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Part I

Basic computations in algebraic geometry

e dimension and Hilbert function
e Syzygies
e projective dimension and depth, regularity



Let K be an arbitrary field and R = K|zg,...,zn] the polynomial
ring in n + 1 variables. Consider I C R, a homogeneous ideal.
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Dimension and Hilbert function (polynomial and series)

Let K be an arbitrary field and R = K|zg,...,zn] the polynomial
ring in n + 1 variables. Consider I C R, a homogeneous ideal.

KEY IDEA: ‘Reduce questions on arbitrary ideals to questions
on monomial ideals which are much easier (in fact, often com-
binatorial in nature)’. [Decker-Lossen, 2006]

KEY INGREDIENTS:

e Grobner basis (and Buchberger's algorithm) in order to deter-
mine in (I), the initial ideal of I w.r.t. some monomial ordering.

e Macaulay’'s theorem (1927): R/I and R/in (I) have the same
Hilbert function (polynomial and series).

In particular, dimR/I = dim R/in (I) which is easy to compute
(see [Cox-Little-O’'Shea, 92]).



Finer numerical information: syzygies

Consider a minimal graded free resolution (m.g.f.r.) of I,

0 — @R( ])ﬁp,g Pr. . P2, @R(_j)ﬁl,j 91, @R(_j)ﬁo,j %o, 1
J J

The 571,9' #= 0 are the graded Betti numbers of I (and setting
Bi := >, Bij, one has that fg,...,Hp are its Betti numbers).

This is a finer numerical information because one gets the Hilbert
function of R/I from {3; ;(I)}, the set of Betti numbers of I.

A g.f.r. of in(I) —in particular a minimal one— can be ‘lifted’ to
a g.f.r. of I —not minimal in general—

Equality does not hold in general.



Construction of a minimal graded free resolution

Buchberger's algorithm also gives the first syzygies of a module
and hence provides a minimal graded free resolution.

EXAMPLE. Consider the ideal I C Q[zq,...,z3] generated by
:v% — 3xox1 + Sxox3, TOT1 — 3:13% + bx1x3, ToTO2 — 3T1X2,
2r0xr3 — 173, m% — 1T — 2T1X3 -

For the reverse lexicographic order, in(I) = (z3, zoz1, Tor2,
roI3, az%, x1xox3), and the m.g.f.r. of I and in(I) are

o) — R(-4)? — R(-3)° — R(-2)?°> — I — 0

R(—4)* R(-3)’ R(-2)°
0O — R(-5) — o e o — D — in(I) — O
R(-5) R(—4)? R(—3)



Projective dimension and depth, regularity

0 — @R(_j)ﬁp,j ﬂ ﬂ @R(—j)ﬁo,j ¢0> I — 0.
J J
DEFINITION. The size of a the minimal resolution is given by

e the projective dimension of I, pd (/) := p, and
e the Castelnuovo-Mumford regularity of I,

reg (I) := max{j — 4 such that 3; ; # 0}.

By the Auslander-Buchsbaum formula, depth (R/I) =n — pd (1)
and hence

reg (I) < reg(in(1))
pd (1) < pd(in(l))
depth (R/I) > depth (R/in(I)).



Part II:

Computation of the regularity

Bayer and Stillman

monomial ideals of nested type
projective changes of coordinates
iImplementation of the algorithims
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Computational issues: Bayer-Stillman

One would like to find some conditions (C) such that:

e When [ satisfies (C), reg(l) =reg(in(I)) and
depth (R/I) = depth (R/in (I)).

e When [ satisfies (C), in(I) should have ‘good’ properties
that make easy the computation of reg (in (1)) and depth (R/in (1)).

e One should easily check when conditions (C) are satisfied.

e Given a homogeneous ideal I that does not satisfy (C), one
should get an ideal satisfying (C) making some projective
change of coordinates (which?).



From now on, the monomial order is the reverse lexicographic
order. Denote by d :=dimR/I and by It :=1T1: (zq,...,zn)>.

[BS87] D. Bayer and M. Stillman.
A criterion for detecting m-regularity.
Invent. Math. 87:1—11, 1987.

The BS-Conditions: =z, is a nzd (nonzero divisor) on R/IS3t,
z,_1 is a nzd on R/(I,z,)%t, ...

Vi, n>i>n—d~+ 1, z;is a nzd on R/(I,zn,...,z;y1)%".

THEOREM ([BS87]). If I satisfies the BS-Conditions then

reg (I) =reg (in(l))
depth (R/I) = depth (R/in (I)).



THEOREM ([BS87]).
Let I C R := Klzg,...,xn] be a homogeneous ideal.

e [ satisfies the BS-Conditions < in (I) does.

e There is a dense Zariski open subset U4 C GL(n + 1, K) such
that in (p(1)) is constant and Borel fixed for ¢ € U (Galligo,
74) (generic initial ideal, Gin(I) )

and Borel fixed ideals satisfy the BS-Conditions.

e If the characteristic of K is O and [ is Borel fixed, then
x pd(R/I) = p where p is the least integer such that none
of the minimal generators of I involve z,44,...,2n, and
hence depth (R/I) = n — p.

* reg (1) = maxdeg (I).
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ALGORITHM. Assume that K is infinite.

e Choose randomly an element ¢ in GL(n+ 1, K) and compute
in (o(I)), which is (hopefully!) Gin (I).

e reg (I) = maxdeg (Gin (I)) and depth (R/I) = n — p where p
is the least integer such that none of the m.g. of Gin (1)
involve x4 1,...,zn if Char (K) = 0.

PROBLEMS.
e Probabilistic algorithm : no test for Gin ([1).
e Char(K) >07

e in(p(I)) can not be obtained in general.



Monomial ideals of nested type

One would like to

e compute depth and regularity of monomial ideals satisfying
the BS-conditions,

e check easily when a monomial ideal satisfies the BS-conditions,

e in general, find ‘smaller’ changes of coordinates (not the
generic ones) that put variables in the correct position.

[BGO6] 1. Bermejo and P.G.
Saturation and Castelnuovo-Mumford regularity.
J. Algebra 303: 592—-617, 2006.

Let I C R = Klxq,...,zn] be @ monomial ideal with d :=dim R/I
(K arbitrary field).



DEFINITION/PROPOSITION ([BGO06]). I is of nested type if
one of the following equivalent properties holds:

1. [ satisfies the BS-Conditions.

2. For any prime ideal p C R associated to I, there exists 1 €
{0,...,n} such that p = (zq,...,x;).

3. e Vic{0,...,n—d}, 3k;>1suchthat zfi el &
® I:(xn)oogf:(wn—l)oog"'gj:(wn—d—l—l)oo-

4. Vi e {0,...,n}, I:(x;)®°=1: (xg,...,x;)>.

EXAMPLE. Any Borel fixed ideal is of nested type (K arbitrary).



Let I C R be a monomial ideal of nested type and let p be the
least integer such that no min. gen. of I involves z,11,...,Zn.

PROPOSITION. pd(R/I) = p, and hence depth (R/I) =n — p.
THEOREM ([BGO06]). Set d:=dimR/I.

e reg (I) = max{ sat(I N Klzq,...,xp]) ,
sat (lep:]_ﬂK[ﬂf(),---yfcp—l]) )
Sat (lep—lzl ﬂ K[QZO, L 7xp—2]) )

Sat (len—d—Fl:l m K[CE‘O, e 7£U’I’L—d]) }
where the satiety sat (J) of a homogeneous ideal J C R is the
least integer m such that, for all s > m, Js = (J%@Y),. Moreover,

sat (J) = 1rgg<xr{deg(h7;); h; ¢ J} +1 where hq,...,h, are homo-

geneous and J : (xzg,...,xn) = (h1,...,hr).

e reg (/) =max{reg(q;); 1 <i<r} where I =qg1N---Ngp is the
(unique) irredundant irreducible decomposition of I.



Computation of reg (I) when in () is of nested type

If K is arbitrary and I C R = K]|zq,...,zn] iSa homogeneous ideal
such that in (I) is of nested type, depth (R/I) and reg (I) are
obtained using the results in [BS87] and the previous formulae
from [BGO6]. This occurs for example when

e dimR/I =0, or
e R/I Cohen-Macaulay & K|z, _g+1,.-.,2n] isa N.N. of R/I, or
e dmR/I =1 & K|xpn] is a Noether Normalization of R/I, or

e dmR/I =2, Klx,,_1,zn] is @ N.N. of R/I & I prime
(e.qg., if I is the defining ideal of a projective toric curve).

Recall that if J C R is an ideal with dimR/J = d, one has
that K[x,_4+1,.-.,2n] is @ Noether Normalization of R/J if
Klrp—g+1,---,2n] — R/J is an integral ring extension.



EXAMPLE. Let I C Clzg,...,z4] be the defining ideal of the
projective monomial curve parametrically defined by

Tro — 35t15, r1 = Sgtll, To = 311t9, r3 — 820, Tq4 = 20

One knows before hand that in (/) is of NT. One has that

in(l) = (:1:6,:Iz‘z’,azg,xlxz,xoaz%,xgw%,azgwlazg,)

= (z0,73,23)
N (@8, 23, 22)
N (z§,z1,23)
N (zo, 2%, 23, 73)

and hence
reg (I)

max{0+2+2,3+24+0,140+4+4,04+14+44+0}+1
6.



REMARK. If dmR/I =2 & Klxz,_1,zn] is @ N.N. of R/I, in(I)
may not be of nested type and one can have reg (I) #= reg (in (1)).

[BGOO] I. Bermejo and P.G.
On Castelnuovo-Mumford regularity of projective curves.
Proc. Amer. Math. Soc. 128: 1293—-1299, 2000.

EXAMPLE ([BG00O, Rmk 2.10]). I C R = Q[xo,...,x3]
I = (:1:8 — 3xgx1 + SxoT3, TOT1 — 3:10% + 5x1x3, xoro — 31T,

2r9r3 — T1T3, a:% — x1x> — 21123).

Then in([l) = (:1:8, ToT1, TOLD, :1:%, x1xox3) and

ereg(l)=2<reg(in(l)) =3

e depth (R/I) =1 > depth (R/in(I)) = 0.



Computation of reg (I) when Kz, _441,...,7n] is @ N.N.

Set N = @. For v = (v1,...,9N) € AYN, consider the homo-
geneous linear transformation W(v) : R — R defined by:

Tn — T, + Y1Tp—1 + YV2Tp—2 +ccc-- + Yi-1Tp—d+1
Tp—1 Tp—1 + YdTpn—2 +---cc- +  Y2d-3Tp—d+1
Tp—d4+2 Tp—d+2 + Y T—d41

THEOREM ([BGO06]). There is a dense Zariski open subset U
of A% such that in(W(y)(1)) is constant and of nested type
for v € U. We call it the monomial ideal of nested type
associated to I and denote it by N([1).

EXAMPLE ([BGOO, Rmk 2.10]). In the previous example, in (1) =
(w%,mgazl,xoazg,xoazg,,x%,xla:gm@ is not of NT. Applying a change
of coordinate of the form W : R — R, x3 — x3 4+ vz, one gets
that N(I) = in(W(I)) = (z§, zozr1, Tow2, 25, v172) = (w0, 1) N
(:co,a:%,:zzg) N (a:%,:cl,asg), and hence reg (I) = 2.



How do we know that we have a N.N. in this example?

[BGO1l] I. Bermejo and P.G.
Computing the Castelnuovo-Mumford regularity of some
subschemes of P using quotients of monomial ideals.
J. Pure Appl. Algebra 164: 23—33, 2001.

LEMMA (Noether normalization test, [BGO1]). If

e in(I) contains powers of the variables zg,...,x,,_4 and

e any monomial in in (I) involves at least one of these variables,

then d =dimR/I and K[z,,_g4+1,...,2n] is @ N.N. of R/I.

EXAMPLE. In the previous example, I C R = Q[zg,...,23] and

in (I) = (23, zox1, T0T2, T0T3, T1, T1T273)
and hence Q[zp,z3] is @ N.N. of R/I.



In next example, we know before hand that we have a N.N.:

BIG EXAMPLE. Let I C R = Clxq,...,z10] be the defining ideal
of the 3-dimensional projective toric variety V C ]P’%:O defined by

rog = st6u4v4, Tr1 = 8t4u3v7, To = u11v4, r3 — 36t3u4v2,

T4 = st7uv6, Ty — tu10v4, Te — s3t3u3v6,

Tr7 = 315, rg — t15, Trg = u15, r10 = v15.

The ideal I is generated by 389 binomials of degree < 17.



In next example, we know before hand that we have a N.N.:

BiG EXAMPLE. Let I C R = Clxq,...,x10] be the defining ideal
of the 3-dimensional projective toric variety ¥V C PO defined by

= st6u4v4, r1 = st4u3fu7, o = u11v4, r3 — s6t3u4v2,
Ty = st7uv6, Ty — tulofv4, Te — s3t3u3v6,
Tr7 = 315, rg = t15, Trg = u15, r10 = v1o.

The ideal I is generated by 389 binomials of degree < 17.
Using the implementation of our results in the Singular library
mregular.lib we get that depth (R/I) = 1 and reg (/) = 29.

I. Bermejo, P.G. and G.-M. Greuel.
mregular.lib, a Singular library for computing the regularity of a
homogeneous ideal. Available at http://www.singular.uni-kl.de, 2007.

D. Grayson and M. Stillman.
Macaulay2 a software system for research in Algebraic Geometry.
Available at http://www.math.uiuc.edu/Macaulay2, 2008.



Computation of reg (/) in general.

Set N = dn — d(dT_l). For v = (v1,...,vN) € AXN, consider the
homogeneous linear transformation W(v) : R — R defined by:

Tn  — Tp T+ Y1Tp-1 T+ YoXp—2 s + TnTo
Tp—1 Tn—-1 + Ynt+1Tp—2 - +  Yon—1%o0
Tn—d4+1 Tp—d+1 -0 + YNZO

THEOREM ([BGO06]). There is a dense Zariski open subset U
of A% such that in (W(y)(I)) is constant and of nested type
for v € U. We call it the monomial ideal of nested type
associated to I and denote it by N([1).

EXAMPLE. Let I C R = Q[zg,...,zg] be the monomial ideal
generated by all the squarefree monomials of degree 2. Then
d = dmR/I = 1 and applying a change of coordinate of the
form Vv : R — R, xg — xg + v1x7 + ... + ygxg, one gets that
N(I) :=in(W(I)) = (zg,...,z7)? and hence reg (I) = 2.



Consequence: a new algorithm for Noether normalization.

If d=dimR/I, one has that

(K kn—da ;
in (1) is - rq, ...,z €in(l) for kg,..., k,_4>1
of N.T. ;md .

Lin() 1 (@n)>® C - Cin(]) : (mp—g41)%

Y

K[xn—d—l—la .. ,a:n] ko Kn—a _ .
s a N.N. of R/ & zg,..,x) 7 €in(l) for ko, ... kg > 1

Thus the previous linear transformation put variables in Noether
position. This improves the usual triangular changes of coordi-
nates (see previous example).

REMARK. If works also in the nonhomogeneous context.



Part III:

A theoretical application

monomial varieties of codimension 2

a closed formula for the regularity

upper bounds (Eisenbud-Goto conjecture)
classification of the extremal case

[BGMO6] 1. Bermejo, P.G. and M. Morales.
Castelnuovo-Mumford regularity of projective
monomial varieties of codimension two.

J. Symbolic Comput. 41: 1105—-1124, 2006.



Monomial varieties of codimension two.

DEFINITION. Let K be an algebraically closed field. A projective
monomial variety V of codimension 2 is defined parametrically

r1=uy{, ...... . Tp = uy,

Z:ugl...u%n7 y:uilu%n,
where a > 0 is an integer and b = (b1, .. bn) c=(cq,...,cn) are
two vectors in N such that b #= ¢, >7_;b; = .01 ¢; = a, and
(bj,c;) 7 (0,0) with bj,c; < a for all j E {1,...,n}.

Let I(V) C R := K|[z,y,x1,...,rn] be the defining ideal of V and G
its reduced GrObner basis w.r.t. the reverse lexicographic order.

PROPOSITION([M95]). 1. G is a min. syst. of gen. of I(V).
2. n—1 <depth (R/I(V)) < n.

3. depth (R/I(V)) = n if and only if #G < 3.



A closed formula for reg (V) :=reg (I1(V)), the regularity of V.

THEOREM([BGMO06]). 1. If V is a complete intersection then
reg (V) =deghg +deghy — 1 where G = {hg,h1}.

2. If V is arithmetically Cohen-Macaulay and is not a com-
plete intersection, denote by hq, h1, ho the elements of G where
the leading terms of hg and hq are pure powers of z and y resp.
Then, reg (V) = max{deg hg + deg, ho, deghy + deg, ho} — 1.

3. If V is not arithmetically Cohen-Macaulay, consider the
partition ¢ = G1 U Go where G5, is formed by the elements of ¢
whose leading term involves the variable y.

If G1 = {90,.---,9r} and Go = {fo,..., fs} where the elements in
both sets have been ordered by decreasing degree in the variable
z of their leading term, denote by /4(¢) the least integer 7 < s
such that deg.(f;) < deg,(g;) for all i € {0,...,r}. Then,

reg (V) = maxi<;<r {ded g; + max{deg fy;), deg fy;_1)}} — 2.



Sketch of the Proof.
e G is explicitly described in

[MO5] M. Morales.
Equations des variétés monomiales en codimension deux.
J. Algebra 175:1082—1095, 1995.

e When V is a.C.-M., in(I(V)) is of nested type.

e When V is not a.C.-M., in (I(V)) is not of nested type, but one
can describe N(I(V) + zn), the monomial ideal of nested type
associated to I(V) + xn.

e It turned out to be a monomial ideal involving only the 3 vari-
ables z,y,x1 and the result follows from the explicit description
of its irredundant irreducible decomposition.



Bounds for the regularity.
The m.g.f.r. of codimension 2 lattice ideals is described in:

[PS98] 1. Peeva and B. Sturmfels.
Syzygies of codimension 2 lattice ideals.
Math. Z. 229:163—194, 1998.

Some results are deduced for the regularity of this class of ideals
that include our I(V). In particular:

e reg (V) < 2maxdeg I(V) — 2 whenever V is not a complete
intersection.

e reg (V) <degV — 1 (Eisenbud-Goto bound).

These results are recovered from our formula.



Classification of varieties where equality holds.

THEOREM([BGMO06]). The projective monomial varieties V C
IP’""'l of codimension two satisfying that reg (V) =degV — 1 are:

e For all d > 3, the smooth monomial curve in IP3 of degree d,
i.e., the monomial curves in P3- defined by

— d—1 _ ,.d—1 s — ..d
Z=UlUsy Y = U] U, T = UT, T = US.

e T he C.I. monomial curve in IP’% of degree 4 defined by

.2 2 3 — 4 4
z—uluQ,y—uluQ, CB]_—’U,]_,.ZUQ—’U,Q.

e The C.I. monomial surface in IP;‘( of degree 4 defined by

_ .22 92 _ 4 _ 4 4
Z—UQU3,y—U1UQU3, CE]_—’LL]_,CUQ—”LLQ, 513‘3—’(1,3.

e [he C.I. monomial surface in IP’?{ of degree 4 defined by

— — —_ 2 — 2 — .2
Z = U2U3, Yy = Uju2, T3 = Uy, T2 = U3, T3 = U3.

e The C.I. monomial variety in P2, of degree 4 defined by

— — — 2 - .2 - 2 _ .2
Z = u3u4, Yy = uijup, r{ = Uy, T2 = U5, r3 = U3, T4 = Uj.



