim(P(RYY);

(b) if bk +1) < N—1landb > 2then 0 < dim(Fy) < n—1land1 < dim(Y) <
dim(P(R?)) — 1;

(c)iffb=1andk =N —2then 1 <dim(Y) <n—2 and 2 <dim(Fy) <n-—1

Proof One can prove (a) and (b) by following the proof of [4, Proposition 2.6] and using
Proposition 1.6. The last point has been proved in [4, Corollary 2.11]. O

Through the whole article, if p € X is a smooth point we will denote by Tx , the
differential tangent space. The notation 7, (X) will be used when X is inside a projective
space P" to mean its embedded Zariski tangent space. In particular, if [x] € X C P" is
a smooth point, and X is the affine cone of X, we have ]P(Tf(’x) = Tx(X). Let us now
introduce a simple description of the tangent space for the nihilpotent loci which generalize
[4, Corollary 4.2]. The proof is analogous with minimal changes.

Lemma 1.8 Let R be any SAGA. Then for [n] € Nk(a) general we have T[n](/\/’k(a)) -
]P)(KZI\'—I)' If, moreover, n=1 £ 0, we have an equality.

Let us now show a technical result that holds for any SAGA when we deny the SL P (k)
for some 1 < k < N/2. Then, as in 1.5 we can construct ® C I‘,((.lil), Y and F.

Lemma 1.9 With notations as above, if p = ([x], [y]) € © is a general point, we have:

(a) y € pr,[x] and x ¢ TY’[y];
(b) Tﬁy,x - K;ayﬂ whenever a + 8 =k and B > 1, where F, denotes the affine cone over
Fy.

Proof For (a), let p = ([x], [y]) € ® be a general point. By [4, Proposition 2.6] we have
that F), is a cone and [y] is a vertex for it, so that the line ([x], [y]) is contained in F),. This
means that [y] is a tangent vector in [x], i.e. [y] € pr,[x]

For the second claim of (a), let us suppose by contradiction that [x] € Ty jy). Let O be the
lifting to R I'x R of ® c P(R') x IP’(R ) and let 7T be the projection on the second factor
from ©. By construction, we have that Oc {(x, )] x¥y = 0}. Let Y be the affine cone of Y.
Since 7y : ® — Y is surjective, we have 72(©) = Y and that, for p=(x,y)€® general,

dpﬁz : T(:)’p — T);’}

is surjective.
By assumption we have also that x € Ty y 80 there exists a tangent vector to ® at p of

the form (v, x). Since points of €) satisfy x¥y = 0 we have
0= (x4 tv+2¢-- Dy +1x+12(¢---)) (mod 1?)

which yields x**! = 0. This is impossible by the generality of x: [x] ¢ Ty [y].

For (b), first of all, notice that by Proposition 1.6 we have F, C {x € R'|x'y/ = 0} for
alli + j =k+1andi, j > 1. Hence, for p general, if an element v € R' belongs to T’z
then the following relation must be satisfied

0= +1v+12C¢- )y =irvx™ 'y +72(-+) (mod ).

Hence, we have that v € K;avﬁ’ withae + 8 =kand g > 1. O
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Let us now consider a complete intersection SAGA R: we recall another technical result,
dealing with the kernels of the multiplication maps presented above, that will be used exten-
sively in the whole paper.

Proposition 1.10 (Proposition 4.1 of [4]) Let R be any complete intersection SAGA of codi-
mension n + 1 presented in degree d — 1. Assume that 1 < s < N — 1. The following
properties hold:

(a) If [n] € P(R®), then s = (d —2)dim(K));
(b) Let [n],[¢] € P(R®) and assume s = (d — 2) dim(K,%) =(d-2) dim(Kcl). Then
Ky = K; ifand only if [n] = [¢].

Finally, let us now focus on the specific case that will be treated in the next sections, that
is the case where R is a complete intersection SAGA of codimension n + 1 presented in
degreed — 1 = 2.

Remark 1.11 Ifd = 3, by Proposition 1.10 we get that for [] € P(R®) we have dim(K,;) <s.
From this, together with Lemma 1.8, we also get that dim(N}) < k — 2.

2 Nihilpotent loci and geometric properties

In this section we will study geometric properties of the nihilpotent loci Ny € P(R!) where
R is a complete intersection SAGA of codimension n + 1 presented by quadrics. Any R as
above has socle in degree N = n + 1. We stress that we don’t make any assumptions about
the validity of any weak or strong Lefschetz property for R in this section.

We recall that the nihilpotent loci (in P(R'Y)) are defined as

Ni = {[x] e P(R") | x* = 0}.

If X C P is non-empty, we denote by Seck(X) C P the k-secant variety associated to X,
ie.

Sec!):= | (om0

where (p1, ..., px)is the linear span of the points py, ..., px. Forbrevity, we set Sec? (X) .=
Sec(X). The interested reader can refer to [20, Chapter 1] for various properties of these
classical loci (although the definition considered is slightly different from the one adopted
by us).

We stress that, like the non-Lesfschetz loci P(R') \ Lk, the nihilpotent loci Ny, are expected
to be empty when £ is small for R “general”. Hence it is interesting to study these loci when
R is “special”. For example, these loci give a lot of information for SAGAs for which some
Lefschetz properties do not hold.

Let us start by analyzing the locus V> € P(R!) ~ P". We recall that by Lemma 1.8 we
have that dim(N>) < 0 so it is either empty or it is the union of a finite number of points.
These points have to satisfy the following:

Proposition 2.1 Assume that [t1], . .., [tx] € N3 are distinct points. Then l'[fleti #0in R
and [t1], ..., [t] are in general position in P(RY. In particular, #\, <n+ 1= N.
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Proof The statement is trivially true for k = 1. If k = 2 the only statement one has to check
is that t;#, # 0. This is true since Ktll = (t1) by Proposition 1.10 and [#{] # [f2]. We will
then proceed by induction assuming that the claim is true till kK — 1.

LetT = {[11], ..., [t]} be a set of k distinct points of AV>. By contradiction, let us assume
that either (A1) or (Ay) holds, where

(A1) {t1, ..., tx} are linearly dependent
(Ay) TI*_ 1; = 0.

First of all, we claim that (A;) is equivalent to (A;). By induction hypothes1s for
{z1,...,2k=1} C {t1, ..., &} with [z;] # [z;] for all i # j, we have I1 lz, # 0, so

K ,11 .z, has dimension at most k — 1 by Proposition 1.10. Since zi2 =0by assumptlon, we

have Kzl1 e = =(z1,...,2k—1)- Then, (A1) holds if and only if we have, up to a permutation

of the elements, # € (f1, ..., t—1) = K,ll__,,k71
(A2). .

Hence, let us suppose that t;y € (1, ..., t—1), SO we can write t;y = Z 11 a;t;. Then we
have

and this is equivalent to Hlet,- =0, ie.

0=t]3=2 Z ajajtit;.
1<i<j<k—1

If Kk = 3 we have 0 = 13 = 2ajast1ty so, since t1t; # 0 by induction hypothesis, we have
either a; = 0 or ap = 0. This implies either {t1, 13} or {f2, t3} linearly dependent, and we
get a contradiction since this is against the induction hypothesis. If £ > 4, by multiplying by
l'Ik 3 1ti>» we get

0= 2ak72ak,11'1f;11 ti.

Since Hf;ll t; # 0 by induction hypothesis, we have either ax_» = 0 or ax—; = 0 and we
have a contradiction as in the case k = 3. O

By considering the Fermat hypersurface X = V(F) in P", one can easily see that, for
the Jacobian ring R = S/J(F), the set N consists of exactly n + 1 independent points.
However, also the converse is true, as shown by the following:

Corollary 2.2 Assume that #N> = n+ 1. Then R is the Jacobian ring of a cubic hypersurface
X projectively equivalent to the Fermat cubic hypersurface in P".

Proof By assumption we have that N = {[to], .. ., [¢,]}. By Proposition 2.1, {rg, . .., 1, } are
n + 1 linearly independent forms so R = §/I with S = K]z, ..., t,]. On the other hand,
in S we have tiz € [ and {tg, e t,%} is a regular sequence which generates / as ideal of

S. Then, if we set F = Z?:() tl.3, we have that I is the Jacobian ideal of the Fermat cubic
hypersurface X = V(F) as claimed. O

Remark 2.3 We have Sec¥(NV>) € Njyi1. Indeed, if [11], ..., [ix] € N> we have ti2 = 0.
In particular, every monomial of degree k + 1 in the variables #; is identically 0. Then
Ok @)t = 0forallay, ..., a € Kso Seck(Na) € Niy1. More generally,

whenever r > k(a — 1) one has Seck(\,) € .

Indeed, consider [#1], ..., [fx] € Ny andletm = ]_[l 14 w1ch _1 =r.Wehavem =0
if there exists 7 such that o; > a. On the other hand, this always happens if » > k(a — 1): if
o; < (a—1) for all i, we would have
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k k
r:Zai §Z(a—1):k(a—l)<r
i=1 i=1

which gives a contradiction.

Lemma2.4 If L is a line contained in N3, then L C Sec(N>), i.e. a line in N3 is a line
Jjoining two different points of N.

Proof Assume that L is a line in N3. Since the dimension of A3 is at most 1 by Remark 1.11,
we have that L is a component of N3. As dim(N2) < 0 and dim(K!) < 1 forany x € R! by
Proposition 1.10(a), we can find [v], [w] € L suchthat[v] # [w], [v], [w] ¢ N> andvw # 0.
By hypothesis, we have that (v + rw)? = 0 forall 7 € K so v* = v’w = vw? = w? = 0.
Then, K vlz, K ]L ,and K Jw contain (v, w). On the other hand, these subspaces have dimension
at most 2 by Proposition 1.10(a) so they coincide with (v, w). By Proposition 1.10(b), there
exist A, u € K such that

v? = aw? and vw = ,uw2 2)

so we have (v + tw)? = v 4 2rvw + r2w? = w2(? + 2ut + ).

We claim that 2 + 2u¢ + A has two distinct roots so L is indeed a line contained in
Sec(N>). Assume, on the contrary, that > + 2 + A is a square. This implies that 4> = A.
Then, from the Equations (2), we obtain

vv—pw) =0 ww—puw)=20

SOV — W € KJ N K,L. By Proposition 1.10 we can conclude that [v] = [w] which is against
our assumptions. O

We will generalize this result in Theorem 2.6 by considering suitable linear subspaces
contained in Ai. We need first the following technical lemma.

Lemma 2.5 Letk > 2 and let T be an hypersurface in P* C P(RY). Assume either that

(1) 0<s<k-—1or
(2) s = k and the support of T is not contained in the union of 2 different hyperplanes.

Thenthere exist [xo], ..., [xs] € T whichare linearly independent and such that I1;_x; # 0.

Proof The statement of the lemma is clearly true for s = 0. We will proceed by induction on
s < k. Then assume that there are [x¢], ..., [xs—1] € T which are linearly independent and
with y = xg - - - x5—1 # 0. Consider the linear spaces t; = (xg, ..., Xs—1) and 1o = IP’(Kyl).
We are done if we prove that U = T \ (11 U 12) is not empty. By construction we have
dim(7r;) = s — 1 and dim(t) < s — 1 by Proposition 1.10. Hence, if s < k, U is an open
dense subset of 7. If s = k and the support of T is not contained in the union of 2 different
hyperplanes, there exists an irreducible component C of 7 which is different from 71 and 7>.
Then C \ (71 U 12) is not empty so U is again not empty as claimed. O

Theorem 2.6 Assume that 7 is a (k — 1)-plane contained in Ni1. Then

(A) Ty = m N Ny is an hypersurface of degree k (with possible multiple components) in 7 ;
(B) there exist [xo], ..., [xk—1] in Ty which are linearly independent, l'[f:_éxk # 0.

In particular, Ty is non degenerate in w and w C Seck (NR).
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Proof Notice, first of all, that dim(N;) < k — 2 by Remark 1.11, so 7 \ Ny # @. Then, we
can find {xg, ..., xx—1} linearly independent which span 7 and such that x;_; ¢ N%. Since
7 C Nj+1, we have that

(aoxo+'~'+ak_1xk_1)k+l =0 Vag,...,ar_1 €K

and this is equivalent to say that all monomials of degree k + 1 in the variables x, ..., x;—1
are 0. Then, if m is a monomial of degree k in these variables, either m = 0 or K,,l1 =
(x0, ..., xk—1), by Proposition 1.10. In particular, we have that for each monomial of degree
k there exists A,, € K withm = Amx,/:_ | (recall that we assumed x;—1 ¢ Nk). Then

(X0 + - - 4+ 1% = pr(@)xf_, 3)

where py(«) is a homogeneous polynomial of degree k in the variables «y, ..., ox—1. Itis
not O since the coefficient of a,’ﬁ_l is 1 by construction. By Equation (3), Ty = 7@ N Ny is
described by the vanishing of py («). In particular, N is not empty and we have also proved
(A).

For (B), if T} has support which is not contained in 2 different hyperplanes, the thesis
follows directly from Lemma 2.5 so we have to discuss only the cases

(Bi): Supp(T)) = H{UH>  and  (By) : Supp(Ty) = Hy

where H; and H, are distinct hyperplanes.
In both cases (B;) and (B»), there is an hyperplane H; of = contained in T;. We recall
that T is contained in N by construction. By Lemma 2.5 applied to H; C 7 we can find

[xo0], ..., [xk—2] € H| which are linearly independent and such that y = ]_[f:g x; # 0. Since
H) = {[xo0], ..., [xk—2]) and H; C N} we have that all monomials of degree k in the variables
X0, - - -, Xg—2 are 0. Then, by Proposition 1.10, Ké = (X0, ..., Xk—2) SO H| = IF’(K}I,).

If we are in case (B;) we can then choose x;—1 in Hy \ Hp and {xo, ..., Xx—2, Xk—1}

is a set of points with the desired properties. We claim now that case (B2) can not occur.
Assume, by contradiction, that Supp(7}) is the hyperplane H; = P(K yl). Then for any x;—

inr \ Hy we have that w = (xo, ..., Xk—2, Xk—1), x,’f_l # 0and yx;_1 # 0. With this choice
of the x;’s, the polynomial p(«) of Equation (3) is proportional to a,’;_l since Ty = w NN
has support on Hj. On the other hand the coefficient of ]_[f-:& a; can not be zero since
[1: 20 xi = yxi—1 # 0. 0

We conclude this section by presenting some examples in order to make the phe-
nomenology of the nihilpotent loci clearer (some computations have been made by using the

computer algebra software Magma). We set S = K[xo, ..., x,] = @kzo S¥ and we define
{wo, ..., w,} to be the projective coordinates on P(R') induced by the basis {xo, ..., x,} of
R' =S

Example 2.7 Let X be the Fermat cubic in P” and consider the Jacobian ring R of X. For
any 2 < k < n we have (Zl wixi)k € J* if and only if all monomials in the {w;} of degree
k without multiple factors vanish. This is true whenever any set of n — k + 1 variables is

zero. With these arguments one can prove that N is the union of the coordinated planes of
dimension k — 2. In particular, Ny = Sec(N>) and Sing(NV;) = Nj—1 for k > 2.

Example 2.8 Consider the smooth cubic surface X = V(f) with f = xg + x% + x% + xg +
6x0x1x2 and consider the Jacobian ring R of X. One has that there are 4 points in N3 so, by
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Corollary 2.2, X is the Fermat cubic up to a projective transformation. Indeed, if X is a non
trivial third root of 1, we have

(xo + x1 +x2)° + (x0 — (h + Dxy 4 Ax2)° + (x0 + Ax; — (A 4+ Dx2)® +3x3 = 3.

Example 2.9 Consider the smooth cubic surface X = V(f) with f = xg + x? + xé’ + x33 +
3xox1x2 and consider the Jacobian ring Rof X. If P =[0:0:0: 1]and C = V (w3, g)
is the smooth plane cubic with g := wg + w? + wg — 6wow;wy, we have (considering the
reduced structure)

No={P} N3={P}UC Nz=V(w3)UV(g).

In particular, Ay is the union of the plane containing the cubic curve C and the cone with
vertex P generated by C. Notice that N3 does not have pure dimension.

Example 2.10 Consider the smooth cubic surface X = V(f) with f = xg + x? + x% + xg +
)co()cl2 + x% + x%) and let R be its Jacobian ring. One can show that, in this case, N3 and N3
are both empty whereas Ny is a smooth quartic hypersurface.

Example 2.11 Consider the regular sequence {x%, xlz, x%, x% +2xpx1}in S = K[xo, ..., x3],
the ideal J spanned by it and set R = S/J. Notice that J is not the Jacobian ideal of a
cubic surface. Let P; be the coordinated points and consider the conic C = V (w3, g) with
g = w% — 3wowj. Then we have

No = {Py, Py, Py} N3 = (< Py, P, >)U (< Py, P, >)U (< P, P, >)UC
Ny = V(w3) UV (w2) UV(g).

In particular, Ny is the union of two planes (the first one - V (w3) - contains Py, P; and P,
and the lines joining these points whereas the second - V (w») - is the plane containing the
conic C and the line (Py, P)) and V(g) (which is a quadric cone with vertex P,). Notice
that, as varieties, we have Sing(N;) = Nj— fork =2, 3, 4.

3 Strong Lefschetz property in degree 1 for codimension 6

In this section we prove our main result, i.e. the following:

Theorem 3.1 Let R be a complete intersection SAGA presented by quadrics of codimension
6. Then R satisfies the strong Lefschetz property in degree 1 (SL P)), i.e. the general element
x € RV is such that the map x*- : R — R is an isomorphism.

In order to prove the above theorem we will need some technical results (Propositions
3.4, 3.5 and 3.6) which will be treated separately in Subsection 3.1 as they are interesting on
their own because they are valid in a much larger framework than the one of the theorem.
Now we will assume them and we will deal with the proof of the main theorem.

Proof (of Theorem 3.1) Let us assume by contradiction that the statement does not hold: the

map x* : R! — R is never injective for x € R'. We are then in the situation described in

Construction 1.5 with I' = inl) ={([x],h]) e P (Rl) x P (Rl) | x4y = 0}: we define

©®, Y and Fy as usual. Let us now focus on the dimensions of ¥ and of Fy, for general [y] € Y.
First of all, let us recall that, by Lemma 1.7, we have

1<dim(Y) <3 2<dim(F,) <4 dimY)+dim(F,) =dim@®)>5. (@)
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Let us now list in the following table the possible values of the pairs (dim(Y), dim(Fy)). By
using the constraints (4) and the various results proved in Subsection 3.1, we can exclude all

the cases: in the table below we specify which result rules out each pair. O
dim(Y) VS dim(Fy) 2 3 4
1 4) 4) Prop. 3.4
2 “) Prop. 3.6 + Rem. 1.11 Prop. 3.4
3 Prop. 3.5 Prop. 3.5 Prop. 3.4

Since no pair as above is possible for our framework, we get a contradiction and this
concludes the proof. O
We have the following easy but important consequence.

Corollary 3.2 The jacobian ring of a smooth cubic fourfold satisfies the strong Lefschetz
property in degree 1.

3.1 General preparatory results

In this subsection we consider a complete intersection SAGA presented in degree d — 1, i.e.
R = S/I where S = K[xop, ..., x,] and [ is generated by a regular sequence of forms of
degree d — 1. In this case, we recall that R is a SAGA of codimension n + 1 with socle in
degree N = (d — 2)(n + 1). Moreover, we will assume that R is a SAGA which does not
satisfy the strong Lefschetz property in degree 1 atrange k,i.e. SL Py (k), with2 < k < N-—2.
Equivalently, the multiplication map x*- : R' — R¥*! is never injective. Hence, we are in
the situation described more generally in Section 1. Under the above assumptions we have

2

Fy x [y] [yl (&)

~ .
S

F\C P(R")

where we have set I := 't} = {([x]. [y]) € P(R") x P(R") | x¥y = 0}. We recall that
© is the unique irreducible component of T’ that dominates P(R') via its first projection 71,
Y =m(®) and Fy = nl(nz_l([y])) for[y]e Y.

Remark 3.3 We recall that all complete intersection SAGAs presented in degree d — 1 satisfy
SLPi(1) = WLP; (see [19, Proposition 4.3] and [4, Corollary 4.3]). For this reason in this
subsection we do not consider k = 1 since in this case it is possible to construct I'y, but p
is never dominant (so ®, Y and Fy cannot be constructed).

Now we prove some results giving restrictions on the dimensions of ¥ and of the general
F, with [y] € Y. We are ultimately interested into the case where d = 3. Nevertheless, we
stress that the following proposition (3.4) holds for every d > 3.
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_k_
a-2

dim(F,) <n —2.

Proposition 3.4 [If we assume n > then

In particular, if d = 3, then F\, cannot be an hypersurface.

Proof Recall that dim(Fy) < n — 1 by Lemma 1.7 so we have to rule out only the case
dim(Fy) =n —1.

Let us assume, by contradiction, that F), is an hypersurface. Hence, by denoting with F y
the affine cone over F), we have dim(ﬁ y) =n.

Recall that ® := O C Ty = {([x], [¥]) kay = 0} by assumption. We will show that the
multiplication map x*¥~!. : R — RF is never injective so we can define, as we have done
for ®¢, an incidence correspondence I'x_1 with a unique irreducible component ®;_; which
dominates P(R!) via its first projection. Moreover, we will have ®; = ®;_; so Fy is also
the fiber of the second projection from ®;_; and we can iterate this process.

We claim now that ® C I'y_1. If p = ([x], [y]) € ® is general, by using Lemma 1.9 and
Proposition 1.10 we can conclude

n = dim (Tf‘,,x) < dim (K;k—l},) < %

unless x¥~1y = 0. Since, by hypothesis, we have that n > k/(d — 2), the only possibility is

that x¥~!y = 0. In particular we have shown that © C {([x], [y]) |x*~'y = 0} = I'4_; as
claimed.

Then, © is contained in ®_ since it dominates P(R!). On the other hand, since T'y_; €
'k, we have also the other inclusion: ® = ©_. In particular, the varieties ¥ and F), defined
for ® are the same as the ones defined for ®;_;. Then, by reasoning as before, we obtain
n = dim(TFV’x) < dim(K;k_zy). If we assume that x¥=2y = 0 for p general in ©, by
Proposition 1.10 we would obtain n < (k—1)/(d —2) < k/(d — 2) which is, as before,
incompatible with the hypothesis on n. Then ® C I'y_» and we can iterate this process.

By recursion, we reduce ourselves to the case with k = 1. We can then see © as a
subvariety of I'; which dominates P(R') via its first projection. This implies the failure of
the weak Lefschetz Property in degree 1. Then, by Remark 3.3, we get a contradiction: F)
has dimension at most n — 2, as claimed. ]

Proposition 3.5 Assume that d = 3. Then, the dimension of Y is at most n — 3.

Proof First of all, let us notice that if k < N — 3 = n — 2, then by Proposition 1.6, Y is
contained in Ng4+1 € N,—1, whose dimension is at most n — 3 (see Lemma 1.8). Hence, we
easily get that in this case dim(Y) < n — 3 as claimed.

Let us now consider the remaining case: k = N —2 = n — 1. Recall thatdim(Y) <n —2
by Lemma 1.7 so, to prove the proposition, we only have to rule out the case dim(Y) = n—2.
Assume by contradiction that dim(Y) = n — 2. Since k = n — 1, proceeding as above, we
have that Y is contained in ,, which has dimension at most n — 2. Hence, we get that Y
is a component of A,,. Then, if [y] € Y is a general point (y"~! # 0, since ¥ ¢ Nyu—1, for
dimension reasons), we can write T, (Y) = T,(\N,) = IP’(K;,,,I) by Lemma 1.8. However,

the general [x] € Fy belongs to P(K i"*') and then to T, (Y), contradicting Lemma 1.9. O

Proposition 3.6 Assume that d = 3. Then, the following conditions are not compatible:

(a) fory €Y general, dim(Fy) =k — 1;
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(b) Y ,@ Ni—1.

Proof Notice that for k = 1, condition (@) cannot hold since otherwise we would have
dim(Y) = n, which is impossible. Hence we can assume that k > 2.

Let us observe that by Proposition 1.6 we have that x¥ y# = 0 for every «, g such that
o+ B =k+ 1and B > 1; in particular we have yk“ =0and Y C Ngt1.

Let us assume by contradiction that both conditions (a) and (b) hold. By (b) we have
yel £ 0fory e Y general so for ([x], [y]) general in ® we have xyk=1 £ 0. Indeed,
otherwise, F, would be contained in ]P’(Kylkfl ), whose dimension is at most k — 2, which is
impossible by assumption. As a consequence, we have that

for ([x],[y]) € ® general, )c"‘y‘6 #0 for a+pB=k with a,>1 (6)

since, otherwise, by using Proposition 1.6, we would obtain also xy*~! = 0.
By property (6) and since dim(Fy) = k — 1 by assumption, we also have

Tu(F) =P (Kho,) =P(Kloy) 9

by Lemma 1.9.
Let us now claim that

for ([x],[y]) € ® general, T,(Y) C T\ (F)). (8)

To show this, first of all, recall that Y 7¢_ Ni—1 and Y C Npyy1. Let us now consider two
cases:

D Y &N and 2) Y C M.
Assume that p = ([x], [y]) € © is general (so that [y] is general in Y and [x] is general in
F). In the first case, since Y is contained in Ny, we have 7}, (Y) € IP(Kylk) by Lemma 1.8.
Moreover, we have that ]P’(Ky]k) = T (Fy) since y* # 0and dim(Fy) = k — 1. Analogously,
for the second case we have T, (Y) C ]P)(Klk ) < ]P’(K;yk,l) = Ty (Fy). Here, we have used

that xy*~! =£ 0 since p is general (by property (©)).

Consider, as in Lemma 1.9, the affine cone Y of Y, the lifting O of ® Cc P(R) x IP’(R )
to R' x R! and its projection 77, on the second factor. By construction, we have that 0 c
{(x,y) ] x“ yﬂ =0} = Faﬁ whenever « + 8 = k+ 1 and 8 > 1. As in Lemma 1.9, for
p = (x,y) € O general, the differential map

dymy T(:)’p — Tf,’y

is surjective.
Let us take any w in Ty ) By Property (8), we have that its class [w] belongs to T (Fy).
Moreover, by the surjectivity of d,7>, we can take in T p an element of the form (v, w).

The tangent space to @ in p is a subspace of the tangent space T, g=Tr, sup 1O the locus

f‘a,,g in p, so we have (v, w) € Ty, g. Then, we have
0= (x4 tv+2¢- Ny +tw+12(--))P (mod 1?)

for «, B as above. In particular, by taking («, 8) equal to (k — 1, 2) and (k, 1) we obtain the
following relations satisfied by (v, w):

k—1

(k—l)vxk 2 2—|—2x yw=0 kvx y+ka=0.

@ Springer



D. Bricalli, F. F. Favale

Since [w] € T, (Fy), by property (7), we have x*='yw = 0. Then, from the first equation

we getv € K;k—2y2 = K;,Hy (again by property (7)). Hence the second equation yields
x¥w = 0. In conclusion, we have proven that Ty, (Y) C P(K;k) = ”1_] ([x]). We stress that
the last equality holds since [x] is general and then, the whole fiber over [x] with respect to
p1 is contained in ® so ]P(K;k) = pfl([x]) = nfl([x]).

This easily brings to a contradiction. Indeed, the above property implies that dim(Y) <
dim(nl_l([x])) for [x] € P(RY) general, and since

dim(®) = dim(Y) 4 dim(F,) = dim(rrfl (xD) +n
we also get dim(Y) < dim(Y) + dim(F)) — n, which is impossible by Lemma 1.7(c). O

4 A lifting criterion for weak Lefschetz property

Itis known that, the SL P for a graded algebra is inherited to its quotients by suitable conductor
ideals (see, for example, [14, Proposition 3.11]). In this section we prove a sort of converse
for WL P, for complete intersection SAGAs presented by quadrics. More precisely, we will
give a criterion to reduce the proof of WL P, for a SAGA R as above to a suitable quotient of
R, modulo the existence of a non-Lefschetz element. We stress, moreover, that this criterion
works for any codimension.

Let us start by setting S = K[xo, ..., x,] and by proving the following result.

Lemma 4.1 Assume that R = S/J is a complete intersection SAGA of codimension n + 1
presented by quadrics so the socle isin degree N = n+1. Assume that there are w, z € R'\ {0}
such that zw = 0. Then (z) = (0 : w) and R = R/(2) is a complete intersection SAGA of
codimension n presented by quadrics. In particular, dim(K})) = dim(RS™1) — dim(Kgfl).

Proof By definition, we have (z) € (0 : w), so we can define an epimorphism of graded
K-algebras

¢:R:=R/(z) > R:=R/©0: w).

By [9, Lemma 2.3], the latter is a SAGA of codimension n and socle in degree N = n.
Considering R, it is clearly an Artinian standard algebra of codimension 7. We want to show
that R is also a complete intersection SAGA presented by quadrics. By hypothesis, we know
that zw € J, so we can complete {zw} to a regular sequence of the form {go, - - - , gn—1, W}
spanning J. Notice that, by construction, go, --- , g,—1 do not belong to the ideal (z) and
the reductions g; of g; modulo (z) are a regular sequence of quadrics in the polynomial ring
§=5/).
Hence we have

/I 5

Rer/y='~ 5
[ = = Go o)

so R is a complete intersection SAGA presented by quadrics. In particular, it has socle in
degree N =n = N.

Since ¢ is an epimorphism and preserve the degrees, the image of a generator & of R" is
a non-zero multiple of the generator ¢ of R". This also implies the injectivity of ¢. Indeed,
let us take a non-zero element x € R!. There exists y € R"~ such that xy = &. Hence, we
have

Ao =9(0) = p(xy) = p(x)p(y),
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and so we get that ¢(x) can not be zero and ¢ is an isomorphism. In particular, for all s,
R z2=02)=0:w),= K;
then we clearly have
dim(K3) = dim(R*'z) = dim(R°*™") — dim(K:™ ")
as claimed. O

We assume again that R = S/ is a complete intersection SAGA presented by quadrics
with codimension 7 4 1 so that it has socle in degree N = n + 1. We recall that [z] € P(RY)
is a non-Lefschetz element (in degree 1), i.e. z ¢ L1, if and only if there exists [w] € P(RY)
such that zw = 0 in R or, equivalently K Zl = (w).

Theorem 4.2 Let R = S/I be a complete intersection SAGA of codimension n +1 > 6
presented by quadrics and assume that z is a non-Lefschetz element for R. If R = R/(2)
satisfies the W L P, then the same holds for R.

Proof First of all, by Lemma 4.1, we have that R = R/(z) = R/(0 : w) is a complete
intersection SAGA presented by quadrics and K Zl = (w) . Let pr, be the projection R — R.

Assume, by contradiction, that WL P, holds for R but not for R. In particular, for all
x € R', the multiplication map x- : R — R? has non trivial kernel, i.e. K)% # {0}. Consider
the incidence correspondence

I = {(Ix], [v]) € P(R") x P(R') | xvz = 0}

with its projections pj and p; on the factors.

We claim that p; is surjective. Since I' is a closed subset, it is enough to show that for
[x] € P(RY) general there exists [v] € P(R') such that xvz = 0. Let x be a general element
of R'. As Kf # 0 we have that there exists [¢] € P(R?) such that xg = 0in R. Then
we have also pr,(xg) = Xg = 0 in R. Since [x] is general in P(RY), then the same holds
for [X] € P(R'), so we get ¢ = 0 in R?, as WL P, holds for R by assumption. Then, by
Lemma 4.1, we have ¢ € (0 : w), = (z)2 = z - R! so there exists [v] € P(R') such that
0 = xg = xvz as claimed.

In analogy with what happens for the construction 1.5, we have that there exists a unique
irreducible component ® of I' which dominates P(R 1y via 71, where we set ; to be the
restriction of p; to ® fori = 1, 2. We have that for [x] € P(RY general

77 (xD) = pr D) = [x] x P(KL)

so the general fiber of 1 has dimension at most 1 by Proposition 1.10.

Let us now show that the general fiber of 1 has dimension 1. Consider [x] € P(RY)
general. Firstly, let us observe that ([x], [w]) belongs to pl_l([x]) = nl_l([x]) since zw = 0.
As shown above, there exists [¢] € P(R?) such that xq = 0 and ¢ = zv for suitable [v] €
P(RY). Moreover [v] # [w] since, otherwise, [¢] would be zero, hence nfl ([xD = ([w], [v])
as claimed.

By considering the second projection m», we have that for [v] general in ¥ = m,(®), the
fiber nz_] ([v]) is such that

5 (D) € py H(v]) = P(KL,) x [v],

which has dimension at most 1 by Proposition 1.10. Since 1 is dominant, for ([x], [v]) € ®
general we have

n+ 1 =dim(P(R") + dim(r; ' ([x]) = dim(®) = dim(Y) + dim(; ' ([v])).
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Since dim(Y) < n and dim(n;] ([v])) < 1, for v general, the only possibility is to have
dim(rr; ' ([v])) = 1 and ¥ = P(R).

We will show now that having ¥ = P(R") gives a contradiction. First of all, by reasoning
as in Proposition 1.6, one can prove that

Y € {[v] € P(RY) | v?’z = 0}.

Since Y = P(R') and squares of elements of R! generates R” (as R is standard), we have
that z - RZ = 0. This is impossible by Gorenstein duality. O

In the statement of Theorem 4.2 we require n + 1 < 6 since for codimension 5 the
W L P has already been proved (in [2] or in [4] as consequence of SL P) and in even smaller
codimension, it easily follows from WL P; that is known to hold. From this, we get the
following consequence.

Corollary 4.3 Let R be a complete intersection SAGA of codimension 6 presented by quadrics
(e.g. R is the jacobian ring of a cubic fourfold). If L1 is not the whole P(R'), R satisfies
WLP.

5 Some results for higher codimensions

In this section, our aim is to obtain some results concerning Lefschetz properties for complete
intersection SAGAs presented by quadrics with codimension equal to n + 1 > 4 by using
techniques and results developed in the previous sections.

In particular, our framework will be as follows. Let us consider the polynomial ring
S =K[xo---,x,],anideal I of S, generated by a regular sequence of quadrics (go, - - - , &n)
and the corresponding complete intersection SAGA R = §/1, which has codimension n + 1
and socle in degree N = n + 1. We recall that we have denoted by SL P; (k) the strong
Lefschetz property in degree 1 at range k: a SAGA R will satisfy the property SL P; (k) if
the multiplication map x*. : R! — R¥*!is injective for [x] general in P(R'). We recall that
we have defined the loci Fl.(f'?b) in Section 1. For brevity, we will write ['x to mean F,gi]).

We will prove the following:

Theorem 5.1 Let k € {2, 3, 4} and assume that R is a complete intersection SAGA of codi-
mension n + 1 presented by quadrics. If n > k + 1 we have that R satisfies SL P (k).

We will show the above theorem by splitting up the proof in 3 cases, which will be treated
in the Propositions 5.2, 5.3 and 5.5 respectively.

Proposition 5.2 Property SL Py (2) holds for every n > 3.

Proof Let us assume by contradiction that the multiplication map x2- : R' — R3 is not
injective for [x] € P(R"). Then we can consider the locus ', = {([x], [y]) € P(R") x
P(RY) | x2y = 0}, with the corresponding varieties ®, Y and F. ) defined as we have usually
done. By Proposition 1.6, we obtain that ¥ € Nj3. Then, by Lemmas 1.8 and 1.7 we have
that dim(Y) = 1: hence F, must be a hypersurface, which is absurd by Proposition 3.4. O

The following result has been already proved when n = 4 in [4].

Proposition 5.3 Property SL Py (3) holds for every n > 4.
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Proof Let us assume by contradiction that the multiplication map x3- : R' — R* is not
injective for [x] € IP’(RI). As in the proof of Proposition 5.2, let us construct I'3, ®, Y and
F,. In this case, we have that Y € Nj so dim(Y) < 2. If [y] € Y is general, the only
possible value for (dim(Y), dim(F})) is (2, n — 2) since F) can not be a hypersurface by
Proposition 3.4. By dimension reasons, ¥ ¢ A3, thus we have that the general element [y]
of Y is such that y3 # 0. Then, by Proposition 1.6, we get Fy must be contained in P(K ;3),
whose dimension is at most 2. Then we have proved that n — 2 = dim(Fy) < 2 which is
impossible for n > 5. o

Before showing the analogous result for the SL P;(4), let us prove a technical result.

Lemma 5.4 Let R be a SAGA as at the beginning of Section 5 and consider 4 <k <n — 1.
Assume that R does not satisfy SL Py (k) so one can consider the varieties T'y, ©,Y and F),
constructed as in Section 1. For [y] € Y general we have the following properties.

(a) If R satisfies SL Py (k — 1), then dim(Fy) < k — 1;
(b) (dim(Y),dim(Fy)) # (k — 1,k —1).

Proof For (a), let us assume by contradiction that for [y] € Y general, dim(Fy) = h > k.
Then, by Lemma 1.9, we have that for [x] € F), general

Tix)(Fy) = P(Tj ) € P(K a0 0),
where « + 8 = k, with > 1 and Fy is the affine cone over Fy. But since SLP(k — 1)
holds for R by hypothesis, for ([x], [y]) € ® general, we have that xk’ly # 0, and so

h = dim(Fy) < dimaP(K;k_ly)) <k-—1,

which is impossible by the assumptions over 4.

For (), let us consider [y] € Y general and assume by contradiction that dim(Y) =
dim(Fy) = k — 1. By Proposition 1.6 we get that Y € N1, and by Lemma 1.8 we deduce
that Y is an irreducible component of A} 4 and we have that y* 0. By reasoning as in the
proof of Proposition 5.3 and by Proposition 1.10, we get F, = IP’(K;k). Moreover, since [y]

is general in Y, we have T7,1(Y) = IP’(K;k) = F,. With these conditions, we can proceed as
in the proof of Proposition 3.6 and consider for example the equations

)k—l

0=+ )y +rmw?mod ?) 0= (x+ 1)y + tw) (mod 1?),

where w € Ty N and (v, w) € Tg (,y)" In this way, we get that Y C nl_l([x]), where, as
usual, 71 : © € P(RY) x P(R') — P(R') is the first projection. This leads to a contradiction

as shown in Proposition 3.6. O
We can now show the last case we need to prove Theorem 5.1.
Proposition 5.5 Property SL P1(4) holds for every n > 5.

Proof First of all, let us notice that the statement has been already proved forn = 5 in Section
3: we have to prove SL P (4) forn > 6.

Let us assume that for x € R!, the multiplication map x*- : R' — R is not injective.
As usual, we can then consider the incidence correspondence I'y = {([x], [y]) € P(R") x
P(R") | x*y = 0} and the corresponding varieties ©, ¥ and Fy, for [y] € Y general.
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By Proposition 1.6, we get that Y € A5, so dim(Y) < 3. By using the bounds of Lemma
1.7(a) and Proposition 3.4, the only possible cases for the values of (dim(Y), dim(Fy)) are

2,n—=2) B,n=2) @GB,n-=-23).

By Proposition 5.3, we know that SL P;(3) holds for n > 6. Then, by Lemma 5.4(a),
we get that dim(F)) is at most 3: the cases (dim(Y),dim(Fy)) = (2,n — 2) and
(dim(Y), dim(Fy)) = (3,n — 2) can not occur for every n > 6. We also have that
(dim(Y), dim(Fy)) # (3,n — 3) forevery n > 7.

The only case we have still to analyze is the one with n = 6 and dim(Y) = dim(F)) = 3.
By considering Lemma 5.4(b), we can rule out this last possibility too: SL P;(4) holds for
R, for every n > 5. O

We conclude this section by observing how much can be easily said, by using these
methods, for the SLP; for complete intersection SAGA of codimension 7 (i.e. n = 6)
presented by quadrics (e.g. for the Jacobian ring of a smooth cubic fivefold).

Corollary 5.6 Let R be a complete intersection SAGA of codimension T presented by quadrics.
We have that SL P1(4) holds. Moreover, if SL P1(5) does not hold (i.e. if SL Py does not hold),
then one can construct the varieties I's, ©,Y and F\ as usual and we have, for [y] € Y
general, (dim(Y), dim(Fy)) € {(2,4), (3, 3)}.

Proof Property SL P;(4) holds by Theorem 5.1. Assume that SL P;(5) does not hold for R.
Then. by Lemma 1.7, we have

I <dim(Y) <4 2=<dim(Fy) <5 dim(Y)+dim(Fy) =dim(®) >6. (9)

As in Theorem 3.1, we put in a table the possible values of the pairs (dim(Y), dim(Fy)) and
we specify which result rules out the corresponding case.This concludes the proof.

dim(Y) VS dim(Fy) 2 3 4 5
1 9) 9) ©) Prop. 3.4
2 ) ) Prop. 3.4
3 ) Prop. 3.6 + Rem. 1.11 Prop. 3.4
4 Prop. 3.5 Prop. 3.5 Prop. 3.5 Prop. 3.4
This concludes the proof. O

Acknowledgements The authors are thankful to Gian Pietro Pirola for his constant support and his priceless
suggestions and to Alberto Alzati and Riccardo Re for the helpful discussions on the topics of the paper. The
authors are partially supported by INAAM - GNSAGA and by PRIN “Moduli spaces and Lie theory” and by
(MIUR): Dipartimenti di Eccellenza Program (2018-2022) - Dept. of Math. Univ. of Pavia.

Funding Open access funding provided by Universit[Pleaseinsertintopreamble] degli Studi di Pavia within
the CRUI-CARE Agreement.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the
article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer


http://creativecommons.org/licenses/by/4.0/

Lefschetz properties for cubic fourfolds and other Artinian algebras

References

20.

Abdallah, N., Altafi, N., Iarrobino, A., Seceleanu, A., Yaméogo, J.: Lefschetz properties of some codi-
mension three Artinian Gorenstein algebras. (2022)

Alzati, A., Re, R.: Complete intersections of quadrics and the weak Lefschetz property. Collect. Math.
70(2), 283-294 (2019)

Boij, M., Migliore, J., Mir6-Roig, R.M., Nagel, U.: The non-Lefschetz locus. J. Algebra 505, 288-320
(2018). https://doi.org/10.1016/].jalgebra.2018.03.006

Bricalli, D., Favale, F,, Pirola, G. P.: A theorem of Gordan and Noether via Gorenstein Rings, Preprint
available at (2022). arXiv:2201.07550

Carlson, J., Griffiths, P.A.: Infinitesimal variations of Hodge structure and the global Torelli problem,
Journées de Géometrie Algébrique d’Angers, Juillet 1979, Algebraic Geometry, Angers,: Sijthoff &
Noordhoff. Alphen aan den Rijn-Germantown, Md. 1980, 51-76 (1979)

Carlson, J., Green, M., Griffiths, P.A., Harris, J.: Infinitesimal variations of Hodge structure. I, Compositio
Math. 50(2-3), 109-205 (1983)

Dimca, A., Gondim, R., Ilardi, G.: Higher order Jacobians, Hessians and Milnor algebras. Collect. Math.
71(3), 407425 (2020). https://doi.org/10.1007/s13348-019-00266- 1

Dimca, A., Ilardi, G.: Lefschetz properties of Jacobian algebras and singularities of hyperplane sections.
arXiv:2202.02233. (2022)

Favale, EF, Pirola, G.P.: Infinitesimal variation functions for families of smooth varieties. Appear Milan
J. Math. 3, 1-20 (2022)

. Gondim, R., Zappala, G.: Lefschetz properties for Artinian Gorenstein algebras presented by quadrics.

Proc. Amer. Math. Soc. 146(3), 993—-1003 (2018). https://doi.org/10.1090/proc/13822

. Guerrieri, L.: Lefschetz properties of Gorenstein graded algebras associated to the Apéry set of a numerical

semigroup. Ark. Mat. 57(1), 85-106 (2019). https://doi.org/10.4310/ARKIV.2019.v57.n1.a5

Griffiths, P.A.: Infinitesimal variations of Hodge structure III. Determinantal varieties and the infinitesimal
invariant of normal functions. Composit. Math. 50(2-3), 267-324 (1983)

Griffiths, P.A., Harris, J.: Infinitesimal variations of Hodge structure. II. An infinitesimal invariant of
Hodge classes. Compositio Math. 50(2-3), 207-265 (1983)

Harima, T., Maeno, T., Morita, H., Numata, Y., Wachi, A., Watanabe, J.: The Lefschetz Properties. Lecture
Notes in Mathematics, pp. 20—-80. Springer, Heidelberg (2013)

. Harima, T., Migliore, J., Nagel, U., Watanabe, J.: The weak and strong Lefschetz properties for Artinian

K -algebras. J. Algebra 262(1), 99—126 (2003). https://doi.org/10.1016/S0021-8693(03)00038-3

Tlardi, G.: Jacobian ideals, arrangements and the Lefschetz properties. J. Algebra 508, 418-430 (2018).
https://doi.org/10.1016/].jalgebra.2018.04.029

Mezzetti, E., Mir6-Roig, R.M., Ottaviani, G.: Laplace equations and the weak Lefschetz property. Canad.
J. Math. 65(3), 634-654 (2013). https://doi.org/10.4153/CIM-2012-033-x

Migliore, J.C., Mir6-Roig, R.M., Nagel, U.: Monomial ideals, almost complete intersections and the
weak Lefschetz property. Trans. Amer. Math. Soc. 363(1), 229-257 (2011). https://doi.org/10.1090/
S0002-9947-2010-05127-X

Migliore, J., Nagel, U.: Gorenstein algebras presented by quadrics. Collect. Math. 64(2),211-233 (2013).
https://doi.org/10.1007/s13348-012-0076-x

Russo, F.: On the geometry of some special projective varieties. Lecture Notes of the Unione Matematica
Italiana, Springer, Unione Matematica Italiana, Cham, Bologna (2016)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://doi.org/10.1016/j.jalgebra.2018.03.006
http://arxiv.org/abs/2201.07550
https://doi.org/10.1007/s13348-019-00266-1
http://arxiv.org/abs/2202.02233
https://doi.org/10.1090/proc/13822
https://doi.org/10.4310/ARKIV.2019.v57.n1.a5
https://doi.org/10.1016/S0021-8693(03)00038-3
https://doi.org/10.1016/j.jalgebra.2018.04.029
https://doi.org/10.4153/CJM-2012-033-x
https://doi.org/10.1090/S0002-9947-2010-05127-X
https://doi.org/10.1090/S0002-9947-2010-05127-X
https://doi.org/10.1007/s13348-012-0076-x

	Lefschetz properties for jacobian rings of cubic fourfolds and other Artinian algebras
	Abstract
	Introduction
	1 Notations, preliminaries and technical results
	2 Nihilpotent loci and geometric properties
	3 Strong Lefschetz property in degree 1 for codimension 6
	3.1 General preparatory results

	4 A lifting criterion for weak Lefschetz property
	5 Some results for higher codimensions
	Acknowledgements
	References




