UNDER PEER REVI EW

Codimension two complete intersections and
Hilbert-Poincare series

Short Research
Article

Abstract

We investigate the relation between codimension two smooth complete intersections in a projective
space and some naturally associated graded algebras. We give some examples of log-concave
polynomials and we propose two conjectures for these algebras.
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1 Introduction

Let S = C|zo, ..., zn] be the graded ring of polynomials in zo,, ..., z,, with complex coefficients and
denote by S, the vector space of homogeneous polynomials in S of degree r. For any polynomial
f € S, we define the Jacobian ideal J; C S as the ideal spanned by the partial derivatives fo, ..., fr
of f with respect to xo, ..., T

The Hilbert-Poincaré series of a graded S-module M of finite type is defined by

HP(M)(t) =Y _ dim My - t* (1.1)
k>0
and it is known, to be a rational function of the form

PM)(t) _ QIM)()

HPOD®) = G = (1 g

(1.2)

For any polynomial f € S, we define the corresponding graded Milnor (or Jacobian) algebra by

M(f)=8/Jy. (1.3)
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The hypersurface V(f) : f = 0 is smooth of degree d if and only if dim M(f) < oo, and then it is
known that
(1 _ td—l)n+1
(L—t)m+t

Our examples and the second conjecture refer to log-concavity and unimodal property. Before
listing these examples we recall some basic notions.

A sequence ao, a1, ..., an, Of real numbers is said to be log-concave (resp. strictly log-concave) if
it verifies a3 > ax—_1ar+1 (resp. a; > ax_1ar+1) for k = 1,2, ..., m — 1. An infinite sequence ax, k € N
is (strictly) log-concave if any truncation of it is (strictly) log-concave.

Such sequences play an important role in Combinatorics and Algebraic Geometry, see for instance
the recent paper Huh (2012). Recall that a sequence ao, ..., an, Of real numbers is said to be unimodal
if there is an integer ¢ between 0 and m such that

HP(M(f))(t) = (1.4)

ao<ar <...<a;-1<a; 2 Qi+l 2 .o 2 Qe

A nonnegative log-concave sequence with no internal zeros (i.e. a sequence for which the indices of
the nonzero elements form a set of consecutive integers), is known to be unimodal, see Huh (2012)
and the references there.

A polynomial P(t) € R[t], P(t) = ;ﬁng a;t?, with coefficients a; for 0 < j < m, is said to
be log-concave (resp. unimodal) if the sequence of its coefficients is log-concave (resp. unimodal).
For other examples with log-concave polynomials, see Sticlaru (2013). For Singular language and
applications, see Greuel and Pfister (2007) and Decker et al. (2013).

2 Main results

Assume from now on that V (f) is smooth of degree d and let ¢ € S. be another homogeneous
polynomial of degree e. We say that V' (f,g) = V(f) N V(g) is a smooth complete intersection if any
point p € V(f,g) is smooth on both V(f) and V(g) and the corresponding tangent spaces T,V (f)
and T, (V (g) are distinct. Our first result is the following.

Theorem 2.1. Let my(f,g) be the ideal generated by all the 2 x 2 minors in the Jacobian matrix of
the mapping (f,g) : C"*' — C*. Define A(f, g) = S/((f) + ma(f,9)) and B(f,9) = S/((f) + (9) +
ma(f,9))-

With this notation, the following conditions are equivalent.
)V (f,9) =V(f)NV(g) is a smooth complete intersection.
(if) dim A(f, g) < oco.

(iii) dim B(f, g) < oo.

lf f = To, then A(f7 g) = B(f’ g) = Sl/‘]g/ = M(g/)’ Where SI = C[Ih 71"”} and g/(Ih 71‘“) =
g(0, 21, ..., zn). However, in general we have the following.

Proposition 2.1. With the above notation, the ideals I(f,g) = (f) + mz2(f,g) and J(f,g) = (f) +
(9) + ma(f, g) have the same radical, but are distinct in general. When the equivalent conditions of
Theorem 2.1 hold, this common radical is the maximal ideal (xo, ..., zy).

Proof. (Theorem 2.1 and Proposition 2.1).

The equivalence of (i) and (iii) in Theorem 2.1 is a classical fact, see for instance Proposition
(6.39) in Dimca (1987). To prove the equivalence of (ii) and (iii) in Theorem 2.1, it is enough to prove
the first part of the claim in Proposition 2.1, namely that the ideals I(f, g) and J(f, g) have the same
radical. To do this, it is enough by Hilbert's Nulstellensatz, see for instance Theorem (2.14) in Dimca
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(1987) to show that the corresponding zero sets V(I(f, g)) and V(J(f,g)) in P" coincide. Moreover,
it is clear that V(J(f,g)) C V(I(f,9)).

Conversely, note that a point p in V(I(f, g)) satisfies f(p) = 0 and the differentials df (p) and dg(p)
are proportional. Since df (p) # 0 as V(f) is supposed to be smooth, it follows that there is A € C
such that dg(p) = Adf(p). This implies via the Euler formula that g(p) = 0, hence p € V(J(f, g)).

The second part of the claim in Proposition 2.1 is dealt with in the next section by means of
examples computed using Singular.

O

Remark 2.1. Note that the equivalent condition in Theorem 2.1 do not imply dim S/ma(f, g) < oo.
Take forinstance f = zo and g = @3 + 2% + ... + z2.

As a consequence of Conjecture 3.3 we can prove the following formulas for the Hilbert-Poincaré
series of the graded S-modules A(f,g) and B(f,g). The result is given in the form HP(M)(t) =

P((l”_/’t))(j) and hence it is enough to give the polynomial P(M).

Proposition 2.2. The Hilbert-Poincaré series of a graded S-module A(f, g) and B(f, g) depend only
on the degrees d and e, when the equivalent conditions of Theorem 2.1 hold. More precisely, one has
the following in P®.

(I) P(A(f, g))(t) -1 [td + 6td+e—2] 4 [4td+26—3 + 4t2d+e—3 4 6t2d+6_2} _ [td+3e—4 + t2d+25—4 4
4t2d+2673 +t3d+ef4 +4t3d+673] + [t2d+3ef4 +t3d+2674 +t4d+ef4]'

(”) P(B(f, g))(t) =1— [te + td + 6td+672] + [4td+671 +4td+2673 +4t2d+673] _ [td+3ef4 +t2d+2674 +
4t2d+26—3 + t3d+e—4] + [t2d+36—4 =+ t3d+25—4]'

Proof. We explain now briefly how to get Proposition 2.2 from Conjecture 3.3. To get the formulas, we
start with the resolution and get HP(M)(t) = HP(S)(t) — HP(R1)(t) + HP(R2)(t) — HP(R3)(t) +
HP(R4)(t), where HP(S)(t) = ﬁ Then we use the well-known formulas HP (N1 & N2)(t) =

HP(N:)(t) + HP(N)(t), HP(N*(~q))(t) = pt" HP(N)(t), HP(S(~k))(t) = 5

= oot

O

Remark 2.2. Note that if f = z and g of degree e, we obtain the Hilbert-Poincaré series for any
_ (1—te—1)3

smooth hypersurfaces of degree e, in P?: S(t) o =1+ttt [ R

3 Examples and conjectures

The examples and the conjectures concern codimension 2 complete intersections in P* with coordinates
(z:y:z:w).

Example 3.1. The polynomial g does not belong to the ideal I(f, g) in general, i.e. I1(f,g) # J(f, g)-
LetV(f): f =2* +y* + 2% + w* = 0 Fermat smooth surface of degree two and nodal surfaces 2A,
type, V(g) : g = zzw + (z + w)y? + 2° + 2%y + x> +y° = 0.

Indeed Radical(l(f,g))=Radical(J(f,g))=Ideal(x,y,z,w). The ideal I(f, g) has seven generators,

[(f, g) = (Gh G2,Gs3,G4, G5, Gs, G7), where:

G = 22% — 222y + 2z — 29> + dayz + dayw — 2yzw,

G2 = 2zy? — 62°2 — dayz — 2%z + 22%w — 22%w,

Gs = 2zy? + 22%2 — 62w — dzyw — 292w — 2zw?,

Gy = 2y° — 22%2 — dayz — 6y 2z — dy2® + 2zyw — dy2w,

Gs = 2y> + 2zyz — 22°w — dayw — 6y w — dyzw — dyw?,

Ge = 2y°z + 2z — 2y°w — 2zw?,

Gr =2 +y* + 2% +w?.
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One can check the identity: g = (7/2)G1+ (1/2)G2+ (—=1/2)G3+ 2G4+ (—2)G5 + 3Gs + (—6z+
8y + 82z — 8w)Gr + (=82 — 28zyw + 2y%w + zzw + Tyzw + 922w + 12zw? — 16yw? — 9zw? + 8w?)
where Normal Form (remainder modulo I(f, g)) of g is not zero, so g does not belong to I(f, g).

Example 3.2. The Hilbert-Poincaré series of a graded S-module A(f, g) and B(f,g) depend only on
the degrees d and e, when the equivalent conditions of Theorem 2.1 hold.
The table below contain singular cubic projective surface inP* displayed with the type of singularity.

Type polynomial g of degree three

As (z+y+2)(z+ 2y +32)w+ zyz

24, zzw + (z + w)y? + 23 + 2%y + zy® + o3
A+ As 22+ + 2%y + zy® + vz + zzw

Ay 2z +ya? — 22 4+ zzw

3A; v+ (x + 2+ w) + dzzw

A+ Az | wez+ (24 2) (% — 2?)

As w:tz+y22+:c3—z

Dy w(z +y+2)? 4+ zyz

241 + Ao wmz+y2($+y+z)
A+ Ay wrz + y2z + y:c2

Ds wx? + x22 + %2

4A, w(zy + 2z + yz) + zyz
Al +2A5 | wrz + :cy2 + y3

241 + Az | wrz + (z+ 2)y°

Al + As wrz + sz + 23

FEg wr? + z22 + y3
3~Ag wxz +1°
Es y3 +22°% 4+ 4w?

1. Letd = 2,e =3, V(f) : f =2+ 9>+ 22 +w? = 0and V(g) : g = 0 any singular cubic
projective surface in P from the table above. In all cases, g not belongs to I(f,g), I(f,g) and
J(f,g) have the same radical Ideal(x,y,z,w), but A(f,g) and B(f,g) are distinct, with different
Hilbert-Poincaré finite series, log-concave polynomials.

HP(A(f,9))(t) = 1 + 4t + 9t> + 10¢> + 5¢* +¢°.
HP(B(f,9))(t) = 1+ 4t 4+ 9t> + 9> + 5t* +¢°.

2 letd=2e=3V(f): f=2>+y*+22+w?> =0and V(g) : g = 0 any singular cubic

projective surface inP® from the list below.

Az g=zzw+ (x4 2)(y* —2* — 2?) =0,

245 : g = a2 + ¢ + 2%y + zy® + z2w = 0.

In these cases, g not belongs to I(f,g). I(f,g) and J(f,g) have the same radical other that
Ideal(x,y,z,w), but A(f,g) and B(f, g) are distinct, with different Hilbert-Poincaré infinite series.
HP(A(f,9))(t) = 1+ 4t + 9t* + 10t° + 5¢* + 2(¢> + 5 + -+,

HP(B(f,9))(t) =1+ 4t + 9% 4+ 9t> + 5t* + 2(t> + 5 + - --.

3 Lletd=3,e=3,V(f): f=24+y+22+w* =0andV(g) : g = 0 any singular cubic
projective surface in P from the table above. In all cases, g not belongs to I(f, g), I(f,g) and
J(f,g) have the same radical Ideal(x,y,z,w), but A(f,g) and B(f,g) are distinct, with different
Hilbert-Poincaré finite series, log-concave polynomials.

HP(A(f,9))(t) = 14 4t + 10t> + 19> + 25t* 4+ 22t° 4 12t° + 3¢,
HP(B(f,9))(t) = 1+ 4t + 10t + 18¢> + 21#* + 16¢° + 85 + 2¢".

4. Letd=1,e=3,V(f): f =2 =0andV(g) : ¢ = 0 any singular cubic projective surface in

IP? from the table above. We obtain the Hilbert-Poincaré series for any smooth hypersurfaces

of degree 3 inP?: S(t) = ((11‘5)); =143t 43t + 3.
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These examples motivate our following conjectures.

The best way to understand the graded S-modules A(f,g) and B(f, g) is to construct their free
resolutions. Based on the free resolution, we can compute the Hilbert-Poincaré series for each graded
algebra. We propose the following conjecture, concern codimension 2 complete intersections in P2

Conjecture 3.3. Let A(f,g) and B(f,g) with dim A(f, g)anddim B(f,g) < oco. Then the minimal
graded free resolutions of these algebras are the following.

0— Ry—R3—>R2—R1—S > M — 0 (3.1)

(i) I M=A(f, g),
Ri = S(—d) ® S®[—(d+ e — 2)],
Ry = S*[—(d+2e —3)]® S*[—(2d + e — 3)] & S°[—(2d + e — 2)],
Rz = S[—(d+3e —4)] ® S[—(2d + 2e — 4)] ® S*[—(2d + 2¢ — 3)] ® S[—(3d + e — 4)]
@S [—(3d + e — 3)],
Ry = S[—(2d + 3e — 4)] ® S[—(3d + 2e — 4)] ® S[—(4d + e — 4)].

(ii) It M=B(f, g),
Ry = S(—e) ® S(—d) ® S°[—(d + e — 2)],
Ro = S4—(d+e—1)]® S ~(d+ 2 — 3)] ® S*[~(2d + e — 3)],
Rs = S[—(d + 3¢ — 4)] ® S[—(2d + 2 — 4)] @ S4[—(2d + 2 — 3)] @ S[—(3d + e — 4))],
Ry = S[—(2d + 3e — 4)] @ S[—(3d + 2¢ — 4)].

Conjecture 3.4. When the equivalent conditions of Theorem 2.1 hold, the Hilbert-Poincaré finite
series HP(A(f,g)) and HP(B(f, g)) are log-concave polynomials with no internal zeros, in particular
they are unimodal.

4 Conclusion

The main results of this paper are Theorem 2.1 and Proposition 2.1 in P* and Proposition 2.2 in P3.

By analogy with Milnor algebra associated with one homogeneous polynomial in P, we define
two graded algebras A(f,g) and B(f, g) associated with homogeneous polynomials f and g, where
projective hypersurface V(f) : f = 0 is smooth. We replace the Jacobian ideal with two ideals I(f, g)
and J(f,g), generated by f, g and 2 x 2 minors in the Jacobian matrix (f,g). For these graded
algebras we consider Hilbert-Poincaré series that encapsulates information about the dimensions of
homogeneous components. When f = zq, the Hilbert-Poincaré series corresponds to the smooth
hypersurface in P" ™!, as in the Milnor algebra case.

When the equivalent conditions of Theorem 2.1 hold, the Hilbert-Poincaré series of a graded
module A(f,g) and B(f,g) depend only on the degrees of f and g, as in Milnor algebra smooth
case, and are log-concave polynomials.

The main conclusion of the given examples 3.1 and 3.2 are Conjectures 3.3 and 3.4 in P3.

Finally, we consider this construction as a new method to generate many, infinite families of
log-concave polynomials.
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