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iii
PREFACE

Castelnuovo-Mumford regularity is one of the most fundamental invariants in
Commutative Algebra and Algebraic Geometry. In fact, already in the late 19th
century this invariant was tacitly present, a long time before it was properly
defined.

One of its first hidden appearances may be found in Castelnuovo’s work on
linear systems on smooth projective space curves of 1893 [C]. Castelnuovo’s
result gives a sharp upper bound on the largest degree r such that the complete
linear system of the r-fold plane sections on the given curve is not cut out by
surfaces of degree r. Although this result is of fairly geometric appearance,
Castelnuovo’s method of proof has a rather algebraic flavour.

Another early invisible occurrence of Castelnuovo-Mumford regularity was ini-
tiated by Hilbert’s Syzygientheorie of 1890 [Hil], and comes up notably in the
work of Hentzelt-Noether (1923) [Hen-Noe| and of Hermann (1926) [Herm]. In
fact based on the ideas of Hentzelt-Noether, Grete Hermann did answer in an
affirmative way the problem of the finitely many steps (“Problem der endlich
vielen Schritte”), which at that time was a much controversal issue caused by
Hilbert’s syzygy theory. The results of Hermann show that the minimal free
resolution of an ideal generated by finitely many homogeneous polynomials
“can be computed” in a (finite) number of steps which depends only on the
number of indeterminates of the ambient ring and the maximal degree of the
given polynomials.

Hermann’s work is not at all constructive, and so it does not give rise to an
explicit algorithm. It was indeed only around 1980, when such algorithms
became practicable, based on Grébner base techniques, implemented in Com-
puter Algebra Systems like Macaulay, Cocoa, Singular and powered by high
performance computers. And indeed: Castelnuovo-Mumford regularity pro-
vides the ultimate bound of complexity for these algorithms (see for example
[Bu] or [Ma-Me]).

It was only in 1966, when Mumford gave a first proper definition of Castelnuovo-
Mumford regularity (see [Mul]), which he called Castelnuovo regularity. In
fact, Mumford did define the notion of being m-regular in the sense of Casteln-
uovo for a coherent sheaf of ideals over a projective space and a given integer m.
More precisely, a sheaf of ideals over a projective space is called m-regular if for
all positive values of i the i-th Serre cohomology group of the (m —i)-fold twist
of this sheaf vanishes. The minimal possible value of m is what today usually
is called the Castelnuovo-Mumford reqularity of the sheaf of ideals in question.
Moreover Mumford (loc.cit) did prove a fundamental bounding result, namely:

The Castelnuovo-Mumford reqularity of a coherent sheaf of ideals over a pro-
jective space is bounded by the Hilbert polynomial of this ideal.
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In fact Mumford’s arguments allow to make this bound explicit. Hence his
ideas paved the way for a new kind of algorithmic considerations in Algebraic
Geometry, notably in the theory of Hilbert schemes. Now, with the powerful
machinery of sheaf cohomology for algebraic varieties (introduced 1955 by Serre
[Se]) at hands on had a good chance to link algorithmic and geometric aspects
of projective varieties in a new way. Although Castelnuovo-Mumford regularity
was originally defined in terms of sheaf cohomology, it may be expressed in
terms of degrees of syzygies and hence is of basic significance in “classical”
Projective Algebraic Geometry. So, it is not surprising, that the seminal article
“ What can be computed in Algebraic Geometry?” of Bayer-Mumford [B-Mu]
(published in 1993, but known in preliminary form a number of years earlier)
emphasizes a lot upper bounds for the Castelnuovo-Mumford regularity.

Castelnuovo-Mumford regularity also found much interest in Commutative Al-
gebra. In 1982 Ooishi [O] did define the Castelnuovo-Mumford regularity of
a graded module in terms of certain local cohomology modules. His definition
essentially corresponds to Mumford’s via the Serre-Grothendieck Correspon-
dence between local cohomology and sheaf cohomology. In 1984 Eisenbud-Goto
[E-G] made explicit the link between this “algebraic” Castelnuovo-Mumford
regularity of a graded module over a polynomial ring and its minimal free
resolution.

In their same paper, Eisenbud and Goto made the conjecture (or rather did ask
the corresponding question), that the Castelnuovo-Mumford regularity reg(X)
(of the homogeneous vanishing ideal) of a projective variety X cannot exceed
the value deg(X) — codim(X) + 1. What Castelnuovo did show in his paper
of 1893 is precisely, that for smooth curves in projective 3-space this conjec-
ture holds. Forever he characterized in geometric terms the curves for which
reg(X) = deg(X)—codim(X)—1. In 1983 it was shown by Gruson-Lazarsfeld-
Peskine [Gru-La-P] that an irreducible curve in a projective space of arbitrary
dimension satisfies the requested inequality, and that also in this more general
setting the curves for which equality holds can be characterized geometrically.
For smooth projective surfaces in characteristic 0 the conjecture has proved
to be true by Pinkham 1986 [Pi] and Lazarsfeld 1987 [La|, the latter paper
containing again an investigation on the surfaces for which “equality holds”.
Meanwhile the conjecture of Eisenbud-Goto has become one of the great chal-
lenges of classical Projective Algebraic Geometry, which yet waits to find its
general answer. The particularity of this conjecture is, that arbitrary graded
polynomial ideals may have very large Castelnuovo-Mumford regularity (com-
pared with the degree of generators) (see [Ma-Me]), whereas for graded prime
ideals this invariant is expected to be very small.

In this course, we shall attack the subject of Castelnuovo-Mumford regularity
from the algebraic side, starting with Ooishi’s definition. So we expect the
reader to have a sound background in basic Commutative Algebra (as found
in [Br-Bo-Ro], [Sh], [Kunl], [E1] or [Mat] for example). Clearly we also have
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to expect a solid footing in Local Cohomology Theory consisting at least of the
material presented in [Br-Fu-Ro] or (even better) in [Br-Shl]. This includes
also some basic notions of sheaf cohomology, at least over projective schemes
as they are presented in [Br-Fu-Ro|(Chapters 11,12) or [Br-Shl](Shaper 20).
Clearly we also shall discuss a number of results which refer to Algebraic
Geometry. So, some basic (see [Br0] for example) or more advanced (see [H1))
knowledge of this field will make this course more profitable. But for the
understanding of the course, these perquisites are optional.

We allow ourselves to present a number of results, which we do not prove.
When we give proves, they usually will only rely on the mentioned prerequi-
sites. We first will present a number of basic results about local cohomology,
which are not given in [Br-Fu-Ro] but only in [Br-Sh1l]. We will proceed in
a way that may be seen as a direct continuation of our fairly self-contained
approach [Br-Fu-Ro|, but we also shall rely on a number of eside entries” from
[Br-Sh1], which we do not prove. In the cases, where we reprove a result which
is already proved in [Br-Shl], we use a different approach in this course. So,
in this respect we also continue the policy pursued in [Br-Fu-Ro].

According to the nature of the subject, many results of this course shall give
upper bounds for the Castelnuovo-Mumford regularity, as such bounds are
the driving force of the whole theory. In addition we shall restrict ourselves
to consider only standard graded rings and modules. Indeed, during the last
decade, multi-graded local cohomology has seen a fast development, mainly
driven by the investigation of Toric Varieties and Toric Schemes (see [Ro] for
example) and correspondingly there are versions of multi-graded Castelnuovo-
Mumford regularity. But at the moment, these matters seem not yet to be at
the state of maturity to teach them in a regular Master course.

Acknowledgement: 1 thank all participants of the course for their attention,
their contributions to our discussions in the “exercise sessions”, their hints to
mistakes in the lecture notes and the personal gift presented to me in the last
lecture: Roberto Boldini, Andri Cathomen, Simon Kurmann, Matey Mateev,
Thomas Preu, Fred Rohrer, Maria-Helena Seiler. I thank Fred Rohrer for his
extended contribution to the exercise session, which tended to become a course
on its own at times, and for the written presentation of his contribution. I also
thank Franziska Robmann for her typing of a preliminary version of Section 8.



1. SOME PREREQUISITES FROM LOCAL COHOMOLOGY

In this section we recall a few facts about Local Cohomology Theory. Our
basic references for this are [Br-Fu-Ro| and [Br-Shl]. In our reminders we
primarily shall quote the corresponding results of [Br-Fu-Ro|. Concerning
basic notions of Commutative Algebra, we recommend to consult [Br-Bo-Ro],
or alternatively [Sh], [Kunl], or also [El] or [Mat]. As a basic reference in
Homological Algebra we recommend [Rot].

1.1. Notation and Reminder. (Local Cohomology and Torsion Functors) A)
Throughout this section let R be a commutative unitary Noetherian ring and
let @ C R be an ideal of R. For each n € Ny let H = H}(e) denote the n-th
local cohomology functor with respect to a (see [Br-Fu-Ro](2.14)).

B) Let I'y = I'y(®) denote the a -torsion-functor (see [Br-Fu-Ro](1.15)). Keep
in mind that this functor is left exact and that for each R-module M we have
(see [Br-Fu-Ro] (1.19), (1.2))

Gammag(M) = U (0 :pr a™).

nelN

Moreover for each n € N the n-th local cohomology functor H} = HJ(e)
is nothing else than the n-th right derived functor R"T'y = R"T'y(e) of the
torsion functor I'y = I'y(e) (see [Br-Fu-Ro] (2.14)). In particular all functors
H!(e) are linear functors of R-modules and we may identify HY(e) = I';(e)
(see [Br-Fu-Ro] (3.4),(2.13)C)).
1.2. Exercise and Definition. (Quasi-Divisible Modules) A) For an element
s € R let

(0)s : {s"|n € No} '(o) : (M 2 N) ro (M, 25 N,)
denote the (exact) functor of R-modules to Rs;-modules given by taking up
powers of s as denominators and consider the natural transformation

Ns,M

Ns : Id — (@)s : M~ (M —— M),

where 1 ar - M — Mg, m +— 1/m is the canonical map. Fix the element s € R
and show, that for an R-module M the following statements are equivalent:

(i) The natural map ns s : M — Mj is surjective.

ii) The multiplication map s : M /T (M) — M /I, (M) is an isomorphism.
(s) (s)

(iii) H<18>(M) =0.

(Observe that s € NZDr(M/T'(5(M)) and that H<15>(M) >~ H'Y(M/T 5(M)).)

B) Keep the previous notations. An R-module M which satisfies the equivalent
conditions (i),(ii) and (iii) of part A) is said to be quasi-divisible with respect
tos. If S C R, the R-module M is said to be quasi-divisible with respect to

S if it quasi-divisible with respect to all s € S. The R-module M is said to
1
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be quasi-divisible at all, if it is quasi-divisible with respect to R. Prove the
following statements:

a) The set of all all elements s € R with respect to which M is quasi-divisible
is closed under multiplication and contains all s € R for which sM = M
or s"M = 0 for some n € N.

b) Each injective R-module I is quasi-divisible.

c) If M is quasi-divisible with respect to S € R and h : M — P is an
epimorphism of R-modules, then P is quasi-divisible with respect to S.

1.3. Reminder. (Triads and their Derived Sequences) (See [Br-Fu-Ro] (4.13))
Let R’ be a second ring and let F,G, H be three additive functors from R-
modules to R'-modules. Let y : F — G and v : G — H be two natural
transformations. We then call
AFSGSH
a triad of functors, if for each injective R-module I the sequence
0—F) G 2 H(I) — 0

is exact. In this case, for each R-module M there is a natural exact sequence

0 — ROF(M) B ROG(M) B2 ROH (M)

0,A 1 1
Wi, RUp(M) B RiG () B RUE (M)
LA 2 2
D R2R(M) B R2G (M) By
where for each n € Ny the n-th right derived transformations of p and v
are denoted respectively by R"u and R"v. We call this sequence the right
derived sequence of (the triad) A associated to M (see [Br-Fu-Ro] (4.13)) and

we sometimes denote it by RA(M).

1.4. Construction and Exercise. (The Comparison Sequences) A) Fix an
element b € R. Observe that we have a natural transformation
n* : Ty(e) — [q(e)s,
given by
M s (i = "™ To(M) = Ta(M)y).
In addition consider the natural transformation

=150
L= Ty () S Tye),

given by

_, &b
LM=Ly)

L= M s (Tag gy (M) —5 To(M)),
where 15y = 1§ denotes the inclusion map. Observe that for each R-module

M we have Ker(15?) = Loty (M) and hence an exact sequence

a,b a,b

0 = Dapqpy (M) 25 Ty (M) 255 Ty (M),
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Now, use [Br-Fu-Ro] (3.14) and (1.2) B) to show that we have the triad of
functors

a,b
A=A Loy (0) == 1T (0) L= Ty (o),
the so called comparison triad of a with respect to b.
B) Keep the above notations and hypotheses, fix an R-module M and con-

sider the right derived sequence RA(M) = RA**(M) of the triad A = A%
associated to M, which clearly takes the shape

ROuas

0 — HY, (M) 2295 FO(M) B, RO(T (o),) (M)

5A,0

RN
= Hoy gy (M) —

Rty g (M) B0 RY(T (o)) (M)

Al

o, HZ\ gy (M) —% HZ(M) R,

Now, observe that the functor I';(e), is nothing else than the composition
(o), o I'y of the exact functor (e), with the torsion functor I';. So for each
n € Ny we have a natural equivalence of functors (see [Br-Fu-Ro] (5.3))

A = y@nTe H (), = (8),0 R" Ty = R™((),0Ty) = R™(Ty(e)) =: U"(e).

In particular, for each n € Ny and each R-module M as above, we have a
natural isomorphism

Vi =t Hy (M), = R™(Ta(e)s)(M) = U™ (M),
Conclude that multiplication with b yields an isomorphism

b:U(M) = U™ (M),

R2unr

that

Ly (U™ (M) = 0
and that U™ (M) is quasi-divisible with respect to b. Use the fact that Hy, ,, (M)
is (b)-torsion to show that in the right derived sequence RA(M) = RA%(M)
of part B), we have

Im(R"wpr) = Ker(R"nar) = Ly (Hy' (M)
for all n € Ny all R-modules M.
C) Keep the previous notations and hypotheses, let n € Ny and let M be

an R-module. Observe that the derived sequence RA(M) together with the
equalities obtained at the end of part B) gives rise to an exact sequence
a,b

0 — U™ (M) /Tm(R™ag) 5 P, (M) D 1 (HT (M) — 0,

. . . An—1
where the occurring maps €7, and 7}, are respectively induced by dy,"

R"™tpr. Now, consider the obvious short exact sequence

Sar: 0 — Im(R" ypy) — U H(M) — U (M) /Im(R" ) — 0,

and
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apply cohomology with respect to (b) and occlude that we get the exact se-
quence

- n— 3} n— n—
0 = Hy (U™ (M) /Tm(R™"nar)) == Hyy (Im(R™"nar)) — Hy (U™ (M),

in which 69, is the 0-th connecting homomorphism with respect to the short
exact sequence 3$);. Use the observations made in the last paragraph of part
B) to show that we get an isomorphism

8% + U"Y(M)/Im(R" ') = Hjyy (Im(R" y1)).
Use the last statement of part B) to show that there is an isomorphism
rr s Hy ™ (M) /T (HH (M) = Tm(R™ s,

induced by R" ' Let pay « HY Y(M) — HI (M) /Ty (H2 1 (M)) be the
canonical map and show that we have an isomorphism

poas = (08) Vo (sar)o by (par) = Hy (™ (M) 55 U (M) lm(R" ).

Set A7, = N .= )/ 0 jupr, to end up with the short exact sequence

n,a,b n,a,b

n— A n T n
0 = Hyy (Hy ™ (M) == Hy ) (M) == T (H{ (M) = 0,

which we call the n-th comparison sequence of a with respect to b and associated
to M.

D) Observe that the three homomorphisms R" ny, Ry, par as well as
the connecting homomorphisms 69, (see [Br-Fu-Ro] (3.9)C)) and 87,2 (see
[Br-Fu-Ro] (4.13)D)) constitute natural transformations if M runs through all
R-modules. Conclude that the homomorphisms A7, = A% and 7%, = 7p*
constitute natural homomorphisms, too. So the above comparison sequence is

natural for all n € N.

E) Now, let R = ®,ez R, be a graded Noetherian ring, let the ideal a C R be
graded and let the element b € R be homogeneous. For an arbitrary graded
ideal b C R consider the graded torsion functor *I'y(e), as introduced in
[Br-Fu-Ro] (8.8)B). Show that this time we get a triad of graded modules
D= A Ty gy(e) T o) 75 *T(e),

in the sense of [Br-Fu-Ro| (11.9)B). Deduce from this, that by following the
ideas of [Br-Fu-Ro|(11.9)C) for each graded R-module M, we end up with a
right derived triad sequence R*A(M) = R*A% (M) which looks as the se-
quence in Part B), with all occurrences of H replaced by *H, where *Hj' :=
R *I'y for each n € Ny and each graded ideal b C R. Now make sure, that in
this graded setting the arguments performed in part C) still work, so that in
our comparison sequence we may replace H by *H and I' by *I' at all occur-
rences. Finally, observe that [Br-Fu-Ro] (8.24) shows that the n-th comparison
sequence becomes a sequence of graded R-modules in our graded situation.
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We now want to use the comparison sequences to establish a vanishing result
for the local cohomology of modules, which satisfy a certain quasi-divisibility
condition. We first give the following definition.

1.5. Definition. Let S C R. The ideal a C R is called an S-ideal if it is
generated by elements of S.

Now, we can prove the following result.

1.6. Proposition. Let S C R and let M be an R-module such that T'q(M) is
quasi-divisible with respect to S for each S-ideal a C R. Then H}(M) =0 for
allm > 0 and each S-ideal a C R.

Proof. Let a = (a1, as, ..., a,), with a1, as, ..,a, € S. We show by induction on
r, that H}(M) = 0 for all n > 0. If » = 0 we have a = 0 and our claim is
clear. So, let r > 0 and set b = (a1, as, ...a,_1). The comparison sequence of b
with respect to a, associated to M now gives an exact sequence

Hyy (Hy™H (M) = HP (M) — Do,y (Hy (M)).

If n = 1, the first module in this sequence vanishes as H_ (M) is quasi-divisible
with respect to a,. Now we may conclude as by induction H*(M) = 0 for all
m > 0. 0

1.7. Exercise and Remark. A) Assume now, that R = @,,_, R, is a Noether-
ian graded ring and let R := U,ezFin denote the set of homogeneous elements
of R. Let I be a *injective (graded) R-module (see [Br-Fu-Ro] (8.12)). Show
that I is quasi-divisible with respect to R". Use (1.6) and the fact that T'y(1)
is *injective for each graded ideal a C R (see [Br-Fu-Ro| (8.22)B)) to show
that H}'(I) = 0 for each graded ideal a C R.

B) What we have shown in part A) is nothing else than Theorem 8.23 of
[Br-Fu-Ro|. This hints, that the concept of quasi-divisibility and the com-
parison sequences provide a powerful tool for proving (not necessarily new)
vanishing results in Local Cohomology Theory. A collection of such proofs (as
well as a detailed introduction to comparison sequences and quasi-divisibility)
is given in [Tru].

C) To illustrate what we said in part B), we suggest to reprove [Br-Fu-Ro]
(4.19) just on use of the comparison sequences and to pay attention to the
fact, that now the induction argument can be started with » = 0, so that the
auxiliary result [Br-Fu-Ro](4.18) is not needed.

We know that left-composition with exact functors commutes with right deriva-
tion. More precisely, if E is a an (additive covariant) left exact functor from
R-modules to R-modules and F' is an exact functor from R’-modules to R"-
modules, there are natural equivalences 7" : F o R"E — R"(F o E) (see
[Br-Fu-Ro] (5.3)). The construction below is devoted to the reverse situa-
tion, in which the ”inneree functor F is exact, and hence it concerns right-
composition with exact functors.
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1.8. Construction and Exercise. (Right-Composition with Ezact Functors)
A) Let R, R' and R” be rings (which need not be Noetherian this time), let £
be a (covariant, additive) exact functor from R-modules to R’-modules and let
F be a (covariant, additive) left exact functor from R’-modules to R”-modules.
Observe that the composite functor F' o E from R-modules to R”-modules is
left exact and that we may identify

RUFoE)=FoE=(R°F)oE.
Our first aim is to show that there is a unique family
(V" =v"EE R F o E) = (R"F) 0 E)pen,
of natural transformations which satisfies the following requirements:
a) For each R-module M
i P = idpopan : RO(F o E)(M) — ((R°F) o E)(M) = R°F(E(M))

is the identity map.
b) For each n € N and each exact sequence of R-modules

I-0-M5145 P

in which I is injective, we have the commutative diagram

n—1,FoFE
R"1(F o E)(P) — R*(F o E)(M)
an,F,EL Vn,F,El
P 5n71,F M
E(T)

RF(B(P))

R'F(E(M))

where 07 ~LEOE i the (n — 1)-th connecting homomorphism with respect
to F' o E associated to the exact sequence I and (5;5611)’1? is the (n — 1)-

th connecting homomorphism with respect to I’ associated to the exact
sequence F(I) (see [Br-Fu-Ro] (3.8)B)).

B) The transformations v™ can be constructed recursively on n. For each R-
module M set 1° = id,;. Then assume that n > 0 and that the transformations
VO vt vt are already constructed such that the above requirements A) a)

and b) are satisfied. Fix an R-module M and chose an exact sequence
I:0—-M-—1—P—0

in which the R-module I is injective. Show that there is a unique homomor-
phism of R”-modules

U RMF o B)Y(M) — R*F(E(M))

such that the diagram in the requirement A)b) commutes if one replaces the
right vertical map in this diagram by vf'. (You may proceed like in the first part
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of the proof of [Br-Fu-Ro] (8.21)). Now chose a homomorphism of R-modules
h: M — N and a short exact sequence

J0=>N—=-J—>0Q—0

in which J is injective and show that we have a commutative diagram
R™F o E)(M) ———~ R"F(E(M))
R"(FoE)(h)l LR"F(E(h))

R™F o B)(N) —— RF(E(N))

in which v} is defined accordingly to vf. (For this you might get inspiration by
looking at the second half of the proof of [Br-Fu-Ro] (8.21).) Conclude from
this, that the homomorphism 1 depends only on M and not on the chosen
exact sequence I. Therefore, we may define:
n n,F\E n
Now, conclude that the assignment
VW EE M s (V3PP RY(F o E)(M) — RYF(E(M)))

defines indeed a natural transformation

V=" RN (Fo E)=R"(FoE)(e) = R'"F(E(e)) = (R"F)o E.
C) Next, reconsult your previous arguments to prove the following:

a) If R"F(E(I)) =0 for all injective R-modules [ and all n > 0, then all the
transformations v™¥ are natural equivalences.

D) Finally, assume that the three rings R = @,cz Ry, R = @nez R, and R" =
@nez R are graded and that the two functors £ and F' now correspondingly
are functors of graded modules and hence convert homomorphisms of graded R
(respectively R')-modules to homomorphisms of graded R’ (respectively R”)-
modules. Reconsider your previous arguments to make clear, that all what has
been stated in parts A),B) and C) translates mutatis mutandis to the “graded

setting”, clearly with “injective” replaced by “*injective”.

E) It is natural to ask, whether one has the commutative diagram occurring
in requirement A)b) without the restriction that the middle module I in the
exact sequence I is injective. This is indeed true. One way to prove this, is to
start with an arbitrary short exact sequence of R-modules

$:0—-N—->M— P —0,

and to use an injective resolution of $ (see [Br-Fu-Ro](3.6)) in order to end up
with a commutative diagram D consisting of three short exact rows and three
short exact columns, having 5 as the bottom row and having three injective
modules in the middle row. Then apply the right derived sequences with
respect to F' o E associated to all rows and columns of the diagram D. Use
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the fact (or prove it, if you are courageous), that you get a diagram in which
all squares which consist of connecting homomorphisms are anti-commutative
(see [Rot](11.24) for example). Then form the commutative diagram F(D),
apply the right derived sequences with respect to F' and observe again the
mentioned anti-commutativity. Then build up the appropriate cube diagram
and do not forget that (—1)(—1) = 1...

Our next aim is to consider (in the situation where R’ is an R-algebra) exact
linear functors from R-modules to R’ modules which commute with taking
torsion with respect to ideals in R and their extensions to R'.

1.9. Remark and Definition. (Torsion-Faithful Functors) A) Let f : R — R’
be a homomorphism of Noetherian rings and let a C R be an ideal of R. Let
E be a covariant linear functor from R-modules to R’-modules. We say that
the functor E is torsion-faithful with respect to a if the R'-module E(I'y(M))
is aR'-torsion for all R-modules M. We say that E is torsion-faithful at all, if
it is torsion-faithful with respect to all ideals a C R.

B) Keep the notations and hypotheses of part A) and let E’ be a covariant
linear functor from R’-modules to R-modules. Similarly as above we say that
£’ is torsion-faithful with respect to a if for each R’-module M’ the R-module
E'(Tyr/(M')) is a-torsion. Again we say that E’ is torsion-faithful at all if it is
torsion faithful with respect to all ideals a C R.

C) Clearly, the notions defined in part A) and B) may be defined completely
analogous in the graded setting: namely, assume in addition, that the two
rings R and R’ are graded and that f is a homomorphism of graded rings,
so that f(R,) C R) for all n € Z. Let the functors E' and E’ be functors of
graded R-modules which commute whit shifting and scalar multiplication with
homogeneous elements (see [Br-Fu-Ro] (8.6)D)). Then we define the notion of
*torsion-faithfulness of E and E’ with respect to graded ideals a C R as in part
A) and B), just with *I'yg instead of [';g and *I', instead of I'y respectively.

1.10. Examples and Exercise. A) Let S C R be multiplicatively closed and
let ns : R — S™'R be the canonical homomorphism. Show that the (exact)
functor

S7le: (M5 N) e (ST 220 571N
of taking up denominators at S (see (1.14) B)) is torsion-faithful (see also
[Br-Fu-Ro] (5.6)).

B) Let f: R — R’ be a homomorphism of Noetherian rings and let
o [ (M Ny o (M7 12205 N7 1)

be the (exact) functor of scalar restriction by means of f (see [Br-Fu-Ro]
(1.14)C)). Show that this functor is torsion-faithful.

C) Let f : R — R’ be a homomorphism of R-modules and let a C R be an
ideal. Prove the following statements
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a) Let E be a covariant linear exact functor from R-modules to R’ modules.
Assume that for each a-torsion module M and each element x € E(M)
there is a finitely generated submodule N C M such the z € Im(E(1)),
where ¢+ : N »— M is the inclusion map. Then FE is torsion-faithful with
respect to a.

b) Let E’ be a covariant linear exact functor from R’-modules to R-modules.
Assume that for each aR'-torsion module M’ and each element 2’ € E'(M)
there is a finitely generated submodule N’ C M’ such that 2’ € Im(E'(/)),
where ¢/ : N’ ~— M’ is the inclusion map. Then E’ is torsion-faithful with
respect to a.

D) There are obvious “graded versions” of the examples given in part A), B)
and C). Formulate and justify these, keeping in mind (1.9)C).

1.11. Exercise and Remark. A) Let R an R’ be rings (not necessarily Noe-
therian this time) and let £ be a covariant additive exact functor from R-
modules to R-modules. Let M be an R-module and let U,V C M be sub-
modules. For each submodule N C M let ¢x : N — M denote the inclusion
map. Use the short exact sequence

O%UﬂV&U@ViM,a:xH(x,x),ﬂ:(u,v)r—>u—v
to show that
a) Im(E(wyav)) = ImE((vy)) NIm(E(wy)).

b) The functor E' commutes with finite intersections: if Ny, ..., N, C M are
finitely many submodules, then

B) Now, let f : R — R’ be a homomorphism of Noetherian rings, let £ be
a covariant linear exact functor from R-modules to R’-modules and let E’

be a covariant linear functor from R’-modules to R-modules. For each ideal

a C R each R-module M and each R-module M’ let 5, : I'y(M) — M and

187 Tor/(M') = M’ denote the inclusion maps. Prove the following claims:

a) If E is torsion-faithful with respect to aR for some a € R, then, for each
R-module M we have

Im(E(e57)) = Par (E(M)).

b) If a = (ay,....,a,) and FE is torsion-faithful with respect to (a;) for all
i€ {l,...,r}, then for each R-module M we have

Im(E(yy)) = Tar (E(M)).

In particular F is torsion-faithful with respect to a.
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c) If E' is torsion-faithful with respect to aR’ for some a € R, then, for each
R'-module M’ we have

In(E(E) = Cn(E'(M))
d) If a = (ay,...,a,) and E’ is torsion-faithful with respect to (a;) for all
i€ {l,...,r}, then, for each R'-module M’ we have
Im(57) = Ta(E'(M"))
In particular F’ is torsion faithful with respect to a.

C) Keep the notations and hypotheses of part B). Let a € R. Show

a) If E is torsion-faithful with respect to (a), and M is an R-module which
is quasi-divisible with respect to a, then the R’-module E(M) is quasi-
divisible with respect to f(a).

b) If E’ is torsion-faithful with respect to (a) and M’ is an R’-module which
is quasi-divisible with respect to f(a), then the R-module E'(M) is quasi-
divisible with respect to a.

D) Translate and verify all statements made in parts A), B) and C) to the
graded setting, keeping in mind (1.9)C).

Now, we finally can give the results which are the main objective of this section.

1.12. Theorem. Let f : R — R’ be a homomorphism of Noetherian rings, let
ai,as, ...,a, € R and set {ay,as, ...,a,) =:a C R.

a) If E is a covariant, linear exact functor from R-modules to R'-modules
which is torsion-faithful with respect to (a;) for all i € {1,...,r}, then for
each n € Ny there is a natural equivalence

T B(H (9) S i (E()).

b) If E' is a covariant linear exact functor from R'-modules to R-modules
which is torsion-faithful with respect to (a;) for all i € {1,...,r}, then for
each n € Nox there is a natural equivalence

o™ B (H(e)) = H(E'(e)).

Proof. eea)”: We set S :={ay,...,a,}. For each R-module M and each S-ideal
b C R (see (1.5)) let 15, : ['y(M) — M denote the inclusion map. According
to (1.11)B)b) the functor E is torsion-faithful with respect to each S-ideal b,
and for each S-ideal b and each R-module M, we get an isomorphism

el t B(Ty(M)) = Tor (E(M))
induced by E(:5,). In particular we have a natural equivalence

e =c: B(Ta(e)) = Tur(E(e)).



11
So, by right-derivation we get for each n € Ny a natural equivalence
R : RMEoTy)(8) = R"(Tap 0 E)(e).
As F is exact, we also have a natural equivalence (see [Br-Fu-Ro] (5.3)B))
V" (Eo HY(e) = (E o R"T,)(8) = R™(E o Ty)(e).

Now, let I be an injective R-module and let b C R be an S-ideal. Then
['y(1) is injective (see [Br-Fu-Ro] (3.14)) and hence quasi-divisible (see (1.2)B)).
By (1.11)C)a) it follows that the R-module E(I'y(I)) is quasi-divisible with
respect to f(S). In view of the above isomorphism &Y it thus follows, that
I'yr (E(I)) is quasi-divisible with respect to f(S). This means that the R'-
module 'y (E(I)) is quasi-divisible with respect to f(S) for each f(S)-ideal
b’ C R'. As aR' belongs to these ideals, it follows by (1.6), that

R'Tar (E(I)) = Hop (E(I)) = 0

for all n > 0. But in view of (1.8), this means that for each n € Ny we have a
natural equivalence

V' R (Ta 0 B)(8) = (R'Tapy 0 E)(o) = Hijy (E(e)).
So, for each n € Ny we end indeed up with a natural equivalence

T = o RMe 04" E(H, (e)) - Hp (E(e)).

ebe)”: The proof of this statement is similar to the proof of statement a), and
we leave it as an exercise. ]

In the next result we use the notation *H" := R" *I', as done already earlier.

1.13. Theorem. Let f : R = @®pez R, — R = ®nez R, be a homomorphism
of graded Noetherian rings. Let ai,as,...,a, € R" = U,czR, be homogeneous
elements and consider the graded ideal (ay,as,...,a,) =:a C R.

a) If E is a covariant linear exact functor from graded R-modules to graded
R’ -modules which is torsion-faithful with respect to (a;) for alli € {1,...,r},
then, for each n € Ny there is a natural equivalence

5.0 E(*H}(e)) = ar (E(9)).

b) If E' is a covariant linear exact functor from graded R'-modules to graded
R-modules which is torsion-faithful with respect to (a;) for alli € {1,...,r},
then for each n € Nq there is a natural equivalence

O B () S H(E (0))

Proof. This proof is similar as the one of (1.12) and is obtained just by “trans-
lation to the graded setting”. We suggest it as an exercise. 0J
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1.14. Remark and Exercise. A) The natural equivalences established in
(1.12) and (1.13) are indeed even natural with respect to taking right derived
sequences. This means, that they also commute with connecting homomor-
phisms in cohomology sequences associated to short exact sequences. To see
this, one has to prove the corresponding naturality of the natural equivalences
~™ and v"™, which came up in the proof of (1.12). As for the equivalences v™,
we gave some hint to this in (1.8)E).

B) If we apply (1.12)b) in the situation, where E’ is the functor e [ of scalar
restriction (see (1.10)B)), and observe what is said in part A), we obtain the
Base Ring Independence of Local Cohomology, where as applying (1.13)b) to
the graded scalar restriction functor, we get the Graded Base Ring Indepen-
dence of Local Cohomology.

C) Now, let f : R — R’ be a flat homomorphism of Noetherian rings, so
that the (covariant,linear,right exact) tensor product functor with R’ from R-
modules to R’-modules

R ope: (M2 N)m (R o M 22 B op N),

(where R’ ®p h is given by 2’ ® m — 2’ ® h(m)) is exact. It is easy to verify,
that this functor satisfies the requirement (1.10)C)a) for each ideal a C R.
Therefore we may say on use of (1.10)C)a) and (1.12)a):

a) The exact functor R’ ®p e is torsion-faithful.
b) For each ideal a C R and all n € N there is a natural equivalence

0 R'@pe . pf ®@p H!(e) =N HQLR,(R/ QR o).

This is nothing else than the Flat Base Change Property of Local Cohomology.

In these lectures, we shall mainly have to use a special graded version of the
Flat Base Change Property of Local Cohomology. We pave the way for this in
our next remark.

1.15. Remark and Exercise. A) Now, assume that the Noetherian ring R =
Bnen, Ry is positively graded and let fy : Ry — R{ be a flat homomorphisms
of Noetherian rings. We consider the Rj-algebra R := Rj ®pg, R which carries
a canonical grading and thus may be written in the form

R :=R{®n, R= P Ry @ R,.
n€Np

We canonically identify Ry ®g, Ry = Rf. As R is Noetherian and positively
graded, there are finitely many homogeneous elements 1, ..., x, € R such that

R = Ry[zq, ..., x,].
From this it follows, that
R = Ry[1®x1,...,1® x,].
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As R’ is Noetherian, we see in particular, that R’ is Noetherian, too. Observe
in addition, that we have a homomorphism of graded rings

J:R— R =Ry®p, Rr—1®u.

B) Keep the previous hypotheses and notations. Let M = @,z M, be a graded
R-module. Then M’ = Ry ®r, M = R' @, M [, is an R'-module (we omit
to write the functor [, henceforth) carries a natural grading and thus may be
written in the form

M' = Ry ®p, M = @®pez Ry Qr, M,,.

Observe, that the R’-module M’ is finitely generated, if the R-module M is.
As R} is a flat Rp-algebra, we now get a (covariant, linear) exact functor from
graded R-modules to graded R’-modules

/
0®Rgy

R/® . h / R h /
0 Qr,®: (M = N) s (Ry®p, M ——— R ®p, N).

It is again easy to verify, that this functor satisfies the graded version of the
requirement in (1.10)C)a) for each graded ideal a C R. So, by the graded
version of (1.10)C)a) and by (1.13)a) we may conclude

a) The exact functor R ®@p, ® is *torsion-faithful.
b) For each graded ideal a C R and all n € Ny there is a natural equivalence

/ >~
= e Ry®-Roe Ry ®r, *H (8) = *Hl'% (Ry g, ®).

c) For each graded ideal a C R, each choice of integers n € Ny and ¢ € Z and
each graded R-module M, there is a natural isomorphism of R{-modules

(ri)e : Ry @, "HIM(M), = *Hlg (Ry @5y M),

C) Keep the above notations and hypotheses. Let a C R be a graded ideal
and let M be a graded R-module. As usually, we may use the *equiva-
lence of [Br-Fu-Ro] (8.24) to identify H}(M) = *H} (M) and correspondingly
H?o (M) = *Hl'. (M). In doing so, we may reformulate B)c) as follows

a) For each graded ideal a C R, each choice of integers n € Ny and t € Z and
each graded R-module M, there is a natural isomorphism of R{-modules

(75)e : Ry @y HI(M); = Hl(Ry @gy M)

D) Finally, we consider the specific case, which concerns taking up denomi-
nators in the base ring Ry, and actually is incorporated in what we said in
parts A), B) and C). Namely, let R = D,,c, Ftn be as in part A), let Sy C Ry
be a multiplicatively closed subset and consider the canonical homomorphism
Mo = ns, : Ko — Sy 'Ry. Observe that we have a natural equivalence of
functors

Sy te = Sy Ry ®g, e.
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As the functor S, 'e is exact, the homomorphism 1, is flat, and we may apply
what has been said in parts A), B) and C) with fo = 7y. In particular we can
say:

a) For each graded ideal a C R, each choice of integers n € Ny and t € Z and
each graded R-module M there is a natural isomorphism of Sy~ '-modules

So HN(HE(M),) = Hl 1 5(So™" M)

1.16. Remark. A) (Extensions to the Multi-Graded Case) It would be interest-
ing and very useful in many respects (for example in the understanding of toric
schemes (see [Ro]) to extend the concepts and results which we presented in
this section just for Z-graded rings and modules to rings and modules graded
by arbitrary (finitely generated) Abelian groups G.

B) (Eztensions to Non-Noetherian Rings) Also, inspired by [Ro] one could try
to extend the concepts of quasi-divisibility and its application to situations in
which the (G-graded) ring R is not necessarily Noetherian.



2. SUPPORTING DEGREES OF COHOMOLOGY

In this section, we shall do our first step toward the algebraic definition of
Castelnuovo-Mumford regularity. This naturally leads us to look at the sup-
porting degrees of the local cohomology modules Hh (M) of a finitely generated
graded R-module M with respect to the irrelevant ideal R, of a Noetherian
homogeneous ring R, hence the integers n € Z for which the n-th graded com-
ponent Hy, (M), of H, (M) does not vanish. This shall lead us to generalize
some results in sections 8 and 9 of [Br-Fu-Ro] which were proved there only
for Noetherian homogeneous algebras over infinite fields. We start with a few
preparations.

2.1. Notation and Reminder. A) Throughout this section, let R = ®,cn, R»
be a positively graded Noetherian ring. Keep in mind that the base-ring Ry is
Noetherian and

R = Ro[.fb'l, Ta, ...,.’L’r]
for finitely many homogeneous elements 1, zs, ..., 7, € R := UnE]No R,. Let
R, =(PR.
neN
denote the irrelevant ideal of R.

B) Let M = @, ., M, be a graded R-module. Let us recall the notion of
generating degree of M (see [Br-Fu-Ro] (9.6)D)) defined as

gendeg(M) :=inf{t € Z | M = ZRMn}
n<t
In addition, let us introduce the beginning and the end of M, which are defined
respectively by
beg(M) :=inf{n € Z | M,, # 0},
end(M) :=sup{n € Z | M,, # 0}.

Observe the following facts:

a) If M # 0 is a graded R-module, then beg(M) < gendeg(M) < end(M).
b) If M # 0 is a finitely generated graded R-module, then

—00 < beg(M) < gendeg(M) < oc.

C) Finally observe that we have the Graded Nakayama Lemma, which can be
stated as follows (and proved as an exercise):

a) If M is a graded R-module with —oco < beg(M), N C M is a graded
submodule and a C R, is a graded ideal such that M = N 4 aM, then
N = M.

D) We also shall repeatedly use the Homogeneous Prime Avoidance Principle
(see [Br-Fu-Ro] (10.13)):
15
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a) Let a C Ry be a graded ideal and let py,...,p, € Spec(R) such that a € p;
fori € {1,...,r}. Then, there exists some ¢t € N and some x € a;\J; <, bi-

E) If a C R is a graded ideal, then as done already previously, for each graded
R-module M and all n € Ny we always shall identify

H (M) = "Hi'(M) = R" "Ta(M)

and hence consider H (M) as a graded R-module by means of the *equivalence
shown in [Br-Fu-Ro] (8.24).

We now prove a first result which concerns the supporting degrees of local
cohomology modules over Noetherian positively graded rings with respect to
the irrelevant ideal.

2.2. Proposition. Let M be a finitely generated graded R-module and let
1€ Ny. Then

a) For alln € 7 the Ro-module Hy, (M), is finitely generated.
b) For all n > 0 we have Hy, (M), =0, so that end(Hp, (M)) < oo,

Proof. We proceed by induction on i. First, let ¢« = 0. Clearly H%+(M ) =
I'r, (M) is a graded submodule of M, and hence finitely generated, as R is
Noetherian. Therefore all the graded components Hy, (M), of Hp, (M) are
finitely generated Ro-modules (see [Br-Fu-Ro](9.6)C)). As Hy (M) is gener-
ated by finitely many homogeneous elements each of which is annihilated by
some power of R, we also have H%+ (M),, = 0 for all n. > 0. This proves state-
ments a) and b) for i = 0. Now, let ¢ > 0. In view of the natural isomorphism
of graded R-modules

Hy, (M) = Hy, (M/Tr, (M)

we may assume, as usually, that I'r, (M) = 0. This means that B, ¢ p for
each of the finitely many members p of Assg(M) (see [Br-Fu-Ro] (1.9)). So
by the Homogeneous Prime Avoidance Principle (2.1)D) we find some ¢ € N
and some x € R, such that z does not belong to U,case,ary# = ZDr(M).
Therefore we have an exact sequence of graded R-modules

0— M(—t) > M — M/xM — 0.
Applying cohomology, we get for each n € Z an exact sequences of Ry-modules
H}il(M/xM)n — H§%+(M)n_t % H}%+ (M),

By induction, we find some ng € 7Z such that HEI(M/xM)n = 0 for all n > ny.
So for all these n the multiplication map x : Hp (M), — Hp, (M), is injec-
tive. As the R-module Hy (M) is Ry -torsion, it follows that Hy, (M), =0
for all n > ng. This proves statement b). Now one proves statement a) by
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descending induction starting at ng by means of the above sequences and ob-
serving that by induction the Ry-module H}{:(M )n is finitely generated for all
n € 7. 0

Castelnuovo-Mumford regularity is a notion which basically applies over ho-
mogeneous Noetherian rings. We therefore shall give now a number of prepa-
rations which will allow us to perform certain repeatedly used replacement
arguments relying on flat base ring changes.

2.3. Exercise and Remark. (Flat and Faithfully Flat Base Ring Changes)
A) Let fo : Ry — R{, be a flat homomorphism of Noetherian rings and consider
the Noetherian positively graded ring (see (1.14))

R :=R{®n, R= P R} @r, Rn.

nelNg

By what is said in (1.15)A) it is easy to verify:

a) R\, =R\ R
b) If R is a Noetherian homogeneous Ry-algebra, then R = R ®g, R is a
Noetherian homogeneous R’-algebra.

B) Let the notations and hypotheses be as in part A). In view of (1.15)C) and
(2.2) we can say

a) For each choice of integers n € Ny and t € 7 and each graded R-module
M there is a natural isomorphism of Rj-modules

(Thp)e = Ry @y Hg, (M), - Hiy (Ry ®ry M)

A

b) If the graded R-module M is finitely generated, then the Rj-modules oc-
curring in statement a) are finitely generated and vanish for all sufficiently
large values of t.

C) Very often, we shall apply what is said in (1.15)C) in the special case of lo-
calization at a prime in the base ring. More precisely, we choose py € Spec(Ry)
and perform what is said in (1.15)C) with Sy := Ry \ po. In this situation we
obviously use the traditional but slightly abusive notation (S;)~'e =: e, . By
(1.15)C) we can say:

a) Let pg € Spec(Rp). Then, for each choice of integers n € Ny and t € Z and
each graded R-module M, there is a natural isomorphism of (Ry),,-modules

(HE{+(M>t)P0 — H?Rp0)+<MPO)t'

We express this by saying that localization in the base ring commutes component-
wise with taking local cohomology.
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D) Keep in mind that the homomorphism f, : Ry — R} is faithfully flat if it
is flat and if for each Ry-module M # 0 the R{-module Rj ®g, M does not
vanish, too. Now, in view of B)a) we can say

a) Let the homomorphism fj : Ry — R, be faithfully flat and let n € Ny and
t € 7Z. Then the Rj-module H&(R’ ®p, M); vanishes if and only if the

Ro-module Hy, (M); does.

Later, we shall mainly use two types of faithfully flat base changes. The first
of these concerns the case in which the base ring Ry is a field and the ring R,
is an extension field. We now pave the way for this.

2.4. Exercise and Remark. (Base Field Changes) A) Let K be a field and
let R= K®R B RyD... be a positively graded Noetherian K-Algebra. Let K’
be an extension field of K and keep in mind that the inclusion homomorphism
K — K’ is faithfully flat. We consider the Noetherian positively graded ring

R K’ ®KR: K/@ (K/ XK Rl) &) (K/ RK RQ) D ...
If M = &P, ., M, is graded R-module, we write M’ = €, ., M}, for the graded

R'-module K' ®x M = ,,., K' ®x M,. Now, as the K'-vector spaces M/
and K’ ® M, coincide and in view of (2.4)B)a) we can say:

a) For all t € Z we have dimg (M]) = dimg (M;).
b) For all n € Ny and all ¢t € Z we have dimK/(Hg;(M')t) = dimg (Hg, (M)).

B) Keep all hypotheses and notations of part A). Assume that the extension
field K’ of K is infinite. Observe that R’ is homogeneous if R is (see (2.3)A)),
and that the graded R’-module M’ is finitely generated if the graded R-module
M is. Use (2.2) to show that for each 7 € Ny and any (that is, not necessarily
infinite) field K the notion of i-th cohomological Hilbert function

W o Z— No, = hiy(n) := dimg(Hg, (M),)

as introduced in [Br-Fu-Ro] (9.13) makes sense for any finitely generated
graded module over a positively graded Noetherian K-algebra R. Then, prove
that in this general setting one always may define the characteristic function

Xum L —Z, n— xu(n) = dimg(M,) - Z(—l)zhh(n)
i€Np
of M as defined in [Br-Fu-Ro] (9.14). Prove on use of A)b) that this function
is additive in the sense of [Br-Fu-Ro] (9.15) for any finitely generated graded
module M over a homogeneous Noetherian K-algebra R and is presented by a
polynomial in the sense of [Br-Fu-Ro] (9.17) for an arbitrary field K. So, also
in this more general setting one has for the Hilbert polynomial Py € Q[X]
with Py (n) = xp(n) for all n € Z and Py(n) = dimg(M,,) for all n > 0.

C) Let the notations be as in parts A) and B) and assume that the Noetherian
positively graded K-algebra R is homogeneous. Keep in mind that then for any
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finitely generated graded R-module M # 0 one has the equality dimg(M) =
deg(Py) + 1 for the (Krull) dimension of M, under the convention the 0-
polynomial has degree —1. Show that for any extension field K’ of K and any
finitely generated graded R-module M one has in the above notations:

a) PM/ = PM
b) dimp(M) = dimp (M").

We also shall make use of the Graded Base Ring Independence of Local Co-
homology (see (1.14)B)) in two special instances, which we mention below.

2.5. Remark and Exercise. A) Let R = P, .y, In be a Noetherian posi-
tively graded ring and let M be a graded R-module. Let a = ®n€Zo a, CR
be graded ideal such that aM = 0. Then, we may consider M canonically as a
graded R/a-module. If we do so, the graded R-module M is obtained from the
graded R/a-module M by means of scalar restriction by the canonical homo-
morphism of graded rings f : R — R/a. As (R/a), = (R, +a)/a=(R,)R/a,
and (R/a)y = Ry/ap, the Graded Base Ring Independence of Local Cohomol-
ogy (see (1.14)B) and (1.13)b) and the identification made in (2.1) E), allow
to say:

a) For any choice of integers n € Ny and ¢ € 7Z, any graded ideal a C R
and any graded R-module M with aM = 0 there is an isomorphism of
Ry/apg-modules (and hence of Ry-modules)

H?R/a)jL (M)t i H]’,ZL;+ (M)t
In particular:

b) If K is a field, R is a Noetherian positively graded K-algebra, M is a finitely
generated graded R-module and a C R is a graded ideal such that aM = 0,
the cohomological Hilbert functions h’y, : Z — Z (i € Ny) are the same, if
M is considered as a graded R/a-module or as a graded R-module.

B) Let R = ,,cn, Fin be as in part A), let R' = P, ., I, be a positively
graded ring which is a finite integral extension of R and let the inclusion map
j : R — R’ be a homomorphism of graded rings, so that R, C R/ for all
n € Z. Observe that R’ is Noetherian and make clear that

R+R/ g \/ R+R/ == 1/ R{i_
Conclude that H?%;(M/) = Hp, p(M’) for all n € Ny and all R-modules M".

Now, if we apply (1.14)B), (1.13)b) and (2.1)E) to the functor e [ of scalar
restriction by means of j, we can say

a) For each choice of integers n € Ny and ¢ € Z and for each graded R’-module
M’ there is an isomorphism of Ry-modules

f (M) Try—= Hpy, (M’ ).
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In particular

b) If K is afield and R C R’ are both Noetherian positively graded K-algebras
such that R, C R), for all n € Ny and R’ is integral over R, then for each
finitely generated graded R’-module and all i € Ny we have

h?w/ - h}lw/rR .

2.6. Reminder. We also shall use the Homogeneous Normalization Lemma
which we state in the following form

a) Let K be an infinite field and let R be a Noetherian homogeneous K-
algebra. Then there exist elements z1, 25, -+, 24 € Ry algebraically in-
dependent over K such that R is a finite integral extension of its graded
subring K[zq, 2, -, 4]

b) In the situation of a) we have d = dim(R) and Ry = /{1, 22, -+, z4) R.
2.7. Reminder and Remark. (Cohomological Dimension) A) If a C R is

an ideal of the Noetherian ring R and M is an R-module, the cohomological
dimension of M with respect to a is defined by (see [Br-Fu-Ro](Section 4))

cdq(M) == sup{n € No|H; (M) # 0}.

Keep in mind that by Hartshorne’s Vanishing Theorem (see [Br-Fu-Ro|(4.21))
we have c¢dy (M) < 0.

B) Looking at supporting degrees of the local cohomology modules Hh(M )
of a finitely generated graded module M over a Noetherian homogeneous ring
R naturally leads to study the cohomological dimension cdg, (M) of M with
respect to Ry. Indeed cdg, (M) is the largest value of i for which Hp, (M)
has supporting degrees at all.

Our aim is to express cdg, (M) in terms of “non-cohomological invariants”
which is in fact possible in this situation. We first treat the following special
case:

2.8. Proposition. Let K be a field, let R= K® R, & Ro®--- be a Noetherian
homogeneous K-algebra and let M be a finitely generated graded R-module.
Then

CdR+<M) = dlmR(M)

Proof. By Grothendieck’s Vanishing Theorem [Br-Fu-Ro|(4.11) we already have
cdg, (M) < dimpg(M). It thus remains to show that cdg, (M) > dimg(M). If
M =0, we are done, as cdpg, (0) = dimp(0) = —o0. So let d := dimg(M) > 0.
Assume first that d = 0. Then M,, = 0 for all n > 0 and hence M is R,-
torsion. Therefore Hp (M) = M # 0 and Hp, (M) = 0 for all i > 0. This
gives our claim if d = 0.

So, let d > 0. We proceed by induction on d. Let K’ be an infinite extension
field of K. Consider the Noetherian homogeneous K'-algebra R’ := K' @ R
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and the finitely generated graded R’-module M’ := K’ ®x M. Now, in view of
(2.4)A)b) and (2.4)C)b) we have cdp, (M') = cdg, (M) and dimg (M') = d.
This allows to replace R and M by R’ and M’ respectively and hence to assume
that K is infinite. Now, let a := (0 :r M) be the (graded) annihilator ideal
of M. Then clearly dim(R/a) = dimg/q(M) = d and cd(g/q), (M) = cdg, (M)
(see (2.5)A)a)). This allows to replace R by R/a and hence to assume that
dim(R) = d. According to the Homogeneous Normalization Lemma (see (2.6))
we find elements x1, x9, ..., x4 € Ry algebraically independent over K such that
R is a finite integral extension of its graded subring S := Kl[zy,x, ..., Z4].
Now, clearly M [g is a finitely generated graded S-module of dimension d and
by (2.5)B)b) it holds c¢dg, (M [g) = cdg, (M). So, we may replace R and M
respectively by S and M [¢ and hence finally assume that R = K[z, 2, ..., 24
is a polynomial ring over the field K.

Suppose now, that our claim is not true. Then there is a maximal graded
submodule U C M such that our claim fails for the graded R-module M /U.
By induction we then must have dimg(M/U) = d. This allows to replace M by
M/U and hence to assume that cdg, (M/N) = dimg(M/N) for each non-zero
graded submodule N C M.

Our next aim is to show that Assg(M) = {0}. Assume that this is not the case.
As R is a domain of dimension d = dim(M) we clearly have 0 € Assg(M). As
Assr(M) consists of finitely many graded primes (see [Br-Fu-Ro] (10.3)C)),
we have the proper non-zero graded ideal

a:= (] »pCR

peAssr(M)\{0}

Now N :=I';(M) C M is a graded submodule with Assp(N) C Var(q) and
Assr(M/N) = Assg(M) \ Var(q) = {0} (see [Br-Fu-Ro(1.9)). In particular
we have dim(M/N) = d, and N C M is a non-zero graded submodule with
dimg(N) < d. By our assumption on M, the graded module M /N satisfies
our claim, so that cdg, (M/N) = d. In particular we have Hg (M/N) # 0.
As dimg(N) < d, Grothendieck’s Vanishing Theorem [Br-Fu-Ro](4.11) implies
that HA(N ) = 0 for all @ > d. If we apply cohomology to the short exact
sequence of graded R-modules

0—+N—>M-—M/N—D0,
we thus get an isomorphism
Hy, (M) = Hy (M/N),
which shows that Hj‘%Jr(M ) # 0, and thus contradicts our assumption that

cdg, (M) < d. So, we have indeed Assg(M) = {0} and hence M is torsion-free
over the domain R.
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Now, as M is non-zero, torsion-free and finitely generated, we find an integer
r € N and a monomorphism of R-modules

t:M— R = F
such that P := Coker(¢) satisfies dimg(P) < d, and hence also Hg (P) = 0 by
Grothendieck’s Vanishing Theorem. As the irrelevant ideal R, of our polyno-
mial ring R = K[z, x9, ..., x,] is generated be the R-sequence x1, zs, . .., x4 We
have H§+(R) # 0 (see [Br-Fu-Ro|(4.6)) and hence H&(F) = HI%+(R)®T £ 0.
If we apply cohomology with respect to R, to the short exact sequence

0—+MSF—P—0,

we thus get Hla (M) # 0, which finally contradicts our assumption that
cdg, (M) < d. O

Now, we aim to generalize the previous result to the case where the base field
K is replaced by a local Noetherian ring Rj.

2.9. Proposition. Let R = @neNO R, be a Noetherian homogeneous ring with
local base ring (Ry,mg) and let M be a finitely generated graded R-module.
Then

CdR+<M) = dlmR(M/moM)

Proof. It M = 0, our claim is again obvious. So, let M # 0. Then M, # 0
for some n € Z. As the Ry-module M, is finitely generated, it follows by
Nakayama that (M /moM),, = M, /moM,, # 0, so that M/moM # 0. Therefore
we may proceed by induction on d := dimg(M/moM) starting with d = 0. If
d = 0, we have M, /mgM, = (M/moM), = 0 for all n > 0 and we see again
by Nakayama that M, = 0 for all n > 0. It follows that M is a non-zero
R -torsion module, and hence once more that cdg, (M) = 0.

So, let d > 0. We first show by induction on d that cdg, (M) < d. As
d > 0, clearly M cannot be R, -torsion, so that U := M /T'g, (M) is a finitely
generated non-zero R, -torsion-free graded R-module. Hence by the Graded
Nakayama Lemma it follows that R,U # U (see (2.1)C)). Therefore we have
HA(U) # 0 for some i € Ny (see [Br-Fu-Ro](4.7)). As U has no R, -torsion,
we must have ¢ > 0. In view of the natural isomorphisms H Ijﬁ(M )= H A(U )
for all j > 0, we therefore have cdg, (U) = cdg, (M). Moreover, the kernel
of the canonical epimorphism M/moM — U/myU is R~ torsion and hence of

dimension at most 0. This shows that dim(U/moU) = d. So, we may replace
M by U and hence assume that I'p, (M) = 0.

Now consider the finite sets of graded primes
A = Assg(M), B :=min(0 :g M/moM) C "Spec(R).

As T'p, (M) = 0, we have Ry ¢ p for all p € A (see [Br-Fu-Ro](1.9)). Now,
let p € B. Then my C p & my + Ry, as equality in the second inclusion
would imply that the set B consists only of the unique graded maximal ideal
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my + R, of R, and hence lead to the contradiction that d = 0. This implies
that R, ¢ p for all p € B. So for each p € AU B we have R, ¢ p, and hence
by the Homogeneous Prime Avoidance Principle (2.1)D) we find some ¢ € N

and some
peAUB

As z avoids all members of B we have dimpg((M/moM)/x(M/moM)) < d—1
and in view of the canonical isomorphisms

(M M) fmo(M /2 M))2M /(oM + 2 M)2(M fmg M) /(M [mo M)
we obtain
dimg((M/xM)/mo(M/2zM)) < d — 1.

So, by induction we have cdg, (M/xM) < d — 1 and hence Hﬁ{j(M/xM) =0
for all i > d. As z avoids all members of A, we have © € NZDg(M) and hence
a short exact sequence

0— M(—t) = M — M/xM — 0.
Applying cohomology we see that the multiplication map
Hp, (M)(—t) = Hp, (M)

is injective for all > d. This implies as usually that Hy (M) = 0 for all i > d,
and hence that indeed cdp, (M) < d.

It thus remains to show that cdg, (M) > d, hence that H (M) # 0. To this
end, consider the short exact sequence

0—=myM — M — M/m¢M — 0
and the exact sequence of R-modules
H (M) 5 Hy, (M/moM) — HE (moM)
induced in cohomology. As (0 :x M/moM)mgM C my>M, we have
(0 ‘R M/moM) - (O ‘R mOM/mOQM)

and hence dimg(moM/mp?M) < d. By what we have already shown it follows
that cdg, (moM) < d, so that Hﬁ:l(mgM) = 0 and hence 7 is an epimor-
phism. Observe that dimp/m,r(M/meM) = d and that R/moR is a Noether-
ian homogeneous algebra over the field Ry/my. Therefore by (2.8) we have
H E"R Jmor)s (M/moM) # 0. In view of the base ring independence stated in
(2.5)A)a) (applied with a = mgR) it follows that Hg (M/moM) # 0 and so
the epimorphism 7 yields that Hf (M) # 0. O

Now, we can give the announced characterization of the cohomological dimen-
sion of a finitely generated graded module over a Noetherian homogeneous ring
in its full generality.
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2.10. Theorem. Let R = @neNo R, be a Noetherian homogeneous ring and
let M be a finitely generated graded R-module. Then
cdp, (M) = max{dimg(M/moM) | my € Max(Ry)}
= max{dimg,, (Mmn,/moMun,) | mo € Max(Ry)}
= max{dimeo (My,/PoM,,) | o € Spec(Ry)}.

Proof. We set
c:=cdgr, (M),d := max{dimg(M/moM) | mg € Max(Rp)},

a = max{dimg,, (Mmn,/moMn,M) [ mg € Max(Ry)},
and
b := max{dimg, (My,/PoMy, M) | po € Spec([)}.

Now, let i € Ny and n € 7Z, Then, in view of (2.3)C)a) and the Local-Global
Principle for the Vanishing of Ry-modules the following statements are equiv-
alent:

(i) Hp, (M)

0;
(ii) H(iRmO)Jr(Mmo)n = (Hp, (M)n)m, = 0 for all mg € Max(Ry);

(iii) H(iRpOM (Myy)n = (Hp, (M)y)y, = 0 for all py € Spec(Ro).

On use of (2.9) it follows immediately that ¢ = a = b. To prove a = o

observe that for each my € Max(Ry) and each R-module M we have a canonical
isomorphism of R-modules M /mgM = My, /moMp, . O

Now, we can prove a basic result on the supporting degrees of local cohomology
modules over Noetherian homogeneous rings, which later will justify our defi-
nition of Castelnuovo-Mumford regularity. We begin with a few preparations,
which we will be of use in its proof.

2.11. Exercise and Remark. (Faithfully Flat Local Homomorphisms) A) A
homomorphism of local rings f : R — R’ is a homomorphism f of rings such
that (R,m) and (R',m’) are both local and f(m) C m’. Show that a flat
homomorphism of local rings is faithfully flat.

B) Let (R, m) be alocal ring, let X be an indeterminate and show the following.

a) The ring R' := R[X]mg[x) is local with maximal ideal m’ := mR' and
#R'/m' = c0.

b) The canonical map f : R — R/, given by a — a/1 is a faithfully flat
homomorphism of local rings.

2.12. Exercise. (Strict Homogeneous Prime Avoidance) Let R = D, o, Fn
be a Noetherian homogeneous graded ring, whose base ring (Ry, mg) is local
and has infinite residue field Ry/mg. Let py,pa,...,p,. € Spec(R) be finitely
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many graded prime ideals such that R, € p; for all i € {1,2,---,r}. Show (if
you like on use of [Br-Fu-Ro](9.8)a)), that there is some element

xERl\ U Pi-

1<i<r

2.13. Theorem. Let R = @neNO R, be a Noetherian homogeneous ring and
let M be a finitely generated graded R-module. Set M := M /T, (M).

a) Ifl € N and r € Z are such that H (M),41-; = 0 for all i > 1, then
end(H}ﬁ(M)) <r—iforalli>I.

b) Ifl € N and r € 7 such that Hp (M), = 0 for all i € {1,2,--- 1}
and M,y = 0, then beg(M) > r and beg(Hy, (M)) > r —i for all i €
(1,2, 1},

¢) If c:=cdp, (M) > 0, then a := end(Hg, (M)) € Z and Hg (M), # 0 for
alln < a.

d) If M #0, then H (M), # 0 for all n with beg(Hp, (M)) < n < beg(M)
and M, # 0 for all n > beg(M).

Proof. “a)”: Let | € N and r € Z such that Hp (M),41 = 0 for all i > I.
We have to show that H}‘é+ (M)sy1—; = 0 for all ¢ > [ and for all s > r. By the

Local-Global Principle for the vanishing of Ry-modules it suffices to show that
(see also (2.3)C)a))

Hig, . (Myg)st1-i = (Hp, (M)g41-i)p, =0

for alli >, all s > r and all py € Spec(Ry) under the hypothesis that we have
this vanishing statement in the case s = r. So, we may fix py € Spec(Ry) and
replace R and M respectively by R, and M, . This allows to assume that the
base ring (Rg, mg) is local and to restrict ourselves to show that le;h(M )s41—i
vanishes for all ¢ > [ and all s > r, provided it does so in the case s = r.

By (2.11)B) there is a faithfully flat Noetherian local Ry-algebra (Ry, my) with
infinite residue field R/m{. Now, consider the Noetherian homogeneous Rj-
algebra R’ := Rj ® R and the finitely generated graded R'-module M’ :=
RG® M. Then, for all i € Ny and all n € Z the Ro-module Hy, (M), vanishes
if and only if the Rj-module H}Z'%;(M’)n does (see (2.3)D)a)). This allows to

replace R and M respectively by R’ and M’ and hence to assume that the
local base ring (Ry, mg) has infinite residue field Rq/my.

As R is a homomorphic image of a polynomial ring over the Noetherian local
(and hence finite-dimensional) ring Ry, we have dim(R) < oo and hence d :=
dimg(M) < oo. So, we may prove our claim by induction on d. The case
d < 0 is clear as then Hy (M) = 0 for all i > 0 by Grothendieck’s Vanishing
Theorem.
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So, let d > 0. As our claim concerns only local cohomology modules Hh(]\/[ )
with ¢ > 0, and as dimg(M/I'g, (M)) < dimg(M) = d we can as usually
replace M by M/T'g, (M) and hence assume that I'g, (M) = 0. Therefore we
have Ry ¢ p for all p € Assg(M) (see [Br-Fu-Ro](1.9)). Hence by the Strict
Homogeneous Prime Avoidance Principle (2.12) we find some

reR\ |J pCNZDr(M).
pEAssp(M)
So, we have
dimp(M/zM) < d—1
(see [Br-Fu-Ro](4.10)B)c)) and a short exact sequence of graded R-modules
0— M(—=1) 5 M — M/xM — 0.

If we apply cohomology to this sequence, we get short exact sequences of Ry-
modules

Hp, (M)e—1ys1—i = Hp, (M) = Hp, (M/2M g1 = Hp (M) 111
for all i > [ and all s > r. If we choose s = r and consider the last three terms
in the resulting sequences, we see that Hy (M/xM),;,; = 0 for all i > 1.

Therefore, by induction we have Hy, (M/xM). ;= 0 for all all i > [ and all
s >r. So, for all i > [ and all s > r we have an epimorphism

H§%+(M)(s—1)+1—i - Hlilﬁ (M)g41- — 0.
As Hp (M),41-; =0 for all i > I, we now get our claim.
“b)”: We have to show that
Hp (M)s_1_; =0,Vi € {1,2,--- 1}

and

Ms—l - 0

for all s < r, provided we have these vanishing statements for s = r. As in
the proof of statement a), we can assume that the base ring (Rg, mg) is local
with infinite residue field Ry/my and proceed by induction on d := dimg(M).
Again, the case d < 0 is clear, so that we can assume that d > 0. As in
the proof of statement a) we can again assume that I'p, (M) = 0 and hence
M = M, and also as in the proof of statement a) we thus find some element
x € Ry NNZDg(M). Consequently we have dimp(M/xM) < d — 1 and short
exact sequences of Rp-modules

Hg'(M)s—y — Hp {(M/xM),; — Hp (M)s1i = Hg, (R)(sr1)-1-
for all i € {1,2,---,{} and all s <.

Now first of all, as I'g, (M) = 0 and M,_; = 0, we have M,y = M,_; =0 for
all s < r. It remains to show that Hh(]\/[)s,l,i =0foralliwithl <i<I
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and all s < r. By what we just have shown, it follows that (M/xM),_; = 0
and hence

[(M/aM)/Tg, (M[zM)]s—y = 0,Tr, (M/xM)s—y = Hp (M/xM),y =0
for all s < r. Moreover, if we apply the above exact sequence with s = r we
see that H}_il(M/:vM)r,l,(i,l) =0 for all : € {2,3,---,1}. So, by induction,
we have H}il(M/xM)s,l,(i,l) = 0 for all these 7. So, for all ¢ with 1 <7 <
and all s < r we have a monomorphism

0— H}L%Jr (M)Sflfi — le:i+ (M)(SJrl),l,i.
As H}%+ (M),—1_; =0 for all + with 1 <4 <, we get our claim.
“c)”: This follows immediately from statement a).

“d)”: This follows easily from statement b). O

We now aim to extend of our last result to sheaf cohomology. We start with a
few preparations.

2.14. Reminder and Exercise. A) (The Serre-Grothendieck Correspondence)
(See [Br-Fu-Ro] (Section 12)) Let R = €P,,c, Itn be a Noetherian homoge-
neous ring and set X := Proj(R). Let F be a coherent sheaf of Ox-modules so
that F = M for some finitely generated graded R-module M. For each n € 7Z
let F(n) denote the n-th twist of F. Keep in mind that by [Br-Fu-Ro](9.5)C)

we can write F(n) = M(n). We now make the identification of the com-
posed functor H'(X,e) with the functor H'(X, e) := R (5(X))(e) as sug-
gested in [Br-Fu-Ro|(12.9)C). Then the Serre-Grothendieck Correspondence
[Br-Fu-Ro](11.14) yields:

a) There is an exact sequence of Ry-modules
0— Hp (M), — M, — H°(X,F(n)) = Hp (M), — 0.
b) For each i € N there is an isomorhism of Ry-modules
H'(X, F(n))=HE ! (M),
B) (Zero Sheaves) Keep the notations and hypotheses of part A). Let Ux
denote the set of all open subsets U C X. The zero sheaf is the the sheaf of
Ox-modules defined by the assignment U ~ 0 for all U € Ux. The zero sheaf

is denoted by 0. Show that the property of being the zero sheaf is indicated
by the vanishing of stalks:

a) For a sheaf F of Ox-modules one has F = 0 if and only if F, = 0 for all
reX.

Show in addition

b) If M is a graded R-module which is R, -torsion, then M = 0.
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It is more challenging to show that indeed also the converse of statement b)
holds, namely:

c) If M is a graded R-module with M = 0, then M is R, -torsion.

C) (Homomorphisms of Sheaves of Modules) Let F and G be sheaves of Ox-
modules. A homomorphism of sheaves of Ox-modules from F to G is a homo-
morphism A : F — G of sheaves of Abelian groups such that for each U € Uy
the homomorphism of Abelian groups A(U) : F(U) — G(U) is a homomor-
phism of Ox (U)-modules. Make clear that the composition of homomorphisms
of Ox-modules is again a homomorphism of sheaves of Ox-modules. Make
clear, that for each sheaf F of Ox-modules the identity homomorphism idz
is a homomorphism of sheaves of Ox-modules. Show that for two homomor-
phisms g, h : F — G of sheaves of O-modules one has

a) g = h if and only if h, = g, for all x € X.

Clearly as usually a homomorphism h : F — G of sheaves of Ox-modules is
called an isomorphism if there is a homomorphism h : G — F of sheaves of Ox-
modules such that go h =idr and h o g = idg. In this situation, g is uniquely
determined by h, also an isomorphism of sheaves of Ox-modules, denoted by
h~! and called the inverse of h. Make clear that the composition h o g of two
isomorphisms of sheaves of Ox-modules is again an isomorphism of sheaves of
Ox-modules and that (hog)™' = g7' o h~'. Show that for a homomorphism
h: F — G of Ox-modules the following statements are equivalent

(i) A is an isomorphism of sheaves of Ox-modules.

(ii) hy: Fy — G, is an isomorphism of Ox ,-modules for all z € X.

(iii) A(U) : F(U) — G(U) is an isomorphism of Ox(U)-modules for all U €
Uy.

As usually, we say that two sheaves F and G of O x-modules are isomorphic and
write F = G if there is an isomorphism of sheaves of Ox-modules h : F — G.

D) (Induced Homomorphisms of Sheaves of Modules) Make clear, that the
functor

o (M Ny (ML N
of taking induced sheaves (see [Br-Fu-Ro|(12.9)A)) is indeed an exact functor
from graded R-modules to sheaves of Ox-modules. Show the following facts:

a) If 0 - U - M % N = V = 0is an exact sequence of graded R-
modules such that U and V' are R, -torsion modules, then h:M — N is
an isomorphism of sheaves of Ox-modules.

b) If M is a graded R-module, then M%M/FR+(M).
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2.15. Definition. (Cohomological Patterns) Keep the above notations and
hypotheses of (2.14). Then we define the cohomological pattern of F by:

P(X,F)=P(F):={(i,n) € Ng x Z | H'(X,F(n)) # 0}.
We define the cohomological dimension of F as
cdx (F) :=sup{i € Ny | ({i} x Z) N P(F) # 0}.
By statement (2.14)A)b) we see that F # 0 implies cdx(F) = cdg, (M) — 1.

Now we are ready to prove the announced application of (2.13) to sheaf coho-
mology. We do this in the form of a structure result on cohomological patterns.

2.16. Theorem. Let R = @nE]No R,, be Noetherian homogeneous ring, let X :=
Proj(R), let F # 0 be coherent sheaf of Ox-modules and let P = P(X,F)
denote the cohomological pattern of F. Then

a) There is some n € Z with (0,n) € P

b) For alli € N and all n > 0 it holds (i,n) ¢ P.

c) If (i,n) € P, then there is some k > i such that (k,n —k+i—1) € P.
d) If (i,n) € P, then there is some | < i such that (I,n —1+1i+1) € P.

Proof. All three statements follow readily from (2.13) by means of the Serre-
Grothendieck Correspondence (2.14)A)a),b) and the obvious replacement of
M by M/Tg, (M) allowed by (2.14)D)b). We suggest to perform this a an
exercise. 0J

2.17. Remark. (Around Cohomological Patterns) A) Let the notations be as
in (2.16). One might present the cohomological pattern P of the sheaf of
Ox-modules F # 0 in a diagram with horizontal n-axis and vertical i-axis,
marking the place (i,n) € Ny x Z by e if (i,n) € P and by o otherwise. Then,
the four statements of (2.16) respectively say:

a) One finds a e on the bottom row.
b) Except on the bottom row one finds only o’s far out to the right.

c) If there is a diagonal consisting entirely of o’s above a certain level i, there
are no e’s right of this diagonal above level 1.

d) If there is a diagonal consisting entirely of o’s below a certain level i, there
are no e’s left of this diagonal below level i.

Observe in particular, that as a consequence of these properties of P we get:

e) If there is a @ on the bottom level, then right of it on the bottom level there
are only e’s.

f) If there is a @ on the top level ¢ := cdx(F), then left of it on the top level
c there are only e’s.
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B) (Tameness) Keep the above notations and hypotheses. Let i € Ny. Then,
the cohomological pattern P is said to be tame at level i, if one of the following
requirements is satisfied:

(i) (i,n) € P for all n < 0;
(i) (i,n) ¢ P for all n < 0.

We express this also by saying, that F = M is cohomologically tame at level
i. According to the Serre-Grothendieck Correspondence (see (2.14)) this is
equivalent to the fact that the Rg-module Hy (M), either vanishes for all
n < 0 or else does not vanish for all n < 0. We express this by saying that
the finitely generated graded R-module M is cohomologically tame at level
t + 1. We say hat the pattern P is tame at all, if it is tame at all levels .
Correspondingly we say that the coherent sheaf F of Ox-modules respectively
the finitely generated graded R-module M is (cohomologically) tame at all, if
it is so at all levels . Now. let » € N. Then we have the following Realization
Result for Tame Patterns (see [Br-Hel):

a) Let P C {0.1,---,7} X Z be an arbitrary set which satisfies the pat-
tern requirements a),b),c),d) of (2.16) and the the above tameness con-
dition at all levels ¢ € {0,1,---,r}. Let K be a field and let P} =
Proj(K[Xo, X1, -+, X,]) be the projective r-space over K. Then, there
is a coherent sheaf of O]p}"{ -modules F such that

P(P}, F) = P.

C)(The Tameness Problem) It is quite natural to ask, whether at least over
a polynomial ring R = K[Xo, X3, -+, X,] over a field K, one can character-
ize in combinatorial terms all sets P C {0,1,--- ,r} x Z which occur as the
cohomological pattern of a coherent sheaf F of Opr. = Opyojr)-modules. If
we knew, that all such coherent sheaves (or equivalently: all finitely generated
graded R-modules) where cohomologically tame, then statement B)a) would
answer affirmatively this question. For a while it was indeed an open prob-
lem, whether all cohomological patterns are a fortiori tame (see [Br4], [Br6))
(at all levels). There are indeed many results, proving tameness of a finitely
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generated graded module M over a Noetherian homogeneous ring R at partic-
ular levels or under certain assumptions on R - or else on M (see [Br6], [Br7],
[Br-Fu-Lim], or also [Br-He], [Lim3], [Rott-Seg] for example). Nevertheless in
[Ch-Cu-Her-Sr]| a striking counter-example is constructed. Namely, it is shown
there:

a) There exists a Noetherian homogeneous domain R = P, .y, fn, of finite
type over the complex field C with dim(R) = 4 and dim(Ry) = 3 such that
M = R is not cohomologically tame at level 2 (or equivalently Op,oj(r) is
not cohomologically tame at level 1).

This immediately shows, that even over polynomial rings over € the mentioned
Tameness Problem finds a negative answer.

D)(The Realization Problem for Smooth Complex Projective Varieties) Let
X = Proj(R) be a smooth connected complex projective variety of dimen-
sion at least 2, so that R is a Noetherian homogeneous integral C-algebra such
that the local ring Ox, = Ry, is regular for all z = p € X = Proj(R). Then,
by the Vanishing Theorem of Kodaira [Ko] one has H (X, Ox(n)) = 0 for all
i < dim(X) = dim(R) — 1 and all n < 0. By another result of Mumford
and Ramanujam [Mu2] one has the same vanishing statement for i = 1 under
the weaker assumption that X is normal. So, one is naturally lead to ask the
following realization question:

a) Let d > 2 be an integer and let P C {0,1,---d} x Z be a set which satis-
fies the pattern requirements (2.16)a),b),c),d) and the additional positivity
condition that (i,n) ¢ P if i < d and n < 0. Does there exist a smooth
(or only normal) complex projective variety X (of dimension d) such that

Px(X,0x)="P?

We do not know the answer to this question, even in the surface case, that is
in the case d = 2. In [M] a method is given, which allows to realize by smooth
surfaces a great variety of positive patters as discussed above. We also should
mention that by the Non-Rigidity Theorem of Evans-Griffiths [Ev-Gri] (see
also [Mi-N-P]) there are realization results of the above type in which indeed
more than the cohomological pattern is described. Nevertheless, these results
allow a realization only up to an eventual shift of the pattern and do not allow
to control the last supporting degree the top cohomology groups. Therefore
they do not answer our question. Another, local realization result, similar to
those just quoted, is given in [Br-Sh2].

E) (Extensions to the Multi-Graded Case) The study of supporting degrees
over rings who carry more general gradings is a surprisingly complex subject,
which found much attention in the past two decades, partly motivated by toric
geometry (see [Ro]). We just want to mention here [Br-Sh3] which concerns
the case of Z"-gradings.



3. CASTELNUOVO-MUMFORD REGULARITY

Now, we are ready to define the notion of Castelnuovo-Mumford regularity
and to derive some of its general properties. We first give a purely algebraic
definition of Castelnuovo-Mumford regularity in terms of ends of local coho-
mology modules as given by Ooishi [O]. We observe a few basic properties
of this new invariant. Then, we prove that Castelnuovo-Mumford regularity
provides an upper bound for the generating degree and treat the basic example
of a polynomial ring. After this purely algebraic exposition, we turn to the
original sheaf-theoretic definition af Castelnuovo-Mumford regularity as given
by Mumford [Mul]. Then we attack the main result of this section, which says
that Castelnuovo-Mumford regularity provides an upper bound for the least
order needed to twist a coherent sheaf to become generated by global sections.

3.1. Notation. Throughout this section let R =
homogeneous ring.

neNg Ln be a Noetherian

3.2. Definition. (Castelnuovo-Mumford Regularity) Let M be a finitely gen-
erated graded R-module and let [ € Ng. We define the Castelnuovo-Mumford
reqularity of the finitely generated graded R-module M at and above level | by

reg' (M) = sup{end(Hp (M))+i|i>1}.
Observe that by (2.2) and as cdg, (M) < oo, we have
reg' (M) € Z U {—oc}.
The Castelnuovo-Mumford reqularity of M is defined by
reg(M) := reg”(M).

From now on, we prefer just to speak of regularity instead of Castelnuovo-
Mumgford reqularity.

In the following exercise we collect a few simple facts which we shall repeatedly
use later.

3.3. Exercise. A) (Properties of Generating Degrees) Let M be a finitely
generated graded R-module. Prove the following statements.

a) For all n € Z one has gendeg(M (n)) = gendeg(M) — n.
b) If 0 - L - M — N — 0 is an exact sequence of finitely generated graded
R-modules, then

gendeg(N) < gendeg(M) < max{gendeg(L), gendeg(N)}.

c) gendeg(M) = max{gendeg(M,,) | po € Spec(Ro)}.
d) If R} is a Noetherian faithfully flat Ry-algebra, the finitely generated graded
module
M’ = Ry @p, M = EP R} @r, M,

neZ
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over the Noetherian homogeneous ring
R := Ry @, R= P R @r, Ra
n€Ng
satisfies
gendeg(M') = gendeg(M).

e) If b € R is a graded ideal such that bM = 0, the generating degree of M as
an R/b-module is the same as the generating degree of M as an R-module.

B) (Properties of Regularity) Now, let M be a finitely generated graded R-
module and let [, k € Nj. Then, concerning regularities, one has the following
statements:

a) If k > 1 then regh(M) < reg/(M).
b) For all n € Z one has reg!(M(n)) = reg(M) — n.
) reg(M) = max{end(T'g, (M)),reg*(M)}.
) reg(M/Tr, (M)) = reg M/, (M)) = reg! (M) < reg(M).
) M =Tpg, (M) if and only if reg! (M) = —oc.
M =0 if and only if reg(M) = —oc.
) xeg! (M) = max{reg!(M,,) | po € Spec(Ro)}.
) If R}, R’ and M’ are as in statement A)d), then reg!(M’) = reg!(M).

i) If b C R is as in A)e), reg!(M) does not change if we consider M as an
R/b-module.

oo

= @

=]

—

C) (Behaviour of Regularity in Short Ezact Sequences) Now let
0O—=+L—-M-—=N=0

be an exact sequence of finitely generated graded R-modules and let [ € Nj.
Then

a) reg(L) < max{reg(M),reg(N) + 1}.

) reg!t(L) < max{reg (M), reg!(N) + 1}.
) reg'(M) < max{reg!(L),reg!(N)}.

d) reg!(N) < max{reg™}(L) — 1,reg!(M)}.

o T

D) (Alternative Characterization of Regularity) Finally, use (2.13) to show that
for all [ € Ny and each finitely generated graded R-module M one has:

reg' (M) =inf{r € Z | Hy (M),41-; = 0,Vi > I}.

Our first aim is to compare generating degrees with regularity.
3.4. Proposition. Let M be a finitely generated graded R-module. Then
gendeg(M) < reg(M).
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Proof. By (3.3)A)c) and (3.3)B)g) we may immediately assume that the Noe-
therian base ring (R, mg) is local. Now, by (2.11) there is a Noetherian local
faithfully flat Ro-Algebra (Rj, m;) with infinite residue field R{/m{. So, in
view of (3.3)A)d) and (3.3)B)h) we may assume that Ry/mg is infinite. If
M =0, our claim is obvious. So, let M # 0.

We proceed by induction on d := dimg(M)(€ Np). If d = 0, we have

Hy (M), =M # 0 and Hy (M) = 0 for all i > 0, and hence gendeg(M) <

end(M) = reg(M). So, let d > 0 and consider the short exact sequence
0—=Tr (M)—M— M/Tr, (M) —0.

As gendeg(T'r, (M)) < end(Hp, (M)) < reg(M) and in view of (3.3)A)b) it
suffices to show that gendeg(M/T'g, (M)) < reg(M). In view of (3.3)A)d) it is
indeed even enough to show that gendeg(M/I'g, (M)) < reg(M/T'r (M)).
As dim(M/T'g, (M)) < d and in view of the isomorphisms of graded R-
modules Hp, (M) 5 Hy (M/Tg, (M)) for all i > 0 we thus may replace
M by M/T'p (M) and hence assume that I'r, (M) = 0. So, as usually by
the strict Graded Prime Avoidance Principle (2.12) we find some element
x € Ry N NZDg(M). We consider the short exact sequence of graded R-
modules
0— M(—=1) 5 M — M/xM — 0.
As dim(M/xM) < d we get by induction that
g := gendeg(M /xM) < reg(M/zM).
By (3.3)B)a),b) we have reg(M(—1)) < reg(M) + 1 and so (3.3)C)d) implies
that
reg(M/xM) < max{reg'(M(—1)) — 1,reg(M)} < max{reg(M),reg(M)},
so that g" <reg(M). With N := >~ _  RM, we thus have (N +zM)/zM =
M/xM, hence M = N + xM. So by (2.1)C)a) we end up with N = M and
hence with gendeg(M) < ¢’ < reg(M). O

3.5. Example. Let r € Ny and consider the polynomial ring
R := Ro[X1, Xo, -+, X,].
We aim to show that
reg(R) = reg(Ro[X1, X2, -+, X;]) =0.

By (3.4) we already know that reg(R) > gendeg(R) = 0. It thus remains to
show that reg(R) < 0. Observe that the ideal R, C R is generated by the R-
sequence Xy, X, - -+, X, so that Hy (R) = 0 for all i # r (see [Br-Fu-Ro](4.3)
and (4.19)). It thus remains to show that end(Hp, (1)) < —r. We do this by
induction on 7.

If r = 0 our claim is clear as H)(R) = R = Ry in this case. So, let r > 0 and
consider the canonical homomorphism of graded Ry-algebras

TR = Ro[X1,Xa, -+, X;] = R = Ro[X1, Xo, -+, Xp 1]



35

given by X; — X, for all i € {1,2,...,7 — 1} and X, — 0. By induction,
we have end(HE/:l(R')) < —r + 1. If we consider R’ as a graded R-module

by means of 7 and keep in mind that R, R = R/, the Graded Base Ring
Independence of Local Cohomology (see (1.14)B)) teaches us, that we have
end(Hﬁ;l(R’ )) < —r + 1. But now the short exact sequence of graded R-
modules

05 R(-1) 2R R =0

induces short exact sequences of Ry-modules
T— T X T
HR+1<R/)'N/ — HR+ (R)n_l — HR+ (R)n

which show that multiplication by X, yields a monomorphism H§+(R)n,1 —
Hp, (R), for all n > —r+2. But this shows a usually that Hp, (R) = 0 for all
n>—r+ 1.

Now, we shall define Castelnuovo-Mumford regularity in sheaf theoretic terms,
as this was originally done by Mumford.

3.6. Definition. (Castelnuovo-Mumford Regularity of Sheaves) A) Let R =
@D.,.cn, [tn be our Noetherian homogeneous ring, set X := Proj(R) and let
F be a coherent sheaf of Ox-modules. We define the Castelnuovo-Mumford
reqularity of F by:

reg(F) :=inf{r € Z | H(X, F(r —i)) = 0,Vi > 0}.
As in the case of modules, we speak just of regularity from now on.

3.7. Exercise and Remark. A) (Comparison with Regularity of Modules)
Let the notations and hypotheses be as in (3.6). Keep in mind, that there is

a finitely generated graded R-module M such that F = M (see [Br-Fu-Ro]
(12.2)D)). Show on use of the Serre-Grothendieck Correspondence that

reg(F) = reg®(M).

and conclude that

reg(F) € Z U {—o0}.

B) (Regularity and Patterns) Let the notations and hypotheses be as above.
Let P = P(X,F) denote the cohomological pattern of the coherent sheaf of
Ox-modules F. We describe the pattern P by e’s and o’s as suggested in
(2.17). Make clear that reg(F) is the first place in the bottom row of P lying
on a diagonal which contains only o’s above the bottom level. Observe that



36

all “later” diagonals also consist completely of o’s above the bottom level.

° ° ° o o o o o o o
o o ° o ° o o o o o
° ° ° o ° o o o o o
o o o ° ° ° ° reg(]—") ° °

Our next goal is to deduce the announced relation between the regularity of
a coherent sheaf and the generation by global sections of its twists. To do so,
we first need to develop further our sheaf-theoretic machinery.

3.8. Construction and Exercise. (Total Modules of Sections) A) Let R =
@D..cn, in be our Noetherian homogeneous ring, let X := Proj(R) and let F
be a sheaf of Ox-modules. Let U € Uy, where Ux denotes the set of open
subsets of X. We consider the Ry-module (see [Br-Fu-Ro](12.2),(12.8)A))

I.(U,F):=PTU Fn) =P Fn)(U),

nez nez

which we call the total module of sections in F over U. Now, let m,n € Z and
let

a=(a)er, € Ox(m)(U); f = (fi)ier, € F(n)(U)
be families on m-sections of Ox respectively of n-sections of F over U (see
[Br-Fu-Ro](12.5)A)). Make clear that

af == (afi)ier, € F(m+n)(U)

is a family of (m + n)-sections of F over U.

B) Keep the above notations and hypotheses. Let m,m’,n,n’ € Z and show
that in I',.(U, F) we have

a) For all a € Ox(m)(U), all ' € Ox(m/)(U) and all f € F(n)(U):
(a+d)f =af +df.

b) For all a € Ox(m)(U), all f € F(n)(U) and all f' € F(n')(U):
a(f+f)=af +af'

Conclude that the Ro-module I',(U, Ox) is in fact a (unitary, commutative)
Ry-algebra, by means of the multiplication defined by:

c¢) For all (an)nez, (bn)nez € T'v(U,Ox) = @,,c, T'(U, Ox(n)):
(an)nEZ(bn)nEZ = ( Z aibj)nGZ-

i+j=n
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Clearly, the ring I',.(U, Ox) carries a natural Z-grading, given by
d) I'v(U,0x), =T'(U,Ox(n)) for all n € Z.

Show that the Ry-module I',(U,F) is turned into a I'.(U, Ox)-module, by
means of the scalar multiplication defined by:

e) For all
(an)nez el U OX @F U OX
neZ
and all
(fa)nez € TW(U, F) = QT (U, F(n
nez
(an)neZ(fn)nEZ = ( Z aifj)TLEZ'
i+j=n

Finally, the I'.(U, Ox)-module I',(U, F) carries a natural Z-grading, given by
f) I'.(U,F), =T(U, F(n)) for all n € Z.

C) Now, for each n € 7Z we may consider the following natural homomorphism
of Ryp-modules (see [Br-Fu-Ro] (11.5)C), (12.5)C)f))

R(n)

E€pn : Rn = R(n)o U—> Ox(n)(U),

given by ¢ = (cn)ner, € [Iher, Ox(Un), where for the germs we have

(ch)s = h—i € Oxy =Ry, Vh € Ry, Yz =p € U,

Make clear, that the map

€R % R — F (U; OX) (Cn)nGZ = <€R n(cn))neZ-
is a homomorphism of graded rings, which allows to view I',(U, F) as a graded
R-module.

D) Consider a homomorphism of sheaves of Ox-modules, f : F — G. Show
that for each n € Z, there is a homomorphism of Oy-modules

hn)(U) : Tu(U, Fln = F(n)(U) = G(n)(U) = Tu(U, G)a,
given by (fi)ier, — (h(U1)(f1))iez for each family of n-sections
(fez € ] F(W)
leRy

of F over U. Show, that there is a homomorphism of graded I',(U,Ox)-
modules

Lo (U, h) - Tu(U, F) = Tu(U, G); (yn)nez = (MU)(9n) nez.-

Prove, that we now have defined a (linear, covariant) left exact functor

T.(U,e): (FLG)m (I(U,F) —251,(U,G))

LU,
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from sheaves of O x-modules to graded I',(U, Ox)-modules and hence to graded
R-modules (see part C)).

E) Let M be a graded R-module with M = F. Then again, for each n € Z we
may consider the natural map (see [Br-Fu-Ro| (11.5)C), (12.5)C)f))

U ‘PUOWII\J/I(TL)
Eprn P My = M(n)g —— F(n)(U),
given by m + (mn)ner, € [l,er, F(Un), where for the germs we have
m
hn

Make clear, that we have a homomorphisms of graded R-modules

(mp), = € Fp = My),Vh € R,Vx =p € U,.

6JI\J/[,* : M = DU, F), (Mn)nez — (811\]/[,n(mn>)n€z-

Now prove that we have a natural transformation of functors of graded R-
modules

*

eV e = DL(U,8), Mt (5, : M — T (U, M)).

F) Finally, let a C R, be a graded ideal such that U = U(a) C Proj(R) = X
is the open set defined by a (see [Br-Fu-Ro] (11.4)C)a)). Let M be a graded

R-module and set F = M. Conclude by [Br-Fu-Ro](11.13) that for each n € Z
there is an exact sequence of Ry-modules

EM,n

U
0—To(M), = M, —% T, (U F), = H:(M), — 0.

Draw the following conclusions:

a) Ker(<l).) = Ta(M).
b) If M is a-torsion, then I'.(U, F) = 0.

3.9. Lemma. Let R = @neNo R, be a Noetherian homogeneous ring, let a C
R, be a graded ideal, let U = U(a) € Ux be the open set defined in X =
Proj(R) by a and let F be a sheaf of Ox-modules. Then HY(T.(U, F)) = 0.

Proof. Let n € Z and let f € H) (T (U, F))n. Then f € T'w(U, F), = F(n)(U)
and a'f = 0 for some ¢t € N. We write f = (fi)icr, € [[;cg, F(U1) as a family
of n-sections in F over U. Let a' = (ay,ag, -+ ,a,) with a; € Ry, and d; € N
for all i € {1,2,---,7r}. Then 0 = a;f = e, (a;)f = €hq(a;)f. So for all
ie€{l,2,---,r} and all | € R; we have (see (3.8)E))
Q;

73 J1e = 0(€ Fo),Va € U

Now let x € U. Then z € U, for some [ € Ry. As U = U(a) = U(a"), there is
some i € {1,2,---,r} such that = ¢ Var(Ra;). We thus have a;,] ¢ my, and
hence % € Ox . So we obtain

ldi a;
I fie = 0(€ Fo).
a; ldifl’ <€f)

fl,x =



39

This proves that f; € F(U;) is vanishing for all [ € R;. Therefore f =0. O

3.10. Proposition. Let R = @neNo R, be a Noetherian homogeneous ring,
let X = Proj(R), let M be a finitely generated graded R-module and set T" :=
[W(X, M). Then

a) The natural homomorphism of graded R-modules €y = 55\(/[,* M — T
induces an isomorphism of sheaves

b) The natural homomorphism of graded R-modules
er=cep, T = TL(X,T)

18 an isomorphism.

¢) Hy (I)=Hk (I)=0.

Proof. “a)”: For each n € Z we have an exact sequence
0— Hy (M), — M, =T\, — Hp (M), — 0.

(see (3.8)F)). As Hp (M), = 0 for all n > 0 and all i € Ny (see (2.2)) we
thus have an exact sequence of graded R-modules

0—>U—->M33IT 5V =0

in which U and V' are both R-torsion. Bearing in mind (2.14)D)a) we get

—~ A~

indeed the requested isomorphism &, : M — T'.

“b)”: Keep in mind that I'r, (I') = 0 (see (3.9)). In view of (3.8)F)a) it
therefore follows that the homomorphism er is injective. It remains to show
that er is surjective. By the naturality of the homomorphisms £, (see (3.8)E))
we get the following commutative diagram:

M M r

EM lsl"

r fi=T«(X,en) F*(X, f)

in which f is an isomorphism by statement a). Now, let § € I',(X,I"). We
find some « € T" such that f(vy) = d. In the proof of part a) we have already
seen, that the cokernel of €); is R -torsion. We therefore find some n € N
such that (R, )"y C Im(eps). Now let uy, ug, -+ ,uy € Ry such that (Ry)" =
(uy,ug, -+ ,us). Then for each index i € {1,2,--- ,t} we find some element
m; € M such that u;y = ep(m;). Consequently in view of the above diagram
we get for each ¢ € {1,2,--- |t} the relations

uif(y) = fluy) = flem(mi)) = er(en(mi)) = er(uiy) = wier(y).
So, for each i € {1,2,---} we finally obtain
ui(0 —er(v)) = uwif(v) — wer(y) = 0.
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But this implies that (R4)"(0 —er(y)) = 0. As I'p, (I'.(X, ') =0 (see (3.9))
it follows that § — ep(y) = 0 and hence 0 = er(v). This proves that er is
surjective.

“c)”: This follows immediately from statement b) on use of the exact sequences
of (3.8)F). O

3.11. Lemma. Let R = @HGNO R, be a Noetherian homogeneous ring, let
X = Proj(R), let F be a coherent sheaf of Ox-modules and let t € Z. Consider
the graded R-module I := T'.(X, F) and its graded submodule

Iy = EPT. CT.

n>t

a) The graded R-module I's; is finitely generated.
b) H%+(F2t) =0 and end(H}h(FZt)) < t.

Proof. “a)”: We find a finitely generated graded R-module M with M=F.
Again by the exact sequences of (3.8)F) and by the fact that Hj{+(M)n =0
for all n > 0 we get isomorphisms of Ry-modules

Ertm s My, = T, W0 > 0,

so that the natural homomorphism of graded R-modules €j;,, : M — I' is an
isomorphism in large degrees. As M is finitely generated, it follows immedi-
ately, that I's, is finitely generated.

“b)”: By (3.10)c) we have Hp (I') = 0 and as T's; is a submodule of T', we
get H%+(F2t) = 0. Observe, that we also have an exact sequence of graded
R-modules

0O—=Is;,=T"'—=P—=0
in with end(P) < t. If we apply cohomology and observe that HIZ'%JF(F) =0

for i = 1,2 (see (3.10)c)) we get an isomorphism of graded R-modules P =
Hp, (T'5;) so that indeed end(Hp, (I'>)) < t.

“c)”: The second isomorphism is clear by (3.10)a). The first isomorphism
follows by (2.14)D)a) applied the exact sequence used in the proof of statement
b).

“d)”: By statement c¢) and (3.7) we have reg(F) = reg?(I's;). By statement
b) it follows

reg(I's;) < max{t,reg*(I's;)} = max{t,reg(F)}.
Now we may conclude by (3.4).
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“e)”: This follows easily from the fact that statement d) holds for any choice
of t. O

3.12. Exercise and Definition. (Generation of Sheaves by Global Sections)
A) Let R = D, cy, F2n be a Noetherian positively graded ring, let X = Proj(R)
and let F be a sheaf of Ox-modules. Let S C I'(X, F). We say that the sheaf
F is generated by S if

Fo=) OxafnVieX.
fes

B) Keep the notations and hypotheses of part A) and prove the following
statements

a) f S CT CI'(X,F), and F is generated by S, then it is also generated by
T.

b) F is generated by S if and only if it is generated by the Ry-module (S) =
> pes of CT(X,F).

C) Keep the previous notations and hypotheses. We say that F is generated
by global sections if there is some set S C I'(X, F) such that F is generated
by S. It is obviously equivalent to say that F is generated by I'(X, F). If F
is generated by a finite set S C I'(X, F), we say that F is generated by finitely
many global sections.

Now we are ready to formulate and to prove the result on the global generation
of twists of coherent sheaves over projective schemes we are heading for.

3.13. Theorem. Let R = @neNO R,, be a Noetherian homogeneous ring, let
X = Proj(R) and let F be a coherent sheaf of Ox-modules. Then for all
n > reg(F) the sheaf F(n) is generated by (finitely many) global sections.

Proof. Let n > reg(F). We set I' := I',(X,F). According to (3.11)a), the
graded R-module I's,, is finitely generated. So, the Ry module I'(X, F(n)) =
I, is finitely generated. Let fi, fo,--- , fr € I'y besuch that I';, = >, ., Ro fi.
According to (3.11)d) we have gendeg(I's,,) < n. As the ring R is homogeneous
it follows by [Br-Fu-Ro](9.6)E)a) that

a) Ft = Rt_nrn = Zlgigr Rt—nfi for all ¢ Z n.

Now, let z = p € X and let v € F,. By (3.11)c) we may write F = I
and hence F(n) = I'(n) = I'(n) (see [Br-Fu-Ro](12.5)C)). Therefore the stalk
F(n), of F(n) at = coincides with the homogeneous localization I'(n),) of the
graded R-module I'(n) at the prime p € Proj(R) (see [Br-Fu-Ro](12.4)B)). So,
we find some m € Ny, some s € R, \ p and some f € I'(n),, = Iy such
that in F(n), = I'(n)q) we have v = f Applying the above observation a)
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with t = m + n we thus find some elements a,as,--- ,a, € R, such that
[ =2 1cic, aifi. It follows that

_ / _ a; fi
T s - 1;7’ s 1’
with % € R(,) = Ox, and fT € I'(n)p = F(n)y for all i € {1,2,---,r}.

According to [Br-Fu-Ro](12.4)B) we may write £ = (f;), € ['(n)) = F(n),.

Therefore f
Qi Ji a;
Y= Z 51 = Z _(fz)x € Z OX,:c(fi):c'
1<i<r ° 1<i<r ® 1<i<r
So, the sheaf F(n) is generated by the finite set { f1, fo, -+, fr} C I'(X, F(n)).

0
3.14. Corollary. Let X = Proj(R), where R = €D, .y, Rn is a Noetherian

homogeneous ring, and let F be a coherent sheaf of Ox-modules. Then the
sheaf F(n) is generated by (finitely many) global sections for all n > 0.

Proof. This is immediate by (3.13). O

In order to illustrate the results of this section we now give a number of ex-
amples, presented in the form of exercises.

3.15. Examples and Exercises. A) (Algebras of Regularity Zero) In 3.5 we
have seen that polynomial rings are of regularity 0. We now want to establish a
partial converse of this. Solet K be an infinite field and let R be a homogeneous
K-algebra of dimension d such that reg(R)=0. Show by induction on d, that
there are d elements 1, xs,...,24 € Ry such that R = Kz, x,...,24] and
conclude that R can be viewed as a polynomial ring over K.

B) (Preservation of Global Generation Under Positive Twists) Once more, let
R = D,cn, Fin be a Noetherian homogeneous ring, let X = Proj(R), let F be

a coherent sheaf of Ox-modules. Write F = M with some finitely generated
graded R-module M. Prove the following:

a) For allm € Z, all p € Proj(R) and all f € Ry \ p, the multiplication map
frMn)p) — Mn+ 1))
is an isomorphism of R,)-modules.
b) If m € Z and F(m) is generated by S C I'(X, F(m)), then F(n) is gener-
ated by R,,_,,S for all n > m.

c) If F(m) is generated by global sections for some m € Z, then it is so for
all n > m.

C) (Global Generation of Twisted Structure Sheaves) Let the notations be as in
part B) but assume in addition that dim(R) > 1 and Hy (R) =0 for i =0, 1.
Show that Ox(n) is generated by global sections if and only if n > 0. Use
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(3.5) to see that the bound given in (3.13) is sharp if R = Ro[X1, Xo, ..., X4
is a polynomial ring with d > 1 and F = Ox(m) for an arbitrary integer m.
Now, let K be field, let d,r € N with d > 2, let f € K[X;, Xs,..., X4\ 0.
Show that

reg(R) := K[X1, Xo,..., X4|/{f)) =7
Conclude from this, that the bound given in (3.13) is not sharp in this case
for F = Oy.

D) (Alternative Characterization of Generation by Global Sections) Let the
notations be as in part B). Let Gy, ..., G, be sheaves of Ox-modules. Make
clear that the assignment U ~ @,...,. G;(U) for all U € Uy defines a sheaf
®1<i<r G, of Ox-modules, the direct sum of the sheaves Gg1,...,G,.. Show that:

a) For all z € X we have (@1§i§r Gi) o™ @199(92-)1,.
b) If Gi, ..., G, are coherent, then so is ., Gi-
c) If My, ..., M, are graded R-modules, then

P M= P M.

1<i<r 1<i<r

If F is a sheaf of Ox-modules and r € N we write F¢" := @, ., F. Using
this notation prove the following: o

d) The coherent sheaf of Ox-modules F is generated by r global sections if
and only if there is a surjective homomorphism of sheaves of Ox-modules
0% — F.

E) (Total Modules of Sections) Let the notations and hypotheses be as in part

B) and set I' = I',(X, F), where F = M for some finitely generated graded
R-module M. Show that the following statements are equivalent:

(i) The R-module I' is finitely generated.
(i) Hp, (M) is a finitely generated R-module.
(ili) beg(Hp, (M)) > —oo.

Assume that the equivalent conditions (i),(ii),(iii) are satisfied and show that

a) beg(I') = min{beg(M/T'r, (M)), beg(Hp, (M))}.
b) gendeg(I") < max{gendeg(M),end(Hp, (M))}.



4. HILBERT-SERRE COEFFICIENTS

In (3.4) we have seen that the generating degree of a finitely generated graded
module over a Noetherian homogeneous ring is bounded from above by the
regularity of this module. In many cases finitely generated graded modules
are given by a presentation, so that their generating degree is a fortiori known.
Clearly the bounding result (3.4) is not of any interest in these cases. It would
be much more interesting in this situation, to find an upper bound for the
regularity in terms of the generating degree and eventually some additional
numerical invariants of the module under consideration. There are indeed ex-
amples given in [Ma-Me|, which show that the generating degree alone cannot
be used to bound the regularity. In this section, we shall prove a bounding
result of this type, which applies over Noetherian homogeneous algebras over a
field. More precisely, we shall prove that for a finitely generated graded mod-
ule M over such a ring the regularity at and above level 1 is bounded in terms
of the generating degree and the Hilbert polynomial of M. As an application
we shall get back Mumford’s regularity bound for coherent sheaves of ideals 7
over a projective space [Mul] in terms of the Hilbert polynomial of Z.

4.1. Notation. Throughout this section let R = K & R{ ® Ry ® R3® --- be
a Noetherian homogeneous ring with base field K. For a finitely generated
R-module M let Py, € Q[X] denote the Hilbert polynomial of M. For each
i € Ng let h, : Z — Ny denote the i-th cohomological Hilbert function of M
and let xps : Z — 7 denote the characteristic function of M (see (2.4)B)).

4.2. Reminder and Exercise. (Numerical Polynomials) A) A polynomial
P e R[X] is called a numerical polynomial if P(Z) C Z. Show that for a
polynomial P € R[X] of degree s > 0 the following statements are equivalent:

(i) P is a numerical polynomial.
(ii) There is an integer n € 7Z such that P(n+14) € Z for all i € {0,1,...,s}
(iii) There are integers e¢l’,el. ... el € Z such that el # 0 and

Peo = S e (N0

In this situation, the integers el

the binomial coefficients of P.

are uniquely determined by P and are called

B) If P € R[X] is a numerical polynomial of degree s > 0 we can say:

a) P e QX].
) el =1lim, o0 =
¢) el > 0 if and only if P(n) > 0 for all n > 0.

d) e}’ < 0 if and only if P(n) < 0 for all n > 0.
14

o
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C) Let P € Q[X] be a numerical polynomial of degree s > 0. Show that the
first difference polynomial

AP :=P(X)—P(X —1) € Q[X]
is a numerical polynomial of degree s — 1 such that
a) erf =el forallie {0,1,...,5—1}.

4.3. Reminder and Exercise. (Hilbert-Serre Coefficients) A) Let M be a
finitely generated graded R-module. We set

(M) = e;M Vi€ {0,1,...,deg(Pu)}
' . 07 Vi € Z>aieg(PM)

and call this number the -th Hilbert-Serre coefficient of M.

If deg(Pys) > 0 or-equivalently-if dimpg(M) > 0 the number ey(M) is called the
Hilbert-Serre multiplicity mult(M) of M. If dimg(M) < 0 or-equivalently-if
M is R -torsion, the Hilbert-Serre multiplicity of M is defined as the (finite)
K-vector space dimension dimg (M) of M. Thus

_ Jeo(M), dimp (M) > 0
mult(M) = {dimK(M)a dimg(M) <0

B) Prove that

a) eg(M) € N if and only if deg(Pys) > 0.

) Pa(n) = xar(n) = Djen, (—1)ei(M) (52007 for all n € Z.

) €Z(M) = 61<M/FR+(M)) for all 7 € NQ.

d) If # € NZDr(M) N Ry, then Prjan = APy and e;(M/xM) = e;(M) for
all i < deg(Pyy).

e) mult(M) € N if and only if M # 0.

=

@]

C) Later, we often shall have to perform a base field change with our Noe-
therian homogeneous K-algebra R. We now wish to develop in the form of
exercises a number of facts which shall be useful in this respect. So let K’
be an extension field of K, consider the Noetherian homogeneous K'-algebra
R =K' ®xR=K & (K'®x R)® (K'®k Rs)...and the finitely generated
graded R-module K' @x M = @, ., K' ®k M,. Use the observations made
in (2.4) to prove the following facts

a) e;(M') =e;(M) for all i € Ny.
b) mult(M') = mult(M).

We now prove the announced bounding result in the special case of a graded
module of dimension 1, where it takes a particularly simple form.
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4.4. Lemma. Let M be a finitely generated graded R-module of dimension < 1.
Then
reg' (M) < gendeg(M) + eo(M).

Proof. If dimgr(M) < 0 the left hand side of the stated inequality takes the
value —oo and we are done. So, let dimg(M) = 1. By the reduction arguments
of (2.4)C)a),b) and (3.3)A)d),B)h) we may replace K by one of its infinite
extension fields and hence assume at once, that K is infinite. As deg(Py) =
dim(M) —1 = 0 (see (2.4)C)b)) we may write Py; = eo(M). Now, in view
of (4.3)c), (3.3)B)d) and (3.3)A)b) we may replace M by M/T'r, (M) and
hence assume that ', (M) = 0. So, we find some € NZDr(M) N Ry (see
[Br-Fu-Ro](9.9)). As Pyjenr = APy = 0 (see (4.3)d)) we have (M/zM), =0
for all large n and hence

M, = xM,,Yn > 0.

Now, let m > gendeg(M) such that M,,.; = 2M,, and let fi, fo,..., f € Ry
be such that Ry = ), ;. K fi. As m > gendeg(M) and R is homogeneous we
obtain (see [Br—Fu—Ro](9.6)E) a))

Mm+2 m+1 Z fz m+1l — Z fzmMm

1<e<r 1<e<r

=z M, = xR\M,, = xM,,,1.
DS ¥

By induction on m it now follows:

a) If mg > gendeg(M) such that the multiplication map x : My, = Mp,11
is an isomorphism, then the multiplication map = : M,, — M, is an
isomorphism for all m > myq.

This shows that the function m +— dimg(M,,) is strictly increasing in the
range m > gendeg(M) until it reaches its constant value eg(M). Consequently
we obtain

dimg (M,,) = eo(M) = Py = X, Vn > gendeg(M) + eg(M).
As Hi (M) = 0 for all i # 1 we have eo(M) = xar = dimg(M,) + hj,(n) for
all n € Z. It thus follows:

hi,(n) = eo(M) — dimg (M,,) = 0,Vn > gendeg(M) + eo(M).

Therefore end(Hp, (M)) < gendeg(M) +eo(M). As Hp, (M) =0 for all i > 1
it follows that reg!(M) < gendeg(M) + eg(M). O

Now we want to approach our announced bounding result in the general situ-
ation. We begin with a few technical prerequisites.

4.5. Construction and Exercise. A) (A Family of Bounding Polynomials)
Let (U;)ien, be a family of independent indeterminates. We recursively define
a family (Q¢)ien of polynomials Q; € Q[Uy, Uy, ..., U;_41] as follows
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a) Q1 = Q1(Up) := Uy € Z[Uy); A
b) Qt - Qt(UO7 U1> R Ut—l) = Qt—l + Zogigt_l(_l)iUi (Qt_tljit:f_l)avzf > 1.

Check that

c) deg(@1) = 1;
d) deg(Q) =1+ deg(Qy_1)(t —1),Vt > 1.
e) (t—1)! <deg(Q:) <t Vvt > 1.

These polynomials will be used in the main result we are heading for.

B) (Shifted Numerical Polynomials) Now, let P € Q[X] be a numerical poly-
nomial of degree > 0. Let Y be a second indeterminate and consider the
polynomial P(X +Y) € Q[X,Y]. Observe that deg(P(X +Y')) = s and that
the family of polynomials

(X +s—1
(Y]< s ))(z’,j)eNg:z‘+j§s
forms a ©Q-basis of the space

RIX,Y]<s :={g € Q[X, Y] | deg(g) < s}
From this we may conclude:
P

a) There is a uniquely determined family (E;

 Jo<i<s of polynomials EiP € Q[Y]
such

deg(EF) =s—1i,¥i € {0,1,...,s};
T )

, s—1
0<i<s
Observe in particular that

b) EF(0) =€ Vie {0,1,...,s}

More generally, let ¢ € Z. Then P(X + ¢) € Q[X] is again a numerical
polynomial of degree s and we get:

¢) EP(c) =l vie {0,1,...,s).

C) (Shifted Binomial Coefficients) Now, let k € Ny. We consider the numerical

polynomial of degree k given by (X];H“) and set:

X+k

a) (V)= EC) o) vie 0,1, k).

J
So, we have deg(Ej ;(Y)) =k —j for all j € {0,1,...,k} and may write
b) (1) = Xogyer D Brs () (7).

Now, it follows by (4.2)A) that
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c) P(X+Y)= Zogigs(_l)i(Zoggi efES—j,i—j<Y))(Xri_i)-
In particular by statement B)a) we get:

d) EP(Y) = > o<j<i eV By jij(YV),¥ie{0,1,... s}

As a consequence of statement B)c) we finally obtain:

e) @P(XJrC) — Eogjgi efES,jJ,j(C),VC € Z,VZ € {O, 1, ey 8}.

)

D) (Shifted Hilbert Coefficients) We use the notation of part A) and define for
each t € N the following polynomial in Q[Uy, Uy, ..., Ui_1,Y]:

a) E = E(U(h U17 MR Ut—hY) = Qt(‘/ﬁ?‘/l? M) ‘/t—l) + Y? where

‘/i = Z UjEtfliji,j(Y),v/L' S {O, 1, e ,t - 1}

0<5<i
Observe that by A)e) we have
b) (t — 1! < deg(Q:) < deg(Fy) < tdeg(Qr) < t!t.

Now, let M be a finitely generated graded R-module and let ¢ € 7Z. As-
sume that dimg(M) = ¢t € N. Then on use of [Br-Fu-Ro|(9.14)D) we have
Pri(o)(X) = Pyu(X 4 ¢). So, as deg(Py) =t — 1 we get

c) e (M(c)) = Zogjgi e;(M)E,_1_;;—;(c),Vie {0,1,...,t —1}.

In view of our definition of the polynomials F} in statement a) we thus end up
with:

d) Fi(eo(M), ... e (M), ) = Quleo(M(c)),. .., err(M(c))) +c.

We now treat a few further simple preliminaries, which shall be useful in the
proof of our announced main result.

4.6. Exercise. A) (Finite Direct Sums) Let (M®),<;<, be a finite family of
graded R-modules and keep in mind that the R-module P, M @) carries

a natural grading, given by (P, M), = ®1gigr(M(i))n) for all n € Z.
Assume now, that the graded R-modules M® are all finitely generated. Show

that

a) gendeg(@P,_;, M¥) = max{gendeg(M¥) | 1 <i <r}.

b) P@lgigr MO = 2rcicy Part-

¢) dimp(P,;c, MY) = max{dimp(MD) | 1 <i < r}.

d) reg'(P;<ic, M@ = max{reg!(M@) | 1 <i<r}, forall [ € N,.
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e) If all the R-modules M® have the same dimension, then

(P MD)=>" (M), VjeZ

1<i<r 1<i<r

f) If all the R-modules M) have the same dimension, then

mult( EB M) = Zmult(M(i)).

1<i<r 1<ir

B) (Regularity of Kernels) Let M be a finitely generated graded R-module and
let my, ms, ..., mg € M be a homogeneous system of generators of M such that
m; € M,, for an appropriate integer a; for all i € {1,2,...,s}. Observe that
there is an epimorphism of graded R-modules

T @ R(—a;) = M, (v1,...,v5) — Z v;m;.

1<i<s 1<i<s

Show that

a) gendeg(Ker(m)) < max({reg(R) +a; | 1 <i < s} U{reg(M)+ 1}).
b) If R = Ry[Xo,...,X,] is a polynomial ring, then
gendeg(Ker(m)) <max({a; | 1 <7< s} U {reg(M)+ 1}).

Now we are ready to formulate and to prove our main result. The occurring
bounding polynomials are as defined in (4.5)D).

4.7. Theorem. Let R=K® R;® Ry ... be a Noetherian homogeneous algebra
over a field K and let M be a finitely generated graded R-module of dimension
t >0 and let g € Z such that gendeg(M) < g. Then

reg' (M) < Fy(eo(M),e1(M), ... e, (M), g).

Proof. Let K’ be an algebraically closed extension fields of K and consider the
Noetherian homogeneous K'-algebra R’ = K’ ® k¢ R and the finitely generated
graded R'-module M' = R'®x M. According to (2.4)C) we have dimp (M') =t
and Py, = Py, so that e;j(M') = e;(M) for all j € Ny. Moreover by (3.3)A)d)
we have gendeg(M') = gendeg(M ), whereas by (3.3)B)h) we have reg'(M’) =
reg!(M). So, we may replace R and M by R’ and M’ respectively and hence
assume that the base field K is algebraically closed.

Clearly, we find a polynomial ring S := K[X,...,X,| and a graded ideal
a C S such that we can write R = S/a. So, we may consider M as an S-
module such that aM = 0. Clearly we have by the Base Ring Independence of
Dimension that dimg(M) = ¢t. Moreover, a family of homogeneous elements
generates M over R if and only if it does over S. So the generating degrees
of M as an S-module and as an R-module are the same. Clearly the Hilbert
function n — dimg (M,,) is independent on whether we consider M as a module
over S or over R. Finally, by (2.5)A)b) the cohomological Hilbert functions
of M and hence also reg!(M) are not affected if we consider M as a module
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over S instead over R. So, we may replace R by S and hence assume that
R = K[Xy, X1,...,X,] is a polynomial ring over the algebraically closed field
K.
As reg!(M(g)) = reg!(M) — g (see (3.3)B)b)) and in view of the equality
(4.5)D)d) it suffices to show that

reg' (M(g)) < Qe(eo(M(g)). .., er-1(M(g))).
As gendeg(M (g)) = gendeg(M) — g < 0 (see (3.3)A)a)) and dim(M(g)) =t
we thus may assume that gendeg(M) < 0 and content ourselves to prove

a) reg! (M) < Qi(eg(M), ..., e;1(M)).
Observe that we have an exact sequence of finitely generated graded R-modules

0= Mso—>M—=>V =0

in which V is R, -torsion and hence satisfies reg* (V') = —oo. So, by (3.3)C)c)
we have reg! (M) < reg!(Msg). Therefore, it suffices to show that

regl(MZO) S Qt(eg(M), e et_l(M)).
As V,, = 0 for all n > 0 the above sequence yields that Pyr, = Py so that
dimp(Mso) = dimg(M) =t and e;(M>o) = e;(M) for all i € Ny. Clearly, we
also have gendeg(M>() = 0. So, we may replace M by M>q and hence assume
that

b) beg(M) = gendeg(M) = 0.

We now prove statement a) under the additional assumption b) by induction
on t. First, let t = 1. Then (4.4) implies that

reg! (M) < eo(M) = Qi(eo(M))
and we are done. So, let t > 1. We set

P = Assp(M) N (mProj(R) U{R.}), a:=[)p.
peP
By [Br-Fu-Ro](10.3)C) we know that Assg(M) consists of graded primes, and
hence a C R is a graded ideal. Therefore the module M := M/T (M)
is graded. By [Br-Fu-Ro](1.9)b) and a) we respectively have Assg(M) =
Assp(M) \ P and Assg(I'y(M)) = P. As dim(R/p) < 1 for all p € P and
as t = dimg(M) = max{dim(R/p) | p € Assg(M)} it follows

¢) dimg(M) =t and dimg(I'y(M)) < 1.

As there is an epimorphism of graded R-modules M — M # 0 we get

d) gendeg(M) = beg(M) = 0.

Moreover, by our choice of P we have

e) Assgp(M)NmProj(R) =0 and I'g, (M) = 0.
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From this, if follows by [Br-Fu-Ro|(10.5) that there are two elements x,y € R;
such that

f) ax + By € NZDg(M) for all (o, ) € K2\ {(0,0)}.

In view of the exact sequence of graded R-modules
0—=To(M)— M—M-—0

we get by the additivity of characteristic functions (see [Br-Fu-Ro|(9.15)) that
Xar = XM — Xr.(m) and hence (see also c))

g) PM = PM — PI‘u(M) and deg(Ppa(M)) S dlmR(Fa(M)) —1 S 0
So, it follows by the definition (4.2)A) that
h) e;(M) = e;(M) for all i € {0,...,t —2}.

Now, we choose a pair (a, 5) € K*\ {(0,0)} and set z := az + By. As
z € NZDg(M) we have dimg(M/zM) = dimg(M) — 1 =t —1 (see c¢)). By

(4.3)B)d) and by the previous statement h) we also get e;(M/zM) = e;(M)
for all i € {0,...,t —2}. Moreover gendeg(M/2M) < gendeg(M) < 0 (see
d) and (3.3)A)b)) and beg(M/zM) > beg(M) > 0 (see d)), so that M /zM
satisfies our hypothesis b). Therefore, by induction we obtain

i) reg!(M/2M) < Qi_1(eo(M), e (M), ... e;_o(M)) =: p.

Now,the short exact sequence of graded R-modules

0— M(-1) > M — M/zM —0

shows that reg?(M) + 1 = reg?(M(—1)) < max{reg?(M),reg"(M/zM) + 1}
M). Hence by statement

(see (3.3)B)b),C)b)). Therefore reg?(M) < reg!(M /=
g) we get
j) reg*(M) <p.

By i) we also have Hj, (M /zM), = 0 for alln > p. So, if we apply cohomology
to the the above exact sequence, we get an epimorphism of K-vector spaces

Hpy, (M),_y =252 gl (M), Vo> p,¥(a,B) € K2\ {(0,0}.
By [Br-Fu-Ro|(10.7) we conclude from this, that
hi;(n) < max{0,h};(n — 1) — 1},Vn > p.
Therefore we finally obtain
end(H}, (M)) < p+hl(p—1) — 1.

By statement j) we have b’ (p—1) = 0 for all i > 2. So, as H%Jr(M) =0 (see
statement e)) and as Pp, () = Xr.(m) is constant (see statement g)) we obtain

dimp(M,1) +hyy(p—1) =xup—1) = xu® — 1) — xro(m)
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and hence
0<hyp—1) <xulp—1) = xr.0)-
Therefore
end(Hp, (M)) < p+ xm(p—1) = xroon) — 1
and

Xu(p = 1) = Xrqan) 2 0.
So, as H%Jr(M) = (0 and in view statement i) we get

k) reg(M) = reg' (M) < p+xu(p—1) = Xron)-
Our next aim is to show the inequality
) reg(M)<p+xmulp—1)+1

We first show that

m) p+xu(p—1) = xXr.an +1>0.

To do so, observe that U := (M/zM)/Tg, (M/zM) is an R -torsion-free
finitely generated graded R-module # 0, so that by statement i) we have
p > reg!(M/2M) = reg(U) > gendeg(U) > beg(U) > beg(M) > beg(M) =0
(see also (3.3)B)b) and (3.4)). As we already know that xa/(p—1)—xr,ar) = 0
this proves statement m).

Now, let us prove statement 1). In view of our assumption b) we find an
integer s € N and an epimorphism of graded R-modules R®* 5 M which
is incorporated in the following commutative diagram of graded R-modules,
in which both rows are exact, u is the inclusion map and w is the canonical
epimorphism.

0 Ker(7) R%s u M 0
Sk
0 Ker(7) R® T M 0

If we apply (4.6)B)b) to the second row of this diagram and keep in mind
statements k) and m) we get
gendeg(Ker(7)) < max{0, p+-xa (p—1)=xroan+1} = p+xa (p—1) —xr.@n+1.

By the Snake Lemma we have Coker(u) = Ker(w) = I';(M) and therefore we
obtain

gendeg(T'a(M)) < p+ xm(p — 1) — Xro(u)-
As T'q(M) € M is a submodule of dimension < 1 we have xp, ) = eo(T'a(M)).
Consequently we obtain

gendeg(I'a(M)) < p+xu(p—1) — eo(l'a(M)) + 1.
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But now, by (4.4) we get
reg' (To(M)) < p+xu(p—1) + 1.

If apply the sequence mentioned just before statement g) and bear in mind
that xr.m) = eo(Ta(M)) > 0, we get by statement k) that reg*(M) < p +
Xm(p—1) + 1, that is statement 1).

Finally, by our previous definition of p (see statement i)) and by the definition
(4.5)A)b) of the bounding polynomial @); it follows at once that

p+xulp—1)+1=0Qieo(M),er(M),... e, 1(M)).
So, by statement 1) we get the requested inequality a). O

4.8. Corollary. Let R= K® R, D Rs ... be a Noetherian homogeneous algebra
over a field K, lett € N, g € Z and let

O—L—M-—=N-—=0

be an ezact sequence of finitely generated graded R-modules such that dimg(N) =
t and gendeg(N) < g. Then

reg”(L) < max{reg®(M), Fy(eo(N),...,e;1(N),g) + 1}.
Proof. This follows immediately by (4.7) and (3.3)C)b). O]

We now aim to apply the previous result to ideals in polynomial rings. We
start with a few preparations.

4.9. Exercise and Definition. (Saturation of Graded Submodules) A) Let
R = @neNo R, be a Noetherian positively graded ring, let M be a graded
R-module and let N C M be a graded submodule. Make clear that

N = N5 = U, e (N iy (R C M

is a graded submodule of M, the so called saturation of N in M. Make clear
that the following hold

a) For each graded submodule N C M we have N C N,

b) M®* = M and 0°*" = T'g, (M).

c) If LC N C M are graded submodules, then L' C N®*

d) For each graded submodule N C M we have (N®at)%t = [ysat,

We say that the graded R-submodule N C M is saturated, if N*** = N.
According to statement d), the graded saturated submodules of M are precisely
those, which are the saturation of some graded submodule of M.

B) Let R, M and N C M be as in part A) and show:

a) N*3/N =Tp, (M/N).
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b) If Hy (M) = Hp, (M) = 0, we have an exact sequence of graded R-
modules

0— N = N - HL (N) 0.
c) If M is finitely generated, then Py = Ppysat, Prryn = Pryynsat and
SZ(N) = Gi(Nsat), Gz(M/N) = ei(M/Nsat)7 Vi € Ng.

d) If N # 0, then dimg(N) = dimpg(N®).
e) If M/N is not R, -torsion, then dimgr(M/N**) = dimg(M/N).

Now, we are ready to formulate and to prove the announced application of
(4.8) to polynomial ideals.

4.10. Corollary. Let r € N, let R = K[Xo, X1,...,X,]| be a polynomial
ring over the field K and let a C R be a graded saturated ideal such that
dim(R/a) =:t > 0. Then

a) reg(R/a) < Q(eg(R/a),er(R/a,... ei—1(R/a)).
b) reg(a) < Qi(eo(R/a),e1(R/a),...,e;—1(R/a)) + 1.

Proof. According to (4.9)B)a) we have Hy, (R/a) = 0, so that reg(R/a) =
reg!(R/a). Observe that gendeg(R/a) = 0 and that by (4.5)D)d)

Ft(eo(R/a), 61(R/C1), ey et,l(R/a), 0) = Qt(eo(R/a), €1<R/a>, R €t,1(R/a)).
Now statement a) follows from (4.7), applied with g = 0. Clearly we have
Hy, (a) = 0. By (4.9)B)b) we also have Hp (a) = 0. Therefore reg(a) =
reg?(a) and so statement b) follows by (4.8), applied with g = 0 and bearing
in mind the fact that reg(R) = 0 (see (3.5)). O

Now, we aim to translate our previous results to the language of sheaves. We
begin with a some preparations.

4.11. Exercise and Definition. A) (Cohomological Hilbert Functions of Co-
herent Sheaves) A) Let R = K @ Ry @ Ry ... be a Noetherian homogeneous
algebra over the field K, let X = Proj(R) and let F be a coherent sheaf of
Ox-modules, so that F = M for some finitely generated graded R-module M.
Now, we may extend what was done in [Br-Fu-Ro](12.12) only in the case of
an infinite base field K to arbitrary base fields. Namely, the fact that M,, and
Hp, (M), are K-vector spaces of finite dimension for all i € No and all n € Z
(see (2.4) and [Br-Fu-Ro](9.6)C)) and the Serre-Grothendieck Correspondence
(2.14)A) tell us that

RY(X, F(n)) := dimg(H (X, F(n)) € Ng, Vi€ Ny, Vn € Z.
So, for each 7 € Ny we may again define the i-th cohomological Hilbert function

R : 7 — Ny, n— h'(X,F(n))
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of (X with respect to the coherent sheaf of coefficients) F. Now, by (2.16)b)
we can say, that these functions h’- : Z — Ny are again right-vanishing.

B) (Characteristic Functions, Serre Polynomials and Serre Coefficients). Keep
all the notations and hypotheses of part A). As cdx(F) = cdg, (M) < oo (see
(2.15)) we may again define the characteristic function of F:

XF:Z =7, nw— Z(—nih;(n) = Z h(X, F(n)).

Check on use of the Serre-Grothendieck Correspondence that in the notation
used in part A) we have

XF = XM
so that there is a numerical polynomial

a) Pr = Py € Q[X] such that Pr(n) = x#(n) for all n € Z.
which also is characterized by the property
b) Pr(n) = h%(n) = h°(X, F(n)) for all n>> 0.

This numerical polynomial Pr is called the Serre polynomial of 7. Now, using
the notation introduced in (4.2)A), for each i € Ny we may define the i-th
Serre coefficient of F by

7 vi 1,...,deg(P
61(;) — €; 7VZ S {07 ) ) eg( .7:)}
O, Vi € Z>deg(P]:)
Verify that in the notation of part A) we have
c) ei(F)=e;(M) for all i € No.

C) (Support and Dimension of Sheaves) For a moment let R = @ R

n€ENg =1

be an arbitrary Noetherian positively graded ring, let X = Proj(R) and let

F = M be a coherent sheaf of O x-modules, induced by the finitely generated
graded R-module M. Then, we define the support of F by:

Supp(F) :={zx € X | F, #0}.

As Supp(F) C Spec(R), it has a Krull dimension and so we may define the
dimension of F as follows:

dim(F) := dim(Supp(F)).
Now, prove the following statements:
a) Supp(F) = Proj(R) N Var(0 :g M).

b) If p,q € *Spec(R) with p C q and ht(q/p) > 1, then, there is some s €
Spec(R) with p & s & q.

Finally, let the notations and hypotheses again be as in part A) and show that:
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c) If F # 0, then dimg(M) > 0 and dim(F) = dimg(M) — 1.
d) If F # 0, then dimg(F) = deg(Pr).

Now, we prove the announced sheaf-theoretic version of (4.7). In our statement
the total module of sections (see (3.8)) occurs and we use the fact that this
module has generating degree < oo (see (3.11)e)).

4.12. Corollary. Let X = Proj(R), where R= K& R, ® Ry - -+ is a Noetherian
homogeneous algebra over the field K, let d € Ng, v € Z and let F be a coherent
sheaf of Ox-modules such that dim(F) = d and gendeg(I'«(X, F)) <. Then

reg(F) < Fyyi(eo(F),er(F), ..., ea(F), 7).

Proof. Let T' =T (X, F).

Clearly, as R is homogeneous, we have gendeg(I's,) = 7. Moreover F = f‘;
(see (3.11)c)) and reg(F) = reg?(I's,) < reg’(T,) (see (3.7) and (3.3)B)a)).

As dim(I",) = d+1 (see (4.11)C)c)) and in view of the coincidence of Hilbert-
Serre coefficients (see (4.11)B)c)) our claim follows if we apply (4.7) to the
finitely generated graded R-module I's,. 0

Another application to sheaves is given by the following result.

4.13. Corollary. Let X = Proj(R), where R = K® R ® R ... is a Noetherian
homogeneous algebra over the field K, let d € Ny, p € Z and let

0=+G—=>F—=>H—=0

be an exaxt sequence of sheaves of coherent Ox-modules such that dim(H) = d
and reg(F) < p. Then

a) reg(’H) S Fd—i—l(eO(H): el(H)7 s 76d(H)7 p)

b) reg(G) < max{p, Fusi(eo(H), e1(H), . .., cal(H), p) + 1}.

Proof. For each n € 7 we get an induced exact sequence of K-vector spaces
0— H°(X,G(n)) = H*(X,F(n)) = H*(X,H(n)) = H'(X,G(n))

in which the last term vanishes for all n > 0. Passing over to total modules
of sections we thus get an exact sequence

0—->T(X,0) > T(X,F) = N =0,

where N C I',(X,#) is a graded submodule such that N,, = I'.(X,H),, for
all n > 0. In particular we have HXN (see (2.14)D)a)) and gendeg(N) <
gendeg(T'« (X, F)) < p (see (3.11)e)), so that (4.7) and (3.7)A) (and also
(3.3)B)a)) yield statement a). Statement b) follows likewise from (4.8). O
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4.14. Remark and Exercise. A) (Regularity of Quotient Modules) The prin-
cipal significance of the results of these section is the fact that they provide
uniform bounds on the reqularity of quotient modules. To make this explicit,
let R=K & Ry & R, ... be a Noetherian homogeneous algebra over the field
K and let M be a finitely generated graded R-module. A graded R-module
N is called a quotient of M if there is an epimorphism of graded R-modules
M — N — 0. Clearly, in this situation the module N is also finitely generated
and we have gendeg(N) < gendeg(M). Now, as an immediate consequence of
(4.7) we can say

a) Let P € Q[X] be a numerical polynomial. Then, there exists an integer
such that reg!(N) < 3 for all quotients N of M with Py = P.

In particular we obtain the following application

b) Let P € Q[X] be a numerical polynomial. Then, there is an integer § such
that reg! (R/a) < S for all graded ideals a C R with Pg/, = P.

This is a an quantitative and algebraic extension of Mumford’s original bound-
ing result for the regularity of coherent sheaves of ideals over a projective space
[Mul]. We shall turn back to this later.

We suggest the following example to make clear, that in statement b) one can-
not replace reg!(R/a) by reg(R/a). Namely, let R = K[X,Y] be a polynomial
ring. For each r € N consider the graded ideal

a” = (X)N(X,Y) CR.
Calculate Pp /) and end(R/ a™) and conclude, that statement b) fails if reg’
is replaced by reg.

B) (Regularity of Saturated Submodules) Keep the notations and hypotheses
of part A). Prove the following statements:
a) Let L C M be a graded saturated submodule with dim(M /L) =t > 0 and
assume that gendeg(M) < g € Z. Then
reg(M/L) < Fi(eo(M/L),e;(M/L),...,e;-1(M/L), g).
b) If L & M is a graded saturated submodule then P, # Py and if gendeg(M) <
g € 7 and setting s = deg(Py — Pr) we have
reg(M/L) < Fyyq(ef™ e efm=rr
c) If M,L,s are as in statement b) and if in addition Hp, (M) = 0 and
reg(M) < p € Z then

reg(L) < max{p, Fyyi(ef™ 17 et e ePu=Pr 5y 41},

ePM_PL,g).

? s

d) Let P € Q[X] be a numerical polynomial. Then there is an integer
such that reg(M/L) < j8 for all saturated graded submodules L C M with
Py =P
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e) Assume that Hp (M) = 0 and let @ € Q[X] be a numerical polynomial.

Then there is an integer v such that reg(L) <  for all saturated graded
submodules L C M with P, = Q.

C) (Sheaves of Submodules) Let R and X be as in part A) and let F be a sheaf
of Ox-modules. We say that G is a sheaf of submodules of F if

a) G(U) C G(U) is a submodule of the Ox (U)-module F(U) for all U € Uy.
b) For all U,V € Ux with V' C U we have the commutative diagram

G(U) —=—~ F(U)
jp%v ) lpﬁv
g(v) = F(V)

Prove that in this situation, there is an injective homomorphism of sheaves of
Ox-modules

inclgr: G — F, Uwrs(G(U)S F(U)),VU € Uy,

the so called inclusion homomorphism. Show the following statements

c) If M is a graded R—mod}ile and N C M is a graded submodule, then N is
sheaf of submodules of M.

d) If M and N are as in statement c), then Nsat = N

e) If L C N are graded submodules of M such that L =N, then N C Lt

f) If L, N C M are graded submodules with L = N, then Lt = Nsat,

Now, assume that F = M is coherent, with M finitely generated and let G = N
be a quasi-coherent sheaf of submodules of F, with N a graded R-module. Use
the diagram (see (3.8)D),E))

N M
| |
N, * M, =
I'«(X,inclg,
r.(x,g) 2 oy F)

to show that there is a graded submodule L C M such that G = L. Use this
to prove

g) The quasicoherent sheaves of submodules of a coherent sheaf F of Ox-
modules are all coherent.
h) If 7 = M with a finitely generated graded R-module M, the assignment

L L gives a bijection between the graded saturated submodules of M
and the coherent sheaves of submodules of F.



59

i) If F is a coherent sheaf of Ox-modules with reg(F) < p € 7Z and G # F is
a coherent sheaf of submodules, then Pg # Pr and with s := deg(Pr — FPg)
we have

reg(G) < max{p, Fyp1(el7 79, el7719 . el7=Pa p) 41},

D) (Sheaves of Ideals) Let the notations and hypotheses be as above. A sheaf
of ideals over X is a sheaf Z of submodules of the structure sheaf Oy of X.
If T # Ox, we call Z a proper sheaf of ideals over X. Now, let r € N let
K be a field, consider the polynomial ring R = K[Xy, X1,...,X,] and the
corresponding projective r-space over K, hence the scheme

P := Proj(K[Xo, X1, ..., X,]).

Prove the following results

a) If 7 is a proper coherent sheaf of ideals over P, then T7 := Pr— (X:T) #0
and with s := deg(T7) we have:

reg(Z) < QS“(GOTZ, elTI, . ,eSTI) + 1.

b) For all numerical polynomials P € Q[X], there is an integer 7 such that
reg(Z) <~ for all coherent sheaves Z of ideals over P..

The first of these statements is a quantitative version of Mumford’s bound-
ing result for coherent sheaves of ideals (see [Mul]| and part A)). The second
statement is the original form of Mumford’s result.

4.15. Remark. (Regularity of Annihilators) Let us mention one more result,
which is of the same spirit as the results presented in this section, namely (see
the Diploma thesis [Sei])

a) The regularity of the annihilator of a finitely generated graded module M
over a polynomial ring R = K[X;, X5,..., X,] is bounded in terms of the
Hilbert polynomial (and hence of the Hilbert coefficients) of M and the
postulation number

P(M) :=sup{n € Z | dimg(M,) # Pp(n)}
of M.

This result was actually motivated by a question from the theory of D-modules
and Weyl algebras (brought to us by M. Béachtold, a former a PhD student
in our Department’s research group in Mathematical Physics, see [Béc]) : Is
there an upper bound on the degree of the equations defining (set theoretically)
the characteristic variety of a D-module, only in terms of the Hilbert function
associated to the chosen filtration on D? This nicely fits to a statement made
by a leading Mathematical Physicist at a workshop on Commutative Algebra
and Algebraic at the Max-Planck-Institute in Leipzig: “What Physicists like
very much in Algebraic Geometry is the fact that it produces a huge number
of invariants”.



5. FILTER-REGULAR SEQUENCES

In this section we aim to introduce a basic tool for the study of Castelnuovo-
Mumford regularity: the so called filter-reqular sequences. In view of our
subject, we do not introduce these sequences in the most general setting, that
is relative to arbitrary ideals in Noetherian rings. Instead we consider only the
case where the filter-ideal is the irrelevant ideal of a homogeneous Noetherian
ring. Moreover we consider only filter-regular sequences consisting of homoge-
neous elements in this ideal. Our main result shall be (a generalized version
of) the Regularity Criterion of Bayer-Stillman (see [B-St]). In order to avoid
to much technicalities, we do not prove the most general form of this criterion
which is given in [Brj].

In a shorter second part of this section we also shall prove that filter-regular
sequences are systems of multiplicity parameters and provide an example which
shows that the converse implication is not true. This shows, that filter-regular
sequences are not only a powerful tool to study Castelnuovo-Mumford regu-
larity, but also can be applied in Multiplicity Theory.

5.1. Exercise and Definition. A) (Filter-Regular Elements) Fix a Noetherian
homogeneous ring R = @, ., Rn and let RY := [J, o R, denote the set of
homogeneous elements of positive degree in R. Moreover let M be a finitely
generated graded R-module. Show that for a given element f € R, C R" with
t € N the following statements are equivalent:

(i) f e NZDgr(M/Tg, (M)).

(i) f & Upeasspanprojim) b-

(ili) £ € NZDg,(M,) for all p € Proj(R).

(iv) (001 f) C T, (M),

(v) end(0:p f) < 0.

(vi) The multiplication map f : M,, — M, is injective for all n > 0.

If the homogeneous element f € R; satisfies these equivalent conditions, it is
called a filter-reqular element with respect to M.

B) (Properties of Filter-Regular Elements) Let the notations and hypotheses
be as in part A). Prove the following facts:

a) If f € NZDg(M), then f is filter-regular with respect to M.

b) If N C I'g, (M) is a graded submodule, then f is filter-regular with respect
to M /N if and only if it is with respect to M.

c) If f is filter-regular with respect to M, then f™ is filter-regular with respect
to M for all n € N.

d) If f(e R,) is filter regular with respect to M, then (0 :p; f), = I'r,. (M),

for all n > end(T'g (M)) —t + 1.
60
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e) (Flat Base Change Property of Filter-Regular Elements) If f € Ry is filter-
regular with respect to M and R, is a flat Noetherian Ry-algebra, then the
element 1p ® f € (R ®r, R'): = Ry ® Ry is filter-regular with respect
to the finitely generated graded module Rj ®p, M over the Noetherian
homogeneous ring R, ®g, R.

f) (Base Ring Independence of Filter-Regular Elements) If b C R is a graded
ideal such that bM = 0, then f is filter-regular with respect to the R-
module M if and only if f 4+ b € R/b is filter regular with respect to the
R/b-module M.

5.2. Exercise and Definition. A) (Filter-Regular Sequences) Let R and M
be as above. Let fi, f2,..., f, € R". Show that the following statements are
equivalent:

(i)  f; is filter-regular with respect to M/ ., f;M for alli € {1,2,...r}.

(ii) f—ll, f—f, e % € R, form an M,-sequence for all p € Proj(R).
If these equivalent conditions hold, we say that fi, fo,..., f. form a filter-
reqular sequence with respect to M.

B) (Properties of Filter-Regular Sequences) Keep the notations and hypotheses
of part A) and let fi, fa,..., f, € R". Prove the following statements:

a) If fi, fa,..., fr form an M-sequence, then they form a filter-regular se-
quence with respect to M.

b) If N C I'g, (M) is a graded submodule, then fi, fo,..., f, form a filter-
regular sequence with respect to M /N if and only if they do with respect
to M.

c) If fi,fo,..., fr form a filter-regular sequence with respect to M, then
1 fe?, .., f™ form a filter-regular sequence with respect to M for any
choice ny,no,...,n, € N.

d) (Flat base Change Property of Filter-Regular Sequences) If fi, fo,..., fr
form a filter-regular sequence with respect to M and if R is a flat Ry-
algebra, then 1p @ f1,1p, @ fo,...,1p, ® fr € (R @R, R)" form a filter-
regular sequence with respect to Rj ®,, M.

e) (Base Ring Independence of Filter-Regular Sequences) If b C R is a graded
ideal such that bM = 0, then fi, fo,..., f. form a filter-regular sequence
with respect to M if and only if f; + b, fo+b,..., f. +b € R/b do.

5.3. Lemma. Let R = @neNO R, be a Noetherian homogeneous ring, let M
be a finitely generated graded R-module, let r € N, let t1,t9,...,t. € N and
let f; € Ry, for alli € {1,2,...,r} such that fi, fa, ..., f. form a filter-reqular
sequence with respect to M. Then, for all k € Ng and all i € {0,1,...,r} we
have

a) end(Hf, (M/ 325, f;M)) < maxj_o{end(Hy! (M) +j} — i+ 3 t;.



62

b) end(Hp " (M)) + 35 t; < end(Hj;, (M/ 325, fiM)).

c) regh(M/ Y7y f;M) <regh(M) —i+ 3" t;.

d) reg" (M) <vegt(M/ Y7\, fiM)+i—37"_ t;.

Proof. 1t suffices to show statements a) and b). For i = 0, both statements are

clear. So, let ¢ > 0 and let [ € Ny. As f; is filter-regular with respect to M we
have (0 :as f1) € I'g, (M) and hence get an epimorphism of graded R-modules

Hy,, (M) — Hp (M/(0 2y f1)) = 0
and an isomorphism of graded R-modules
Hy H(M) = Hi H(M/(0 s f1)).
If we apply cohomology to the short exact sequence of graded R-modules
0— (M/(0: f1))(=t1) > M — M/ 1M — 0
we therefore obtain
end(H}ur(M/flM)) < max{end(Hﬁﬁ(M)), end(ngl(M)) +1t}
hence
(i) end(Hg, (M/fiM)) < max{end(Hp, (M)), enng:l(M)) +1}+1t -1,
and moreover

(i) end(H{'(M))+t; <end(Hp, (M/fiM)).

Applying the estimate (i) with M/ Z;;ll f; M instead of M and with f; instead
of fi, we thus get

end(H, (M/ ) f;M)) <

i—1 i—1
< max{end(Hp, (M/ Y f;M)),end(Hi (M/ Y " f;M)) + 1} +1; — 1.
j=1 j=1

By induction on i applied to statement a), we get

i—1 i—1
end(Hf, (M/Y " f;M)) < maxi_t{end(H};7(M)) +j} —i+1+ > t;,
j=1 J=1

with £k = [, + 1. Combining this with the previous estimate, we get

end(Hl, (M Z fM)) < ahax{end (H (M) + j} =i+ Z t.
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This proves statement a). By induction on ¢ applied to statement b) with
M/ fiM instead of M, we have

end(Hi ' (M/fiM)) + ) t; < end(H;, (M/ Z fiM)).

j=2
If we apply the estimate (ii) with [ = k + i — 1, we now get statement b). [

5.4. Exercise and Definition. A) (Saturated Filter-Regular Sequences) Let
the notations and hypotheses be as in (5.2). Let fi, fa,..., fr be a filter-
regular sequence with respect to M. Show that the following statements are
equivalent:

(i) M/> i, fiM is Ry-torsion.
(i) Ry C V(0 M)+ (fi, for o o)

If these equivalent conditions hold, fi, fo,..., f. is called a saturated filter-
reqular sequence with respect to M.

B) (Properties of Saturated Filter-Regular Sequences) Keep all notations and
hypotheses of part A). Show the following statements:

a) Let N C I'r, (M) be a graded submodule. Then fi, fo,..., f, form a
saturated filter-regular sequence with respect to M/N if and only if they
do with respect to M.

b) (Base Ring Independence of Saturated Filter-Regular Sequences) Let b C R
be a graded ideal such that bM = 0. Then f1, f,..., f, form a saturated

filter regular sequence with respect to M if and only if f1+b, fo+b, ..., f.+
be R/b do.

c) If fi1, fa, ..., fr form a saturated filter-regular sequence with respect to M,
then Hp (M) = Hj; . (M) foralli € Nyand r > cdg, (M).

5.5. Lemma. Let K be a field, let R = K & Ry @ Rs... be a Noetherian ho-
mogeneous K -algebra and let M be a finitely generated graded R-module. Let
fi, fo, ..., fr be a filter-reqular sequence with respect to M. Then

a) If M #0, then dimg(M/ Y ., fiM) = max{0,dimg(M) — s},Vs <.

b) The filter-reqular sequence fi, fa,..., fr is saturated if and only if r >

Proof. "a)“: We first treat the cases with s < d := dimg(M). We do this
by induction on s. The case s = 0 is obvious. So let s > 0. Set M :=

M/, 4 fiM. By induction we have dimg(M) = d—s+1 > 0. In particular
all minimal members of (the non-empty set) Assz(M) belong to Proj(R). As
f, is filter-regular with respect to M it avoids all these minimal members so
that dimg(M/fM) = dimp(M) —1=d—s. As M/ .., fiM = M/fM we

get our claim. Now, let s > d. Then clearly, by what we have already shown
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dimgp(M/ > o, fiM) < dimp(M/ ), ; fiM) < 0. As M # 0 and f; € Ry for
all i € {1,2,...,r} it follows from the Graded Nakayama Lemma (2.1)C)a)
that M/ >, fiM; # 0 so that dimp(M/ >, fiM) = 0.

”b)“: This follows immediately by statement a), as the module M/ . f;M
is R, -torsion if and only if it has dimension < 0. I

We now prove a basic existence result for filter-regular sequences.

5.6. Proposition. Letr € Ny, let K be an infinite field, let R = KGR DR, . ..
be a Noetherian homogeneous K algebra, let M be a finitely generated graded
R-module and let a C R, be a graded ideal with

R+§\/m'

Let t1,ts,...,t, € Z>gendeg(a) and let P C Spec(R) \ Var(a) be a finite set.
Then, there are elements

fiea \Jp (=127
peP

such that fi, fo, ..., fr form a filter-regular sequence with respect to M. More-
over this filter-reqular sequence is saturated if and only if r > dimg(M).

Proof. By (5.5)b) it suffices to prove the existence of the requested filter-regular
sequence. We do this by induction on r. For r = 0, there is nothing to show.
So, let r» > 0. Let

{p17p27 . ,ps} = (ASSR(M) M PI'OJ(R)) U P, (5 I~ N())
We first aim to show that

adp;, Vjie{l,2,... s}
So, let j € {1,2,...,s}. If p; € Assg(M) N Proj(R) we have (0 :g M) C p; and
p; & Ry C y/a+ (0:p M) which implies that a € p;. If p; € P this latter
inclusion is clear by our hypothesis.

But now we get as;, € p; for all j € {1,2,...,s}. As t; > gendeg(a) we
also have as;, = (a;,) and hence a;, € p; for all j € {1,2,...,s}. Therefore
a, Np; & ap forall j € {1,2,...,s}. As K is infinite, we thus find some
element

fl € ay \ U at, mpj = Oy \ U p.
je{1,2,...,s} pe(Assgr(M)NProj(R))UP
So,
fl € ay \ U p

peP
is filter-regular with respect to M. Observe that (0 :p M) C (0 :x M/fi M),
so that

R, C+/a+(0:5g M/fiM).
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Therefore, by induction we find elements
fi E%\Up (1=2,3,...,7)
peP

such that fs, fs,..., f. form a filter-regular sequence with respect to M/ f1 M.
Therefore f1, fo, ..., f. form a filter-regular sequence with respect to M. [

We now focus on (saturated) filter-regular sequences which consist of homoge-
neous elements of degree 1.

5.7. Proposition. Let r € N, let m € Z, let R = @neNO R, be a Noetherian
homogeneous ring, let fi, fo,...,fr € Ry and let M be a finitely generated
graded R-module. Then the following statements are equivalent:

(i) reg(M) < m and fi, fa,..., fr is a saturated filter-reqular sequence with
respect to M.

(it) end(0 /s, o0 fi) <m,Vk <7 and end(M/},, f;M) <m.

Proof. Assume first, that condition (i) holds. And let i € {1,2,...,r}. Then,
by (5.3)c) we have

end(Hpy (M/ > f;M)) <reg(M/ ) f;M) < reg(M) < m.
j<i j<i
Now, let k € {1,2,...,r}. As fy is filter-regular with respect to M/ >, f;M
and on application of the previous estimate with ¢ = k — 1 we thus get

end(0 /5, poan) f5) < end(HP, (M/ Y M [;)) < m.
j<i
As the filter-regular sequence f1, fa, ..., f, is saturated and on use of the above
inequality with £ = r we also get
end(M/ Y f;M) = end(Hy, (M/ Y f;M)) < m.
Jjsr Jj<r

So, condition (ii) holds.
Assume now, that condition (ii) holds. Then

end(O (M) S £5M) fk> <m<oo, Vke {1,2,...,7’}

shows that fi, fo,..., f, is a filter-regular sequence with respect to M. As
end(M/ >, f{M) < m < oo, the module M/, f;M is R -torsion, so
that the filter-regular sequence fi, fo,..., f. is saturated. In particular we
have Hp, (M) = 0 for all i > 0 (see (5.4)B)c)). By (5.3)b) (applied with
k =0) we have

end(Hj, (M) +i < end(Hfy (M} f;M)), Vie{0,1,...,r}.

J<i
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If we apply this this with ¢ = 7 and bear in mind that M/, f;M is R,-
torsion and has an end < m, we get end(Hy, (M)) + 7 < m. Finally, let
ke{l,2,....,r}. As fi € Ry is filter-regular with respect to M/ > ., f;M we
have (see (5.1)B)d))

end(Hp, (M/ Y fiM)) = end(0 ;a5 _, 1,00 fi) < m.
j<k
If we apply the above estimate with ¢ = k& — 1 we thus get end(H,’%;l(M)) +

(k — 1) < m. Altogether we thus have reg(M) < m. Therefore condition (i)
holds. O

Later, we shall have to consider the situation where M is a graded submodule
of a given graded module V. The following consequence of (5.7) will help to
pave the way to this.

5.8. Corollary. Let r € N, let m € Z, let R = D,,cn, Bn be a Noetherian
homogeneous ring, let V' be a finitely generated graded R-module with reg(V') <
m and let fi, fo,..., fr € Ri. Then the following statements are equivalent:

(i) reg(M) < m and fi, fo,..., fr is a saturated filter-reqular sequence with
respect to V/M.

(M + ngr fiV)sm = Vom.

Proof. Observe that by (3.3)C)a),d) we have
reg(M) < max{reg(V),reg(V/M)+1},reg(V/M) < max{reg(M)—1,reg(V)},

so that reg(V/M) < m if and only if reg(M) < m. Therefore, condition (i)
is equivalent to the fact that V/M satisfies condition (i) of (5.7). Moreover

condition (i) is obviously equivalent to the fact that V/M satisfies condition
(ii) of (5.7). Now, we may conclude by (5.7). O]

Upper bounds on the generating degree of an intersection of two graded sub-
modules of a given graded module are a basic issue in computational algebraic
geometry. Here comes a corresponding bounding result, which will be used as
an important tool for our investigation of filter-regular sequences.

5.9. Proposition. Let m € 7, let R = @neNo R, be a Noetherian homoge-
neous ring, let V be a finitely generated graded R-module and let M, N C V
be two graded submodules such that

gendeg(M), gendeg(N) <m, reg(M + N) < m.

Then gendeg(M N N) < m.

Proof. We find a polynomial ring S := Ry[X3, Xo,...,X,] and a graded ideal
a C S such that R = S/a. If we consider V, M, N, M + N and M N N as
graded S-modules their regularities and generating degrees remain the same
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(see (3.3)A)e) and (3,3)B)i)). This allows to replace R by S and hence to
assume that R = Ry[X1, Xo,..., X,] is a polynomial ring. As M and N are
generated in degrees < m, there are epimorphisms of graded R-modules

FS5M—0, G5N—=o0

in which
,

F = @R(—ai), a; < as'...<a, = gendeg(M),

i=1
G = @R(—arﬂ), ri1 < Gryo < ... < apps = gendeg(N)
i=1

are graded free R-modules of finite rank with
gendeg(F'), gendeg(G) < m.
So

r+s
FaG= @R(—aj), a; <m,Vje{l,2,....r+s}
j=1
is a graded free R-module of finite rank with gendeg(M@®&N) < m. Asreg(R) =
0 (see (3.5)), we thus have reg(F @& G) < m (see (4.6)A)d)). So, the exact
sequence of graded R-modules

O—)Ker(ﬂ+p)—>F€BGm>(M+N)—>O

yields that reg(Ker(m + p)) < m (see (3.3)C)a)). Therefore gendeg(Ker(m +

p)) < m, (see (3.4)). Now, the commutative diagram

Id
FoG—"% . Fadg

ﬂ@pl jﬂ'—l—p

M@NMM—%N

shows that
(x ® p)(Kex(n + p)) = Kex(0).
Therefore
gendeg(Ker(o)) = gendeg((m @ p)(Ker(r + p))) < gendeg(Ker(m + p)) < m.
In view of the isomorphism of graded R-modules
Ker(o) = MAN, (m,n) —m
we finally get that gendeg(M N N) < m, as requested. O

We now are ready to prove the crucial result of this section, which shall imme-
diately lead to the announced generalized version of the Regularity Criterion
of Bayer-Stillman. As a last preparative step, we prove the following auxiliary
result.
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5.10. Lemma. Let m € 7Z, let R = @, cy, [tn be a Noetherian homogeneous
ring, let V' be a finitely generated graded R-module, let M C V be a graded
submodule and let f € Ry be a filter-regular element with respect to V. Assume
that

gendeg(M), reg(V), reg(M + fV) < m.
Then gendeg(M :y f) < m.

Proof. As (see (3.3) A)a),b), (3.4))

gendeg(fV) < gendeg(V) +1 <reg(V)+1<m+1
our previous proposition (5.9) implies that gendeg(M N fV) < m+1 and hence
gendeg(M (1)) < m (see (3.3)A)a)). As

MOV =f(M:v [)
we have an exact sequence of graded R-modules
0= 0w f)—=(M: f)= (MnfV)(1)—0.
As f € Ry is filter-regular with respect to V' we also have (see (5.1)A)):
gendeg(0 :y f) <end(0:y f) < end(HIO%Jr (V) <reg(V) <m.

So, in view of the above exact sequence we obtain (see (3.3)A)b)

gendeg(M vy f) < m.

Now, we are ready to formulate and to prove the announced main results.

5.11. Theorem. Let r € N, let m € Z, let R = @, cy, Bn be a Noetherian
homogeneous ring, let V be a finitely generated graded R-module, let M C V
be a graded submodule and let f1, fo, ..., f. € Ry be filter-reqular elements with
respect to V. Assume that reg(V) < m and gendeg(M) < m. Then, the
following statements are equivalent:

(i) reg(M) < m and fi, fa,..., f- is a saturated filter-reqular sequence with
respect to V//M.

(i) (M +23200V) v fdm =M+, fiV)m, Vie€{l,2,....r} and
(M + ngr fjv)m = Vm

Proof. By (5.8) statement (i) implies statement (ii). We prove the reverse
implication by induction on r. First, let » = 1 and assume that statement
(i) holds. Then (M + fiV);, = Vi, As gendeg(V) < reg(V) < m (see (3.4))
and R is homogeneous, it follows (M + f1V')>,, = V>, and hence end(V/(M +
f1V)) < m < oo. In particular the module V/(M + f,V') is R, -torsion, so that
reg(V/(M+ f1V)) = end(V/(M + f1V)) < m. Hence, in view of (3.3)C)a) the
short exact sequence of graded R-modules

0= M+ fV)=>V V/(IM+ fL,V)—0
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implies that reg(M + f1V') < m. Now, by (5.10) it follows that
gendeg(M v f1) < m.

By our assumption we have (M :y fi),, = M,,. As R is homogeneous it thus
follows (M :v fi)sm = M>,,. But this means that in our situation statement
(ii) of (5.8) holds for » = 1. So, by (5.8) we see that reg(M) < m and that
f1 constitutes a saturated filter-regular sequence with respect to V/M. This
proves the requested implication if r = 1.

So, let » > 1 and assume that statement (ii) holds. As gendeg(f1V) <
gendeg(V) + 1 < reg(V) + 1 < m, we have gendeg(M + f1V) < m. Ap-
plying induction to the graded submodule M + 1V C V and the sequence
fos f3, ..., fr € Ry of elements which all are filter-regular with respect to V/,
we obtain that reg(M + f1V') < m and that fs, f5,..., f. is a saturated filter-
regular sequence with respect to V/(M + f1V'). Hence, by (5.8) we have

M+Zf] sz >m—(M+ijV)Zm, Vi€{2,3,...,r}
j<i j<i

and in addition
(M4 [iV)om = Vo
j<r
By (5.10) we also have gendeg(M :y fi1) < m. As R is homogeneous, as
(M =y f1)m = M,, and as gendeg(M) < m, this implies that
(M v fi)om = Mz

Now, by another use of (5.8) we get statement (ii). O

Finally we can prove the announced extension of the Regularity Criterion of
Bayer-Stillman.

5.12. Theorem. Let m € 7, let K be an infinite field, et R=K® R PR, ...
be a Noetherian homogeneous K -algebra, let V' be a finitely generated graded
R-module and let M C 'V be a graded submodule. Assume that reg(V) < m
and gendeg(M) < m. Then, the following statements are equivalent:

(i) reg(M) < m.
(i) There is an integer v € Nq and there are elements fi, fo, ..., fr € Ry
which are filter-reqular with respect to V' and such that

(MAD V) v i) =M+ fiV)m, Vie{l,2,...,r}

7<t i<t
and
(M+) fV
Jj<r
Moreover, a sequence f1, fa,..., fr € Ry which satisfies the conditions men-

tioned in statement (ii) is a saturated filter-reqular sequence with respect to
V/M.
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Proof. Assume first, that statement (i) holds. If dimg(V/M) < 0 the module
V/M is R,-torsion and so, by (3.3)C)d)

end(V/M) = reg(V/M) < max{reg(M) — 1,reg(V)} < m.
So we get statement (ii) with r = 0.

Now, let r := dimg(V/M) > 0 and set P := Assg(V) N Proj(R). Then, by
(5.6) (applied with a = Ry and t; =ty = --- = ¢, = 1 to the module V/M)
we find elements
fl?f?a"'?fr GRI\ Up
peP
which constitute a saturated filter-regular sequence with respect to V//M. By
(5.11) these elements satisfy the requirements of statement (ii).

Assume now, that statement (ii) holds. If » = 0 we see that V/M is R, -torsion
with reg(V/M) = end(V/M) < m, so that by (3.3)C)a) we get

reg(M) < max{reg(V),reg(V/M) + 1} <m
and hence statement (ii). If » > 0 statement (i) follows immediately by (5.11).

The remaining statement of our theorem is also immediate by (5.11) if » > 0
and clear by what we were saying above in the case r = 0. U

5.13. Remark. (Around the Regularity Criterion of Bayer-Stillman) A) Let
m € N, let R = K[X1, Xs,...,X,] be a polynomial ring over the infinite field
K and let a & R be a graded ideal with gendeg(a) < m. As reg(R) = 0
(see (3.5)) we may apply (5.12) with V' = R and M = a and thus get, that
reg(a) < m if and only if there are linear forms fi, fo,..., f, € R\ {0}| such
that

((a+(f1, fo, oo fic1) iR J)m = (a4 (fr, for s fic1))mn Vi € {1,2,... )7}
and

(Cl—|— <f17f2a~--7fr>)m = Rm

Moreover we know that the linear forms fi, fo, ..., f. satisfy the above require-
ments if and only if they constitute a filter-regular sequence with respect to
R/a. In addition by (5.6) we always can choose r = dim(R/a). This is essen-
tially what has by been shown by Bayer and Stillmann [B-St]. In fact their
statement says that for a ”generic family “ of r = dim(R/a) elements the above
requirements hold. The genericity condition means that there is a non-empty
(Zariski-) open subset U C (R;)" = K"* such that for all (f;)ic(1,2,..r} € U the
above requirements hold. Indeed, a generic family of r linear forms is always
a filter-regular sequence with respect to R/a. We leave the proof of this to
those readers who have already some background in Algebraic Geometry. Our
result gives more information, as it precisely characterizes the sequences which
satisfy the above requirements.

B) In [Br-L2] we did prove that the Regularity Criterion of Bayer-Stillman
holds for graded submodules of free modules over a polynomial ring over a
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field, as we needed the criterion in this more general form. In [Br5] we did
establish the criterion in question in greater generality as given in (5.11). We
namely did show that this criterion holds over any Noetherian homogeneous
ring R = @nENO R,, whose base ring Ry has infinite residue fields, which means
that the ring Ry/po is infinite for all py € Spec(Ry).

C) Finally, let us point out the significance of the Regularity Criterion of
Bayer-Stillman. Observe that this criterion tells that the requirements given
in statement (5.12)(ii) are satisfied for all degrees m > my if they hold for
m = mg. So, this criterion includes a persistence result for the requirements in
question. There is in fact a classical idea hidden behind this criterion: Already
in [Herm] one finds similar criteria to bound the saturation degree (see (4.9))

satdeg(a) :=sup{n € Z | (a*"),, = a,} = end(H]Oﬁ(R/a))

of a graded ideal a C R = K[Xy, X5,..., X,] in a polynomial ring over a field
K.

We now aim to investigate the relation between multiplicities and filter-regular
sequences. We start with a number of preliminaries, which will lead us im-
mediately to the corresponding main result, which claims that non-saturated
filter-regular sequences with respect to graded modules over Noetherian ho-
mogeneous K-algebras are systems of multiplicity parameters.

5.14. Exercise and Definition. A) (Homogeneous Parameters) Let K be a
field, let R = K @& Ry & R, ... be a Noetherian homogeneous K-algebra and
let M be finitely generated graded R-module. We set

Asst (M) := {p € Assp(M) | dim(R/p) = dimp(M)}.

Now, let ¢ € N, assume that dim(M) > 0 and show that for all elements
f € R, the following statements are equivalent:

(i) dim(M/fM) < dim(M).
(i) dim(M/fM) = dim(M) — 1.
(111) f ¢ UpEAssgg)(M)p'

If these equivalent conditions hold, the element f € R; is called a homogeneous
parameter (of degree t) with respect to M.

B) (Multiplicity Parameters) Keep the notations and hypotheses of part A),
assume that dimgr(M) > 0 and let f; € R; be a homogeneous parameter of
degree t € IN with respect to M. Prove the following claims

a) deg(Puy/pm) = deg(Pyr) — 1.
b) Py(n) — Py(n —1t) < Payypa(n) for all n>> 0.
c) If dim(M) > 1, then eo(M/fM) > teo(M).
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If dim(M) > 1 and eo(M/fM) = teg(M), we call f a multiplicity parameter
(of degree t) with respect to M.

C) (Filter-Regular Elements as Multiplicity Parameters) Keep the notations of
part A) and assume that dimg(M) > 0. Prove the following statements:

a) If f € R, is filter-regular with respect to M, then it is a homogeneous
parameter with respect to M and

Prypu(X) = Pu(X) — Pu(X —t).

b) If dimg(M) > 1 and f € R; is filter regular with respect to M, then f is a
multiplicity parameter with respect to M.

5.15. Exercise and Definition. A) (Homogeneous Systems of Parameters)
As in (5.14), let K be a field and let R = K @ Ry @ R, ... be a Noetherian
homogeneous K-algebra, let M be a finitely generated graded R-module, let
r € N with » < dimg(M), let t1,t9,...,t, € N and let f; € Ry, for all
i €{1,2,...,r}. Prove that the following statements are equivalent;

(i) fi is a homogeneous parameter with respect to M/
{1,2,...,7}.

(ii) dimg(M/> ., fiM) = dimg(M) — s for all s € {0,1,...,7}.

(iii) dimp(M/X,, fiM) = dimgp(M) — .

(iv) dimp(M/ Yo, f;M) > dimp(M) —r.

fiM for all ¢ €

3<t

If the equivalent conditions (i)-(iv) are satisfied, the sequence fi, fa, ..., f is
called a homogeneous system of parameters with respect to M.

B) (Properties of Homogeneous Systems of Parameters) Let the notations and
hypotheses be as in part A). Prove the following statements:

a) If fi, fa, ..., fr is a homogeneous system of parameters with respect to M,
then so is fi, fa,..., fs forall s € {1,2,...,7}.
b) If fi, fo,..., fr is a homogeneous system of parameters with respect to M,

then so is fo(1), fo(2), - - -, fo(r) for each permutation o of {1,2,...,7}.
¢) If r <dimg(M), then eo(M/ >, fiM) > tity.. . treo(M).

C) (Systems of Multiplicity Parameters) Keep the above notations and hy-
potheses. Assume in addition that » < dimgr(M) and that fi, fo..., f. is a
homogeneous system of parameters with respect to M. Show that the following
statements are equivalent:

(1) BQ(M/ Zigr sz) S tltg c. tTBQ(M).

(i) eo(M/ > e, fiM) = tita. . . tseo(M) for all s € {1,2,...,r}.

(iii) f; is a multiplicity parameter with respect to M/ Zj < [iM for all i €
{1,2,...,7}.
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It these three equivalent conditions are satisfied, the sequence f1, fo, ..., f, is
called a system of multiplicity parameters with respect to M.

D) (Properties of Systems of Multiplicity Parameters) Keep all notations and
hypotheses of part C) and prove the following:

a) If fi, fa,..., f- is a system of multiplicity parameters with respect to M,
then so is f1, fa,..., fs forall s € {1,2,...,r}.

b) If fi, fa,..., fr is a system of multiplicity parameters with respect to M,
thensois fo1), fo(2), - - - » for) for each permutation o of the set {1,2,...,7}.

5.16. Theorem. Let r € N, let K be a field, let R = K & R & Ry... be
a Noetherian homogeneous K -algebra, let M be a finitely generated graded R-
module such that dimg(M) > r and let f1, fa, ..., [ be a filter-reqular sequence
with respect to M. Then fi, fo, ..., fr is a system of multiplicity parameters
with respect to M.

Proof. This follows easily from (5.14)C)a) on use of the equivalences shown in
(5.15)A),C). O]

5.17. Example and Exercise. Let K be a field, let XY, Z, W be indetermi-
nates and consider the Noetherian homogeneous K-algebra

R:=K[X,)Y,ZW]|/(X)N(X%Y,Z)=K[X,Y,Z,W|/X(X,Y, Z),
consider the graded primes
p=XR, q:=(X,Y,2)R, s:=(X,W)R € Proj(R)
and the two elements
fi=Wlg, fy:=Z1p € R;.
Show that

a) Assg(R) = {p,q} and dim(R) = 3.
b) ASSR(R/fl )— {5 R+}

) fi, f2 is a filter-regular sequence with respect to R.

a0

) f2, f1 is not a filter-regular sequence with respect to R.
e) fi, fo and fo, f1 are systems of multiplicity parameters with respect to R.
)

f) eo(R) =eo(R/{f1, f2)) =1

This example teaches us, that filter-regular sequences are not permutable (see
statements c¢) and d)). It thus shows the most important difference between
filter regular sequences and systems of multiplicity parameters: the latter are
always permutable, whereas the former need not be. In particular, we see by
this example, that there are systems of multiplicity parameters which are not
filter-regular sequences.
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We have already observed in (5.2)B)a) that M-sequences with respect to a
finitely generated graded module over a Noetherian homogeneous ring are
filter-regular sequences. We now want to prove a partial converse of this.
We begin with the following preparation.

5.18. Reminder. (Grade with Respect to the Irrelevant Ideal) (See [Br-Fu-Ro]
(4.5),(4.6)) Let R = D,,cn, 2n be a Noetherian homogeneous ring and let M
be a finitely generated graded R-module. Then the grade of Ry with respect
to M is defined as the supremun of lengths of all M-sequences which consist
of elements of R, and is denoted by grade,,(R). Keep in mind that

gradey (Ry) = inf{i € No | Hp (M) # 0}.

Using this notation we now can say:

5.19. Proposition. Let r € Ny, let R = @neNO R,, be a Noetherian homoge-
neous ring, let M be a finitely generated graded R- module and let fy, fo, ..., fr €
Rfﬁ form a filter reqular sequence with respect to M. Then, the following state-
ments are equivalent:

(i) r <gradey(R;).
(i) fi, fo,..., fr is an M-sequence.

Proof. Assume that condition (i) is satisfied. Suppose first, that grade,,(R,) =
oo. Then Ry M = M (see [Br-Fu-Ro] (4.7)). By the Graded Nakayama Lemma
(2.1)C)a) it thus follows M = 0, and so fi, fa, ..., f. is an M-sequence.

Assume now that g := grade,;(R;) < oo. We prove by induction on r that
fi, fay ..., fr is an M-sequence. If r = 0, there is nothing to show. So, let
r > 0. Then we have g > 0 and hence NZDyr(M) N Ry # (. Therefore
Assgr(M) N Var(R;) = 0 and hence Assgr(M) C Proj(R). As f; is filter-
regular with respect to M it thus avoids all members of Assg(M) and therefore
we get fi € NZDg(M). Now, we have r — 1 < g — 1 = gradey, ¢ (R4 )
and fo, fs,..., f is a filter-regular sequence with respect to M/fi M. So, by
induction fo, f3,..., fr is an M/ fi M-sequence. It follows that fi, fo, ..., f. is
an M-sequence.

The reverse implication is immediate by the definition of grade. 0
We now come to the last result of this section, which may be seen as a com-
plement of (5.16).

5.20. Proposition. Let K be a field, et R= K ® Ry ® Rs ... be a Noetherian
homogeneous K -algebra, let M be a finitely generated graded R-module with
r = dimg(M) = grade,, (Ry) > 0, let ty,ts,...,t, € N and let

fieR, (i=1,2,....7)
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be such that f1, fo, ..., fr is an M-sequence. Then
dlmK(M/<f1,f2,,fr>M) = H tz€0<M)

i=1,2,..,r

Proof. We first treat the case r = 1. Observe that for all n € Z there is an
exact sequence of K-vector spaces

0 — My, 2% M, — (M/fiM), — 0
with M,, = 0 for all n < 0 and all dimg(M,,) = eq(M) for all n > 0. So, for

all m € Z we have
> dimp (M) fiM ) ar,) = Y dimge (Mg re,) = dimge (Mo, —1,) = eo(M).

keZ kEZ

and hence
dimy (M/fiM) =Y dimg((M/ f; M),,) =
= 35" dimg (M fy M) 41,) = treo(M).

m=1 k€Z
This proves the case r = 1.

Now, let r > 1 and set M' = M/{(fi, fo,..., fr—1)M. By (5.2)B)a) and (5.16)
we know that fi, fo,..., f,_1 form a system of multiplicity parameters with
respect to M, so that

dimp(M') =1, eo(M') =[] tieo(M).

Moreover, f,. € NZDg(M') and
M/(f1, fay oy fo)M = M/ f. M.

If we apply what we have shown in the case r = 1 to the module M’ instead
of M and to the element f, instead of f;, our claim follows. U

Now, using the notion of Hilbert-Serre multiplicity as introduced in (4.3)A),
we can conclude.

5.21. Corollary. Let K be a field, let R = K ® Ry ® Ry ... be a Noetherian
homogeneous K algebra, let r < grade,;(Ry), let ty,tq,...,t. € N and let

fie Ry, (+1,2,...,r)
be such that fi, fa, ..., fr is a filter-reqular sequence with respect to M. Then

mult(M/(f1, fo..., fYM) = H t;mult(M)

Proof. If r < dimg(M), we may conclude by (5.16). If r = dimg(M) we may
conclude by (5.18),(5.19) and (5.20). O



6. REGULARITY OF SUBMODULES AND GENERATING DEGREES

This section is motivated by a classical question, namely: to give a "good*
bound on the regularity of a graded ideal a in a polynomial ring

R=K[X,Xs,... X,

over a field K in terms of the generating degree gendeg(a) of this ideal. We shall
actually study a more general situation and bound the regularity of a graded
submodule M of a finitely generated graded module V over a Noetherian
homogeneous Cohen-Macaulay K-algebra R in terms of the generating degrees
of M and of the ideal (M :g V') and some further numerical invariants of the
ring R and the ambient R-module V. Specializing our main result to the case
where M :=a C K[X3, X5,..., X,] =t R=:V we shall get that
reg(a) < (2gendeg(a))?

a bound which was established by Galligo and Giusti for fields K of charac-
teristic 0 (see [G], [Gi]) in 1979 and 1984 and by Caviglia-Sbarra [Cav-Sb| in
2005 for fields K of arbitrary characteristic.

We also shall derive a number of further bounding results, which apply in the
case case in which the base ring R is not necessarily a Cohen-Macaulay ring
or in which the Annihilator of V/M is not known. We also derive a bounding
result for the regularity of M in terms of the discrete data of a presentation of
M. This will give us the opportunity to comment once more on the Problem of
the Finitely Many Steps and hence to turn our view for a very short moment
back to the beginning of Algorithmic Algebraic Geometry.

We begin with an investigation on the ends and the lengths of R, -torsion
modules.

6.1. Proposition. Lett € N, let K be a field, let R= K ® Ry ® Ry... be
a Noetherian homogeneous K-algebra and let M # 0 be a finitely generated
graded R, -torsion R-module. Let a C R be a graded ideal such that aM = 0,
va= R, and gendeg(a) < t. Then

end(M) < reg(R) + gendeg(M) + (t — 1)dim(R).

Proof. We set
r:=dim(R), g¢:= gendeg(M).
As M # 0 we have g € Z.

Let K’ be an infinite extension field of K, consider the Noetherian homo-
geneous K'-algebra R = K' ®@x R = K' & (K' ®x R1) & (K' ®k R) ...,
the finitely generated graded R'-module M’ := K' @x M = @, ., K' ®k M,
and the graded ideal ¢’ := K'®a = @, .y K’ ®x a, € R. Then clearly
reg(R') = reg(R) (see (3.3)B)h), dim(R') = dim(R) = r (see (2.4)C)b)) and
end(M') = end(M) < oo (see (2.4)A)). In particular M’ is R’ -torsion. Fi-
nally it is easy to see that a’M’ = 0 and V& = R/,. By (3.3)A)d) we have
76
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gendeg(M') = gendeg(M) = g and gendeg(a’) = gendeg(a) < t. So, we may
replace R, M and a respectively by R', M’ and a’ and hence assume that K
is infinite.

We find a short exact sequence of graded R-modules

0 NSFSM—0

in which
k
F:@R(_ai>7 ap<ax<...<ap=g
i=1

is a graded free R-module of finite rank k& with gendeg(F) = g. Now, clearly
dimg(F) = r (see (4.6)A)c)) and reg(F) = reg(R) + g (see (3.3)B)b) and
(4.6)A)d)). As aM = 0 we also have aF' C N.

If we apply (5.6) to the graded R-module F', we find elements fi, fo,..., f. € @
which form a saturated filter-regular sequence with respect to F'. In particular

G:=F/{fi,f2- - [1)F

is R.-torsion, and (5.3)c) applied to the R-module F' with k = 0 and i = r
yields that

end(G) = reg(F/Z [iF) <reg(F)—r+rt <reg(R)+g+ (t—1)r.
Jj<r
As (f1, fa, ... [r)F C aF C N, we have an epimorphism of graded R-modules
G — M — 0, and therefore end(M) < end(G) < reg(R) + g+ (t — 1)r. O

Before we prove our next result, we introduce a few notions.

6.2. Exercise and Definition. (Minimal Numbers of Homogeneous Genera-
tors) A) Let K be afield, let R = K@ R B R, ... be a Noetherian homogeneous
K-algebra and let M be a finitely generated graded R-module. We then con-
sider the number

ur(M) = p(M) = dimge(M/R M) (€ Ny).

It follows easily from the Graded Nakayama Lemma, that p(M) is the number
of elements in all minimal homogeneous systems of generators of M. Therefore
we call this number the minimal number of homogeneous generators of M.

B) Keep the notations and hypotheses of part A). Show the following state-
ments:

a) (Base Field Change Property) Let K’ be an extension field of K, and con-
sider the Noetherian homogeneous K-algebra R’ := K'®x R and the finitely
generated graded R'-module M’ := K' ® M. Then pp(M') = pur(M).

b) (Base Ring Independence) Let b C R be a graded ideal such that bA = 0.
Then /(M) = pr(M).

c) For all n € Z we have pu(M(n)) = u(M).
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d) If (M (i))ie{m ,,,,, s} is a ﬁnite family of ﬁnitely‘ generated graded R-modules,
then ﬂ(@ie{m ..... s} M(Z)) = Zie{l,Q ..... s} :U(M(Z))'

6.3. Exercise and Definition. A) (Graded Cohen-Macaulay Modules) Let K
be a field, let R = K & Ry ® R, ... be a Noetherian homogeneous K-algebra,
and let M # 0 be a finitely generated graded R-module. Then we have

gradey,; (Ry) < dimg(M),

(as one can easily see on use of (5.18) and Grothendieck’s Vanishing Theorem
[Br-Fu-Ro](4.11), for example). We say that M is a (graded) Cohen-Macaulay
module or a CM module for short, if equality holds in the above inequality.

B) (Properties of Graded CM-Modules). Let the hypotheses and notations be
as in part A). Prove the following claims:

a) If dimg(M) = 0, then M is CM.

b) If dimp(M) = 1, then M is CM if and only if I'g, (M) = 0.

¢) (Base Field Change Property) Let d € N, let K’ be a field extension of K
and consider the Noetherian homogeneous K'-algebra R’ := K’ @ x R and

the finitely generated graded R’-module M’ = R’ ®x M. Then M’ is CM
of dimension d if and only if M is CM of dimension d.

d) (Base Ring Independence) If b C R is a graded ideal with bM = 0, then
M is CM as an R/b-module if and only if it is as an R-module.

e) Let n € Z. Then M(n) is CM if and only if M is.

f) Let (M (i))ie{m 77777 s} be a finite family of finitely generated graded R-modules
M® which have all the same dimension. Then € M® is CM if
and only if all the M@ are.

g) Let d = dimg(M). Then the following statements are equivalent:

i€{1,2,...,s}

(i) There is an M-sequence fi, fa, ..., fy consisting of elements f; € R,

(ii) Each homogeneous system of parameters with respect to M is an M-
sequence.

(iii) Each Filter-regular sequence fi, fo,..., fs with s € {1,2,...,d} is an
M-sequence

C) (Homogeneous Cohen-Macaulay-Algebras) Let R be as in part A), we say
that R is a (homogeneous) CM-algebra (over K ) if R is CM as an R-module.

Prove the following facts.

a) If dim(R) =0, R is CM.

b) If dim(R) = 1, then R is CM if and only if I'g, (R) = 0.

¢) (Base Field Change Property) Let K' be an extension field of K and let
d € Ny. Then, the following statements are equivalent

(i) Ris CM and of dimension d.
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(ii)) The Noetherian homogeneous K’-algebra R’ := K’ @k R is CM and
of dimension d.
c) If f1, fa,..., fs € Ry is a homogeneous R-sequence then R is CM if and
only if R/(f1,fa-.., fs) is.
d) If R is CM of dimension d, then each graded free R-module F = @F 1 R(—a;)
of rank £ > 0 is CM of dimension d.
e) If R=K[Xy,Xs,...,X,] is a polynomial ring, it is CM.

We now give an estimate on the length, or —equivalently- the vector space
dimension, or — also equivalently— the Hilbert-Serre multiplicity (see (4.3)A))
of torsion modules over Noetherian homogeneous K-algebras.

6.4. Proposition. Let t € N, let K be a field, let R=K ® Ry & Ry... be a
Noetherian homogeneous K -algebra which is CM and let M # 0 be a finitely

generated graded R.-torsion R-module. Let a C R be a graded ideal such that
aM =0, /Ja= R, and gendeg(a) <t. Then

mult(M) = dimg (M) < mult(R)pug(M )0,

Proof. We set
e:=mult(R), d:=dim(R), k:=pur(M).
Clearly e > 0. As M # 0, we have k£ > 0.

Now, let K’ be an infinite extension field of K and consider the Noetherian
homogeneous K’-algebra R’ = K’ ® R, the graded ideal «/ = K/ ® x a C R’
and the finitely generated graded R-module M’ = K’ @y M. Observe that
R’ is again CM of dimension d (see (6.3)C)c)) and mult(R') = mult(R) = e
(see (4.3)C)b)). By (6.2)B)a) we have ur/ (M') = pr(M) = k. Moreover, by
(4.3)C)b) it also follows that dimg/ (M’) = dimg(M). So, as in the proof of
(6.1) we may replace R, a and M respectively by R, ' and M’ and hence
assume that K is infinite.

As M is generated by k homogeneous elements, there is again an exact sequence
of graded R-modules

k
0+NSF—M-=0, F=PR(-a)
=1

in which F is a graded free R-module of rank £ and aF C N. In particular
we have mult(F') = mult(R)k = ek (see (4.6)A)e)). Moreover by (6.3)C)e) the
module F'is CM of dimension d.

By (5.6), applied to the R-module F', we find elements f1, fo,..., fq € a; which
constitute a filter-regular sequence with respect to F. But now, by (6.3)B)g)
fi, fa, ..., fa is an F-sequence. We set G := F/(f1, fo,..., fa)F. Then (5.21)
implies that dimg(G) = mult(F)t = ektd. As (fi,fo...,f2)F C aF C N
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we have an epimorphism of graded R-modules G — M — 0 and thus get
dimg (M) < dimg(G) < ektd. O

Now, we want to study the length of some particular torsion modules, the so
called filter kernels, which we will define now.

6.5. Definition. (Filter Kernels) Let R = P, oy, n be a Noetherian homo-
geneous ring, let M be a finitely generated graded R-module and let ¢ € N and
let f € R; e afilter-regular element with respect to M. The graded R -torsion
submodule (0 :3; f) is called the filter kernel of M with respect to f.

We also introduce another numerical invariant of graded modules.

6.6. Exercise and Definition. (Span of Graded Torsion-Modules) A) Let R =
®nENo R, be a Noetherian homogeneous ring and let M be finely generated
graded R-module. We define the span of M by

0, M=0

span(M) := {end(M) “beg(M) +1,M #0

B) Let the notations and hypotheses be as in part A), let ¢ € N, let f € R;
and let M in addition be R, -torsion. Show that

PN = 0, > 2M)
b - t .

6.7. Notation.
[a]+ =min{n € Z |n>a}, (aeR).

6.8. Lemma. Let t € N, let K be a field, let R = K® R ® Ry... be a
Noetherian graded K-algebra, let M be a finitely generated R-module and let
f € Ry be filter-reqular with respect to M. Then

span(H%+ (M))
t

b) dimg(H}, (M)) < [ | "dimg (HY, (M/fM)).

Proof. 7a)“: As f is filter-regular with respect to M we have
(Hp, (M) s f) = Hp, (M)
and hence fM N Hy, (M) = f(Hy, (M) :ar f) = fHy, (M), so that
(Hp, (M) + fW)/fW = Hy (M)/fHg, (M).

As (Hp, (M) + fM)/fM C Hp (M/fM) we thus get a monomorphism of
graded R-modules

Hy (M)/fHy, (M) — H°(M/fM)
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and therefore
dimy (Hy, (M)/fHg, (M)) < dimg (Hy, (M/fM)).
Moreover, the exact sequence
0= (0 f) = Hyp (M) 5 (FH}, (M)) () 0
implies
dimp (0 ar f) = dimg (Hp, (M) — dimg (f Hp (M)

— dimy (HY, (M)/fHY, (M)).
Together with the above inequality, this proves our claim.

”b)“: We set:

span(Hp, (M),
;o
By (6.6)B) we then have f™H}, (M) = 0. Therefore

m =

dimge (Y, (M) = 3 dimg (f" B, (M) ™ Y, (M)).

In view of the epimorphism of graded R-modules

Ir n n
Hy (M)/fHg (M) = (f"Hp, (M)/f" Hp, (M))(nt) =0
we have an epimorphism of K-vector spaces
Hy (M)/fHp, (M) = (f"Hy (M)/ " Hy, (M)) — 0,
so that
dimp (f"Hy, (M)/f" Hy, (M)) < dimg (Hg, (M)/fHg, (M)), Vn €N
and hence
dimg (Hp, (M)) < mdimg (Hg, (M)/fHg, (M)).

In view of the inequality used in the proof of statement a), we now get our
claim. 0

6.9. Lemma. Let r € N, let K be a field, let R = K ® R, & Ry... be a
Noetherian homogeneous K-algebra, let M # 0 be a finitely generated graded
R-module with dimg(M) =1 > 0 and let fi, fa,..., fr € Ry be a filter-reqular
sequence with respect to M. Set k = dimy (M/37%_, f;M).

a) dimg(Hp, (M)) < k[T span(Hp, (M/ 325, f;M).
b) dim(0 oy f1) < KTTZ) span(Hy, (M/ 325, f;M).
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Proof. First of all observe that by (5.5) the R-module M/>7" | f;M has di-
mension 0, so that &£ € IN.

7a)“: We proceed by induction on r. So, let r = 1. Then, M/fiM =
Hy, (M fiM) and by (6.8)b) it follows

span(Hpy, (M)
1

dimg (HY (M) < [ | "dimy (M/ fi M) = kspan(Hy, (M)).

This is precisely our claim for r = 1.

Now, let 7 > 1. we set M := M/fiM. Then dimp(M) = r — 1 and
fo, fs..., fr € Ry form a filter-regular sequence with respect to M. More-
over, for each i € {1,2,...,r} there is an isomorphism of graded R-modules
M/ Z;‘=1 fiM = M/ Z;‘=1 fiM. So, if we apply induction to the R-module
M and the sequence fs, f3,..., f. € Ry we get

dimnge(H, (1)) < k[T span(Hy, (M) 3 £,00))

By (6.8)b) we also have

dimK(H%+(M)) < span(H%+(M))dimK(H%+ (M)).
Both inequalities together give our claim.
"b)“: First let » = 1. Then M/ fi M is R, -torsion, and so (6.8)a) yields that
dimg (0 :ar f1) < dimg(M/fiM) = k and this is our claim. So, let » > 1. We
set again M := M/fi M. Then (6.8)a) gives us
If we apply our statement a) to the (r — 1)-dimensional finitely generated
graded R-module M and the sequence fs, f3,..., f, € Ry and bear in mind
the isomorphisms of graded R-modules M /37, f;M = M/ | f;M for all
i€ {l,2,...,r} we obtain

r—1 [
dimy (H}, (M) < k| [ span(Hp, (M/ > f;M)).
i=1 j=1
Our claim follows. O

Now, we are ready to prove our main results on the lengths of filter kernels.

6.10. Proposition. Let K be a field, let R= K @& Ry ® Rs ... be a Noetherian
homogeneous K algebra which is CM and of dimension d. Let M be a finitely
generated graded R-module of dimension r > 0, let fi, fa,..., fr € Ry be a
filter-regular sequence with respect to R and to M, let b C (0 :g M) be graded
ideal such that /b = \/(0 :g M) and let t € N with gendeg(b) < t. Then
r—1 7

dim (0 17 f1) < mult(R)pp(M)t*™" [ [ span(HYy, (M) f;M)).
j=1

=1
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Proof. Observe first, that as in the proof of (6.4) we have e := mult(R), m :=
ur(M) > 0. According to (5.19) the sequence fi, fo,..., f € Ry is an R-
sequence. So the Noetherian homogeneous K-algebra R := R/(fi, fa, ..., f;)
is CM of dimension d — 7 (see (6.3)C)c)). By (5.21) we also have mult(R) =
mult(R) = e. As the sequence fi, fo,..., f, is a saturated filter-regular se-
quence with respect to M, the module

r

MZ: M/Zf]M:M/<f17f27)fr>M

j=1
is Ry-torsion (see (5.5)). As (0 :g M), {f1,fo,...,f,) € Ry and vb =
(0 :g M) we have (see (5.4)A))

Re=/(0:r M)+ {1 forooo Jo) = VO (1 for o ).
If we set b := bR we thus get

bM =0, Vb = R,, gendeg(b) <t.
If we apply (6.4) to the R-module M and the ideal b we thus get

dimK(M/ijM) = dimg (M) < emt®".
j=1

Now, we may conclude by (6.9)b). O
6.11. Corollary. Let the notations and hypotheses be as in (6.10). Then
r—1 %
dimg (0 2y f1) < mult(R)pp(M)t*" [ [(reg(M/ >~ f;M) — beg(M) +1).
i=1 Jj=1

Proof. This follows immediately from (6.10) on use of the definition of span
and regularity:. 0

Now we are heading for the main result of this section. We start with the
following auxiliary results.

6.12. Lemma. Let K be an infinite field, let R = K & Ry & Ry ... be a Noe-
therian homogeneous K-algebra, let V' be a finitely generated graded R-module,

let M CV be a graded submodule and let f € Ry be filter-reqular with respect
to V/M and to V. Let m € Z such that

max{gendeg(M),reg(V) + 1,reg(M + fV)} <m, (M v f)m = M,,.
Then reg(M) < m.

Proof. By our hypothesis we have (see (3.4))
reg(V) <m, gendeg(M + fV) <reg(M + fV) <m.
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If we apply the Bayer-Stillman Criterion (5.12) to the modules M + fV C V
we thus find an integer r € Ny and elements fo, f3,..., f, € Ry which are
filter-regular with respect to V' and such that with f; := f we have

1—1 i—1

(M4 AV FV) v fidm = (M iV 43 fiV)m
for all i € {2,3,...,r} and

(M+ f1V+ ijv)m = Vm-

=2

As (M v fi)m = M,,. We thus get

i—1 i1
(MAY"FV) o [ = (M4 fiV)m, Vi€ {L,2,... 7}
Jj=1 j=1
We also may write
(M+Y " fVIm =V,
j=1

As f1 € Ry is filter-regular with respect to V' we now may apply the criterion
(5.12) in the opposite direction to the modules M C V' and obtain reg(M) <
m. 0J

6.13. Lemma. Let K, R, V, M and f € Ry be as in (6.12). Then
reg(M) < max{gendeg(M),reg(V) + 1,reg(M + fV)} + dimg((M v f)/M).

Proof. Let
d := max{gendeg(M),reg(V) + 1,reg(M + fV)}

and observe that (M :v f)/M) = (0 :yym f) is Ri-torsion so that indeed
dimg ((M :v f)/M) € Ny. Consequently, there is an integer

me{d,d+1,...,d+dimg((M :v f)/M)}
such that

(M v f)m /My = (M v f)[M)m = 0.

Now, we conclude by (6.12). O

Now we are ready to state and to prove the announced main result.

6.14. Theorem. Let K be a field, let R = K & Ry @® Ry ... be a Noetherian
homogeneous CM-algebra over K with dim(R) = r > 0. Let V be a finitely
generated graded R-module, let M & V' be a graded submodule and let b C
(M :r V) be a graded ideal such that o = /(M :g V). Lett € N and
g,p € 7 with

gendeg(b) <t, gendeg(M) < g, max{reg(V),gendeg(V)+reg(R)} < p.
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Moreover set
e:=mult(R), b:=beg(V), p:=ur(V), s:=dimg(V/M).
Then

a) s=0: reg(M)<p+(t—1)r+1.

b) s>0: reg(M) < [max{g,p+ (t —1)(r —s) + 1} + pet"™* — b] b,
Proof. Once more, let K’ be an infinite extension field of K, consider the
Noetherian homogeneous K’-algebra R’ := K’ ®g R, the graded ideal b’ :=
K'®rb C R and the finitely generated graded R'-module M’ := K'®x M. By

the same arguments as performed already at several instances we my replace
R, b and M respectively by R, b’ and M’ and hence assume that K is infinite.

7a)“: If s =0, the module V/M is R, -torsion and so (6.1) yields
reg(V/M) = end(V/M) < reg(R) + gendeg(V/M) + (t — 1)r
<reg(R) + gendeg(V) + (t = 1)r < p+ (t — 1)r.
Now, in view of the short exact sequence of graded R-modules
0—->M-—->V->V/M—=0
we get (see (3.3)C)a))
reg(M) < max{reg(V),reg(V/M)+1} < max{p, p+(t—1)r+1} = p+(t—1)r+1.

”b)”": So, let s > 0. As
(M(b):r V(b)) =(M:rV),  gendeg(M(b)) = gendeg(M)—b<g—b,
reg(V (b)) =reg(V) — b, gendeg(V (b)) = gendeg(V) —b, beg(V (b)) =0,

nr(V) =, dimp(V(0)/M (b)) = s
we may replace M and V respectively be M (b) and V(b) and hence assume
that beg(V) = 0. Now, with

A= [max{g, p+(t—1)(r—s)+1}+ Metr_s}

we have to show that
reg(M) < A,

We proceed by induction on s. Assume first that s = 1. According to (5.6)
(applied with a = Ry ) we find some f € R; which is filter-regular with respect
to ROV @ V/M. So, f is filter-regular with respect to R, V' and V/M. Now
V/(M+ fV)=(V/M)/f(V/M) is of dimension s — 1 = 0 (see (5.5)a)), and
hence R, -torsion. Setting a := b + (f) we clearly have a(V/(M + fV)) = 0.
Moreover gendeg(a) < ¢t and as f forms a saturated filter-regular sequence
with respect to V/M (see (5.5)b) we also have (see (5.4)A))

Va= b+ (f) = V(M :rV)+(f) = V(0:r V/M) + (f) = R..
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Now, by (6.1), and bearing in mind that gendeg(V/(M + fV)) < gendeg(V)
we get
reg(V/(M + fV)) = end(V/(M + fV))
<reg(R)+gendeg(V)+ (t —1)r <p+(t—1)r.

So, as reg(V') < p, the exact sequence of graded R-modules

0> M+ fV)=V =V/(M+fV)—=0
yields that

reg(M + fV) <p+({t—1r+1
Hence, by (6.13) and bearing in mind that reg(V) < p we get
reg(M) < max{g,p+ (t — 1)r + 1} + dimg (M = f)/M).
As (M v f)/M = (0 :yyar f) it remains to show that
dlmK(O V/M f) S /,Letril.

To this end, we just apply 6.10 to the one-dimensional R-module V/M, the
graded ideal b C R and the sequence of length one which consists of the single
element f. So, we are done in the case s = 1.

Now, let s > 1. By (5.6) (applied with a = R, ) we find a sequence of linear
forms f1, fa, ..., fs € Ry which is filter-regular with respect to R®V & V/M.
Clearly, this sequence is filter-regular with respect to R, V and V/M. Now,
for each i € {1,2,..., s}, we consider the finitely generated graded R-modules

VO =V (v, MO =M+ £V [V eV,
j=1 j=1 j=1

As VO /MO = (V/M)/ Z;‘:l f;(V/M) and as the sequence fi, fo,..., fs is
filter-regular with respect to V/M we have (see (5.5))

dimp(VO /MDY =5 -4, Vie{l,2,...,s}.

Clearly we also have
gendeg(MW) < gendeg(M), gendeg(V?) < gendeg(V), Vi€ {1,2,...,s}.
By (5.3)c) (applied to the module V' with k£ = 0) we also have

reg(V®) <reg(V), Vie{l,2,...,s}.
Finally, for each ¢ € {1,2,...,s} we consider the graded ideal

6@ = b+ (f1, fo, ..., fi).
Then clearly
6@ C (MDD ., V), gendeg(b®W) <t, Vie{l1,2,...,s}.

Moreover, as V® /M@ = (V/M)/ 2321 f;(V/M) we have

VIO V) = J(0 2 VO 20
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_ J (0:r (V/M)]S £,(V/M))

j=1

=V O R V/M)+ (fi,fo s fi) = V(M g V) + (f1, for- ., i)

= Vo {fi,fo..., fiy =V Vie {12 .. . s}
So, for each i € {1,2,...,s — 1} we may apply induction to the modules
M® ¢ V@ and the ideal b C R and get
reg(M®) < A" Vie{1,2,...,s—1}.

Now, the short exact sequences of graded R-modules

0= MY VO S V/(M+Y fV) =0

J=1

and the fact that reg(V®) < reg(V) < p < A < A2 yield the inequalities
(see (3.3)C)d))

reg(V/(M+ Y fV) <A —1, Vie{l,2,...;s—1}.
=1

If we apply this for ¢ = 1, we get
reg(V/(M + fiV)) < A¥ — 1.
So by means of the the short exact sequence of graded R-modules
O->M+fV)=>VSV/(M+ fLV)—=0
and remembering that reg(V) < A% we get (see (3.3)C)a))
gs—2

reg(M + fiV) < A% .

Observe that for each i € {1,2,...,s — 1} there is an isomorphism of graded
R-modules

(V/M)] 3 F(VIM) = V(M + Y fiV),

so that we have
reg((V/M)/ " f;(V/M) < A¥ 7 =1, Wie{l,2,...,s— 1}
j=1

If we apply (6.10) to the s-dimensional R-module V/M, the ideal b C R and
the sequence fi, fo,..., fs € Ry which is filter-regular with respect to R and
to V/M and bear in mind that (0 :y s f1) = (M v f1)/M we get
s—1
dimg (M =y f1)/M) < eut™™* 1_[1423_2_1 = eput" AT

=1
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We now apply (6.13) with f = fi and obtain
reg(M) < max{g,reg(V) + 1,reg(M + f1V)} + GMtT_SAQS—l_l.
As
g, reg(V)+1, T+eut" <A< A¥T reg(M + f1V) < AT
we thus get
reg(M) < A* 7" 4 ept™ A2 = AT (1L 4 et AT T
< AT 4 epttt) AT Il < AR A4 g2

and this is precisely our claim. OJ

We now draw a number of conclusions from the above bounding result.

6.15. Corollary. Let the notations and hypotheses be as in (6.14) and assume
that s <r # 1. Then

2r72

reg(M) < [max{g, p+t} + pet —b]~ +0.

Proof. As in the proof of (6.14) we may shift V' appropriately in order to
assume that b = beg(V') = 0. Then clearly p,g > 0. We now set

B :=max{g,p+t} + pet

and must show that
reg(M) < B¥ .

Assume first that s = 0. Then by (6.14) we have

reg(M) <p+(t—1)r+1.
If r = 2 we thus obtain

reg(M) <p+2t <p+t+pet <B

and our claim is shown if s = 0 and r = 2.

Now, still assume that s = 0, but let »r > 2. Then we have r — 1 < 2772 and
thus may write

reg(M) < (p+t)+(r—1Dt<(p+1)>  +22(p+1) U
<

27“—2

<((p+t)+0)* " <((p+1t)+pet)”  <B”".

So, we have our claim if s = 0.

Now, let s > 0. Then 1 <c:=r —s <r—1. We now set
A(c) := max{g,p+ (t — 1)c+ 1} + pet”.

In view of (6.14)b) it suffices to show that

2r—2

Al < B
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We do this by induction on ¢. As A(1) = B, we are done in the case ¢ = 1.
So, let 2 < ¢ <r — 1. Then, we have

A(c) <tmax{g,p+ (t —1)(c = 1) + 1} + pet® < A(c — 1)?

and hence
1)1

A(C)2T7C71 S A(C i 1>2r—(cf

Now, we may conclude by induction. 0

Our next application concerns the case where the R-module V' is free

6.16. Corollary. Let K be a field, let R = K ® Ry ® Ry ... be a Noetherian
homogeneous K-algebra of dimension r > 0 which is CM. Let F' be a graded
free R-module and let M & F be a graded submodule. Lett € N and g,p € Z
with

gendeg(M :z ') <t, gendeg(M) < g, gendeg(F)+reg(R) < p.
Moreover set
e:=mult(R), b:=beg(F), p:=rank(F), s:=dim(F/M).
Then

a) s=0: reg(M) < p+ (t—1)r + 1.
b) s >0:  veg(M) < [max{g.p+ (t = 1)(r —s)+ 1} +pet' = b]" +b.
c) s<r#1: reg(M) < [max{g, p+t}+ pet — b] 2 +b.

Proof. As

w
F= @R(—ai), a1 <ay <...<a,=gendeg(F)
i=1
is a graded free R-module of finite rank, we have pug(F) = rank(F') (see
(6.2)B)) and reg(F') = gendeg(F') + reg(R) (see (4.6)a)). Now we may ap-
ply (6.14) and (6.15) with b = (M :g V). O]

As a special case of this latter result, we get back the bound of Galligo, Giusti
and Caviglia-Sbarra mentioned at the beginning of this section.

6.17. Corollary. Let r > 1 and let 0 # a & K[Xy, X, ..., X,] be a non-zero
graded ideal of a polynomial ring in r indeterminates over a field K. Then

reg(a) < (2gendeg(a))? .

Proof. Apply (6.16)c) with F' = R = K[X;, X5, ..., X,] and M = a bearing in
mind that dim(R/a) < r, reg(R) = 0 (see (3.5)) and mult(R) = 1. O
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6.18. Remark. A) (Regularity and Generating Degrees of Ideals) Bounds for
the regularity of graded ideals in polynomial rings are a classical subject of
Algebraic Geometry, which goes back much further than a well defined concept
of regularity. The motivation to this was the controversy around the Problem
of the Finitely Many Steps which was initiated by Hilbert’s Theory of Syzygies
[Hil], [Hi2]. This controversy found its end through G. Hermann [Herm],
who proved (in “syzygetic terms”) that in the situation of (6.17) we have the

following bound
o(r—1)r

reg(a) < (2gendeg(a))
In fact, the bound given in [Herm] is not calculated properly, and would give a
smaller value on the right hand side. Putting Hermann’s arguments right, one
obtains the above estimate. Quite early the question came up, whether the
“quadratically exponential bound” of Hermann could be replaced by a “linearly
exponential bound”, that is a bound of the form

reg(a) < (dendeg(a))zcr

with some universal constant C' > 0. Observe, that the bound of (6.17) has
this property. As already pointed out, over base-fields of characteristic 0 such
linearly exponential bounds were given already by Galligo [G] and Giusti [Gi],
whereas over fields of arbitrary characteristic such bounds were given much
later by Caviglia-Sbarra [Cav-Sb].

In between, there was a characteristic-free bound by Bayer-Mumford [B-Mu],
which is considerably smaller than the bound of Hermann (as (r—1)! < 20—1r
for all » > 0), but still far away from being linearly exponential (as for all
C > 0 one has 2¢" < (r — 1)!,¥r > 0), namely:

reg(a) < (2gendeg(a))" ",

On the other hand it is known, that linearly exponential regularity bounds are
best possible in general. Indeed according to Mayr-Meyer [Ma-Me] for each
r > 1 there is a graded ideal a”) C C[X, Xy, ..., X,] such that

r—2
2 10

gendeg(a”) = 4, reg(a™) > 8

B) (Generalizations to Modules) In [Br-L2] we had to use an extension of the
Bayer-Mumford bound to submodules of free modules. It says that for a non-
zero graded submodule M ¢ Ky, X, ..., X,|®* one has

reg(M) < s™(2gendeg(M))r—Y",

In [Br5] we gave a generalization of this to arbitrary graded submodules of
finitely generated graded submodules over Noetherian homogeneous rings R
with Artinian local base ring Ry. We do not spell out the further details of
this result here. More general versions of (6.14),(16.17) and (16.18) are given
in [Br-Gg]. In fact, also these bounds hold for Noetherian homogeneous rings
R with Artinian local base ring Ry. Finally, similar bounds (slightly sharper in
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some cases) have been given by use of different methods by Chardin-Fall-Nagel
[Ch-F-NJ.

In fact, our previous bounding results have further consequences. We begin
with a bound in which the condition that R is CM is dropped.

6.19. Corollary. Let K be a field, let R = K & Ry ® Ry ... be a Noetherian
homogeneous K -algebra with r := dimg (Ry) > 1, let V be a finitely generated
graded R-module and let M & V be a graded submodule. Lett € N and
g,p € 7 with

max{reg(R) + 1, gendeg(M g V)} <t, gendeg(M) <g, reg(V)<p.
Moreover set

b:=beg(V), p:=pr(V), s:=dimg(V/M).

Then
a) s=0: regM)<p+({t—1r+1
b) s >0: reg(M) < [max{g,p+ (t — 1)(r—s)+1}+ut” s —6}28_1 +b.
c) s<r: reg(M)< [max{gp—l—t}—i—ut—b} )

Proof. By our hypotheses there is a polynomial ring S = K[X;, Xs,..., X,]
and a graded ideal ¢ C S such that R = S/c. We also find a graded ideal
b C S with ¢ Cbandb/c=(M:gV). Now, the short exact sequence of
graded R-modules
0O—=c¢c—=S—=R—0
together with the facts that reg(R) is also the regularity of the S-module R
and that reg(S) = 0 yields that reg(c) < reg(R) + 1 (see (3.3)C)a)). So, by
(3.4) we obtain gendeg(c) < reg(R) + 1. Now, the short exact sequence of
graded S-modules
0—=c—=b—=>(M:xpV)—0

shows that (see (3.3)A)b))
gendeg(b) < max{reg(R) + 1,gendeg(M :p V)} <.
Observe also that
b=(M:sV).
and that the invariants
gendeg(V') <reg(V), beg(V), wlV), gendeg(M), reg(M), dim(V/M)

remain the same if we consider V' and M as S-modules. So, if we apply (6.14)
and (6.15) to these S-modules and the above ideal b C S and keep in mind
that dim(S) = r, reg(S) = 0, mult(S) = 1, we get our claim. O

Our next application concerns the case where the base ring R is CM, but the
annihilator of V/M is unknown.
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6.20. Corollary. Let K be a field, let R = K ® Ry ® Ry ... be a Noetherian
homogeneous CM-algebra over K with dim(R) = r > 0, let V be a finitely
generated graded R-module, let M &V be a graded submodule and set

a = min{beg(V),reg(V) —reg(R)}, p:= max{gendeg(M),reg(V) + 1},
e:=mult(R), p:=pugr(V).
Then

r—

reg(M) < [p+ (n+1)e — Oé}2 to
Proof. Consider M as a graded submodule of W := V @& R(—a) and observe
that
urW)=p+1, beg(W)=q«, dimg(W/M)=r, (M:gW)=0,
reg(W) = max{reg(V),reg(R(—a)} = max{reg(V),reg(R) + a} = reg(V).
Then apply (6.14)b) with b =0 and t = 1. O]

The next application deals with a similar situation as (6.20), but without
requiring that the K-algebra R is CM.

6.21. Corollary. Let K be a field, let R = K & Ry & Ry ... be a Noetherian
homogeneous K -algebra with dimg(Ry) = r > 1, let V be a finitely generated
graded R-module, let M &V be a graded submodule and set

= pur(V), «:=min{beg(V),reg(V) —reg(R)},
o = max{gendeg(M),reg(R) + reg(V) + 1}.
Then

r—1

reg(M) < [a—l—,u+1—a}2 + a.
Proof. This is shown similar as (6.20): namely, consider M as a graded sub-
module of W =V & R(—a), observe that
purW)=p+1, beg(W)=q«a, dimg(W/M)=7r, (M:gW)=0
and apply (6.19)b) with b = 0. O
Now, we turn to regularity bounds in terms of discrete data of a presentation
of a module.

6.22. Theorem. Let K be a field and let R = K@® R1® Ry ... be a Noetherian
homogeneous K -algebra. Let

v u
P R(-b;) P R(~a;) » M — 0
j=1 i=1

be an exact sequence of graded R-modules, such that h # 0 and with integers
by <by<...<b, a1 <ax<...<a,

and set
pt=max{i € {1,2,...,u} | a; <b,}.
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Then

a) If R is CM, with r := dim(R) > 0, e := mult(R) and p := reg(R) we have

r—

1
reg(M) < max{a, +p, [b, + p+ 1+ (" + 1)e — alf +a; — 1}

b) Ifr:=dimg(Ry) > 1 (and R is not necessarily CM), then with p = reg(R)
we have

r—1
reg(M) < max{a, + p, [b, + 2p + p* + 2 —al}2 +a; — 1}.

Proof. “a)”: As h # 0 we have a; < b, so that u* € N. We set

p B

W= Z R(=b;), V:=) R(-a;), F:=)» R(-a).

=1 =1

Clearly the map h factors through the submodule V' of F, so that Im(h) C V.
Observe that

gendeg(Im(h)) < gendeg(W) =b,, reg(V) = a, +reg(R) < b, +reg(R),

*

pr(V) = p
and
a = min{beg(V'),reg(V) — reg(R)} = min{ay, a,~ + reg(R) —reg(R)} = a;.

If Im(h) & V, we apply (6.20) to the pair of graded modules Im(h) & V' and
obtain

reg(m(h)) < [b, +reg(R) + 1+ (1" + e —ar)” +au.

If Im(h) =V, this inequality is obvious. As reg(F') = a, + reg(R) we now get
our claim by (3.3)C)d) and the exact sequence of graded R-modules

0 — Im(h) - F - M — 0.

“b)”: We may argue similar as in the proof of statement a), namely: again
we may assume that Im(h) & V' and use (6.21) together with the previously
observed facts that gendeg(Im(h)) < b,,reg(V) < b, + reg(R),a = a1, and
ur(V) = p* to see that

r—

1
reg(Im(h)) < [b, + 2reg(R) + w* +2—a1]”  +ai,

which is obviously true if Im(h) = V. Then we conclude once more with the
exact sequence of graded R-modules

0 — Im(h) = F - M — 0.
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Our final result in this section is an application to the classical case in which R
is a polynomial ring over a field. It says, that the discrete data of a presentation
of a graded module over a polynomial ring bound the regularity of this module
in a “linearly exponential way”. We shall give a more detailed explanation of
this statement in final remark of the present section.

6.23. Corollary. Let r € N, let K be a field, let R = K[X1, Xs,...,X,] be a

polynomial ring and let

éR(—bj) LN éR(—ai) M =0

i=1
be an exact sequence of graded R-modules such that h # 0 and with integers
by <by<...<b, a1 <ax<...<a,
and set
p'=max{i € {1,2,...,u} | a; <b,}.
Then
reg(M) < max{a,, [bl, +ut 42— al]?fl +a; — 1},

Proof. Apply (6.22)a) and keep in mind that reg(R) = 0 and mult(R) = 1. O

6.24. Remark and Exercise. (Presentations of Graded Modules). A) Let
r € N, let R = K[X;, X,...,X,] be a polynomial ring over the field K and
let M # 0 be a finitely generated graded R-module. By a presentation of M
we mean an exact sequence of graded R-modules

v p
P R(-b;) > P R(~a;) » M -0
j=1 i=1
with integers

by <by<...<b, ar<a<...<a,
We call the two sequences

(bj);:17 (-

the degree sequences of the given presentation of M. These two sequences
are considered as the discrete data of our presentation. Observe that M =
Coker(h), so that M is indeed determined by the homomorphism of graded
free R-modules

G = @ R(—b;) & é R(—a;) = F

B) Keep the above hypotheses and notations and let
e = (0 (b)), €G, je{1,2,...,v}

G
ef == (Op(—a))Vi_, € F, i€{1,2,...,u}
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(with d;, the Kronecker symbol) be the canonical basis elements of the graded
free R-modules G and F respectively. Then the map h : G — F' is uniquely
determined by a matrix

A=Ah = [f;|11<i<p1<j<v]eR™

with

a) fij S ij,ai, V(Z,]) € {1, 2, R ,IU} X {1, 2, RN I/}.
b) h(Xoi_yuse§) =320 (000 fyug)el,  V(un,ug, ..., u,) € RV,

The matrix A[h] = A is called a presentation matriz with respect to the degree
sequences (b;)%_; and (a;);_, or more precisely the presentation matriz of h. If
we fix our degree sequences, the assignment h — A[h] yields a bijection between
the set of graded homomorphisms h from G to F' and the set of matrices
RM*¥ with homogeneous entries which satisfy the above requirement a). The
presentation matrix A[h] expresses the continuous data of our presentation.

C) Keep the above notations and hypothesis. Our bounding result (6.23) says
that there is an upper bound on the regularity of M, linearly exponential in the
number of indeterminates and only depending on the two degree-sequences of
our presentation. In fact, in [Br-Go] there is shown a more general result than
(6.22), and a more general version of (6.23) is drawn there as a consequence.
Observe also, that our bounding results (6.22) and (6.23) use only little infor-
mation on the degree sequences of the given presentation. A finer bound, but
using more information on these sequences has been shown in [Ch-F-NJ.

D) Finally let us remark, that with our result (6.23) we are back to the core
of the classical controversy around the problem of the finitely many steps.
Namely, still in our above notations and also the notation of (6.23) we can use
the short exact sequence

0 — Ker(h) = G — Im(h) = 0
and the bound on reg(Im(h)) given in the proof of (6.22) to see that

r—

reg(Ker(h)) < [b, +p* +2 — al]z g ai.

As a consequence of this we get

r—

1
gendeg(Ker(h)) < [b, + 4" +2 —ai]” +an.

This type of bound is indeed the crucial point in the positive answer of the
problem of the finitely many steps. We namely can say in particular, that the
generating degree of Ker(h) is bounded in terms of the beginning of F', the
rank of F' and the generating degree of G.

E) We now come to the exercise part. Keep the above notations and hypothe-
ses. From the last bound in part D) one may conclude the following:
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a) If g : R” — R*" is the R-linear map, given by a matrix
B=[bu|1<k<pl<Ii<v]eR™,

whose entries by; € R are homogeneous polynomials, the generating degree

min{maxi <i<ii<j<n(deg(fi)) | fiy € R Kex(g) = Y R(fu, fizs -+ fiv)
=1

of Ker(g) is bounded only by the size (u, ) of B and the (maximal) degree
deg(B) := maxi<r<pi<i<v(deg(br))

of all entries of B.

b) In the situation of statement a), one even may drop the condition that the
entries of B are homogeneous.

Indeed G. Hermann [Herm| has established a corresponding bound (not com-
puted correctly, as mentioned already earlier). This type of bounds is also of
great interest in the more general situation where the base field K is replaced
by an appropriate ring. These more general bounds also apply in Algebraic
Number Theory or Arithmetic Geometry, (see [Mas-W] for example).



7. PRESENTATIONS AND RESOLUTIONS

Towards the end of the last section we were lead to consider presentations of
graded modules and hence dropped on a fundamental concept of Commutative
Algebra and Algebraic Geometry. In particular the computational aspect of
these theories is closely related to the notion of presentation and its natural
extension, namely the notion of resolution.

Starting from the concept of minimal resolution we shall define the notion
of Betti vector and of homological dimension of a finitely generated graded
module M over a Noetherian homogeneous ring R with local base ring (R, m)
and relate the ends of the Betti vectors of M to the Castelnuovo-Mumford
regularity reg(M) of M. This relation becomes particularly simple for finitely
generated graded modules of finite homological dimension over a standard
graded polynomial ring.

Here we also naturally shall be lead to prove Hilbert’s “Syzygiensatz” for
finitely generated graded modules M # 0 over a standard graded polyno-
mial ring R = K[X1, X,..., X, ] over a field K - whose essential statement is
that in this situation M has finite homological dimension. The main ingredient
of our proof is the fact, that the (graded) maximal Cohen-Macaulay modules
over the polynomial ring R are precisely the graded free R-modules of finite
positive rank - and hence may be characterized in terms of the vanishing of
the local cohomology modules H}h(M) fori=1,2,...,r—1.

Once having established this cohomological criterion the for freeness of graded
modules over the polynomial ring R = K[X;, Xs,...,X,] we can dare a de-
tour in order to through a glance to algebraic vector bundles over projective
spaces and to prove the Splitting Criterion of Horrocks and the Splitting The-
orem of Grothendieck for such bundles. On our way to this, we also extend
the Vanishing Theorem of Severi-Enriques-Zariski-Serre to projective schemes
over arbitrary fields and rephrase it as a Criterion for a Coherent Sheaf to be
an Algebraic Vector Bundle over a regular irreducible projective scheme.

Finally, we return to the computational significance of regularity in a number
of conclusive remarks, by retrospecting once more the Problem of the Finitely
Many Steps.

7.1. Exercise and Definition. A) (Homogeneous Rings with Local Base Rings)
Let R = @neNO Ry be a Noetherian homogeneous ring with local base ring
(R, mp). Keep in mind that

m::mo@R+:mo@R1@R2...

is the unique graded maximal ideal of R and that there is a canonical isomor-
phism of fields

Ro/mo = R/m
97
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B) (Minimal Systems of Homogeneous Generators) Let M = @, ., M, be
a finitely generated graded R-module, let » € N, let di < dy < ... < d,
be integers and let (m;)i_; be a family of homogeneous elements such that
m; € My, for all i € {1,2,...,r}. We use the notational convention that
R,, =0 for all m < 0. Show that the following statements are equivalent

(i) M=3_,Rm;.
(ii) M, =3, Ry_qm, for all n € Z.
(iii) M, = moM, + > . | R,_q,m; for all n € Z.

Conclude that

a) The elements my, my,...,m, € M form a minimal system of homoge-
neous generators of the graded R-module M if and only if the classes
my + mgM,my + mgM, ..., m, + mypM € M/myM form a minimal ho-
mogeneous system of generators of the graded R/mgR-module M /myM.

b) The elements my,msg,...,m, € M form a minimal system of homoge-
neous generators of the graded R-module M if and only if the classes
my +mM,my +mM,... . m,. +mM € M/mM form a basis of the R/m
(and hence Ry/mg)- vector space M /mM.

C) (Vectors of Generating Degrees) Keep the previous notations and hypothe-
ses. For each integer n we consider the non-negative integer

prn(M) = pn(M) := dimp, m, ((M/mM)y,),

which we call the minimal number of homogeneous generators of M in degree
n. Moreover we consider the family on non-negative integers

prs(M) = pu(M) = (prn(M))nez;

which we call the wvector of generating degrees of M. Prove the following
statements:

a) If my,mg, ..., m, is a minimal homogeneous system of generators of the
finitely generated graded R-module M, then

pra(M) = #{i € Z|m; € My}, Vné€Z.

b) inf{n € Z | (M) # 0} = beg(M).

c) sup{n € Z | prpn(M) # 0} = gendeg(M).

d) > ez trn(M) = pr(M).

e) For a free graded R-module F' of finite rank we have

F =@ R(—n)®=") rank(F) = ppn(F) = pr(F).

nes nez

7.2. Exercise and Definition. A) (Minimal Homomorphisms of Graded Mod-
ules) Let R = D,,cn, Fin be a Noetherian homogeneous ring with local base
ring (Ro, mg) and let M = &, ., M,, and N = &, ., N, be graded R-modules

nez
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such that M is finitely generated. Show that for a homomorphism of graded
R-modules h : M — N the following statements are equivalent:

(i) For each minimal system (m;)/_, of homogeneous generators of M the
sequence (h(m;))i_, is a minimal system of homogeneous generators of
Im(h).

(ii) There is a system (m;);_, of homogeneous generators of M such that
(h(m;))i_; is a minimal system of homogeneous generators of Im(h).

(i) i (M) = i (1 (1))
(iv) fn(M) = j(Im(R)).
(v) The induced Ry/my-linear map
h: M/mM — Im(h)/mIm(h), m +mM — h(m) + mIm(h)
is an isomorphism of vector spaces.
(vi) Ker(h) C mM.

If the homomorphism of graded R-modules h : M — N satisfies these equiva-
lent conditions (i)-(vi), it is called minimal.

B) (First Properties of Minimal Homomorphisms) Keep the notations and
hypotheses of part A). Prove the following facts:

a) If the zero map M % Nis minimal, then M = 0.

b) If h: M — N is minimal, then Ker(h) N Myegar) € molM.

c) If h: M — N is injective, then it is minimal.

d) If h: M — N is surjective and pur(M) < pg(N), then h is minimal.

e) There is a graded free R-module F' and a minimal epimorphism of graded
R-modules g : FF — M — 0.

f) If g: F — M — 0 is as in statement e), then there is an isomorphism of

graded R-modules
JaR=> @ R(—n)Hrn(D

neZ
and moreover each homogeneous basis of F'is mapped under g to a minimal
homogeneous system of generators of M.

C) (Minimal Epimorphisms from Graded Free Modules) Let the notations and
hypotheses as above. Prove the followings statements:

a) If f: M = M is an isomorphism of graded R-modules and if

05 NSFSM—0, 05N SF 5 M -0
are exact sequences of graded R-modules in which F' and F” are free of finite
rank and 7 and 7’ are minimal, then there are isomorphisms of graded R-
modules N N
g:F—=F, h:N— N
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which occur in the following commutative diagram
0 N - F il M 0

R R

0 N’ - F’ u M’ 0

b) In the notations and under the hypotheses of statement a) we have
prs(F) = prs(F'), pra(N) = pra(N').
c) If0— N5 F5 M —0is as in statement a), then
reg(N) < reg(M) + max{1,reg(R)},
reg(M) < max{reg(N) — 1, gendeg(M) + reg(R)}.

Now, we generalize and refine the concept of presentation of a graded module
over a polynomial ring over a field, as it was introduced in (6.24). First of all
we admit arbitrary Noetherian homogeneous rings with local base rings and
define the notion of minimal presentation for finitely generated modules over
such rings.

7.3. Exercise and Definition. A) (Minimal Presentations of Graded Mod-
ules) Let R = @p,,.,, R be a Noetherian homogeneous ring with local base ring
(Ro,mp) and let M be a finitely generated graded R-module. By a minimal
free presentation of M we mean an exact sequence of graded R-modules

G FI M0

in which the graded R-modules F' and G are free and the homomorphisms h
and 7 are minimal. Clearly if M # 0, such a minimal free presentation can
always be written as this is done in (6.24)A).

B) (Existence and Uniqueness of Minimal Presentations) Keep the notations
and hypotheses of part A). Use (7.2)B)e) and (7.2)C)a) to prove the following
statements:

a) Each finitely generated graded R-module M admits a minimal free resolu-
. h !
tion G — F — M — 0.

b) If G HEFL M5 0and @S F' S M - 0 are two minimal presenta-
tions of M, there are isomorphisms v and v of graded R-modules, which
appear in the following commutative diagram

l

G h F M 0
L s
oM v M 0

Next, we extend the concept of minimal presentation to the concept of minimal
resolution.
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7.4. Exercise and Definition. A) (Minimal Resolutions of Graded Modules)
Again, let R = @, ., R, be a Noetherian homogeneous ring with local base
ring (Rp, mg) and let M be a finitely generated graded R-module. By a minimal
(free) resolution of M we mean an exact sequence of graded R-modules

dn dn d d
oo P S S s RS RS M0

in which all the modules F; are free of finite rank and all the homomorphisms
d; are minimal.

B) (Ezistence and Uniqueness of Minimal Resolutions) Keep the notations
and hypotheses of part A). Use (7.2)B)e) and (7.2)C)a) to prove the following
claims:

a) Each finitely generated graded R-module M admits a minimal free resolu-
tion

dn dn d d
R i S I S T W 2 .V 1}

b) Whenever

dn, dn d d
= F S S E s o RS RS M0

€n+1

o= G S GG > GG SB M0

are two minimal free resolutions of M there is family (u,)nen, of isSomor-
phisms of graded R-modules, which appear in the following commutative
diagram

dnt1 do

Foi F, e Fy M 0
o L
€nt1 €0
e T Gn+1 Gn e GO M O

C) (First Properties of Minimal Resolutions) Keep the above notations. In
particular let M be a finitely generated graded R-module with minimal reso-
lution

dn dn d d
R e N e T W 2 Y.V | )

Prove the following claims

a) Fi By Fy 2 M — 0 is a minimal presentation of M.

b) For each m € Ny the finitely generated graded R-module Ker(d,) =
Im(d, 1) has the minimal resolution

dm+2

dnit —= Fi1 d_—m> Ker(d,,) — 0,

dn
o=y — F, — F,1— ... = Fao

where d,,, denotes the homomorphism given by z + d,,1(z).
c) If F,, = 0 for some n € Ny, then F,, = 0 for all m > n.
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Now, we may use the concept of minimal resolution to associate certain nu-
merical invariants to a finitely generated graded module M over a Noetherian
homogeneous ring with local base ring.

7.5. Exercise and Definition. A) (Betti Vectors and Betti Numbers) Let
R = @HGNO R, be a Noetherian homogeneous ring with local base ring (R, my)
and let M be a finitely generated graded R-module with minimal resolution

dn d d
Y P EANy SN NI LN RSN )

Let n € Ng. Then by (7.4)B)b) the family of non-negative integers
b (M) = by (M) = pi .« (Fy)

is uniquely determined by M and by n and is called the n-th Betti vector of
M. The non-negative number

bu(M) = b (M) := pr(Fy)
is called the n-th Betti number of M.

B) (First Properties of Betti Vectors and Betti Numbers) Keep the hypotheses
and notations of part A). If S C Z and (5;);es is a family of real numbers
Bi € R we set:

beg((5;)ies) := inf{i € mathbbS | p; # 0},
end((B;)ies) :=sup{i € S | p; # 0}.
Prove the following facts
a) For all n € Ny we have
beg(by.(M)) = beg(F,) = beg(Im(dy)),
end (b ,(M)) = gendeg(F,,) = gendeg(Im(d,,)).
b) If b (M) = 0 for some n € Ny, then b (M) = 0 for all m > n.

c¢) For all n € Ny we have beg(bf,(M)) < beg(bf,, .(M)).

d) If the local base ring Ry is a field, then the inequality in statement c) is
strict whenever b (M) # 0.

e) For all m,n € Ny we have b, (Im(d,)) = b}, .(M).

C) (Homological Dimension) Keep the previous notations and hypotheses. We
define the homological dimension of the graded R-module M as

hdim(M) = hdimg(M) := sup{n € Ny | b, (M) # 0}.

Prove the following claims:

a) hdimg(M) = —oo if and only if M = 0.

b) hdimg(M) = 0 if and only if M is free.

c¢) For all n € Ny we have b, (M) = 0 if and only if n > hdimp(M).

d) Foralln € {0,1,... ,hdlmR( )} we have hdimg(Im(h,,)) = hdimg(M)—n.
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Our next result relates the regularity of a graded module to the ends of the
Betti vectors of this module.

7.6. Theorem. Let R = @neNo R, be a Noetherian homogeneous ring with
local base ring (Ry, mg) and let M # 0 be a finitely generated graded R-module.
Then, with p := max{1l,reg(R)} we have
) reg(M) > sup,ex, {end(bE, (M)) — np}.
b) If h := hdimg(M) < oo then

reg(M) <reg(R)+ h(p—1)+ SupneNO{end(bf;*(M)) —np}.

Proof. Consider a minimal resolution

dn dn d d
oo P S S s RS RS M0

of M and consider the resulting short exact sequences of graded R-modules

a) 0= Im(dnyr) S Fp & Tm(d,) — 0, Vne N

If we apply the first inequality of (7.2)C)c) to the sequences a) we obtain
reg(Im(d,+1)) <reg(Im(d,)) +p, ¥n € Ny.
As Im(dy) = M it thus follows by induction that
reg(Im(d,,)) < reg(M)+np, Vn € N,.
As end(bff,(M)) = gendeg(Im(d,)) < reg(Im(d,)) (see (7.5)B)a) and (3.4)),

we thus obtain
end (b, (M)) < reg(M) + np, Vn € Ny.
This proves statement a).

To prove statement b) we set h := hdimg(M). If h = 0 we have M = Fy and
hence reg(M) = reg(Fy) = gendeg(Fy) + reg(R) = end(b{f,(M)) + reg(R), and
this is the requested inequality. So, let A > 0. Then, by induction and in view
(7.5)C)d) and (7.5)B)e) we have

reg(Im(d1)) < reg(R) + (h —1)(p — 1) + sup,en, {end(b;, (Im(d1))) — np}
= 1eg(R) + (h —1)(p — 1) + sup,en, {end(byy . (M) — np}
= reg(R) + (h — 1)(p — 1) + sup,ex{end(b; . (M)) — (n — 1)p}
= reg(R) + (h = 1)(p — 1) + sup,ex{end(by . (M) —np+p — 1} +1
— reg(R) + h(p — 1) + sup,ex{end (b, (M) = np} + 1.
Now, consider the above exact sequence a) with n = 0, keep in mind that

Im(dy) = M and observe the second inequality of (7.2)C)c), in order to con-
clude that

reg(M) < max{reg(Im(d;)) — 1, gendeg(Im(dp)) + reg(R)}
< max{reg(R) +h(p—1)+sup,cx{end(by, (M)) —np}, end(by, (M)) +reg(R)}
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< reg(R) +max{h(p—1)+sup,ex{end(by, (M) —np}, h(p—1)+end (b, (M))}
= reg(R) + h(p — 1) + max{sup,ex{end(b,, (M)) — np}, end(bg, (M))}

=reg(R)+h(p—1)+ SupneNO{end(bfz*(M)) —np}.
But this proves statement b). H

7.7. Corollary. Let (Ro,mg) be a Noetherian local ring, let r € N and let

M # 0 be a finitely generated graded R-module over the polynomial ring R =
RO[Xla Xz, . ,XT]. Then

a) reg(M) > sup{end(bf,(M)) — n}.
b) If hdimg(M) < oo, we have equality in statement a).

Proof. By our hypotheses on the ring R we have reg(R) = 0 and hence our
claims are immediate by (7.6) O

We now aim to focus to the special case, where R is a polynomial ring over a
field.

We begin with a few preparations, which shall lead us to the corresponding
main result, which at its turn will contain Hilbert’s ”Syzygiensatz “.

7.8. Exercise. A) (Lifting of Free Bases) Let A be a ring, let X be an inde-
terminate, let M be an A[X]-module and consider the A-module M/X M. Let
% be a set and let (m;);es be a family of elements m; € M. For each element
m € M we write m for the class m + XM € M/XM. Prove the following
statements

a) If X € NZD 4ix1(M) and if the family (1m;);es of classes m; € M/X M is lin-
early A- independent, then the family (m;);cs is linearly A[X]-independent.

b) If M/XM = >, s Am; and X(M/N) & M/N for each proper A[X]-
submodule N & M, then M = 3. o A[X]m;.

c) If X € NZD gjx1(M) and X (M/N) & M/N for each proper A[X]-submodule
N & M then, the A-module M/X M is free over the basis (1m;);es if and
only if the A[X]-module M is free over the basis (m;);cs.

B) (Mazimal Graded CM-Modules) Let K be a field, let R = K@ R B R, ... be
a Noetherian homogeneous K-algebra and let M be a finitely generated graded
R-module. We call M a mazimal graded CM-module over R if grade,,(R,) =
dim(R) or - equivalently - if M is CM in the sense of (6.3) and dimg(M) =
dim(R). Prove the following claims:

a) The graded R-module M is maximally CM if and only if Hy, (M) = 0 for
all i # dim(R).

b) If R is a domain and M is maximally CM, then M is torsion-free, or -
equivalently - Assg(M) = {0}.
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c) If t € Ngand x € R, N NZD(R) N NZDg(M), then the graded R-module
M is maximally CM if and only if the graded R/xR-module M/xM is
maximally CM.

C) (Mazximal Graded CM-Modules over Polynomial Rings) Now, let r € Ny,
let R = K[X;, Xs,...,X,| be a polynomial ring. Let M # 0 be a finitely gen-
erated graded R-module. Use the results of parts A) and B) (and in particular
induction on r where this is helpful) to show that the following statements are
equivalent

i) Hp, (M) =0 foralli#r.

i) Hp, (M)=0foralli<r.

iii) M is maximally CM.

iv) M is free.

(v) There is an isomorphism of graded R-modules M =

(
(
(
(

ne? ( n)/"‘R,n(M)

7.9. Reminder and Exercise. (Grade in Short Exact Sequences) Let R be
a Noetherian ring, let a C R be an ideal and let M be a finitely generated
R-module. Keep in mind that the grade grade,,;(a) of a with respect to M is
defined as the supremum of lengths r of M-sequences x1, s, ..., 2, in a and
that (see [Br-Fu-Ro] (4.5), (4.6))

grade,,(a) = inf{i € Ny | H:(M) # 0}.
Now, let 0 - N — F' — M — 0 be a short exact sequence of finitely generated
R-modules. Prove the following:
a) If grade,,(a) < gradep(a), then gradey(a) = grade,,(a) + 1.
b) If grade,,(a) > gradep(a), then gradey(a) > gradep(a).

Now we may collect our previous results in order to get the second main
result of this section. Statement a) of this result corresponds to Hilbert’s
" Syzygiensatz .

7.10. Theorem. Let r € Ny and let M # 0 be a finitely generated graded
module over the polynomial ring R = K[X1, X, ..., X,]. Then

a) hdimg(M) < oo and hdimg(M) + grade,, (Ry) = 7.
b) reg(M) = sup,cn,{end (b)), (M)) — n} = maxhdlmR {end( (M) —n}.

Proof. We consider a minimal resolution

dn d d
o P S R S E s B S E S E M0

of M. If we apply (7.9) to the short exact sequences
0 — Im(dpy1) = F, — Im(d,) — 0,
observe that gradey (Ry) = r, and by (7.8)C) we get
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(i) gradepy,q, ,)(R+) = gradep,q,)(R+) + 1, if gradey, g, ) (Ry) <7
(i) Im(d,) is free if gradey, 4, (Ry) =1

Moreover, if Im(d,) is free for some n € Ny, then clearly F,,;; = 0 and hence
F,, =0 for all m > n (see (7.4)C)c)) so that hdimg(M) < n. Now, the above
statements (i) and (ii) imply statement a) of our theorem. Statement b) now
follows by (7.7). O

We now discuss the relation of the previous results to Algebraic Vector Bundles
over projective spaces.

7.11. Remark and Exercise. A) (Algebraic Vector Bundles) Let K be a
field, let R = K @& Ry & R, ... be a Noetherian homogeneous K-algebra and
set X := Proj(R). An algebraic vector bundle over X is a locally free coherent

sheaf of Ox-modules &, so that for each point z € X there is an integer
rank, (&) € Ny such that

gx ~ O@rankx(f))‘

The number rank,(€) is called the rank of £ at the point x € X. If rank, (&)
takes the same value for all points * € X, we say that &£ is an algebraic
vector bundle of constant rank. In this situation, we denote the constant value
rank,(€) by rank(€) and call it the rank of £. If r is a non-negative integer,
we say that &£ is an algebraic vector bundle of rank r if £ is an algebraic vector
bundle of constant rank r. Vector bundles of rank 1 are called line bundles.
Prove the following statements.

a) For each n € Z the sheaf Ox(n) of Ox-modules is a line bundle over X.

b) If the ring R is an integral domain, each algebraic vector bundle £ over X
is of constant rank.

B) (Direct Sums of Vector Bundles) Keep the above notations and hypotheses.
Here we also use the concept of direct sum of sheaves of Ox-modules (see
(3.15)D)). Prove the following facts.

a) If the sheaves Fy, Fo, ..., F; are algebraic vector bundles, then so is @;1 Fi.

b) In the situation of statement a) we have rank, (._, F;) = >.._, rank,(F;)
for all x € X.

c) For each family (n;)i_, of integers n; € Z, the sheaf @'_, Ox(n;) is an
algebraic vector bundle of rank ¢ over X.

C) (Algebraic Vector Bundles over Projective Spaces) Let r € Ny and consider
the projective r-space P} := Proj(K[Xy, X1,...,X,]). Verify that each al-
gebraic vector bundle £ over P is of constant rank. An algebraic vector
bundle £ over P} is said to split if there is a direct sum of line bundles, or -
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equivalently:
t
gg@(/)x(—ai), algagg...gat.
i=1

In this latter situation, calculate the cohomological Hilbert functions (see
(4.11))

hi : 7 — Ng, n s h(n) = h' (P, E(n))
for all i € Ny. Use this to show, that the sequence (a;)!_; is uniquely deter-
mined by £. This sequence is called the splitting type of £.

D) (Reuvisiting the Vanishing Theorem of Severi-Enriques-Zariski-Serre) This
part needs slightly more involved arguments from commutative algebra. Let
R=K® Ry ®Ry...beasin part A), let X = Proj(R), let M be a finitely

generated graded R-module and let M =: F be the coherent sheaf of Ox-
modules induced by M. Let K’ be an extension field of K, consider the
Noetherian homogeneous K’-algebra

R/ = K/®KR:K/@(K,®KR1)@(K/®KR2),
let X’ := Proj(R’), consider the finitely generated graded R-module
M =K @ M

and the induced coherent sheaf of Ox/,-modules

M =F.

Observe that R’ is an integral extension of R and a flat R-algebra. Prove the
following statements:

a) The assignment p’ — p’ N R defines a surjective map ¢ : X' — X such that
¢ '(p) = min(pR’) for all p € X.

b) ¢(mProj(R')) = mProj(R) and ¢! (mProj(R)) = mProj(R’).

c) If 2/ € X', then Ox v is a flat Ox ,(v)-algebra with /mx ,)Oxr o =
mX/@/.

d) If 2/ € X', then F., = Ox Q0 o) Fo(ar)-

e) If x € X, then depthy , (Fur) = depthy v(x/)(f@("/"))‘

f) 5(F") =0o(F).

Now, use the last statement and (2.4)A)b) to show that the Vanishing Theorem
of Severi-Enriques-Zariski-Serre (see [Br-Fu-Ro| (12.16),(12.17)) holds over an
arbitrary base field K.

E) (Characterizations of Algebraic Vector Bundles) Let R = K@ Ri®Rs ... be
a Noetherian homogeneous K-algebra, which is an integral domain of strictly
positive dimension and assume that the scheme X = Proj(R) is regular, so
that the local ring Ox, of X at x is regular for all z € X. Let F # 0 be
a coherent sheaf of Ox-modules. Show (on use of the Formula of Auslander-
Buchsbaum-Serre) that the following statements are equivalent:
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(i) F is an algebraic vector bundle over X.

(ii) o(F) = dim(X).

(iii) H (X, F(n)) =0 for all i < dim(X) and all n < 0.

(iv) depthy, (F) > 0 for all closed points € X (that is for all 2 € mProj(R)),
and H'(X,F(n)) =0 foralli e {1,2,...,dim(X) — 1} and all n < 0.

Observe in particular that the equivalence of statements (i) and (iii) is a Coho-
mological Criterion for the Coherent Sheaf F to be an Algebraic Vector Bundle.

We now easily can prove a the Splitting Criterion of Horrocks (see [Hor]) for
vector-bundles over a projective spaces.

7.12. Theorem. Let r € N, let K be a field, let R = K[Xo, X1,...,X,] be a
polynomial ring, consider the projective r-space Pl = Proj(R) and let F #
0 be a coherent sheaf of Opr -modules. Then, the following statements are
equivalent:

(i) There is a graded free R-module F of finite rank such that F = F.

(i) F is a splitting vector bundle over P7.

(iii) F is an algebraic vector bundle over Pl and H'(P%, F(n)) = 0 for all
ie{l,2,...,r—1} and alln € 7.

(iv) H (P, F(m)) = 0 for all m < 0 and H (P, F(n)) = 0 for all i €
{1,2,...,7—1} and alln € 7.

(v) depthy, (F;) > 0 for all closed points x € Py and H'(Py, F(n)) = 0
forallie {1,2,...,7r— 1} and all n € Z.

(vi) The total module of global sections I' (P, F) of F (see (3.8)) is a graded
free R-module of finite rank.

Proof. By (7.10)B)c) it is immediate that statement (i) implies statement (ii).
Assume that statement (ii) holds. Then, using the cohomological Hilbert func-
tion A% : Z — Ny as calculated in (7.11), we see immediately that statement
(iii) holds. Statements (iii),(iv) and (v) are equivalent by (7.11)E).

Now, consider the total module of global sections
I :=T.(Pk, F) = PT(Pk, F(n)).
nez

According to (3.11)c) we have F 2 I'. This shows, that statement (vi) implies
statement (i). It thus remains to show that statement (iv) implies statement

(vi).
Observe first that by (3.10) we have
Hp (T)=0, i=0,1.

As
I, = HO(]P%,}"(n)) =0, Vn<0
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we find some ¢ € Z such that I' = I's;. By (3.11)a) this means that the
graded R-module I' is finitely generated. Now, by the second part of the
Serre-Grothendieck Correspondence (2.14)b) we obtain that

Hp (T), = H (P, F(n)) =0, Vie{2,3,...,r},VneZ.
Consequently H}'h(F) vanishes for all ¢ € {2,3,...,r}. As we have observed
above, this vanishing also holds for ¢ = 0,1. Therefore gradep(Ry) = r + 1

and hence (7.10)a) implies that hdimg(I') = 0, so that the finitely generated
graded R-module T" is indeed free (see (7.5)C)b). O

As an application we now get the Splitting Theorem of Witt-Grothendieck (see
[Gro0]) for Vector Bundles over the projective line.

7.13. Corollary. Let K be a field. Then, each algebraic vector bundle over the
projective line P splits.

Proof. Apply (7.12) with r = 1. O



8. DiacoNAL BouNnDs

Let K be a field, let R = K @& Ry @ R,... be a Noetherian homogeneous
K-algebra, let X = Proj(R) be the induced projective scheme and let F be a
coherent sheaf of Ox-modules. Consider the cohomological pattern

P =P(X,F)={(i,n) € Ngx Z | H(X,F(n)) # 0}

of F (see (2.15)). Now, for all k € {0,1,...,dim(F)} and all r € Z we know
that the entries H'(X, F(n)) of P vanish right of the diagonal ((i,r — z))f:;‘fl)
above level k | if they vanish along this diagonal.

It is natural to ask, whether this fact finds a natural extension, which also
applies to situations in which the entries of P do not necessarily vanish. In
this section we shall prove that this is indeed the case. More precisely, we
shall compute an upper bound and a right-vanishing bound for the numbers
hY(X,F(n —r —1)) in the range ¢ > k and n > r — i in terms of the r-th
cohomology diagonal

diag>* (F) == (W(X, F(i — r)) )

i=k+1

of F above level k . This will tell us, that cohomology along a diagonal above
a given level, bounds cohomology right of this diagonal. In particular, the
cohomology diagonal of F above level 0 bounds the regularity of F.

We call this type of bounds A Priori Bounds of Castelnuovo Type as they are
valid for any coherent sheaf (which is expressed by the wording ”a priori®) and
also give upper bounds for the regularity. We also speak of Diagonal Bounds
by the reason explained above (see [Br2],[Br4],[Br-Matt-Mil] and [Br-Shl]).
The bounds we give in this section are not intented to be very sharp. Instead,
we prefer to give bounds which may be expressed by relatively simple explicit
formulas. Moreover the corresponding bounds are also valid in the more general
situation in which the base ring of our Noetherian homogeneous algebra is not
only a field, but just local Artinian. Readers interested in these extensions and
specifications should consult the quoted references.

We also shall prove a Left-Boundedness Result for Geometric Cohomological
Hilbert Functions. This result teaches us, that the cohomology left of a (lower
partial) diagonal is bounded left of this diagonal in terms of the values at-
tained there by the geometric cohomological Hilbert functions. But contrary
to the previous bounds of Castelnuovo type, one cannot expect here a general
left-vanishing bound. Nevertheless our (algebraic version of) the Vanishing
Theorem of Severi-Enriques-Zariski-Serre (see [Br-Fu-Ro](10.17)) gives such
left-vanishing bounds, but only at levels below the global subdimension. We
call these ("restricted) left-vanishing bounds A Priori Bounds of First Sev-
eri Type (see also [Br3|,[Br4], [Br-Matt-Mil]). Above the level given by the
global subdimension one cannot expect the left-vanishing of cohomology, and

so left-vanishing bounds must be replaced by a conceptually new type of bound
110
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beyond the mentioned level. We shall treat these new A Priori Bounds of Sec-
ond Severi Type in Section 10.

But nevertheless our first Left-Boundedness Result for Geometric Cohomo-
logical Hilbert Functions enables us to look at cohomological patterns in a
new way. We namely use this boundedness result to prove a Right-Finiteness
Result for classes D of pairs (X, F) in which X is a projective scheme over
some field K and F is a coherent sheaf of Ox-modules of a given dimension
s. This result says that if the class D is of finite cohomology on some diago-
nal set A, = {(¢.r —i) | ¢ = 0,1,...,s}, then the class D is indeed of finite
cohomology on each set $ C {0,1,...,s} x Z which is bounded to the left.
We finally give an extension of this Right-Finiteness result, which allows to
replace the hypotheses that the class D is of finite cohomology on some di-
agonal set by the weaker condition, that D is of finite cohomology on some
quasi-diagonal subset ¥ = {(i,n;) | 1 = 0,1,...,s} € {0,1,...,s} x Z with
nsg <n—s—1<...<mng. Thisis a first and not yet complete look at the
general question: “What Bounds Cohomology ¢‘ which will be discussed in
section 10.

We now attack our task, and we do this in the ring- and module theoretic
framework. To do so, we first give a number of prerequisites.

8.1. Reminder, Exercise and Definition. A) (Geometric Cohomological
Hilbert Functions) Let K be a field, let R = K & Ry @ Rs ... be a Noetherian
homogeneous K-algebra and let M be a finitely generated graded R-module.
Then, for each i € Ny we may consider the ¢-th cohomological Hilbert function
of M (see (2.4)B) and [Br-Fu-Ro|(9.13))

Wy o % — No, n = hiy(n) =dimg(Hg, (M)y).
Moreover, we may define the i-th geometric Hilbert function

dy : 7 — No

of M by

a) diy(n) = dimg(M,) — hS,(n) + ki, (n), Vn € Z.
b) If i > 0, then di,(n) := k4 (n), Vn € Z.

In [Br-Fu-Ro](10.6),(10.19) we have introduced and studied these functions in
the special case where K is an infinite field.

B) (Basic Properties of Geometric Cohomological Hilbert Functions) Let the
notations and hypothesis as in part A). Prove the following statements:

a) d3;(n) =0 for all n € Z if and only if dimg(M) < 0.

b) If dimp(M) > 0, then dimg(M) = sup{i € Ng | di; # 0} + 1.

c) If N C Tk, (M) is a graded submodule, then dj, y(n) = dj(n) for all
1 € Ny and all n € Z.

d) For all i € Ny and for all n,r € Z we have d?w(r)(n) =d\y(n+r).
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e) If K’ is an extension field of K, the finitely generated graded module K'® g
M over the Noetherian homogeneous K’-algebra K’ ® R satisfies

oo (n) = dy(n), Vi€ N, Vn € Z.
f) For all n € Z we have (see (2.4)B))

xar(n) =) (=1)'dj(n).

i€Ng

g) If X = Proj(R) and if F = M is the coherent sheaf of Ox-modules induced
by M then

dyy(n) = (X, F(n)), Vie Ny, VneZ.
h) In the notations of statement g) and (2.15) we have
P(X,F) ={(i,n) € No x Z | dj;(n) # 0}.

C) (Cohomology Tables) Let the notations and hypotheses be as in parts A)
and B). We define the cohomology table of the the finitely generated graded
R-module M as the family of non-negative integers

dy = (dﬁw (n)) (i,n)ENo X Z

Let X = Proj(R). Then correspondingly for each coherent sheaf of Ox-
modules F we define the cohomology table of the sheaf F as the family of
non-negative integers

hr = (h'(X,F(n)))

(i,n)ENoXZ

Observe that

a) If F = M, then hr = dy;.
b) If N CT'g, (M) is a graded submodule, then dy;/n = da.

c) If K’ is an extension field of K, the finitely generated graded K’ ®y R-
module K’ ®y M satisfies dirg, . = dag.

D) (Cohomology Diagonals) Let the notations and hypotheses be as above.
Then for each integer r € 7Z we define the r-th cohomology diagonal of the
finitely generated graded R-module M as the finite family of non-negative in-
tegers
. i A\ dimg(M)—1
diag, (M) := (dy(r —)),_," = dp [{(i,r—i)|i<dimp (M)} -

Correspondingly, we define the r-th cohomology diagonal of the coherent sheaf
of Ox-modules F as the family of non-negative integers

. i A dim(F
diag, (F) := (h"(X, F(r — Z)))izo( =y [ {(i,r—i)li<dim(F)} -
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We usually refer to the 0-th cohomology diagonal just as the cohomology di-
agonal of M (respectively of F) and thus write in accordance with [Br-Fu-Ro]
(10.19) B)

diag(M) := diag, (M), diag(F) := diag,(F).
Observe the following facts

a) If F = M, then diag,(F) = diag,(M).

b) If N CT'g, (M) is a graded submodule, then diag, (M/N) = diag,(M).
c) If K’ is an extension field of K, then diag, (K’ @ x M) = diag,(M).

d) diag, (M) = diagy(M(r)) = diag(M(r)).

e) diag,(F) = diagy(F(r)) = diag(F(r)).

E) (Cohomology Diagonals Above a Certain Level) Let the notations and hy-
potheses be as above. Let k£ € Ny. We define the r-th cohomology diagonal of
M above level k as the family of non negative integers

diag. " (M) := (dy,(r — i)impi" ™" = dur Hr—ilk<izaimn(in)
Similarly, we define the r-th cohomology diagonal of F above level k as

diag*(F) = (W (X, F(r = )5 = dr I(r—ijicizaim)
Observe the following fact:

a) The five statements a)-e) of part D) remain valid mutatis mutandis for
cohohomology diagonals above a given level k.

8.2. Exercise and Definition. A) (Diagonal Right Bounding Functions for
Modules) Let K be a field, let R = K @ Ry ® Ry ... be a Noetherian homo-
geneous K-algebra and let M be a finitely generated graded R-module. For
each integer [ > 1 and each n € Z we set

Bly(n) = dim§)_l (dimR(M) l)dz (n 1),

] 1—1+1

With our usual convention that (Z) ;=0 for all v € Ng and all u € Z_,. Keep
in mind that we also can write
dim g (M)

Bym)= Y (dim’?(m B l) W (n—j+1).

j=1 7=t

Observe the similarity of the [-th diagonal right-bounding function associated
with the graded R-module M

By, :7 — Ny, nw— Bl(n),VnecZ

with the corresponding diagonal left-bounding functions BY, : 7 — Ny one
may define for all £ < dimpg(M) according to [Br-Fu-Ro](10.10)A).
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B) (First Properties of Bounding Functions). Keep the above notations and
hypotheses. Prove the following statements:

a) For all n,r € 7Z it holds Bﬁvm)(n) = B4, (r +n).

b) If K" is an extension field of K then Bl ,,(n) = B, (n) for all n € Z.

c) Forallie {l,l+1,...,dimp(M)} and all n € Z it holds hi;(n —i+1) <

d) If d := dimg(M) > 1 then for all n € Z we have B%(n) = hd,(n —d + 1)
and B',(n) = 0 whenever [ > d.

e) sup{n € Z | B{;(n) # 0} + 1 = reg!(M).

f) If N C M is a graded submodule with dimg(M) < 1 then B4 (n) = 0 and
BﬁwN(n) = B!,(n) for all n € Z.

g) If N CT'g, (M) is a graded submodule, then B}, y(n) = By, (n) Vn € Z.

The following Lemma is rather similar to [Br-Fu-Ro](10.10)

8.3. Lemma. Let K be a field, let R = K @& Ry & Ry... be a Noetherian
homogeneous K-algebra, Let M be a finitely generated graded R-module, let
x € RN NZDg(M) and let I > 1 be an integer. Then

Proof. Let d = dimg(M). If d < 2, we have dimg(M/xM) < 1 and hence
B§\4/1M( n) = 0 for all n € Z. So, let d > 2. Then dimg(M/zM) = d — 1.

Moreover, if we apply cohomology to the the short exact sequence of graded R-
modules 0 — M(—1) % M — M/xM — 0 we obtain that hM/ yn—7+1) <

W (n—j+1)+ k" (n—j) for all j € N and all n € Z. Consequently
et (n— 1) < diy(n— i)+ dyit(n— (i + 1)), VYnelZ.

Therefore, on use of the Pascal formula we get
d—2

Blywast) = 3 (57,71 )i =) <

i=l—-1

< 3 (4_l_1)(d§w(n—z')+d§\}l(n—(i+1))):

S \i—l+1
=diy' (n—(1—1)+di (n— (d— 1))+

d._j (<d:; 1) - (?:l[:))%(n—i) -

=3 (0t = Bt

M |

d—1

M

i=l—
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8.4. Exercise. Let K be an algebraically closed field and let V,W be two
K-vector spaces such that 0 < dimg (V) < oco. Let f,g : V. — W be two
K-linear maps such that the map af + g : V. — W is surjective for all
pairs (a,8) € K2\ {(0,0)}. Show that dimg (W) < dimg (V). (Hint: See
[Br-Fu-Ro](10.7).)

8.5. Theorem. Let K be a field, let R = K & Ry & Ry ... be a Noetherian
homogeneous K -algebra and let M be a finitely generated graded R-module of
dimension d > 0. Then for each r € 7 and each integer | € {2,3,...,d} we
have

9d—1

a) reg(M) < r+ (2B,(r))
b) Bl (n) < %(235\/[(7“))2(14 foralln > r.

Proof. By (8.2)B)b) we may assume as usually that K is algebraically closed.
Moreover by replacing M by M (r) we may assume that » = 0 (see (3.3)B)b)
and (8.2)B)a)). Now, let

P = Assp(M) N (mProj(R) U{R,}), a:=()p, M=M/To(M).
peP
Then once more by [Br-Bo-Ro](1.9),(10.3)C) we have (see also in the proof of
(4.7))

Assp(T'g, (M)) =P, dim(R/p) > 1,Vp € Assg(M).

In particular dimp(M) = d, dimp(Tg, (M)) < 1 and hence B, (n) = Bl (n)
for all n € Z (see (8.2)B)f)). So, we may may replace M by M and hence
assume in addition, that dim(R/p) > 1 for all p € Assg(M). Consequently
by [Br-Fu-Ro](10.5) there is a K-vector space L C Ry with dimg (L) = 2 and
L\ {0} C NZDg(M). So, if f, g form a K-basis of L, we have

af +Bg € NZDr(M), Y(a,B) € K*\ {(0,0)}.

If we set © = af + B¢ and apply cohomology to the exact sequence of graded
R-modules 0 — M(—1) & M — M/xM — 0 we get exact sequences of
K-vector spaces

(i) Hi (M) 2% Hi (M), — Hiy (M/(af + Bg)M),

for all i € Ny, all n € Z and all (o, 8) € K2\ {(0,0)}.

Now, we proceed by induction on d — 1. If d — 1 = 0 we have B}{;(n) =
Bi,(n) = hd;(n —d+ 1) for all n € Z (see (8.2)B)d)). For all (a,f) €
K2\ {(0,0)} the element af + Bg € R; belongs to NZDg(M). Therefore
dimgp(M/(af + ag)M) < d, whence Hf, (M/(af + Bg)M) = 0. So, if we
apply the sequences (i) with i = d, we get epimorphisms

HE (M)oroaen 222 HE (M) =0, V(a, 8) € K2\ {(0,0)},Vn € Z.
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Thus, for all n € 7 we get by (8.3) that
BY;(n) = h%,;(n—d+1) < max{h%,(n—1—d+1)—1,0} = max{B{,(n—1)—1,0}.

Therefore BY,(n) < B%(0) for all n > 0 and B¢, (n) = 0 for all n > B%,(0).
This proves (more than) our claim if d — [ = 0.

Now, let d — 1 > 0. Choose (a,3) € K?\ {(0,0)}. Then in particular
dimg(M/(af + Bg)M) = d — 1. So, by induction and in view of (8.2)B)e)
and (8.3) we have

Y pl 1(9pl 207t

(i) Biyjasisgu(m) < 3(2B3,(0)) , VnelZ.

= — 2d—l—1

(iii) BéW/(aerﬁg)M(n) =0, Vn > (2B%,(0)) :
Now, the sequences (i) yield that

Why(n—j+1) < by (n—=1=j+1)+h, 0 risgu(—i+1), VieNVneZ
According to (8.2)A) this implies that
Bjy(n) < Bjy(n—1) + Bﬁ\/.f/(af—i-ﬁg)M(n)? Vn € Z,

whence, by induction on n:

Biy(n) < By (0) + Z Bitjasisgu(k), Vn € Ny
=1

But now, the above statements (ii) and (iii) imply that
_ _ 1, - —i-1 _ -1
Bly(n) < By(0) + 5 (2B4,(0)" " max{0, (2B},(0)" " 1} <

S[(BL,0)

This proves our statement b).

J* = (B (0)

2d—1—1 2d—1

It remains to show statement a). By (8.2)B)e) this comes up to show that

_ _ d—1

Biy(n) =0, Vn> (2B4,(0))*

— d—1—-1
In order to do so, we choose any n > (235\4(0))2 , so that by statement
(iii) we have Bfw/(aerﬁg)M(n) = 0 and hence (see (8.2)B)c))
Wotjasipgum—i+1) =0, Vie{l,l+1,...,d}.
So, by the exact sequences (i) we get an epimorphism
Hiy (M), 2229 1 (M),i1 — 0

for all i € {I,l +1,...,d} and all pairs (o, 8) € K\ {(0,0)}. By (8.4) this
allows to conclude that

Riy(n —i+1) <max{hi;(n —i)— 1,0}, Vie{l,l+1,...,d}.
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From this we obtain by (8.2)A) that

2d—Il—1

Bj;(n) < max{Bj;(n —1)— 1,0}, Vn > (2B},(0))
It follows that
2d7171

Bly(n) =0, ¥n> B ((2B}0)* ) + (2B%,(0)) =B

By statement b) we have
Bl (2B, (0" <
As in addition
I od—1—1
(By(0)" <
it follows that B < (235\/[(0))2(171. This proves our claim. O]

8.6. Corollary. Let K be a field, let R = K & Ry & Ry... be a Noetherian
homogeneous K -algebra and let M be a finitely generated graded R-module of
dimension d > 0. Then, for alll € {2,3,...} we have

a) reg! (M) < (200, ()R, - )"
b) Z?ZI (?*f)hg‘/[(n_J ) (223 l(d l)h] (1 _j))TH, Vn € Np.

Proof. Apply 8.4 with r = 0 and observe the second equality in (8.2)A). O

In order to express the previous results in sheaf theoretic terms, we extend
the notion of regularity of a coherent sheaf over a projective scheme as it was
introduced in (3.6). We also give a sheaf-theoretic version of the bounding
functions defined in (8.2).

8.7. Exercise and Definition. A) (Regularity of Sheaves Above a Certain

Level) Let R = €, .y, In be a Noetherian homogeneous ring, set X :=

Proj(R), let F be a coherent sheaf of Ox-modules and let k € Ny. We define

the regqularity of the coherent sheaf of Ox-modules F above level k by
reg”(F) :=inf{r € Z | H(X,F(r —4)) =0, Vi>k}.

Prove the following statements:

a) reg’(F) = reg(F).
b) For all k,1 € Ny with k& <[ we have reg!(F) < reg®(F).
c¢) For all k € Ny and all r € Z we have reg®(F(r)) = regh(F) — r.

d) If M is a finitely generated graded R-module with M = F, then reg HF) =
reght2(M) for all k € Ny.

B) (Diagonal Right Bounding Functions for Sheaves) Now, let K be a field,
let R=K ® Ry & Ry... be a Noetherian homogeneous K-algebra, set X :=
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Proj(R) and let F be a coherent sheaf of Ox-modules. For each k € Ny and
all n € Z we set
dim(F)

Bw= > (T e Fn )

, i—k—1
i=k+1

and consider the corresponding k-th diagonal right-bounding function associ-
ated to the coherent sheaf F

Bt 7 — Ny, n— B%n),VneZ

Prove the following facts

a) For all n,r € Z it holds B’}_(T)(n) = Br(r +n).

b) Foralli € {k+1,k+2,...,dim(F)} and all n € Z it holds A’ (X, F(n—i)) <
B (n). )

¢) If d := dim(F) > 0 then for all n € Z we have B '(n) = h*(X, F(n — d))
and B%(n) = 0 whenever k > d.

d) For all k € Ny we have regh(F) = inf{r € Z | B&(r) = 0}.

e) If M is a finitely generated graded R-module with F = M, then Bh(n) =
BY%(n) for all k € Ny and all n € Z.

8.8. Corollary. Let K be a field, let R = K & Ry & R ... be a Noetherian
homogeneous K-algebra, set X := Proj(R) and let F be a coherent sheaf of
Ox-modules of dimension s > 0. Then for each k € {0,1,...,s — 1} and all
r € 7 we have

2871(371

a) regh(F) <r+ (Bﬁ(r))
~ ~ 9s—k—1

b) B(n) < $(2B#(r)) for alln >r.

Proof. Let M be a finitely generated graded R-module with F = M , Observe

that dimp(M) = s + 1, keep in mind (8.7)A)d),B)e) and apply (8.5). O]

8.9. Corollary. Let K be a field, let K & Ry & Ry... be a Noetherian ho-
mogeneous K-algebra, set X = Proj(R) and let F be a coherent sheaf of
Ox-modules of dimension s > 0. Then, for each k € {0,1,...,s— 1} we have

a) regh(F) < (2254 py (Crm) W (X, F(=4)))

b) Mg ()W (X, Fln—i) < 520 G )W (X, F(=i)”  for
all n € Ny.

9d—k—1

Proof. Apply (8.8) with r = 0. O

8.10. Corollary. Let K be field, let R = K & Ry & Ry... be a Noetherian
homogeneous K -algebra, set X := Proj(R) and let F be a coherent sheaf of Ox-
modules of dimension s > 0. Then the 0-th cohomology diagonal diagy®(F)
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above level 0 bounds the reqularity of F. More precisely

reg(F) < (22 <f: i) n (X, ]-'(—z’)>)2s71.

i=1
Proof. Apply (8.9)a) with k& = 0. O

In the previous results, we only did use information on cohomology diagonals
above level 0. So, it is natural to ask, whether we could draw further reaching
conclusions if we knew the full cohomology diagonal. We shall answer this
question affirmatively in a way which will lead as to look at our cohomological
patterns from a new point of view. To do so, we first prove a Left-Bounding
Result for Geometric Cohomological Hilbert Functions, which holds in the
range "left of a diagonal below a certain level“. We begin with an auxiliary
result.

8.11. Lemma. Let K be a field, let R = K ® Ry ® Ry ... be a Noetherian
homogeneous K -algebra, let M be a finitely generated graded R-module and let
x € Ry NNZDg(M). Then, with the notational convention that d(n) =0 for
all 7 <0, all finitely generated graded R-modules N and all n € 7. we have for
all i,k € Ny:
a) di,(m—1) <dy;(m)+ dé\;}xM(m), for allm € Z.
¢) TiZo ()i (=0 < 50 () dar* (=)
Proof. ”a)“: First, we apply cohomology to the short exact sequence of graded
R-modules
0— M(-1) 5 M — M/zM — 0
to conclude that
B m = 1) < B m) + By yng(m), ¥ € Z.
If 7 > 2, this proves statement a). If i = 2 we get
di,(m — 1) < dj,;(m) + h}sz(m), Vm € Z.
As By spar(m) < dimg ((M/zM),,) we have for all m € Z the inequality
R jans (M) < dimpe (M /2 M)m) + Biygyong (M) = hiygans (M) = digyppg (m).
This proves statement a) if ¢ = 1. So, let ¢ = 0. Then by [Br-Fu-Ro](10.8)a)

we have d%,(m — 1) < d9%,(m) for all m € Z. This proves statement a) in this
case.

”b)“: This follows immediately from statement a).
7c)“: By statement a) we have

Ao (D) < A== 1) + (D), VEE N,
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Therefore on use of the Pascal formula
— [i—1 — [i—1
> ( l )dsm EDY ( l ) [ (1= 1)+ di (0] =
1=0 1=0

)

+§ (jj) (igl)]dm—jwdﬂk(—i)=Zd§J’“<—j>-

J=1 Jj=0

O

Now we are ready to prove the announced Left-Bounding Result for Geometric
Cohomological Hilbert Functions. It gives an upper bound on the geometric
cohomological Hilbert functions left of a given diagonal.

8.12. Proposition. Let K be a field, let R = K ® Ry @& Ry ... be a Noether-

ian homogeneous K-algebra and let M be finitely generated graded R-module.
Then, for all i € Ng we have

<Z( ”—J—1> IZJ( )d’ll—z)] WVn < —i.

Proof. We proceed by induction on i. If i = 0 we may conclude as d%;(n) <
di;(0) for all n < 0 (see either (8.2)d) or [Br-Fu-Ro](10.8)a)). So let i > 0. As
usually we can assume that K is infinite and that I'g, (M) = 0, so that there
is some element z € Ry N NZDg(M). Then, according to (8.11)b) we have

diy(n) < diy (i) + D diy) o (m), Yn < —i.

n<m<—i

By induction we also have

i1 . i—1—j
i _m_]_l I—-1—-1 2
dM/lxM )SZ( i—1— )[Z ( ] ) M/lz]&(l i+1)], VYm <0.
=0

l

So, combining both inequalities we can say

(i) For all n < —i it holds

= (—m =1\ (i1
—m-=J - — b i—1—1 .
=) e
Now, by (8.11)c) (applied to M (—j) with k = j) we may write

i—1—j .
o
Z(Z l )dﬁw}xfw(l i+1)=
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i—j-1 .. i~j .
t—7 =1\ iy T =7\ ot B
(0 im0 = 3 (1))t o) =
h=0

Z ( v g)dﬂ“‘j‘”(u —i-9)=i)= Z (i_lj>d§\21(l - ).

Now, on use of the above inequality (i) and as

we obtain

diy(n) < dy (=) + ‘{Z‘i(_ﬁ]{}l)[:_j (ijj)dm—w]}:

The previous bounding results taken for its own occurs indeed not to be very
appealing. But its consequences give a hint to consider cohomology tables from
a new point of view. To make this precise, we first introduce some notations.

8.13. Notation. Let d € N. By M? we denote the class of all pairs (R, M) in
which R = K® R, ® R, ... is a Noetherian homogeneous K-algebra over some
field K and M = P, ., M, is a finitely generated graded R-module such that
dimg(M) = d.

Correspondingly let s € Ny and let S* the class of all pairs (X, F) in which X is
a projective scheme over some field K and F is a coherent sheaf of O x-modules
with dim(F) = s. Observe that

S* = {(Proj(R), M) | (R, M) € M}

nez

Now, we define a concept, which will play an important role later on in these
lectures: the concept of subclass C € M9 (or C 8*) which is of finite cohomol-
ogy on a subset $ C {0,1,...,d— 1} x Z (respectively C {0,1,...,s} X Z).
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8.14. Exercise and Definition. A) (Classes of Finite Cohomology) Let d € N
and let $ C {0,1,...,d— 1} x Z be a set. A subclass C C M is said to be (a
class) of finite cohomology on S if the set of families

{(dy(n)myes | (B, M) € C} = {du Is| (B, M) € C}.
is finite. We say that the class C C M is of finite cohomology (at all) if it is
of finite cohomology on the set {0,1,...,d — 1} x Z.

The notion of subclass D C S*° of finite cohomology (on a setS C {0,1,...,s}x
7Z) is defined similarly.

B) (First Properties of Classes of Finite Cohomology) Let r € Ny, let
C,.C, DCM?* (orCS%), (i=1,2,...,7)
be subclasses and let
$,%,TC{0,1,...,d—1} x7Z (or C{0,1,...,s} x7Z), (i=1,2,...,7)

be subsets. Observe the following easy facts

a) C is of finite cohomology on (.

b) If C is finite, it is of finite cohomology on 5.

c) If C C D and D is of finite cohomology on 8, then C is of finite cohomology
on 5.

d) If C is of finite cohomology on $ and if T C %, then C is of finite cohomology
on T.

e) If C; is of finite cohomology on % for all i € {1,2,...,r}, then Ul_,C; is of
finite cohomology on 5.

f) If C is of finite cohomology on &; for all ¢ € {1,2,...,r}, then C is of finite
cohomology on U;_;%,;.

C) (An Ezample) Let the notations and hypotheses as in be as in parts A) and
B), choose (R, M) € M® and let C := {(R, M®") | r € N}. Show that

{0,1,...,d—1} x Z\ P(Proj(R), M)

is the unique maximal subset $ C {0,1,...,d — 1} x Z on which the class C is
of finite cohomology.

Now, we can prove the following Right-Finiteness Result for ClassesC C M, a
module-theoretic formulation of the corresponding announced sheaf-theoretic
finiteness result for classes D C S%.

8.15. Proposition. Let d € N, r € Z and let C C M9 be a subclass which is
of finite cohomology on the diagonal set A, = {(i,r —i)|i=0,1,...,d—1}.
Then, for each t € Z the class C is of finite cohomology on the set

$:={0,1,...,d— 1} x Zs,.
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Proof. In view of (8.14)B)d) we may assume that r—d > ¢, so that in particular
r—i>tforallie{0,1,...,d—1}. Now, for each integer i € {0,1,...,d—1}
and each integer n < r — i we may use (8.12) to see that

o) = g1 <3 (") Z( JEREE

=0 N T s
(T (i
;O(nz—ij—l)[; C:Dd'&(r—kﬂ.

So, the class C is of bounded cohomology on the set
S :={(@,n)|ie{0,1,....d—=1}, ne{t,t+1,...;i—r}}

If we apply (8.5) with [ = 2 and bear in mind the definition of the numbers
B2,(n) (see (8.2)A)) we see immediately that the class C is of finite cohomology
on the set

SQ = {(Z,n) ’ZE{l,Z,,d—l}, nGer,i}.
Now, set
Sg = {O} X Z>T.
Then clearly $ = 8, U 52 US3. So, by (8.14)B)f) it remains to show that the
class C is bounded on the set $s.

To do so. let (R, M) € C. Then the Hilbert polynomial Py, € Q[X] is of
degree d — 1 and moreover we have (see (8.1)B)b),f))

i

Py(n) = xu(n) =Y (=1)'djy(n), Vn€eZ.

i=0
In particular, the polynomial P,; is determined by the finite family

As {0,1,...,d— 1} x{r—d,r—d+1,...,r} €3 US, and as C is of finite
cohomology on the set $; U$,, the set {Fy, | (R, M) € C} is finite. Therefore
the set of Hilbert polynomials Py, with (R, M) € C is finite, thus:

(i) #{Pu|(R,M)e€C} < .

Moreover, as the class C is of finite cohomology on the set $,, and as dj;(n) =
hit(n) = 0 for all i > 0 and all n >> 0, there is some integer s > r such that

(ii) diy(n)=0, Y(R,M)eC\Vie{l,2,...,d—1},Vn > s.
In addition by our above description of the Hilbert polynomial P,; we have

(i) d3(n) = Pu(n) — S (~1)diy(n), ¥ € Z.
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As C is of finite cohomology on the set 8o, statement (i) and (ii) imply that
the class C is of finite cohomology on the set {0} x {r+1,r+2,...,s} C $s.
It thus remains to show that C is of finite cohomology on the set

S3\ [{0} x {r+1,r+2,...,s}] = {0} x Zs,.
But this follows easily by statements (i),(ii) and (iii). O

In sheaf-theoretic terms, the previous right-finiteness result takes the form of
the following Right-Finiteness Result for Classes D C S*.

8.16. Corollary. Let s € Ny, let r € Z and let D C §° be a subclass which is
of finite cohomology on the diagonal subset A, := {(i,r —i) | i =0,1,...,s}
of {0,1,...,s} x Z. Then, for each t € 7 the class D is of finite cohomology
on the set

$:={0,1,...,5} X Z>,.

Proof. This follows immediately by (8.15) and the last observation made in
(8.13). 0

So, we can say, that a subclass D C §° which is of finite cohomology on a
diagonal set A, C {0,1,...,s} x Z is also of finite cohomology on each left
bounded subset $ of {0,1,...,s} x Z. It is natural to ask, whether the same
conclusion holds if the diagonal subset A, is replaced by a set subject to weaker
conditions. This is indeed true, as we are going to show now. We begin with
the following auxiliary result.

8.17. Lemma. Letd € N, let (n;)?=} be a sequence of integers such that ng_, <
Npo < ... < ng and let C C M? be a subclass which is of finite cohomology
on the subset ¥ :={(i,n;) |i=0,1,...,d—1} of {0,1,...,d — 1} X Z. Then,
the class C is of finite cohomology on the diagonal set

A=Agin, = {(i,d+ngr—i)|i=01,... d—1}.

Proof. We proceed by induction on
0= 6(2) =MNg — Ng—1 (2 d)
If 9 = d we clearly have ¥ = A and our claim is clear.

So, let 6 > d. Then, there is some ¢ € {0,1,...,d—2} such that n; —n;4; > 1.
We chose i minimal with this property, write i = i(X) if necessary, and proceed
by induction on i = i(¥).

Assume first, that ¢ = 0. Then n; + 1 < ng and it follows by (8.12) applied
with @ = 0 that dj,(n1 + 1) = dy,)(m + 1 —ng) < d,,(0) = di(no).
But this implies that the class C is of finite cohomology on the set ¥/ :=
{(0,ny + 1)} U{(4,n;) | 4 = 1,2...,d — 1}. But for this set we also have
d(X) < §(X¥) = 6. Now, by induction the class C is of finite cohomology on
the set A.
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Now, let ¢ > 0. Then clearly n, — 1 —ny = —t — 1 and C is of finite cohomology
on the non-empty set
{i—=lng+1l—1)|1=0,1,...;0} ={(k,ng) | k=0,1,...,i} CX.
So, there is some h € Ny such that di\;éno)(l — i) = d (ng +1—14) < h for all

[ € {0,1,...,i} and all pairs (R, M) € C. By (8.12) it follows that there is
some h' € Ny such that

dyr(ni — 1) = diypey (ni — 1 = ng) = diyyinyy (=i — 1) < B, V(R,M) eC.
From this we obtain that the class C is of finite cohomology on the set
Y i=A{(,n;) | j=0,1,...,i=1}U{(i,n;— 1) }U{(k,nx) | kK = i+1,i+2,...,d—1}.
As now i(X") = i(X) — 1 =i — 1, we may conclude by induction. O

To formulate the announced finiteness result, we introduce a further notion.

8.18. Definition. Let t € Ny. A set X C {0,1,...,t} x Z is said to be a
quasi-diagonal subset if there are integers n; < ny_1 < ... < ng such that

S = {(i,n) |i=0,1,....t}

Observe that diagonal subsets are quasidiagonal.

Now, we may prove the module-theoretic version of the announced extension
of our Right-Finiteness Result.

8.19. Proposition. Let d € N and let C C M? be a subclass which is of finite
cohomology on some quasi-diagonal subset ¥ C {0,1,...,d—1} x7Z. Then, for
each t € 7 the class C is of finite cohomology on the set {0,1,...,d—1} X Zy.

Proof. this is immediate by (8.15) and (8.17). O]

Finally, in sheaf-theoretic terms we now can say:

8.20. Corollary. Let s € Ny and let D C §° be a subclass which is of finite
cohomology on some quasi-diagonal subset ¥ C {0,1,...,s} x Z. Then, for
each t € Z the class D is of finite cohomology on the set {0,1,...,5} X Z>;.

Proof. This follows once more by mere translation from (8.20). O
So, we finally indeed can say, that any subclass D of §° which is of finite

cohomology on some quasi-diagonal subset 3 of {0,1,...,s} x Z is of finite
cohomology on any left-bounded subset $ of {0,1,...,s} x Z.



9. MODULES OF DEFICIENCY

In this section we introduce an important tool for the treatment of local co-
homology modules, the so called Modules of Deficiency. We restrict ourselves
to do this in the special framework which is most relevant for these lectures -
namely over Noetherian homogeneous algebras over fields. In this special case,
the functor of taking Graded Matlis Duals luckily coincides with the functor
of taking Graded Duals with respect to the base field of our Noetherian homo-
geneous ring. In our construction, this will allow us to shortcut the theory of
Graded Gorenstein Rings and to define the requested deficiency modules sim-
ply as graded duals of local cohomology modules with respect to the irrelevant
ideal. So, we invest in our definition a fact which, in a more general situation
corresponds to the Graded Local Duality Theorem. This simplification comes
for free, as our rings are graded homomorphic images of polynomial rings over
fields and hence a fortiori of Gorenstein rings.

On the other hand as we renounced to define our modules of deficiency in
the usual way by means of certain Ext-modules, we now are left with the
task to prove that these modules are finitely generated. We shall do this in
two steps. First we compute the modules of deficiency of a polynomial ring
over a field. In a second step, which is incorporated in the proof of our Main
Theorem on Modules of Deficiency (9.7) we use an induction argument to
show the requested finiteness result in general. In order to be able to perform
efficient homological arguments, we actually shall introduce the Functors of
Deficiency as the composition of local cohomology functors with respect to
the the irrelevant ideal and the graded duality functor. As this latter functor
behaves well in the subcategory of Graded Modules with Finite Components,
we get the expected Graded Local Duality. In our Main Theorem (9.7) we
shall collect all the relevant properties of deficiency modules.

As an application, we shall be able to introduce the concept of Cohomological
Hilbert Polynomial and the notion of Cohomological Postulation Number of a
finitely generated graded module over a Noetherian homogeneous K-algebra.
The latter invariant finds a lower bound in terms of the regularity of deficiency
modules, and this shall us lead to the investigation of our next section. We
also compute the top local cohomology module of a polynomaial ring over a field
in an example and exercise.

We also introduce the canonical module of a finitely generated graded module
M over a Noetherian homogeneous algebra over a field K as the highest non-
vanishing deficiency module. We then prove a few properties about these
modules. The most basic of these says, that that the grade of the canonical
module of a finitely generated graded module M is at least as big as the
minimum of 2 and the dimension of M. We then derive a Structure Theorem
for Canonical Modules and show that the canonical module of a CM-module
is again CM.
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Finally we devote an extended remark to the link between our "narrow-gauge “
way of approaching the theory of deficiency module and the ”standard-gauge “
way which relies on (the graded form) of Grothendieck’s Local Duality Theo-
rem. At the very end of this section we shortly shall discuss in an exercise and
remark the fact that our local cohomology modules are Artinian.

We now begin with a number of fairly general preparations, which shall pave
the way to define and to study modules of deficiency.

9.1. Construction and Exercise. A) (Graded Dual Modules) For the moment
let R = €,,., R be an arbitrary graded ring and let M = €, ., M, be a
graded R-module. We consider the Ry-module

HOIIIRO (M, Ro)

of all Ry-linear maps h : M — Ry. By means of the scalar multiplication
defined by

nez

xzh :=houzldy, Vze€ R,Vh € Hompg,(M, Ry)

the Rp-module Homp, (M, Ry) is turned into an R-module. We consider the
subset

D(M) := {h € Homp, (M, Ry) | #{n € Z | h(M,) # 0} < o0}

of Hompg, (M, Ry) consisting of all Ry-linear maps h : M — R, which vanish
on almost all graded components of M. Moreover, for each t € 7Z we define
the subset

D(M); := {h € Hompg,(M, Ry) | h(M,) = 0,Vn # —t}
of D(M) consisting of all Ry-linear maps h : M — Ry which vanish on all
graded components of M in degrees different from —t. Prove the following
statements:
a) D(M) C Hompg, (M, Ry) is an R-submodule.
b) For all t € Z the set D(M); C D(M) is an Rp-submodule.

¢) The family (D(M);)icz of Ry-submodules D(M), C D(M) defines a grad-
ing on the R-module D(M).

d) For all ¢ € Z there is an isomorphism of Ry-modules
M : Homg, (M_, Ry) — D(M),
given by
M (h)(m) := h(m_,), Vh & Homp,(M_;, Ry),Ym := (my)nez, € M = SpezM,.
e) For all r,t € 7 we have D(M(r)), = D(M);_,.

From now on, we always furnish the R-module D(M) with the grading men-
tioned in statement c), hence write

D(M) = @ D(M),,

teZ
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and call D(M) the graded (Ry-) dual of M. Observe that by statement e) we
have

£) D(M(r)) = D(M)(—r), Vr e Z.

B) (The Graded Duality Functor) Keep the notations and hypotheses of part
A) and let h: M — N be a homomorphism of graded R-modules. Show that
there is a homomorphism of graded R-modules

D(h) : D(N) - D(M), fw foh, ¥Yfe&D(N).

The homomorphisms of graded R-modules D(h) is called the graded (Ry-) dual
of h. Prove the following claims:

b) If h: M — N and g : N — P are homomorphisms of graded R-modules,
then D(goh) = D(h) o D(g).

c) If h,l: M — N are homomorphism of graded R-modules, then D(h+1) =
D(h) + D(1).

d) For all r € 7Z, all x € R, and each homomorphism of graded R-modules
h : M — N the homomorphism of graded R-modules xh : M — N(r)
satisfies D(zh) = xD(h) : D(N)(—r) — D(M) (see [Br-Fu-Ro|(8.5)E))

e) If L % M % N — 0 is an exact sequence of graded R-modules, we have
an exact sequence of graded R-modules

D(u)

0 — D(N) 2% pry 2 por).

So, similar as in [Br-Fu-Ro](8.6)A),D) we we can say that we have a contravari-
ant, R-linear, left exact functor of graded R-modules

D(e) : (M 25 NY ~s (D(N) 2% D (M),

the functor of taking graded (Ry-)duals or the graded duality functor (with
respect to Ry ).

C) (First Properties of Graded Duality Functors) Keep the notations and hy-
potheses of parts A) and B). Show the following

a) For all t € Z there is a natural equivalence of contravariant functors from
graded R-modules to Ry-modules

o~ thw
7 : Hompg, (e, Ry) = D(e); : M~ (Homp, (M_, Ry) = D(M),),
where 7M is defined as in statement A)d).

b) There is a natural transformation of covariant functors of graded R-modules
e D(D(e)): M (M 225 D(D(M))),
where the homomorphism v™ : M — D(D(M)) is given by
Y(m)(f) = f(m), ¥Yme MVfeDM).
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D) (Base Ring Independence of Graded Duals) Keep the notations of part A)
and assume that a & R is a proper graded ideal such that ay = 0 and aM = 0.
We identify Ry = (R/a)o. Show the following facts.

a) The Ro-module Hompg, (M, Ry) stays the same, if consider M as an R/a-
module.

b) The R-module Hompg, (M, Ry) is annihilated by a and its structure as an
R/a-module coincides with the structure inherited from the R/a-module
M

¢) The graded R-module D(M) satisfies aD(M) = 0 and is independent on
whether we consider M as an R-module or an R/a-module.

We now shall begin to focus to the special case, where the graded ring R is a
Noetherian homogeneous algebra over a field. In order to do so, we first of all
recall a few general facts about duals of vector spaces.

9.2. Reminder and Exercise. A)(Duality Functors for Vector Spaces) Let
K be a field. Keep in mind that the assignment

hY=Homy (h,K)
—_—

(V2 W) ks (WY = Hompg (W, K) VY = Homg (V, K))
with
hY(f) = Homp (h, K)(f) := foh, ¥Yf€W"'=Homg(V,K)
defines a contravariant, linear, exact functor of K-vector spaces
o’ = Homg (e, K),
the functor of taking K-duals or the duality functor for K-vector spaces.

B) (Dualizing and Finite Direct Sums) Let r € N and let V, = (V;)I_; be a
family of K-vector spaces. Check that there is an isomorphism of K-vector
spaces

Ve — - @(V;V) i (@V;)V

given by

I8
v(ug, ug, .. up) (v, v, .., 0) = Zuz(vl),ul eV v eV (i=1,2,...,7).
i=1

Formulate and prove the fact that this isomorphism is natural in the obvious
sense, so that the duality functor eV commutes with finite direct sums. Show
that for a K-vector space V we can say:

a) V=2 VVif and only if dimg (V) < 0.
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C) (Biduals) We now are concerned with the covariant linear exact functor of
K-vector spaces

.V\/ = (.V)\/

of taking biduals. Check that for each K-vector space V there is a K-linear
map

YW= V=V y)(f) = flv), YWweV,VfeVY
and prove the following statements:

a) For each K-vector space V, the linear map vV : V — VYV is injective.

14
b) The assignment  : V ~ (V 2= VYY) is a natural transformation of covari-
ant functors of K-vector spaces v : e — ¢V,

c¢) If dimg (V) < oo, then the map 4V : V — VYV is an isomorphism.

D) (Dualizing and Diagonals) Let r € N, fix a K-vector space V and consider
the r-th diagonal map on V', that is the injective K-linear map

§=06": V=V v (v,v,...,0),YveV,
and the surjective K-linear map
6V = (6Y) : (VE)Y = VY,
Show that there is a commutative diagram

(V\/)GBT v (V@r)v

(=23

V\/

in which v = v(V'V:»V) is the natural isomorphism defined for the finite family

(V,V,...,V) of r copies of V in part B) and 3 is defined by the assignment
(wis U2y ey Uy ) = D00 U

E) (Duality and Kernels) Fix two K-vector spaces V and W, let r € N and fix
a finite family of K-linear maps

he := (hi)i—y, hi € Homg(V,W),Vk € {1,2,...,r}.

Moreover consider the composition of the diagonal map 8§ of part D) with the
direct sum of the maps hy, that is the map

o' =0 = (Di_hp) 06 V=W v (he(v))_,.
and its dual
(a") =Y (WE)Y = VY,
Prove the following statements:
a) Ker(o) = _; Ker(hy).
b) Im(o¥) = 325 Im(hy).
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c) There is a short exact sequence of K-vector spaces

0— Zlm (hy) — incl, v Inel?, ﬂ Ker(hy,))" — 0.

k=1

d) There is an isomorphism of K-vector spaces

Vv/ilm(hv = m Ker(hy)) ",
k=1

given by

u -+ Z Im(hZ) — U fﬂ;zl Ker(hy) -
k=1

We now use the previous reminder, to establish a few basic facts about graded
duals over graded K-algebras.

9.3. Exercise and Definition. A) (Graded Duals over K-Algebras) Let K be
a field and let R = @,,.,, R, be a graded K-algebra, so that Ry = K. We now

reconsider the covariant, linear, left exact functor of graded R-modules D(e)
introduced in (9.1). Use (9.1)B)a) and (9.2)A) to show:

a) For each homomorphism h : M — N of graded R-modules and all ¢ € Z
we have the commutative diagram of K-linear maps

N

N, — D(N),

MY,

o
X

1R

where the maps 7 and 7}V are defined according to (9.1)C)a)).
b) The contravariant linear functor D(e) of graded R-modules is exact.

B) (Modules with Finite Components) We say that a graded R-module M =
D,.cs M, has finite components if
dimg (M,,) < 00, Vn € Z.

We denote the class of graded R-modules with finite components bu Fg. Use
A)a), (9.2)B,b) and (9.2)C)c) to prove the following statements:

a) If0 = N - M — P — 0 is an exact sequence of graded R-modules, we
have M € Fg if and only if N, P € Fpg.

b) If r € N and MW, M@ .. M® € Fp, then P;,, MY € Fp.
c) If M € Fg, then dimg(D(M);) = dimg(M_,) for all t € Z.
d) If M € Fg, then D(M) € Fg.

e) If M € Fg, the canonical map v : M — D(D(M)) (see (9.1)C)b)) is an
isomorphism of graded R-modules.
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f) If M € Fg, then D(M) = 0 if and only if M = 0.

C) (Equihomogeneous Ideals) Keep the above notations and hypotheses. An
ideal a C R is said to be equihomogeneous if it is generated by homogeneous
elements of the same degree. We now are interested in finitely generated
equihomogeneous ideals. So, let s € Z, let r € N, let x1,2,...,2, € Ry, let
M be a graded R-module and consider the multiplication maps given by these
elements, that is the homomorphisms of graded R-modules

xi=xldpy : M — M(s), mw—azm,(i=1,2...,1).
Use (9.2)E) to show the following facts:

a) (0:y (z1,@0, ..., 20)) ¢ = ()iey Ker(z; [a,) for all t € Z.
b) There is an isomorphism of graded R-modules

D<M)/<x17x27' .- 7xr>D(M) i D(O M <.§L’1,$2, ce ,ZL’T.>)
defined by
U + <Jfl,l’2, st 717T>D(M) = u r(o:]p[(xl,xg ..... zr>)7 vu E D(M)

Now, we definitively shall consider the situation in which the graded ring R is a
Noetherian homogeneous algebra over a field. In this situation we introduce a
now class of functors, which we call deficiency functors and which are obtained
by composing the local cohomology functors with respect the the irrelevant
ideal R, of R with the graded duality functor .

9.4. Exercise and Definition. A) (Deficiency Functors and -Modules) Let K
be afield and let R = K@ R B R; . .. be a Noetherian homogeneous K-algebra.
For each i € Ny we define the i-th deficiency functor) K* = K'(e) (over R) as
the contravariant linear functor of graded R-modules obtained by composing
the graded local cohomology functor *H}ﬁ(o) with the graded duality functor
D = D(e), thus the functor of graded R-modules given by the assignment

X | | Ki(h)=D(H},, () . |

(M = N) s (K'(M) = D(Hp, (N)) » D(Hp, (M)) = K'(M)).
For each graded R-module M, the graded R-module K*(M) is called the i-th
deficiency module of M.

B) (First Properties of Deficiency Functors) Keep the notations and hypothe-
ses of part A). Let ¢ € Ny. Prove the following facts:

a) (Duals of Deficiency Modules) There is a natural transformation of covari-
ant functors of graded R-modules

. ) ) ) M. H%%Jr(”” )
k' Hp (8) = D(K'(e)) : M~ (Hp, (M) —————— D(K'(M))),
where the homomorphism
(M)

A U0, (M) = D(D(Hj, (M) = D(K'(M))



133

is defined according to (9.1)C)b).

b) (Base Ring Independence of Deficiency Modules) If M is a graded R-
module, a & R is a proper graded ideal with aM = 0 we have aK*(M) =0
and (up to an isomorphism of graded R-modules) the module K*(M) re-
mains the same if we consider M as as a graded R/a-module.

C) (Deficiency Modules of Finitely Generated Modules) Let the notations be
as in parts A) and B) and assume that the graded R-module M is finitely
generated. Prove the following facts:

a) Hp, (M)and K*(M) are graded modules with finite components, and hence
belong to the class Fg (see (9.3)B)).

b) dimg(K*(M)),, = hi;(—n) for all n € Z.
c) beg(K*(M)) = —end(Hp, (M)) > —oo.

d) The natural homomorphism of graded R-modules of (9.4)B)a) becomes an
isomorphism

k"M Hy (M) = D(K'(M)).
D) (The Deficiency Sequence) Keep the above notations and hypothesis and
let
S:0NSmbhp oo

be an exact sequence of graded R-modules. We form the ezact graded cohomol-
ogy sequence with respect to Ry and associated to S (see [Br-Fu-Ro](8.26)A))

. Hy, () . Hy, (1) .
0 Hp (N) Hy (M) Hy (P)
sOR+ Hp  (h) H ()
. Hy, (N) Hp, (M)
Hy '(P)
s . Hy, (h) . Hy, () .
: Hj, (N) Hi, (M) ——— Hj, (P)
5;R+ H(R)

. R .
HigH(N) ———— H} (M)

Then, we apply the contravariant linear exact functor of graded R-modules
D(e) to this sequence, write

ek = D(5"), Vie N
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and thus end up with an exact sequence of graded R-modules

KL(M) Ki+1(h) K+1(N) ek
Ki(P) K'(1) Ki(M) K(h) Ki(N) et
K (P)
KM — W gy =
Ko(P) — 0 k() — Y () 0

We call this sequence the deficiency sequence associated to 5. Formulate and
prove the fact, that the deficiency sequence is natural.

E) (Socles of Local Cohomology Modules) Let R be as above. For any graded
R-module U one defines the socle of U as the graded submodule

soc(U):=(0:y Ry) CU.

Observe that R soc(U) = 0, so that soc(U) is a vector space over R/R, = K
and the R-submodules of soc(U) are the same as the K-vector subspaces.

Now, let M be a finitely generated graded R-module and chose elements
T1,To,...,T, € Ry such that

<.CC1,.T2, c. ,.CCT.> = R+.

Let i € Ny and use the developments of (9.3)C) to prove the following state-
ments:

a) There is an isomorphism of graded R-modules
K'(M)/R,K'(M) = D(soc(Hk, (M))).

b) K'(M) is finitely generated if and only if end(Hp, (M)) < oo and soc(Hp, (M))
is finitely generated.

c) If the equivalent conditions of statement b) are satisfied, then

pr(K'(M))) = bet, (K" (M) = (dimg (soc(Hp, (M))-n)

nez’

F) (Canonical Modules) Keep the above notations and hypotheses. Let M be
a finitely generated graded R-module. Prove that

a) sup{i € Ny | K‘(M) # 0} = dimg(M).
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The highest order non-vanishing deficiency module of M is called the canonical
module of M and denoted by K (M), thus

KdimR(M) 7 M 7& 0
K(M) = {o M=0

In the next exercise we prepare some arguments which will be used repeatedly
later.

9.5. Exercise. A) (Deficiency Modules and Torsion). Let K be a field, let
R=K® Ry ® R,...be a Noetherian homogeneous K-algebra and let M be
a graded R-module. Prove the following statements

a) If M is R -torsion, then K'(M) =0 for all i € N.

b) If M is finitely generated, then K°(M) is R,-torsion, finitely generated
and satisfies dimg (K°(M)) = dimg (Hy, (M)) < oo.

c) If N C M is a graded submodule which is R, -torsion and p : M — M/N
is the canonical homomorphism, then the induced homomorphism K(p) :
K{(M/N) — K'(M) is an isomorphism if 7 > 0 and a monomorphism if
1 =0.

B) (Deficiency Modules and Non-Zero Divisors) Let the notations and hy-
potheses be as in part A). Let ¢t € N and let + € R, N NZDg(M). If we
form the deficiency sequence associated to the short exact sequence of graded
R-modules

$:0— M(—t) S ML M/xM —0

and write £, , := e for all i € Ny (see (9.3)D)), we can say:
a) For each i € Ny there is an exact sequence of graded R-modules
KN M) = K™Y (M)(t) RIEN Ki(M/xM) D5 Ki(M) 2 Ki(M)().
Consequently
b) For each i € Ny there is a short exact sequence of graded R-modules

0— (KN (M) /zK"(M))(t) = K'(M/xM) = (0 i x) — 0.

Now we are ready to formulate and to prove our first result on the structure
of deficiency modules.

9.6. Proposition. Let K be a field, let R € Ny and let R := K[X;, Xa, ..., X,]
be a polynomial ring.

a) Ifi #r, then K'(R) = 0.

b) K"(M) = R(—r).
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Proof. As R is CM, we have Hy, (R) = 0 for all i # r. So, statement a) follows
from (9.4)C)b).

We prove statement b) by induction on 7. If r = 0, we have R = K = Hp (R).
If we apply (9.4)C)b) with 7 = 0 it follows that K°(M) = K = R = R(-0).

So let r > 0. We consider the polynomial ring
RI = K[Xl,XQ, e aerl]-

By induction we have K" ~!(R’) = R'(—r+1). Observe that there is an isomor-
phism of graded R-modules R’ = R/X,R. So, by the Base Ring Independence
of Deficiency Modules (9.4)B)b) we get an isomorphism of graded R-modules

K™Y R/X,R) = (R/X,R)(—r+1).

If we apply the short exact sequence (9.5)B)b) withi=r—1,2=X,, M =R
and keep in mind that K"'(R) = 0 we therefore get isomorphisms of graded
R-modules

K" (R)/X,K"(R) = K"~ (R/X,R)(~1) = (R/X, R)(~).
AS a consequence

K"(R)/(R4)K"(R) = R/(X,R)(—r)/(R)(R/ X, R)(—r) =

= ((R/X,R)/(R+)(R/X,))(=7) = (R/Ry)(~7).
This shows that K" (R)/(R;)K"(R) is generated by a single element of degree
7, hence an element of the form a+(R ;)K" (R), witha € K(R),. Consequently
K"(R) = aR + (Ry)K"(R). As beg(K"(M)) = —end(Hg, (R)) > —oo (see
(9.4)C)b)), the Graded Nakayama Lemma implies that K"(R) = Ra. So, there
is an epimorphism of graded R-modules

R(-r) 5 K"(R) =0, f— fa.

As pr(X) = (Xjffl) and R_, = Hy (M)_, =0 for all n > 0, we have

(1) i) = xalm) = pa-m) = (" 7Y
for all n > 0 and hence
() = (
So, by (9.4)C)b) we end up with
dimg (K" (M),) = dimg(R,—,) = dimg(R(—7),), Yn>r.

n—1

=dimg(R,—), Yn2>r.
r— 1) e ( ) =7
This proves, that the epimorphism 7 is indeed an isomorphism. O]

Now, we are ready to prove the following Main Theorem on Deficiency Mod-
ules.
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9.7. Theorem. Let K be a field, let R = K ® Ry & Ry ... be a Noetherian
homogeneous K-algebra, let M be a finitely generated graded R-module and let
1 € Ng. Then

a) K'(M) is a finitely generated graded R-module.

b) pur,(K'(M)) = byl (K'(M)) = (dimg (soc(Hg, (M))-n)
c) dimg (K (M),)) = hi,(—n) for alln € Z.

d) beg(K'(M)) = —end(Hp, (M)) > —oo.

e) K{(M)=0 for all i > dimg(M).

f) dimgp(K*(M)) <1 for all i < dimgr(M) with equality if i = dimgp(M).

nez’

Proof. "a)“: We find a polynomial ring S = K[X7, Xs,...,X,]| and a proper
graded ideal a & S such that R = S/a. According to the Base Ring Inde-
pendence of Deficiency Modules (9.4)B)b) we may consider M as a graded
S-module and hence assume that R = K[Xy, X,..., X,]. If M = 0 we have
KY(M) = 0. So, let M # 0. We show by induction on h := hdim(M) that
K'(M) is finitely generated. If h = 0 we have an isomorphism of graded
R-modules

M%®R(—ak), ar € Z,Vk € {1,2,...,s}, a1 <as<...<a,.

So, by (9.6) and the additivity of the contravariant functor of graded R-
modules K'(e) we get K*(M) =0ifi#r and K"(M) =2 @,_, R(—r + ay).

Now. let A > 0 and consider a minimal presentation
$:0N—F—M—=0, F=@PR(-a)

of M. As hdim(n) = hdim(M) — 1 = h — 1, by induction K7(N) is finitely
generated for all j € Ny. By the case h = 0 we have K/(F) =0 for all j # r
and K" (F) is a graded free R-module of finite rank. So, the deficiency sequence
(9.4)D) associated to & gives rise to isomorphisms of graded R-modules

KITYN) = K/(M), Vje€{0,1,...,r—2},
an epimorphism of graded R-modules
K"(N) — K™Y (M) — 0,
and a short exact sequence of graded R-modules
K™(N) = K" (M) = K"(F).

Hence, K'(M) is finitely generated if i < r. As K'(M) = 0 if ¢ > dimg(M)
(see (9.4)F)a)) and as dimg(M) < r, we get our claim.

”b) ¢ This follows from statement a) and (9.4)E)c).
”c)“: This is nothing else than (9.4)C)b).
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7d)“: This is a restatement of (9.4)C)c).
7e): This is clear by (9.4)F)a).

7f)“ Let M # 0. We prove by induction on i that dimg(K*(M)) < i. The
case i = 0 is immediate by (9.5)A)b). So, let ¢ > 0. By (9.5)A)c) we may
replace M by M/I'g, (M) and hence assume that R, ¢ Assg, (M). So, by the
Homogeneous Prime Avoidance Lemma there is some ¢t € N and some x € R,
which avoids all members of Assg(M). Therefore x € R;NNZDg(M) and thus
by (9.5)B)b) we get a short exact sequence of graded R-modules

(i) 0— (K{(M)/zK'(M))(t) — K'Y M/zM) = (0 :xi-1ar) ) — 0.
By induction, we have dimg(K"~'(M/xM)) < i — 1. Therefore

dim (K (M) /2K (M) = dimp (KO0 2 KM (1)) < i~ 1
and hence dimg(K*(M)) < dimg(K(M)/zK'(M))+1<i—1+1=1.

It remains to show, that dimg(K%(M)) > d := dimg(M). We do this by
induction d. The case d = 0 follows easily from (9.5)A)b). So, let d > 0. Then
dimg(M/I'g, (M)) = d and as previously we may assume that R, ¢ Assp(M).
Now, by the Homogeneous Prime Avoidance Lemma there is some ¢t € N and
some r € R; such that

¢ Jp, 8= Assp(M) | ((Assp(Ka(M)) U Assp(K* (M) \ {R}).
peS

In particular x is a non-zero divisor with respect to M and filter-regular with
respect to K4(M) and K4 '(M). Now, we may write down the sequence (i)
with ¢ = d and get the short exact sequence of graded R-modules

(i) 0 — (K4M)/xKI(M))(t) = KN (M/2M) — (0 g gy ) — 0

in which (0 :ga-1(ps) ) is Ry-torsion and hence of dimension < 0. by the
filter-regularity of x with respect to K9'(M). As x is a non-zero divisor

with respect to M we have dimg(M/xM) = d — 1. So, by induction we have
dimp(KTY(M/xM)) > d — 1.

Our next aim is to show that dimg(K?(M)) > 0. Indeed, assuming that
dim(K4(M)) < 0, the sequence (ii) would imply that dimp(K4 1 (M/zM)) <0
and hence that d = 1, so that the Hilbert polynomial P,; of M would be of
degree 0, whence hl,;(n) = xa(n) = Py(n) # 0 for all n < 0. Consequently
by (9.4)C)b) we would have K*'(M),, # 0 for all n > 0, which contradicts the
assumption that dimp(K*(M)) < 0.

Now, as dimgr(K%(M)) > 0 the element x is a parameter with respect to
K" (M), whence

dimgp(K"(M)) = dimg(K"(M)/zK"(M)) + 1 = dimg(T) + 1,
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where T' := (K"(M)/axK"(M))(t). As K"(M) # 0 is finitely generated and
x € Ry we have K"(M)/xK"(M) # 0 and hence T' # 0. So, by the sequence
(ii) and bearing in mind that dimg(K* (M /xM)) = 0 we obtain dimg(T) =
dimp(K**(M/xM)) > d — 1 and hence that dimz(K%(M)) > d. O
9.8. Remark and Definition. A) (Cohomological Hilbert Polynomials) Let K
be a field, let R = K@ R B R, ... be a Noetherian homogeneous K-algebra and
let M be a finitely generated graded R-module. Fix ¢ € Ny and consider the
Hilbert polynomial Py of the finitely generated graded R-module K*(M).
Then, by the definition of Pgi(ss) and by (9.10)c) we have

Wy (n) = dimg (K'(M)_,) = Prion(—n), Vn < 0.
If we set '
we thus have ‘ .

ha(n) = py(n),  ¥n <0.

The polynomial p}, € Q[X] is called the i-th cohomological Hilbert polynomial
of M.

B) (First Properties of Cohomological Hilbert Polynomials) Let the notations
and hypotheses be as in part A). Prove the following facts:

a) deg(phy,) <i— 1 with equality if i = dimg (M) > 0.

b) Pl (X) = phy(r + X) for all r € Z.

¢) Py(X) = S0 yimtpd (< X) = 3, (= 1) 1ph (= X).

C) (Cohomological Postulation Numbers) Let the notions and hypotheses be
as in parts A) and B). Then clearly

vy = inf{n € Z | piy(n) # hiyy(n)} € Z U {oc}.
The number v}, is called the i-th cohomological postulation number of M.
Prove the following statements:
a) vy, = oo if and only if Hj (M) = 0.
b) If yM < 00, then v}, < end(Hp, (M)).
c) v —l/M r for all r € Z.
d) VM —reg(K"(M)).
9.9. Examples and Exercises. A)(Homogeneous Gorenstein Algebras) Let K
be afield and let R = K@ R P R; ... be a Noetherian homogeneous K-algebra.
Assume in addition, that R is CM. Prove that the following statements are
equivalent;
(i) K(R)is a cyclic R-module.
(i) D(R) = Hf; (R)(t) for some t € Z.
(iii) soc(Hf, (M)) = (R/Ry)(t) for some t € Z.
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If the Noetherian homogeneous CM-algebra R satisfies these equivalent con-
ditions, it is called a homogeneous Gorenstein algebra. Prove the following
facts:

a) If d > 0 and z € Ry is a homogeneous non-zero divisor in R, then R is
Gorenstein if and only if R/zR is.

b) If R is Gorenstein, then Hf (R) is *injective.
¢) Each polynomial ring K[X;, Xy, ..., X,| is Gorenstein.
B) (Top Local Cohomology of Polynomial Rings) Let r € N, consider the
polynomial ring
R:= K[Xl,XQ, ce 7X7']

and the Laurent algebra

L:=K[X, X;{' X0, X5! 0, X, XY,
furnished with its natural grading, so that

L, = 4 KX ... X",  VYneZ,

[ Z vrEZ:V ...+ vr=n

Moreover consider the graded R-submodule

W= P KX .. X" CL

(2T VT)GZT\ZQO
and the graded R-module
K[X{,Xy,...,.X ]=R =L/W.

r

For each Laurent polynomial [ € L let [~ :=1+ W &€ R_. Prove the following
facts:

a) For all n € Z we have W,, = @,
b) end(R™) = —1 and dimg(R;,) = dlmK(R,n,l) = (""" 7) for all n < 0.
) (0:p (X1, Xo,...,X,)) = R",.

d) D(R™) = D(R™)1R.

e) There is an isomorphism of graded R-modules D(R™) = R(—1).

f)

V1 Vp —
wVp€licovit..+rr=n K<X .. X ) .

(@]

There is an isomorphism of graded R-modules

Hix x,,.. XT>(K[X1,X2,...,XT]) ~ KX, Xy, ., X .

Next, we aim to prove a few basic results canonical modules. We begin with
a statement on the Grade of Canonical Modules. This result already hints an
important property of the operation of taking canonical modules: namely its
“improving effect on grade*.
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9.10. Proposition. Let K be a field, let R= K ® R ® Ry ... be a Noetherian
homogeneous K-algebra and let M be a finitely generated graded R-module.
Then

grade () (Ry) > min{2, dimg(M)}.

Proof. Let d := dimg(M). If d < 0 our claim is obvious. So, let d > 0 and
set M := M/Tg, (M). Then dimg(M) = d and hence K(M) = K4M) =
K4M) = K(M) (see (9.5)A)c)). This allows us to replace M by M and
hence to assume that I'g, (M) = 0. So, once more by the Homogeneous Prime
Avoidance Lemma we find some ¢t € N and some z € R; N NZDg(M). Now,
by the exact sequence (9.5)B)b), applied with i = d, we get an epimorphism

KM /zM) = (0 :gaq x) — 0.

As x € Ry N NZDg(M) we also have dimg(M /M) = d — 1 and hence
K4M/xM) = 0 (see ((9.4)F)). It follows that (0 :xa(ry ) = 0 and hence
v € NZDR(K4(M)). Thus, if d = 1, we get our claim. So, let d > 1. An-
other use of the sequence (9.5)B)b), this time applied with i = d — 1, yields a
monomorphism

0— (KYM)/zK*(M))(t) = K" (M/xM).

As dimp(M/xM) =d—1 > 0 we have K¢ Y(M/xM) = K(M/xM) and hence
by induction we get gradea-1(ps ;0 (Fy) > 0, hence g, (M/zM) = 0. Now,
the above monomorphism shows that I'p, ((K4(M)/zK%(M))(t)) = 0 and
hence T'r, (K*(M)/zK*M)) = 0, so that gradegay pxaonn(Rs) > 1. As
x € Ry NNZDg(K4(M)) it follows that gradeyayy(Ry) > 2 and this proves
our claim. O

The previous result tells us, that in certain cases the grade of a module may
go up if one passes to the canonical module. This hints, that the formation
of canonical modules has a ”"smoothing effect “. Our next result is a Structure
Theorem for Canonical Modules which supports this observation. Its first
statement says that canonical modules are unmized as usually CM-modules
are. The second statement says, that the canonical module of a graded module
is not affected if one replaces the original module by its unmixed part. The
third statement says, that the canonical module satisfies a strong version of
the second Serre property Ss.

We first give a few preparations which are related to the notion of unmixedness.

9.11. Exercise and Definition. A) (Unmized Graded Modules). Let K be a
field, let R = K ® Ry & Rs ... be a Noetherian homogeneous K-algebra and
let M be a finitely generated graded R-module. We say that M is unmized
if dim(R/p) = dimg(M) for all p € Assr(M). Keep in mind (or reprove) the
following fact:

a) If M is CM, then M is unmixed.
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B) (Unmized Parts) Keep the notations and hypotheses of part A). We intro-
duce the following notation;

Assp (M) = {p € Assp(M) | dim(R/p) = dimp(M)},

oM = N P,

peAssp(M)\Assld (M)

with the convention that al®M = R if Ass[lg](]\/[) = Assg(M). Prove the
following statements:

a) Lo (M) C M is the largest graded submodule whose dimension is strictly
less than the dimension of M.

b) MO := M/T jo.an (M) is unmixed with Assg(M) = Assg(M).

¢) If p - M — MUI(M) is the canonical epimorphism and ¢ : M — M

is a further epimorphism of graded R-modules such that M is unmixed

with dimg(M) = dimg(M), there is a unique homomorphism of graded
R-modules s, which occurs in the commutative diagram

L ML)
M

So, p : M — M is characterized as the largest unmixed quotient of M
which has the same dimension as M. Therefore, the graded R-module M) =
M/T o (M) is called the unmized part of M .

M

Now, we are ready to prove the announced structure result for canonical mod-
ules.

9.12. Theorem. Let K be a field, let R = K ® Ry & Ry... be a Noetherian
homogeneous K-algebra and let M be a finitely generated graded R-module.
Then

a) Assr(K(M)) = {p € Assg(M) | dim(R/p) = dimg(M)}. In particular
K(M) is unmized.

b) The canonical epimorphism p : M — MU induces an isomorphism of
graded R-modules

KO (MO 5 K (M).
¢) For all q € "Spec(R) with depthp (K(M)q) =1 it holds
dim(R/q) = dimg(M) — 1.

Proof. 7a)“: Let d := dimg(M). If d = —o0, we have M = K (M) = 0, and our
claim is obvious. If d = 0 we have dimg(K (M) = 0 and hence Assg(K(M)) =
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R, = Assg(M), and our claim is again clear. So, let d > 0 and let us proceed
by induction. As usually, we first may assume that grade,,(R) > 0.

Let p € Assg(M) with dim(R/p) = d. We aim to show that p € Assg(K(M)).
By our choice of p we find an integer s and an element m € M, such that
p = (0 :g m) and so multiplication by m yields an exact sequence of graded
R-modules 0 — R/p — M(s) - N — 0. Applying the associated deficiency
sequence (9.4)D) we get an exact sequence of graded R-modules

K%M(s)) = K%R/p) — K“(N).

By the Base Ring Independence of Deficiency Modules (see (9.4)B)b)) we may
consider K%(R/p) as a graded R/p-module and by (9.7)f) this R/p-module
has dimension d. Therefore the zero ideal in R/p is associated to K%(R/p),
whence p € Assgp(K4(R/p)) C Suppr(K%R/p)). Moreover by (7.9)f) we
have dimp(K41(N)) < d — 1 and hence p ¢ Suppg(K?H(N)). If we local-
ize the above exact sequence at p we thus get an epimorphism of R,-modules
(K%(M(s))), — K%(R/p)p in which the target does not vanish. this shows that
b € Suppy(K(M(s)) = Suppp(K4(M)). As dim(R/p) = d — dimp(K4(M))
it follows that p is a minimal member of Suppp(K%(M)) and hence p €
Assp(KYM)).

Now, let p € Assg(K%(M)). By the linearity of the functor K%(e) we have
(0:rg M)K4M) = 0, so that p € Var(0 :g M) = Suppg(M). It thus remains
to show that dim(R/p) > d. By (9.10) we have grade,,;(R;) > 0. By assump-
tion we also have grade,,;(R,) > 0. So, by the Homogeneous Prime Avoidance
Lemma as usually we find some ¢t € N and some x € R, N NZDg(K4(M)).
As p, Rr C R, we find a minimal prime ideal q of p + Rx. According to the
Non-Zero Divisor Lemma of Matsumura we have q € Assg(K4(M)/zK4(M)),
hence q € Assp((K%(M)/zK*(M))(t)). If use the sequence (9.5)B)b) with
i = d — 1 we obtain a monomorphism (K4(M)/xK*(M))(t) — K1 (M/xM)
so that finally q € Assgr(K?Y(M/xM)). By our choice of x we also have
dimp(M/xM) = d — 1 so that K4 Y (M/xM) = K(M/xM). Hence by in-
duction we have dim(R/q) = d — 1, and as p & q we get dim(R/p) > d as

requested.

”b)“: Keep all notations introduced in the proof of statement a). If d < 0 we
have M = M and our claim is obvious. If d > 0, we form the deficiency
sequence associated to the short exact sequence of graded R-modules

0= Tyomn(M) S M MO0

(see (9.4)D)). Bearing in mind that dimg(T g0 (M)) < d and hence K*(M) =
0 for all © > d (see (9.4)F)), we get an isomorphism of graded R-modules
K(p) : K4M© ) — K(M), and this is precisely our claim.

7c)“: By statement b) we may replace M by M 7 and hence assume that
M is unmixed. So, by statement a) we have Assg(K(M)) = Assgr(M) with
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dim(R/p) = d for all p € Assg(M). Now, let
q € "Spec(R) such that depthp (K (M),) = 1.

Then clearly q € Suppz(K(M)) \ Assg(K(M)), so that g € p for all p €
Asspr(K(M)) = Assg(M) =: §. Consequently by the Homogeneous Prime
Avoidance Lemma there is some ¢ € N and some z € q; \ ,csp. Therefore
z € q; N NZDp(K(M)) = q; N NZDgr(M). As depthp (K(M),) = 1, it follows
that

q € Assp(K (M) /2K (M)) = Assp((K*(M)/aK*(M))(t)).
By the exact sequence (9.5)B)b) we have a monomorphism of graded R-
modules

(K(M)/x K (M) (1) — KN (M[xM),

sothat q € Assp(K9 Y (M/xM)). Asdimg(M/xM) = d—1and K Y(M/xM) =
K(M/xzM) it follows by statement a) that dim(R/q) =d — 1. O

Our next result says that the canonical module of a CM-module is again a
CM-module.

9.13. Proposition. Let K be a field, let R= K ® R ® Ry ... be a Noetherian
homogeneous K-algebra and let M be a finitely generated graded R-module
which is CM. Then the canonical module K (M) of M is CM, too.

Proof. Let d := dimg(M). If d < 2, we may conclude by (9.10). So, let d > 2.
Then M and K%(M) are both of grade > 2, and so clearly there is some t € N
and some x € R; N NZDg(M) N NZDr(K%(M)). By (9.5)B)b), applied with
1 =d— 1, we get an exact sequence of graded R-modules

0— (KYM)/aKY(M))(t) = KN (M/aM) = (0 tgar(ary ) — 0.

As M is CM of dimension d we have H%II(M) = 0 and hence Ky (M) =
D(Hj‘é;l(]\/[ )) = 0. So, the above sequence yields an isomorphism of graded
R-modules

(KU (M) /zKY(M))(t) = K (M/xM).
As z € Ry NNZDg(M), the R-module M/xM is CM of dimension d — 1. By
induction and by the above isomorphism it thus follows that

grade ga( ara(any) e (Be) =d — 1
and hence grade gy pxaan(Re) = d — 1. As x € Ry N NZDg(K%(M)) this

implies that grade sy (Ry) = d. As dim(K*(M)) = d, this proves our claim.
0J

As the more experienced readers may have observed, our approach to deficiency
modules is not the standard one, which reveals itself from Grothendieck’s Local
Duality Theorem in its graded form. In the following remark, we sketch the
relation between the standard point of view and the approach we have chosen
in these lectures.
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9.14. Remark. A) (Deficiency Modules over Noetherian Local Rings) Usu-
ally deficiency modules are introduced in the situation, where M is a finitely
generated module over a Noetherian local ring (R, m) which at its turn is a
homomorphic image of a Noetherian local Gorenstein ring (R', m’). Then, for
1 € Ny one defines the i-th deficiency module of M to be the finitely generated
graded module
K'(M) = BExta»™~ (M R,

furnished with its natural structure as an R-module. One can show, that up
to isomorphism, this module is indeed independent of the choice of the local
Gorenstein ring R, as long as R is a quotient of R’. An extended study of this
modules and their structure may be found in [Scl]. A particularly interesting
special case is again the canonical module

K(M) := K4mrOD(pr)

of M. Even in the special situation where M = R is a CM-ring, the canonical
module K (R) is an interesting object. A classical introduction to this subject
may be found in [Her-Kun]. We refer the reader also to [Br-Shl], [Bru-Her] or
[E1].

B) (Matlis Duals) Keep all notations and hypotheses of part A). Let £ denote
the injective hull of the R-module R/m and consider the contravariant linear
exact functor

D(h)

Homp(e, E) := D(e) : (M & N) r (D(N) =25 D(M))

of taking Matlis Duals. This functor is of basic importance in commutative
algebra. In certain cases, taking Matlis biduals D(D(M)) gives back the orig-
inal module M, as stated by the so called Matlis Duality Theorem. We refer
the interested reader to [Br-Shl].

C) (Local Duality) Keep all hypotheses and notations of parts A) and B). Then,
the Local Duality Theorem of Grothendieck [Gro2] says that for each finitely
generated R-module M and each ¢ € Ny there is an isomorphism of R-modules

Hi (M) = Homp(Ext®S™ ™~ (M, R'), E) = D(K'(M)).
Moreover, if the local ring R is m-adically complete, then there are isomor-
phisms (see [?] (3.5.8) for example)
K'(M) = D(Hy(M)).

We also refer the reader to [Br-Shl], [Bru-Her| or [E1l]. The particularity of
these result is that they describe local cohomology modules as Matlis duals
of certain finitely generated R-modules — and vice versa, if R is m-adically
complete.

D) (Graded Deficiency Modules) Now, let R = €, <y, [tn be a Noetherian
homogeneous ring with local base ring (Ry, mg) and let R — R be a surjective
homomorphism of graded rings such that R’ = P, .y, i, is a Noetherian
homogeneous Gorenstein ring with local base ring (Rj, m{). Then, for each
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graded R-module M and each ¢ € Ny one may define the i-th graded deficiency
module of M as the graded module

K'(M); = Extyp™™™ (M, R (~dim(R))),

where *Extiz,(O, e) denotes the j-th Ext bifunctor in the category of graded R'-
modules. Also here one shows, that up to isomorphism of graded R-modules,
the module K*(M) does not depend on the chosen surjective homomorphism
R’ — R of graded rings, as long as R’ is Gorenstein. Keep in mind that
for all j € Ny and any finitely generated graded R-module M the covariant
linear functor Ext}, (M, ) has the *restriction property (see [Br-Fu-Ro] (8.9),
[Br-Sh1] (12.2.7)), so that for each graded R’-module N and each j € Ny there
is a "natural “ isomorphism of R-modules *Ext’, (M, N) = Ext?, (M, N). Thus
in particular, for all i« € Ny and any finitely generated graded R-module M we
also may write

K'(M) = Extyy™ ™™ (M, R (~dim(R)))),

where the right hand side R-module is furnished with the grading resulting
from the *restriction property.

E) (Graded Matlis Duals) Keep the hypotheses and notations of part D) and
let m := mg + R; denote the graded maximal ideal of R. Let *E denote the
*injective hull of the graded R-module R/m and consider the contravariant
linear exact functor of graded R-modules given by

*Hompg (h, *E
_—

Do) : (M 2 N s (*Homp(N, *E) s Hompg(N, *E)),

the functor of taking graded Matlis duals. Here again, if the graded R-module
M is finitely generated, we may write
*D(M) = Homg(M, "E).

Moreover, if the base ring Ry = K is a field, the graded Matlis dual *D(M) of
the graded R-module M luckily coincides with the graded dual D(M) of M
as it was introduced in (9.1) (see [Br-Sh1](13.3.5)). This means that in this
particular situation, we can identify the two duality functors and write

“D(e) = D(s).
F) (Graded Local Duality) Keep the notations and hypotheses of parts D)
and E). Then the Graded Local Duality Theorem says that for each finitely

generated graded R-module M and each ¢ € Ny there are isomorphisms of
graded R-modules (see [Br-Shl] (13.4.3) for example):

HE(M) 2 Homp (M, Exti™™) ™ (M.R'(—dim(R))) = *D(K'(M)).

Moreover, if the local base ring Ry is mg-adically complete, then there are
isomorphisms (see [?] (3.6.19) for example)

K'(M) = "D(Hy(M)).
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This result translates the meaning of ordinary local duality over local rings to
the graded context: The i-th local cohomology module H: (M) of the finitely
generated graded R-module M is the graded Matlis dual of the finitely gener-
ated graded R-module K*(M) and that the graded deficiency module K*(M)
at its turn is the graded Matlis dual of the local cohomology module H (M).

G) (Duality over Homogeneous K -Algebras) Let the notations and hypotheses
be as in parts D),E) and F). Assume in addition, that the base ring Ry is
a field K so that R = K ® R; ® Rs.... Observe that in this case we have
m = R,. Now, let M be a finitely generated graded R-module. Then on use
of the identification suggested at the end of part E) we get isomorphisms of
graded R-modules

Hi, (M) = D(K'(M),

K'(M) = D(Hp, (M)).
In (9.4) we took the latter of these two isomorphisms (which holds for finitely
generated graded modules M) to define the notion of deficiency module and of
deficiency functor for arbitrary graded R-modules. This definition prevented
us from introducing the whole (co-)homological machinery which is needed
to install the Graded Local Duality Theorem. But on the other hand, our
approach covers only the special case of Noetherian homogeneous algebras
over a field. For the purpose of these lectures, we decided to consider this
narrow-gauge track to the subject as being adequate.

Let us conclude this section which another theme neglected up to now in these
lectures.

9.15. Exercise and Remark. A) (Graded Noetherian and Graded Artinian
Modules) Let R = @,,.,, Ry be a graded ring and let M be a graded R-module.
We say that M is *Noetherian or graded Noetherian, if each ascending sequence
(N (i))i@NO of graded submodules N C M becomes stationary. Correspond-
ingly we say that M is *Artinian or graded Artinian if each descending sequence
(N®);cn, of graded submodules N C M becomes stationary. Observe the
following facts:

a) M is *Noetherian if and only if all graded submodules of M are finitely
generated.

b) The properties of being *Noetherian and *Artinian are inherited by graded
subquotients.

c) If M is Noetherian, it is *Noetherian, and if R is Noetherian, the converse
is true also.

d) If M is Artinian, it is *Artinian.

e) If R is positively graded and M is *Noetherian, then beg(M) > —oo and
M, is a Noetherian Ry-module for all n € Z.

f) If R is positively graded and M is *Artinian, then end(M) < oo and M,
is an Artinian Ry-module for all n € Z.
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B) (Graded Noetherian and Graded Artinian Modules over K-Algebras) Keep
the notations and hypotheses of part A). Assume in addition that Ry = K is
a field. Use what is said in (9.3) to prove the following:

M € Fpg is *Noetherian if and only if D(M) is *Artinian.
M € Fp is *Artinian if and only if D(M) is *Noetherian.
C) (Graded Noetherian and Graded Artinian Modules over Homogeneous K-

Algebras) Keep the notations of part B) but assume that R is positively graded.
Prove the following;:

a) If M is *Noetherian or *Artinian, then M € Fp.

b) M is *Noetherian if and only if D(M) is *Artinian.

c) M is *Artinian if and only if D(M) is *Noetherian.

D) (Local Cohomology modules over Noetherian Homogeneous K -Algebras) Let

R be as in statement C) but in addition Noetherian and homogeneous. Prove
the following:

a) If M is a finitely generated graded R-module, then the local cohomology
module Hy, (M) is *Artinian for each i € Nj.

b) In the situation of statement a), the module Hy, (M) is indeed Artinian.



10. REGULARITY OF MODULES OF DEFICIENCY

Already in Mumford’s Lecture Note [Mul] the study of the regularity of de-
ficiency modules is called to be of basic significance. In this section, we are
precisely concerned with this issue. Our main result will say that the regular-
ity of the deficiency modules of a given finitely generated graded module over
a Noetherian homogeneous K-algebra is bounded in terms of the cohomology
diagonal of M and the beginning of M. We rephrase this a bit more precisely:
Let d € N and let 7 € Ny. Then, there is a function

Gy Nix7Z—~17

such that for each field K each Noetherian homogeneous K-algebra R = K &
Ri® R, ... and each a finitely generated graded R-module M with dimpg(M) <
d we have the estimate

veg (K*(M)) < Gi(d%(0), dby(~1), ..., dis (1 — d), beg(M)).

With this result we will have reached the climax of our course. Indeed, the
result taken for its own seems to have a very technical flavour and it may
not by evident at once, why this estimate should by the ultimate peak in our
climbing tour. But we shall be able to draw some conclusions from it, which
show that it has indeed far reaching consequences.

Instead of starting to dwell on these consequences, we now immediately begin
with our last "tour de force“ and meet the technical preparations which will
help to bring us to the last peak we are heading for - in the hope that we shall
get recompensation by the view from the top.

10.1. Lemma. Let K be a field, let R = K & Ry ® Ry... be a Noetherian
homogeneous K -algebra, let M be a finitely generated graded R-module and let
x € Ry be a filter-regular element with respect to M. Then

reg' (M) < reg(M/xM) < reg(M).

Proof. We have two short exact sequences of graded R-modules

0= (0:p2) > M— M/0:px)—0,

0— (M/(0:p2))(=1) > M — M/xzM — 0.
As (0 :p x) is Ry -torsion we get an isomorphism of graded R-modules
Hp (M) = Hp (M/(0 :x x)),
so that reg!(M /(0 : Mx)) = reg!(M). Now, by (3.3)B)b) and with (3.3)C)b),
applied to the second exact sequence it follows that
reg! (M) = reg' (M/(0 :r x)) = reg((M/(0 :pr 2))(=1)) =1 <
< max{reg'(M),reg(M/xM) + 1} — 1,

whence reg! (M) < reg(M/zM).
149
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If we apply (3.3)C)d) and (3.3)B)b) to the second sequence we get
reg(M/zM) < max{reg' (M /(0 :ps 2))(—1)) — 1,reg(M)} =
— max{reg! (M), reg(M)} = reg(M),
whence reg(M /xM) < reg(M). O

The next result also has the flavour of a lemma. But as it has so many nice
uses we decided to honour it by calling it a proposition.

10.2. Proposition. Let K be a field, let R= K @& R; ® Ry ... be a Noetherian
homogeneous K -algebra, let M be a finitely generated graded R-module, let x €
Ry be filter-regular with respect to M and let m € 7 be such that reg(M /xM) <
m and gendeg((0 :ps x)) < m. Then

reg(M) < m+ hy,(m).
Proof. By (10.1) we have reg!(M) < reg(M/xM) < m. So, it remains to show

that
end(H?h(M)) < m+ hY,;(m).

The short exact sequence of graded R-modules
0— (M/(0:p2))(=1) > M - M/azM — 0
induces exact sequences of K-vector spaces
0— Hp (M/(0:p 2))n = Hp (M)piy —
— Hpy (M/aM)niy — Hp (M/(0 a1 2))n,
for all n € Z. As Hy, (M/xM), 41 = 0 for all n > m, we therefore obtain
H%AM/(O M X))n = H%+(M)n+1, Yn > m.
The short exact sequence of graded R-modules
0= 0:pz) > M—M/O:px)—0
and the facts that
Hp (0 2) = (0:ar2), Hp ((0:y2) =0
induces short exact sequences of K-vector spaces
0= (0:n @)y — Hp, (M), — H%JM/(O M)y — 0, VneZ.
So, for all n > M we get an exact sequence of K-vector spaces
0= (0 2)p = Hp (M), = Hp (M)n41 — 0.
To prove our claim we may assume that end(Hp, (M)) > m. As
end((0 ;s x)) = end(Hp, (M)), gendeg((0 :pr 2)) < m
it follows that
(0 ) #0, Vne{m,m+1,... end(Hp, (M))}.
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Hence for all these values of n the homomorphism 7, is surjective but not
injective. Therefore

RS, (n) > hS,(n+1), VYne€{mm+1,... ,end(H?ﬁ(]\/[))}.

So, in the range n > m the function n — hY,(n) is strictly decreasing until it
reaches the value 0. Therefore h};(n) = 0 for all n > m + hY,;(m). This proves
our claim. O

The following result is a "graded version“ of a corresponding "local“ result
shown in [Sc2], Proposition 2.4. It tells us, that the graded short exact se-
quences of (9.5)B)b) also exist if the occurring homogeneous element z is only
filter-regular with respect to M. As one sees immediately, the statement we
are heading for is an easy consequence of (9.5)B)b) in the case i > 0, whereas
in the case 1 = 0 some extra work is needed. Indeed, we would not use this
result in the present general form to prove our main result, as the attentive
reader will observe later. But we decided to present this result for the fun of
its own.

10.3. Proposition. Let K be a field, let R= K @& R, ® Ry ... be a Noetherian
homogeneous K-algebra, let M be a finitely generated graded R-module, let
t € N and let € R; be filter-reqular with respect to M. Then for each v € Ny
there is an exact sequence of graded R-modules

0— (K™™' (M) /zK"(M))(t) = K'(M/xM) = (0 i x) — 0.

Proof. Let M := M/Hy, (M). Then z € R;NNZDp(M) and K*(M) = K'(M)
for all i € N and K°(M) = 0 (see (9.5)A)c),b)). So, in view of (9.5)B)b) we
get the requested short exact sequences for all 7 € N. It remains to treat the
case i = 0. First of all by (9.5)B)b) and the previous observations on the

module K*(M) we get an isomorphism of graded R-modules
(i) (KYM)/zK'(M))(t) = K°(M/zM).

Observe that the canonical epimorphism of graded R-modules p : M/zM —
M /xM satisfies
Ker(p) = (HI%+ (M) + xM) JoxM =
Hy (M)/(zM N Hy (M)) = Hp (M)/x(Hg, (M) :y ).
As w is filter-regular with respect to M we have (Hy, (M) :y ) = Hp (M),
so that finally Ker(p) = Hp, (M)/xHy, (M). Therefore, we end up with the
short exact sequence of graded R-modules
0— Hy (M)/xHp (M) — M/xM — M/xM — 0.

As HY, (M)/xzHY, (M) is Ry-torsion, we have K'(Hp, (M)/xHp (M)) = 0.
If we form the deficiency sequence associated to the above short exact sequence,
we thus get an exact sequence of graded R-modules

0— K°(M/axM) — K°(M/xM) — K°(Hy, (M)/xHy, (M)) — 0.
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In view of the previously observed isomorphism (i) it thus remains to show
that there is an isomorphism of graded R-modules

K°(Hp, (M)/xHp (M)) = (0 :xoqu) ).
By (9.4)C)d) we have a natural isomorphism Hy (M) = D(K°(M)) so that
in view of (9.3)C)b) we obtain isomorphisms of graded R-modules
Hy (M)/xHy, (M) = D(K"(M))/xD(K°(M)) = D(0 :koqr) ).
Therefore, by (9.4)B)a) it we get isomorphisms of graded R-modules
K°(Hy, (M)/xHy, (M)) = D(Hg, (Hg, (M)/xHp, (M))) =
D(H%Jr(M)/xH%Jr(M)) ~ D(D(O {KO(M) :U)) = (0 :xo(nr) T).
0J

10.4. Lemma. Let K be a field, let R = K & Ry & Ry... be a Noetherian
homogeneous K-algebra and let M be a finitely generated graded R-module.
Then, for alli € Ng and all n > i we have

g (K4 00),) < 3 (" b3 ("7 )t =)

i
=0 J 1=0

Proof. Observe that for i € Ny and all n > i we have —n < —i and hence (see

(8.12)) | »
dyy(—n) < 2_; <”_j_ 1) [Zf: (i_lj>di\7(l —1)].

i=J 1=0
If © > 0, then
dy(—n) = hyp' (=n).
Moreover
hag(=n) < dimpg (M_,) = hiy(=n) + by (—n) = dj;(—n).
As b4 (=n) = dimg (K*H(M),,) (see (9.4)C)b)) our claim follows. O
Now, we define the bounding functions G, : NoxZ — Z, which were mentioned

already at the beginning of this section.

10.5. Definition. (A Class of Bounding Functions) For all d € N and all
i€{0,1,...,d} we define the functions

G Nix7Z 7
recursively as follows. In the case ¢ = 0 we define
(1) Gg(anxlv"wxdfby) =Y.

In the case 1 = 1 we set:

(i) Gi(zo,y) ==y -1
(iii) GY(xo,z1,...,0q_1,y) := max{0,1 —y} + Zf:_g (d_.l)flfd_i_g, for d > 2.

2
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In the case i = d = 2 we define
(IV) G%(Zlfo,$1,y) = G%(l‘o, Xy, y) + 2.

Now, assume that d > 3 and that the functions Gfi__ll, 3_1 and GZ_I are
already defined. In order to define the function G we first intermediately
introduce the following notation:

<

(v) mi = max{G(zo+a1, ..., Ta2+T41,Y), G (Toy. ., Ta—1,y)+11+1.
(vi) ni =Gl y(zo+ 21, ..o, Tgo + Ta—1,Y),

(vii) ¢; := max{m;, n;},

(Vlll) Aij = ;;é_l (ii]l;l)l’i_l_l.

Using these notational conventions, we define

(i) Gi(xo,- .- Ta1,y) =t + Yo Dy, Vi€ {2,3,....d—1}.

Finally, if d > 3 and G4~} and G4' are already defined, we set (see (v))

(x) Gﬁ(mo, ey Tao1,Y) = Mg,

In order to prove our main result, we need a few more preparations. The

following three exercises are devoted to these.

10.6. Exercise. A) (Monotonicity of the Bounding Functions GY) Let d € Ny,
let i €{0,1,...,d — 1} and let
(zo, 21, .., 2a_1,y), (xh,2),.... 2 ,v) ENI X7
such that
v <z, Vie{0,1,...,d—1}, ' <uy.
Prove by induction on ¢ and d, that under these circumstances we have

G0, 21, xa1,y) < Gh(xp, o), ... 2 1, y).

(B) (Two Further Properties) Let the notations be as in (10.5). Use induction
on i to show the following statements

a) min{m;,t;} > i.
b) If i <s <dand (xg,21,...,251,y) € N° X Z, then
G (2o, 21, ..., 75_1,y) < G4(z0, 71, .., T5-1,0,...,0,¥).
10.7. Exercise. A) (Dual Vector Spaces and Base Field Extensions) Let K be
a field and let K’ be an extension field of K. We identify K’ = K'®y K. Verify

that there is a natural transformation of contravariant linear exact functors of
K'-vector spaces

t: K' @ Hompg (e, K) — Homy/ (K' @5 o, K'),
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such that for all K-vector spaces V, all ¢ € K’ and all h € Homg(V, K) we
have

w(d ®@h)=dldg @ h.
Prove the following:

a) If V is a K-vector space of finite dimension, then the above natural trans-
formation yields an isomorphism of K’-vector spaces

v K @k Homg (V, K) = Homy (K’ @ V, K').

B) (Graded Duals and Base Field Extensions) Keep the above notations and
hypotheses. Let R = @, ., R, be a graded K-algebra, so that Ry = K.
Consider the graded K'-algebra R := K' ®g R = @,,.,(K' ®k R,,). For each
graded R-module M = @, ., M,, we furnish K’ @x M = , _,(K' @k M,)
with its canonical structure as a graded R’-module.

We consider the functor D of taking graded duals of graded R-modules and
the functor D’ of taking graded duals of graded R’-modules as introduced in
(9.1). Show that the natural transformation ¢ of part A) gives rise to a natural
transformation of functors from graded R-modules to graded R’-modules

w: K @ D(e) » D'(K' @k o)
such that for each integer t € Z and each graded R-module M we have
(WM)t = (LM) fK/@KD(M)t .
Prove the following statement.

a) For each graded R-module M and each ¢t € Z we have have the commutative

diagram
I(/®KTt]W
K/ ®K HomK(M,t,K> = K, ®K D(M)t
LM _y L (UJJ\/I)tL
TK’®KM
Homye (K’ @k My, K') — D'(K'®x M),
where the maps 7 and TtK/®K M are the natural isomorphisms defined accord-

ing to (9.1)A)d),C)a). Use this to show

b) If the graded R-module has finite components (and hence belongs to the
class Fg of (9.3)B)) the natural transformation w yields an isomorphism of
graded R’-modules

wi : K' @ D(M) > D'(K' @k M).

C) (Modules of Deficiency and Base Field Extensions) Let K and K’ be as
above and assume this time that R = K & Ry & Ry ... is a Noetherian and
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homogeneous K-algebra. Keep in mind, that then R’ is a Noetherian homoge-
neous K'-algebra. Let i € Ny. For any graded R-module M we may identify
K'@g K'(M) = K' ®g D(Hg, (M), D'(Hp, (K' @k M))=K'(K' ©k M)
and consider the homomorphisms of graded R’-modules

VK @ K'(M) = KY(K' @ M)
given as the composition
iRy, K'®@pe

W g _
HR+<M> D/(*Tj\{ ) 1\

K'©xD(Hp, (M) ——— D'(K'®xHp, (M)) » K'(K'@x M)

where

Ty O K @ iy (M) = Hy (K @5 M)
is the natural isomorphism of (1.15)B),C). Observe that in this way we get
a natural transformation of functors from graded R-modules to graded R'-
modules ‘ ‘ '
V'K Qg K'(e) = K'(K' Qo)
given by ' . .
My, K@ K'(M) — KN(K' Q@ M).
Use what was established in part B) to show the following Base Change Prop-
erty of Modules of Deficiency:

a) If M is a finitely generated graded R-module, the natural transformation
" yields an isomorphism of graded R’-modules

W K g K{(M) S KY(K' @ M).

10.8. Exercise. Let K be a field, let R = K & Ry ® R, ... be a Noetherian
homogeneous K-algebra, let M be a finitely generated graded R-module, let
t € N and let © € R; be filter-regular with respect to M. Show that for all
1 € Ny and all n € Z we have the inequality

dyrpenr(n) < diy(n) + dy' (n — ).

Now, we are ready to formulate and to prove the announced main result.

10.9. Theorem. Let d € N, let i € {0,1,...,d}, let K be a field, let R =
K®Ri PR, ... be a Noetherian homogeneous K -algebra and let M be a finitely
generated graded R-module with dimg(M) = d. Then

Proof. We proceed by induction on i. By (9.5)A)b) we have dimz(K°(M)) < 0.
So, in view of (9.4)C)b) we get
reg(K°(M)) = end(K°(M)) = —beg(Hp, (M)) < —beg(M) =
Ga(d3,(0), dyy(=1),...,di ' (1 = d), beg(M)).
This clearly proves the case ¢ = 0.
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So let ¢ > 0. Let K’ be an infinite extension field of K, consider the Noetherian
homogeneous K’-algebra R’ := K'®@x R = K'®(K'®k R1)®(K'®k Rs) ... and
the finitely generated graded R'-module M’ := K' ®x M = @, ., K' @ M,.
Then clearly beg(M') = beg(M), dimp (M) = d (see (2.4)C)b) and moreover
&, (n) = dj;(n) for all j € Ny and all n € Z (see (8.1)C)e)). In addition
we have an isomorphism of graded R'-modules K*'(M') = K' @k K*'(M) (see
(10.7)C)a)) so that reg(K*(M')) = reg(K*(M)) (see (3.3)B)h)). This allows
to replace R and M respectively by R’ and M’ and hence to assume that K is
infinite.

Let M := M/Tg, (M). Then dimp(M) = d, d’,(n) = d;(n) for all j € Ny
and all n € Z (see (8.1)B)c)). In addition clearly begM < beg(M), whence by
(10.6)A) we get

Go(dy(0), dyy (1) ..., di ' (1 = d), beg(M)) <
< Gil(dgi<0)a d}M(_l)’ cet 7d€]{21<1 - d),beg(M)).

As moreover we have an isomorphism of graded R-modules K*(M) = K'(M)
(see (9.5)A)c)), we thus may replace M by M and hence assume that I'p, (M) =
0. Therefore we find some element x € Ry N NZDg(M). By Homogeneous

Prime Avoidance we may assume in addition, that z is filter-regular with
respect to the modules K°(M), KY(M),... K¢(M). In particular, by (10.3)
(indeed even by (9.5)B)b)) there is an exact sequence of graded R-modules

a) 0— (KIH1(M) /K (M))(+1) = KI(M/zM) = (0 :x5p ) = 0,

for all j € No. Since Hp (M) = 0 we have K°(M) = 0 (see (9.7)c) for
example), so that the sequence a) gives rise to an isomorphism of graded R-
modules

b) (K*(M)/zK*(M))(+1) = K°(M/zM).
As dimg(K°(M/xM)) < 0 (see (9.7)f)), the above isomorphism shows that
KY(M)/xK'(M) is R,-torsion, so that (see (9.7)c))
reg(K'(M)/zK'(M)) =reg(K°(M/xM)) + 1 = end(K°(M/zM)) + 1 =
1-— beg(H&(M/xM)) <1—beg(M/xzM) <1—beg(M).
It follows that
c) reg(K*(M)/zK'(M)) <1 — beg(M).

We first assume that d = 1. Then clearly i = 1, whence K'(M) = K'(M
K(M) so that by (9.10) we get gradej ) (Ry) = 1 hence Hy (K'(M)) =
so that reg(K'(M)) = reg!(K'(M)). Tt follows that (see (10.1))

reg(Kl(M)) < reg(Kl(]\/[)/xKl(M)) <1—beg(M) = G%(d%(()),beg(]\/[)).

This proves our claim if d = 1.

e

Y



157

So, assume from now on, that d > 2. We first treat the case ¢ = 1. To do so,
we consider the sequence a) for j = 1, hence

d) 0 — (K2(M)/zK*(M))(+1) = K"(M/zM) = (0 1 ar) ) — 0.

If d = 2, we have dimg(M/xM) = 1 and so by the aleady treated case d = 1
we get
reg(K'(M/xM)) <1 —beg(M/xM) <1 — beg(M).
Consequently by (3.4) we have
gendeg ((0 :x1(ar) 7)) < gendeg(K'(M/zM)) <
< reg(K'(M/xM)) <1 — beg(M).

Assume first that my := 1 — beg(M) < 0. Then, by (10.2) (applied with
m = 0) we obtain (see (9.7)c))

reg(K'(M)) < 0+ hf ) (0) < dimg (K (M)o) = hp, (0) < d5,(0).

Now, assume that mg := 1 — beg(M) > 0. Then d3,(—mg) < d9,(0) (see
(8.11)b)). So by statement ¢), by (10.2) and by (9.7)c) we get

reg (K (M)) < mo + higaary (mo) < mo + dimg (K (M),) =
=1 —beg(M) + hy;(=mg) < 1—beg(M) + dy(—mo) < 1 —beg(M) + dy;(0).
Therefore, bearing in mind (10.5)(iii) we finally obtain
reg(K*(M)) < max{d},(0),1 — beg(M) + d},(0)} <
< max{0,1 — beg(M)} + d(0) = G (dS(0), di;(—1), beg(M)).
This proves the case in which d = 2 and 7 = 1.

Now, let d > 3, but still let ¢ = 1. Then, by induction on d we may write (see
(10.5)(iii))
1 1 0 d—2 _

d-3
d—2\ 4 i3
= max{0,1 — beg(M/zM)} + z; ( ; ) (]iw/x]\:}(l +3—4d).
According to (10.8) we have
Ay o (i+3=d) < dy P (i43—d)+dy 2 (i+2-d), Vie{0,1,...,d-3}.
Therefore we obtain
reg(K'(M/zM)) <

a3 0
< 1—beg(M
< max(0.1-bes(0) 3 (*

By the exact sequence d) and (3.4) we now get
gendeg ((0 :x1(ar) @) < reg(K'(M/zM)) < to.

) [da; 2 (i+3—d)+d5 7 (i+2—d)] =: t,.
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By the above inequality ¢) and the definition of ¢, we have
reg(K'(M)/zK'(M)) < t,.

As ty > 0 we also have d9,(—t) < d9,(0). So, by (10.2) and (9.7)c) we obtain
the inequalities

reg(K'(M)) < to+ Y an(to) <to+ dimg (K'(M)y,) =
=to+ hi(—to) < to+ dS,;(—ty) < to+ d5,(0) =

— max{0, 1—beg(M)}+Z_: (d - 2) (914 3—d) %2 (12— d) |+, (0) —

= max{0, | —beg(M)}+di*(2—d +di (d_2)+(d . 2)]dd 2 42—d)+

71— 1
+(d — 2)d,(0) + d5,(0) =

=1

= max{0,1 — beg(M HZ( 1)dd’2(+2—d)+(d—1)d9\4(0):

= max{0,1 — beg(M }+Z< )dd =2(i+2 —d).

In view of (10.5)(iii) this means that
reg(Kl(M)) < thj(d(])\/[(o)a d}\/[(_1>7 s 7dC]€/;1(1 o d)7beg(M))
So, we have settled the case i = 1 for all d € N.

We now attack the cases with ¢ > 2. We begin with the case in which d = 2 and
hence i = 2. In view of the exact sequence d) we obtain (see (3.3)B)b),C)a))

reg(K*(M)/zK*(M)) < max{reg(K"(M/xM)),reg((0 :x1ary )) + 1} + 1.

Observe that dimg(M/xM) = 1, so that by what we know from the already
treated case i = d = 1 we get

reg(K'(M/zM)) < Gl(dM/mM(O),beg(M/xM)) =
beg(M/zM) — 1 < beg(M) — 1.

As x is filter-regular with respect to K*(M), we have (0 :x1ar) ) € Hyy, (M),
so that

reg((0 iy 7)) = end ((0 i1 ary ) < end(H%+(K1(M))) < reg(K*(M)).

By what we know from the already treated case with ¢ = 1 and d = 2 we have

reg(K*(M)) < G3(d3,(0),dy(—1), beg(M)) = max{0,1 — beg(M)} + d},(0).

Therefore we get

reg(K*(M)/zK*(M)) < max{1—beg(M), max{0,1—beg(M)}+d5;(0)+1}+1
< max{0,1 — beg(M)} + d3,(0) + 2.
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As gradee ) (Ry) = gradeg ) (Ry) > min{2,d} = 2 = d (see (9.10)) we
have grade M)(R+) =2, Whence H}, L(K?(M)) =0 for j = 0,1. This means,
that reg(K?(M)) = reg!(K?*(M)). So by(lO.l) we obtain

reg(KQ(M)) < reg(K*(M)/xK*(M)) <
< max{0,1 — beg(M)} + d,;(0) + 2 = G3(d3,(0), dy,(—1), beg(M)).
This completes our proof in the cases with ¢ > 2 and d = 2.
So, let d > 2 and 7 > 2. By (10.8) we have
Brajere(=3) < diy(=9) + dyf' (=5 = 1), Vi €No.

Let k € {0,1,...,d —1}. Then, by induction on d and in view of (10.6)A) we
have

rog (KH(M/2M)) < Gy (/0 (0). .., 2, (2 — d). beg(M /M) <

< Gh (d3,(0) + dyy (—1), ..., d3 2 (2 — d) + dy (1 — d), beg(M)) =: ny.

Therefore
e) reg(K*(M/zM)) <ny for all k € {0,1,...,d — 1}.
Clearly, by induction on ¢ we have
f) reg(K'~Y(M)) < G (d,(0),dy,(—1),...,d3; (1 — d), beg(M)) =: v;_;.
If we apply the exact sequence a) with j =i — 1 we get (see (3.3)B)b),C)a))
reg(K'(M)/zK'(M)) < max{reg(K"~"(M/xM)),reg((0 :xi-1(ar) x)) + 1} +1.
By the inequality e) we have

reg(K'"(M/zM)) < n;_y.
Moreover, as x is filter-regular with respect to K*~'(M) we have once more
reg((0 :xi-rapy #)) < end(Hp, (K1(M))) < reg(K''(M)), so that by the
inequality ) we have

reg((0 :xi—1(ar) @) < vi1.
Thus, gathering together we we obtain
g) reg(K*(M)/zK'(M)) < max{n;_1,v;_1 + 1} + 1 = m,.
Assume first, that 2 <i < d — 1. Observe that by (10.6)B)a) we have

t; := max{m;,n;} > 1.

Moreover, if we apply the sequence a) with j = i and keep in mind the in-
equality e) we get (see also (3.4))

gendeg ((0 :giany z)) < reg(K'(M/xzM)) < n,.
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So, by (10.2), applied to the graded R-module K*(M) with m := t; and with
(10.4) applied with n = t; and with i — 1 instead of i we obtain

reg(K'(M)) <t +h02(M)( i) <t + dimg (K'(M),,) <

Sti+§(i_j__1l) ]ZI( A )d@'wll(z—iﬂ)}.

I=
In view of (10.5)(viii),(ix) this means that
This completes our proof in the cases with i < d — 1.

It remains to treat the cases with i = d > 2. Observe that by (9.10) we have
gradesea(yy(Ry) = 2, so that again reg(K9(M)) = reg'(K*(M)). Keep in
mind, that z is filter-regular with respect to K4(M). So, if we apply (10.1) to
this latter module and bear in mind the previous inequality g) we obtain

reg(K*(M)) < reg(K*(M)/zK*(M)) < my.
In view of (10.5)(x) this means that
reg (K*(M)) < GA(d3(0), dby(=1), .., (1 - ), beg(M)).

This completes our proof. O

Finally, we now have reached the last peak of the mountain we have attacked
and shall do just one last tiny step forward on the top platform.

10.10. Corollary. Let K be a field, let R= K ® Ry & Ry ... be a Noetherian
homogeneous K-algebra, let d € N, let xg,x1,...,2x4.1 € Ny and let y €
Z. Then for each finitely generated graded R-module M which satisfies the
conditions

dimp(M) <d, &,(—j) <x; Vje{0,1,...,d—1}, beg(M)>y
it holds

reg(K'(M)) < Gi(wo, 21, ..., a1,y),Vi € {0,1,...,d}.

Proof. If M=0, our claim is obvious. If dimg(M) = 0 we have M = Hp (M),
K'(M) = 0 for all i > 0 (see (9.7)e)) and dimg(K°(M)) = 0 (see (9.7)f)).
Therefore we can say that (see (9.7)c) and (10.5)(i))

reg(K°(M)) = end(K°(M)) = —beg(H%JM)) = beg(M) <

—Yy = G (anxh s 7wd—17y)'

So, we may assume from now on, that dimg(M) > 0. But in this situation we
may conclude by (10.9) and (10.6)A),B). O
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As a first and immediate application we now get a lower bound on the coho-
mological postulation numbers

vy = inf{n € Z | piy(n) # hi(n)}
of a finitely generated graded module M over a Noetherian homogeneous K-

algebra R, as they were introduced in (9.8)C).

10.11. Corollary. Letd € N, leti € {0,1,...,d—1}, let zg, 1 ..., 241 € No,
lety € 7, let K be a field, let R = KGR R, ... be a Noetherian homogeneous
K-algebra and let M be a finitely generated graded R-module which satisfies
the conditions

dimg(M) <d, &, (—j)<z; Vie{0,1,...,d—1}, beg(M)>y.
Then ‘ ‘
vig > —Gy(xo, 71, .., Ta1,Y).

Proof. This is immediate by (10.10) and (9.8)C)d). O

In order to be able to deduce some further conclusions from the last bounding
result, we now introduce some appropriate notions.

10.12. Exercise and Definition. A) (Cohomological Serre Polynomials of
Coherent Sheaves) Let K be a field, let R = K & Ry @ Ry ... be a Noetherian
homogeneous K-algebra, set X := Proj(R) and let F be a coherent sheaf of
Ox-modules. Moreover let M be a finitely generated graded R-module such
that F = M. Let ¢ € Ny. Show that for the (i 4+ 1)-st cohomological Hilbert
polynomial pit! of M (see (9.8)A)) we have (see also (4.11)A))

a) piit(n) = h'(X,F(n)) = hix(n) for all n < 0.
In particular, we can say, that for each ¢ € Ny there is a unique polynomial
pr = pr(X) € QX],
characterized by the property that
h'(X, F(n)) =px(n), Vn<O0.

This numerical polynomial p € Q[X] is called the i-th cohomological Serre
polynomial of F. Prove that in the above notations we have

b) Pl = pip’

c¢) deg(p) < i, with equality if i = dim(F) > 0.

d) If i > dim(F), then p% = 0.

e) Py (X) = (X +r) for all r € Z.

f) The Serre polynomial Pr of F (see (4.11)B)) satisfies
dim(F)

Pr= Y (=1)pr =Y (~1)'pk.

1=0 i€Ng
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B) (Cohomological Postulation Numbers of Coherent Sheaves) Let the nota-
tions be as in part A). Then clearly
Vi i=inf{n € Z | p'=(n) # h'(X,F(n))} € Z U {c}.

The number v% is called the i-th cohomological postulation number of F. Prove
the following statements, in which v ”1 denotes the (i + 1)-th cohomological
postulation number of the module M (see (9.8)C))

a) If i € N, then v& = Vi

b) V% > min{v},, beg(M)}.

c¢) If i = dim(F) > 0, then v% € Z.
d) If i > dim(F), then v% = oco.

e) v —Vf—rforallrEZ.

To simplify the notational form of our next result, we prefer to introduce the
following bounding functions.

10.13. Notation. Let s € Ny and let i € {0,1,...,s}. We then define the
bounding function
LY N5t 7
by the prescription
Li(zo, 21, ..., x5) = =G (x0, 21, ..., 25,0), Vg, 21,...,25 € Ny,
where the function
Gl NS xXZ — 17
is defined according to (10.5).

Now, we are ready to formulate and to prove our first main application of
(10.10), which says that the cohomology diagonal of a coherent sheaf F over
a projective K-scheme X bounds the cohomological postulation numbers of the

sheaf F.

10.14. Theorem. Let s € Ny, let i € {0,1,...,s}, let xo,21,...,25 € Ny, let
X be a projective scheme over some field K and let F be a coherent sheaf of
Ox-modules which satisfies the conditions

dim(F) <s, hY(X,F(—j)) <z; Vje{0,1,...,s}.

Then
vy > Li(xo, 21, ..., %s).

Proof. We write X = Proj(R), where R = K @ R; @ R»... is a Noetherian
homogeneous K-algebra. We may chose some finitely generated graded R-
module M such that F = M. As M = ]\/4;0 we may replace M by M>q and
hence assume that

beg(M) > 0.
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Observe that
dimgp(M) < dim(F)+1<s+ 1.
Moreover, in view of (8.1)B)g) we have
(=) = (X, F(=j)) <z, Vje{0,1,...,s}.
So, we may apply (10.11) with y = 0 and with ¢ + 1 instead of ¢ and obtain
I/ﬂ_l > —Giill(xo, T1,...,25,0) = Li(zg,21..., 7).

By (10.12)B)a) we have in addition that v% = v{I' provided that i > 0. In
these cases we therefore have our claim. So, it remains to consider the case
i = 0. By (10.12)B)b) and the previous estimate we have

V% > min{v;,, 0} > min{L%(z¢, 21, ..., 7,),0}.
According to (10.5)(iii) we have
Lz, w1, ... x5) = —Gly (20, 71, .., 25,0) <0,
so that indeed v% > L%(xg, z1,...,2;), as requested. O

Now, it is at about the time, to comment on the previous results. We try
to present the special flavour or ”spirit* of our basic bounding result (10.9)
and its corollary (10.10). Then we discuss the "historic background“ of the
bounding result (10.14). We also tie the link to our quantitative version
[Br-Fu-Ro](10.17) of the Vanishing Theorem of Severi-Enriques-Zariski-Serre.

10.15. Exercise and Remark. A) (Around Regularity of Modules of Defi-
ciency) The bounding result (10.9) is given in a more general form in [Br-Ja-Lil],
namely for finitely generated graded modules over Noetherian homogeneous
rings with Artinian local base ring. Here we did restrict ourselves to modules
over Noetherian homogeneous K-algebras, as we did develop the theory of
modules of deficiency only in this special context in our course. The bounding
result (10.9) and its corollary (10.10) are results in the spirit of the first bound-
ing result given expressis verbis for regularities: Mumford’s bounding result in
[Mul], which we presented in an extended form in section 4 of these lectures,
(see (4.7), (4.8), (4.12), (4.13), (4.14)C)(i) and (4.14)D)). The typical property
of Mumford’s original result is the fact that it gives an explicit and universal
upper bound on the regularity of a coherent sheaf of ideals over a projective
space over a field in terms of the Serre coefficients of this sheaf. Clearly our
extensions of Mumford’s result given in section 4 have the same characteristic

property.

Let us recall once more, that Mumford’s result did open a new view to Hilbert
schemes: instead of using non-constructive compactness and semicontinuity
arguments to show the boundedness of regularities and cohomologies of the
class of ideals parametrized by a given Hilbert scheme, one now had an explicite
and algorithmic ”a priori bound“ at hands. It would be rather surprising, if
Mumford’s result (and related results of the same type, as found in for example
in Kleiman’s contribution to [Gro4] for example) would not have been one of
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the driving forces for the revival of Computational Algebraic Geometry around
the year 1980 (see [B-Mu] for example).

Let us admit, that we dare compare (10.9) with Mumford’s previously quoted
bounding result. Namely: our bounding result answers a ”classical” question
(suggested by Mumford [Mul], indeed), and it does this in an explicit and
algorithmic way by giving universal upper bounds on the regularities of the
deficiency modules of a graded module - only in terms of the cohomology
diagonal and the beginning of this module. Clearly, we also aim to remain
modest and dare not think at all, that our bounding results (10.9) and (10.10)
open a new view to some basic objects of algebraic geometry, as this was
the case for Mumford’s result. One should not forget, that meanwhile 44 years
have passed - and algorithmic results have become a common issue in Algebraic
Geometry. To convince the reader, that our bounding results might have some
significance beyond themselves, we shall use them to study classes of finite

cohomology, as they were introduced and treated towards the end of section
8.

B) (Around Cohomological Postulation Numbers) First, let us briefly recall the
“history” of our bounding theorem (10.14). In [Matt] it was shown, that the
cohomological postulation numbers of a coherent sheaf F over a projective
scheme X over a field K are bounded merely in terms of the cohomology
diagonal and the cohomological Serre polynomials of F. In [Br-Matt-Mi2| we
did show that the same holds for coherent sheaves over projective schemes over
Artinian rings.

In [L] and [Br-L2] it is shown by a completely different method, that the
cohomological postulation numbers of a coherent sheaf F over a projective
scheme X over a field K are bounded in terms of the cohomology diagonal of
F. Due to the method used in those papers, the attained bounds are essentially
weaker than those given in (10.14). The bounding result (10.14) actually is
given in a more general setting in [Br-Ja-Lil]: this bound again holds for all
coherent sheaves over projective schemes over local Artinian rings. Let us
just mention, that unlike to our first approach practiced in [L] and [Br-L2]
the bounding result (10.9) (resp. its generalization to projective schemes over
local Artinian rings) is the basic tools to obtain (10.14) (resp. its corresponding
generalization). This points out once more the significance of (10.9).

C) (Revisiting once more the Vanishing Theorem of Severi-Enriques-Zariski-
Serre) Now, let K be (an algebraically closed) field, let X be a projective
scheme over K and let F be a coherent sheaf of Ox-modules. Use [Br-Fu-Ro]
(10.17) to show the following statements, in which

6(F) := inf{depthy, |z € mX}
denotes the subdepth of F (see [Br-Fu-Ro](12.15)B)).

a) §(F) =inf{i € Ny | p&= # 0}.
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b) For all ¢ < 6(F) it holds
§(F)—1

. — . S(F)—1
> 2y (Wi- 1)hﬂ<x, Fe)™T
=0

(You may indeed use (7.11)D) to eliminate the condition that K is algebraically
closed). These statements obviously are the Sheaf Theoretic Formulation of
the Quantitative Version of the Vanishing Theorem of Severi- Enriques Zariski-
Serre given in [Br-Fu-Ro](10.17). Observe that the above statements a) and
b) are a substitute for the bounding result (10.14), but only available in the
range i < §(F). Observe also, that the bound of statement b), in the range
it applies at all, is sharper than the corresponding bound of (10.14). Never-
theless, (10.14) gives indeed an extension of the bounding result formulated in
statements a) and b) beyond the critical level i = 6(F) — 1. Therefore we may
consider our bounding result (10.14) as an Ultimate Quantitative Version of
the Vanishing Theorem of Severi-Enriques-Zariski-Serre.

We now give a last application of (10.9). It will be devoted to classes of finite
cohomology as they where introduced in (8.14). We namely shall establish
an essential improvement of our earlier result (8.20). This application should
help to illuminate the significance of the bounding result (10.9), as we hope
to make clear in our final discussion. For the occurring notations and notions
occurring in this result, the reader should consult (8.13), (8.14)A) and (8.18).

10.16. Theorem. Let s € Ny, let ¥ C {0,1,...,s} X Z be a quasi-diagonal
subset and let D C S° be a subclass which is of finite cohomology on . Then
the class D is of finite cohomology at all.

Proof. According to (8.20) the class D is of finite cohomology on the set
{0,1,...,s} X Z>_s. In particular there are numbers zg, x1, ..., 25 € Ny such
that
W(X,F(—j) <z, Vje{0,1,...,s}, V(X,F)eD.

Now, in the notations of (10.13) let

[ :=min{L%(zg,z1,...,75) | i=0,1,... s}
Then, according to (10.14) we have

v >1, Vie{0,1,...,s}, V(X,F)eD.
Next, fix some integer ¢t < [ —d. Let (X, F) € D. Then for each n < [ we have
(X, F(n)) = p=(n). As deg(ps) <i < s (see (10.12)A)c)) it follows that the
family (h'(X,F (n)))n< is uniquely determined by its finite subfamily

Fr = (B(X,F())) oy

According to (8.20) the class D is of finite cohomology on the set {0, 1,..., s} x
Z>;. This clearly shows that the set of finite families

{Fr | (X, F) €D}

l



166

is finite. By the previous observation this implies that the class D is of finite
cohomology on the set {0,1,...,s} x Z. As D is of finite cohomology on
{0,1,...,s} X Z>; and as t < [ it follows that D is of finite cohomology on
{0,1,...,s} x Z (see (8.14)B)f)). This proves our claim. O

We now give a number of applications of the previous result, which gener-
alize what is known in the theory of Hilbert schemes: The sheaves of ideals
parametrized by a given Hilbert scheme form a class of finite cohomology.
We give these applications in the spirit of what we said towards the end of
(10.15)A), namely in order to illustrate the ease and the great generality of
conclusions that may be drawn from our Bounding Theorem (10.9). We begin
with linking classes of finite cohomology to classes of bounded regularity.

10.17. Exercise and Remark. A) (Specifying classes of Finite Cohomology)
Let s € Ny and let D C S§° be a subclass. Fix a quasi-diagonal subset

Y={0,mn)]i=0,1,...,8 C{0,1,...,8} XZ, ns<mnsi<...<ny.

Then our previous result says that the class D is of finite cohomology if and
only if the set

{h'(X, F(n:)) | (X, F) € D} = {hix(n;) | (X, F) € D}

is finite for all i € {0,1,...,s}. So, the s+ 1 numerical invariants h'-(n;) with
1=20,1,...,s may be used to specify subclasses D C S§* of finite cohomology.
Indeed, specifying classes of finite cohomology by subjecting numerical invari-
ants to some conditions, is a basic issue. In this spirit we suggest to prove the
following statement as an exercise.

a) The class D C &7 is of finite cohomology if and only if there are integers
r € Z and h € Ny such that reg(F) < r and h°(X, F(r)) < h for all pairs
(X,F)eD.

We say that the class D C 8% is of bounded regularity if the set of integers
{reg(F) | (X, F) € D}
has an upper bound. Prove the following statement.

b) The class D C S* is of finite cohomology if and only if it is of bounded
regularity and the set of Serre polynomials {Pr | (X, F) € §*} is finite.

B) (Regularity and Classes of Subsheaves and Quotient Sheaves) Let s € N.
we consider the class

<s .__ 3
S = UL, S

of all pairs (X, F) in which X is a projective scheme over some field K and F
is a coherent sheaf of Ox-modules with dim(F) < s. The notions of subclass
D C 8<% of finite cohomology and of bounded reqularity are defined in the
obvious way. Now, let C,D C S<°. We say that D is a class of subsheaves with
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respect to C if for all pairs (X, F) € D there is a monomorphism of sheaves
0— F 2 G with (X, @) € C. Prove the following statement

a) Let C,D C 8=° be such that C is of finite cohomology and D is a class of
subsheaves with respect to C. Then the class D is of finite cohomology if
and only if it is of bounded regularity.

If X is a projective scheme over some field K and F, G are two coherent sheaves
of Ox-modules we say that F is a quotient of G if there is an epimorphism of

sheaves G I F . Accordingly we say that D is a class of quotient sheaves
with respect to C if for each pair (X, F) € D there is a pair (X,G) € C such
that F is a quotient of G. Prove the following statement.

b) Let C,D C 8=° be such that C is of finite cohomology and D is a class of
quotient sheaves with respect to C. Then the class D is of finite cohomology
if and only if it is of bounded regularity.

C) (Serre Polynomials and Classes of Subsheaves and Quotient Sheaves) This
part generalizes what was said above about Hilbert schemes. Keep the no-
tations and hypotheses of part B). Let C,D C S&® be subclasses. Prove the
following statement

a) Let D be a class of subsheaves (resp. of quotient sheaves) with respect to
C and assume that C is of finite cohomology. Then the class D is of finite
cohomology if and only if the set of Serre polynomials {Pr | (X,F) € D}
is finite

The following special case of the previous statement covers most closely our
previous observation on Hilbert schemes: Fix a pair (X,G) € 8= and let D
be a class of subsheaves or of quotient sheaves of G. Show that the following
statements are equivalent.

(i) D is a class of finite cohomology.
(ii) D is a class of bounded regularity.
(i) The set {Pr | (X, F) € D} is finite.

Now we give another remark, which concerns sets which bound cohomology.

10.18. Exercise and Remark. A) (Subsets which Bound Cohomology) Let
the notations and hypotheses as in (10.17). We say that the subset

$C{0,1,...,8} XZ

bounds cohomology if each class D C 8<% which is of finite cohomology on $
is of finite cohomology at all. According to (10.16) we can say

a) It the set $ C {0,1,...,s} x Z contains a quasi-diagonal subset ¥, then $
bounds cohomology.
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This result is shown in greater generality in [Br-Ja-Li2|. It namely holds even
if 8<% is replaced by the class of pairs (X,F) in which X is a projective
scheme over some Artinian ring and F is a coherent sheaf of Ox-modules. It
is natural to ask whether the condition to contain a quasi-diagonal subset is
also necessary for a subset $ C {0, 1,...,s} X Z to bound cohomology (for the
class §=%). This is indeed true, as is shown in [Br-Ja-Li2], too.

B) (Bounding Sets for Classes of Vector Bundles) It is natural to ask, whether
for appropriate subclasses of D C S<* there are more sets which bound coho-
mology than those specified above. A particularly interesting setting for this
question is given as follows: Let K be a field and let

Yy C S8

be the family of all algebraic vector bundles over the projective space Pj =
Proj(K[Xo, X1,...,Xs]) and let & C {0,1,...,s} x Z. We say that $ bounds
cohomology of vector bundles (over) P3%, if each subclass D C V which is
of finite cohomology on S is of finite cohomology at all. We do not know
yet a precise combinatorial characterization of those subsets $ which bound
cohomology of vector bundles. What is shown in the Master thesis [Ke] is the
following special result

a) If the sets $ N (s x Z<o) and $N (0 x Z~g) are both finite, then the set
5 bounds cohomology of vector bundles if and only if it contains a quasi-
diagonal subset of {0,1,...,s} X Z.

Clearly this means in particular;

b) A finite subset $ C {0,1,..., s} x Z bounds cohomology of vector bundles
if and only if it contains a quasi-diagonal subset.

So, here is a problem;

c) Is there a (necessarily infinite) set $ C {0,1,...,s} x Z which contains no
quasi-diagonal subset ¥ C {0,1,...,s} x Z but which does bound coho-
mology of vector bundles?

C) (Counting Cohomology Tables) Keep the notations of part A). Fix an arbi-
trary (quasi-)diagonal subset
Y={0,n;)|i=0,1,...,8 C{0,1,...,8} XZ, (ns<mnsi<...<ng).
and fix a family of non-negative integers
h= (W)
Then clearly we know by (10.17), that the number of cohomology tables
Nyj=#{hr| (X, F) € S : h'(X,F(n;)) =h;, i=0,1...,s}

is finite. Going tediously through our arguments on could indeed get out some
upper bound for this number, at least in the case where X is the standard
diagonal subset {(i, —i) | i = 0,1,...,s}. So, one could get stuck to the idea
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of counting all possible cohomology tables with a given standard cohomology
diagonal, or at least to bound there number in a satisfactory way. Clearly, one
cannot expect, that a bound which is obtained on use of the arguments of our
proves will be satisfactory. The enormous discrepancy between the expected
and the actual number of cohomology tables is made evident in the Master
thesis [Cat].

So roughly speaking, our bounding results are not appropriate to perform
quantitative arguments in the sense of counting cohomology tables in a sat-
isfactory way. On the other hand our bounding results furnish at least the
equivalence of the following statements, which also follows from the properties
of cohomological patterns (see (2.15) and (2.16)) - and whose proof we suggest
as an exercise.

i) F=0.

(ii) (X, F(—i))=0forallie {0,1,...,s}.

(iii) There is some t € Z such that H (X, F(t—i)) =0 for alli € {0,1,...,s}.
(iv) h* =0 for all i € {0,1,...,s}.

Finally, let us have another short glance from the top we have reached and
look back to the landscape we ware traveling through at an early stage of our
excursion. We content ourselves to look back just to one quite fascinating
side valley at which we had only a very short and limited look look when
we came across its entrance. We even missed to mention the name of the
wide landscape hidden behind the narrow entrance to this valley: asymptotic
behaviour of cohomology.

10.19. Remark. A) (Revisiting Cohomological Tameness) The existence of co-
homological Serre polynomials clearly tells us, that the cohomological pattern
(see (2.17))
P=P(X,F)={(,n)|h (X, F(n)

of a coherent a sheaf F over a projective scheme X over a field K is always tame
in the sense of (2.17). We mentioned already that in the case, where the base
field K is replaced by an arbitrary Noetherian ring Ry (even if this latter has
very nice properties) F need not be cohomologically tame (see (2.11)C)). Let us
mention here once more, that cohomological Hilbert (resp. Serre) polynomials
always exist in the case where dim(Ry) = 0, so that also in this case the sheaf F
is cohomologically tame. But clearly tameness is only a very week consequence
of the existence of cohomological Hilbert (resp. Serre) polynomials.

B) (Asymptotic Behaviour of Cohomology) (See [Br6]) Let R = Ry @ Ry @
R, ... be a Noetherian homogeneous ring, let X = Proj(R) let M be a finitely
generated graded R-module and let ' = M be the coherent sheaf of Ox-
modules induced by M. It is natural to ask “how the Ry modules Hy, (M),
(or equivalently: the Ry-modules H(X, F(n))) behave if n — —oc”, that is to
ask for the asymptotic behaviour of these modules for n — —oo. In particular,
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one may ask whether certain invariants of these modules ultimately become
constant or- equivalently-are asymptotically stable for n — —oo. In the case of
numerical invariants one could ask whether these are presented by a polynomial
for all n < 0 or-equivalently-whether they are anti-polynomial.

A very week form of asymptotic stability for n — —oo is tameness. A very
satisfactory form of asymptotic stability is the anti-polynomiality of the coho-
mological Hilbert-functions h%, (resp. h%). Keep in mind that tameness fails
in general if dim(Ry) > 3 whereas in the case dim(Ry) = 0 the cohomological
Hilbert functions are indeed anti-polynomial. So, if dim(Ry) increases, the as-
ymptotic behaviour of cohomology quickly becomes more and more unstable.
In between the two extrema of tameness and anti-polynomiality one has the
important issues of asymptotic stabilty of associated primes which says that the
set Assg, (HA(M )n) ultimately stabilizes if n — —oco. This nice behaviour is
always given if either:

a) (Ro,mp) is local and of dimension one (see [Br-Fu-T]),
or

b) essentially of finite type over a field and of dimension < 2 (see [Br-Fu-Lim]
and [Br7]).

In geometric terms, one may draw the following conclusion from this (see

Br7]):

c) If X 5 X, is a proper morphism such that X; is essentially of finite
type over a field, F is a coherent sheaf of Ox-modules and £ is an ample
invertible sheaf of Ox-modules, then for each ¢ € Ny the set

{JIQ c zASSX0 (R1<W*)(£®n ®(’)X JT:)) ’ dim(OXo,:Eo) < 2}

of points zy € Xy of codimension < 2 and associated to the i-th direct
image sheaf of the n-th L-twist of F with respect to 7w ultimately becomes
constant if n — —oo.

In fact, one may say even more (see [B&-Br]), namely:

d) In the notations and hypotheses of statement a), for each zy € X with
dim(Ox, 4,) < 2, the number

depth@XO,zo (Rl(ﬂ*)(£® ®OX ‘F))
ultimately becomes constant if n — —oo
If either (Rg, my) is local and of dimension 1 or at specific levels i, quite a lot
can be said on the anti-polynomiality of numerical invariants of the Ryp-modules

H}é+ (M),,. We do not spell out the corresponding statements here. Instead we
just mention the references [Br-Fu-T], [Br-Ro], [Br-Ro-Sa] and [Br-Ku-Ro].



11. BIBLIOGRAPHICAL HINTS

We append to these notes a rough classification of the references occurring in
our bibliography We do this in the hope that interested readers get help and en-
couragement to penetrate further into the subject or to clarify the background
which we considered as known in our lectures. The reader should be aware of
the fact, that our bibliography is far from covering the topics we list below.
The quoted Diploma-, Master-, and PhD thesis written at the University of
Zirich are available on request in form of PDF.

1. General Commutative Algebra, Homological Algebra and Algebraic Geome-
try:

[Br0], [Br-Bo-Ro], [Bru-Her], [E1], [Ev-Gri], [Gro-D], [Gro5], [H1], [Kunl],
[Mat], [Rot], [Sh].

2. General Local Cohomology and Sheaf Cohomology:
[Br-Fu-Ro], [Br-Shl], [Gro-D], [Gro2], [H1], [Se].

3. Structure, Vanishing and Bounding Results for Local Cohomology and Sheaf
Cohomology:

[A-Br], [B-Mu], [Brl], [Br2], [Br3], [Br4], [Br8], [Br-He|, [Br-Ja-Lil], [Br-Ja-Li2],
[Br-K-Sh], [Br-L1], [Br-L2], [Br-Matt-Mil], [Br-Matt-Mi2], [Br-N], [Br-Shl],
[Br-Sh2], [Br-Sh3|, [Cat], [Ch2], [En], [Fal], [Fa2], [Fu2], [Gro4], [H1], [H2],
{ ]] [[T ]] [EL [Ko], [L], [M], [Matt], [Mi-N-P], [Mu2], [R], [Ro], [Se], [Sev],

4. Castelnuovo-Mumford regqularity and its Historic Background:

[B-Mu], [B-St], [Béc], [Bel], [Be2], [Br2], [Br4], [Br5], [Br8], [Br-Gd], [Br-Ja-Lil],
[Br-Matt-Mil], [Br-Shl], [Br-Vo], [Bu], [C], [Cav], [Cav-Sb], [Chl], [Ch4],
,[Ch-DA], [Ch-D’C], [Ch-F], [Ch-F-N], [Ch-Ha-Ho], [Ch-Mi-Tt], [Ch-MS], [Ch-Ph],
[Ch-U], [E-G], [G], [Gi], [Gol], [Gru-La-P], [Hen-Noe|, [Herm|, [Hil], [Hi2],
[Ho|, [Ho-Hy], [La], [Mas-W], [Ma-Me|, [Mul], [O], [Pi], [Ros-Tr-V], [Sei].

5. Hilbert Schemes:
[Fu2|, [Gol], [Go2], [Gro6], [H1], [H3], [Mal], [P], [Pe-St].

5. Vector Bundles and their Cohomology:

[A-Br], [Brd], [Cat], [El-Fo|, [En], [Ev-Gri], [Gr-Ri], [Gro0], [Gro4], [H1], [Hor],
[Ke], [Ko], [Matt], [Mul], [Mu2], [Se],l[781ev], 1Z].



172

6. Cohomology Tables, Cohomological Patterns, Tameness and Asymptotic
Behaviour of Cohomology:

[Ba-Br], [Br4], [Br6], [Br7], [Br-Fu-Lim|, [Br-Fu-T], [Br-He|, [Br-K-Sh], [Br-Ku-Ro],
[Br-Ro], [Br-Ro-Sa], [Cat], [Ch-Cu-Her-Sr], [K], [Ke], [Lim1], [Lim2], [Lim3],
[Mat], [M], [Mi-N-P], [Rott-Seg], [Si].

7. Deficiency and Canonical Modules:
[Br8], [Br-Shl], [Bru-Her|, [Her-Kun], [Scl], [Sc2].

8. Related Work on Projective Varieties:

[A-Br], [Bel], [Be2], [Brl], [Br4], [Br-Scl], [Br-Sc3|, [Br-Sc3|, [Br-Vo|, [C],
%gh?]],[g?n], [Gru-La-P|, [H1], [Ko], [La], [Mat], [Mi-N-P], [Mu2], [Pi], [Se],



[A-Br]

[B-Mul]

B-St]
[Bic]
[Béi-Bi]
[Bel]
Be2]
[Br0]
[Br1]
[Br2]
[Br3]

[Br4]

[Br5]

[Br6]

[Br7]
[Brg]
[Br-Bo-Ro]

[Br-Fu-Lim]

[Br-Fu-Ro]

[Br-Fu-T]

REFERENCES

C. ALBERTINI, M. BRODMANN: A bound on certain local cohomology
modules and application to ample divisors, Nagoya Math. J. 163 (2001),
87-107.

D. BAYER, D. MUMFORD: What can be computed in algebraic geometry?
in: Computational Algebraic Geometry and Commutative Algebra, Proc.
Cortona 1991 (D. Eisenbud, L. Robbiano Eds.) 1-48 (1993) Cambridge
University Press.

D. BAYER, M. STILLMANN: A criterion for dedecting m-regularity, In-
vent. Math. 87 (1987) 1-11.

M. BACHTOLD: Fold-type solution singularities and characteristic vari-
eties of non-linear PDE’s PhD thesis, University of Ziirich (2009).

R. BAR, M. BRODMANN: Asymptotic depth of twisted higher direct image
sheaves, Proc. Amer. Math. Soc. 137, Number 6 (2009) 1945-1950.

M. A. BERTIN: On the regularity of varieties having an extremal secant
line, J. Reine und Angewandte Math. 545 (2002) 167-181.

M. A. BERTIN: On singular varieties having an extremal secant line, Comm.
Alg. 34 (2006) 839-909.

M. BRODMANN: Algebraische Geometrie—eine Einfithrung, Basler
Lehrbiicher, No 1, Birkhauser Verlag, Basel 1989.

M. BRODMANN: Bounds on the cohomological Hilbert functions of a pro-
Jjective variety, J. Algebra 108 (1987) 352-380.

M. BRODMANN, A priori bounds of Castelnuovo type for cohomological
Hilbert functions, Comment. Math. Helvetici 65 (1990) 478-518.

M. BRODMANN: A priori bounds of Severi type for cohomological Hilbert
functions, J. Algebra 155 (1993) 101-126.

M. BRODMANN: Cohomological invariants of coherent sheaves over pro-
jective schemes-a survey, in: Local Cohomology and its Application, Proc.
CIMAT, Guanajuato, 2000 (G. Lyubeznik, Ed.) 91-120 (2001) M. Dekker
Lecture Notes 226.

M. BRODMANN: Castelnuovo-Mumford regularity and degrees of genera-
tors of graded submodules, Illinois J. Math. 47, Number 3 (2003) 749-767.
M. BRODMANN: Asymptotic behaviour of cohomology: tameness, sup-
ports and associated primes, in: Commutative Algebra and Algebraic Ge-
ometry, Proc Intern. Conf. AMS/IMS, Bangalore, December, 2003 (S. Ghor-
pade, H. Srinivasan, J. Verma Eds.), Contemporary Math. 390 (2005) 31—
61.

M. BRODMANN: A cohomological stability result for projective schemes
over surfaces, J. Reine und Angewandte Math. 606 (2007) 179-192.

M. BRODMANN: Around Castelnuovo-Mumford regularity, Lecture Notes,
University of Ziirich (Preliminary Version) 2010.

M. BRODMANN;, R. BOLDINI, F. ROHRER: Kommutative Algebra, Lec-
ture Notes, University of Ziirich (2010) PDF.

M. BRODMANN, S. FUMASOLI, C. S. LIM: Low-codimensional associated
primes of graded components of local cohomology modules, J. Algebra 275
(2004) 867-882.

M. BRODMANN, S. FUMASOLI, F. ROHRER: First lectures on local
cohomology, Lecture Notes, University of Ziirich (2007) PDF.

M. BRODMANN, S. FUMASOLI, R. TAJAROD: Local cohomology over
homogeneous rings with one-dimensional local base ring, Proc. Amer. Math.
Soc. 131, No 10, (2003) 2977-2985.

173



174
[Br-Go|
[Br-He]
[Br-Ja-Lil]
[Br-Ja-Li2]

[Br-K-Sh]

[Br-Ku-Ro]

[Br-L1]

[Br-L2]

[Br-Matt-Mil]

[Br-Matt-Mi2]

[Br-N]

[Br-Ro]

[Br-Ro-Sa]

[Br-Scl]
[Br-Sc2]
[Br-Sc3|

[Br-Sh1]

[Br-Sh2]
[Br-Sh3]

[Br-Vo]

[Bru-Her]

M. BRODMANN, T. GOTSCH: Bounds for the Castelnuovo-Mumford reg-
ularity, J. Commutative Algebra 1, Number 2 (2009) 197-225.

M. BRODMANN, M. HELLUS: Cohomological patterns of coherent sheaves
over projective schemes, J. Pure and Applied Algebra 172 (2002) 165-182.

M. BRODMANN, M. JAHANGIRI, C. H. LINH: Castelnuovo-Mumford
regularity of deficiency modules, J. Algebra 322 (2009) 12816-12838.

M. BRODMANN, M. JAHANGIRI, C. H. LINH: Boundedness of cohomol-
ogy, J. Algebra 323 (2010) 458-472.

M. BRODMANN, M. KATZMAN, R. Y. SHARP: Associated primes of
graded components of local cohomology modules, Trans. Amer. Math.
Soc. 345, Number 11 (2002) 4261-4283.

M. BRODMANN, S. KURMANN, F. ROHRER: An avoidance principle
with an application to the asymptotic behaviour of graded local cohomology
modules, J. Pure and Applied Algebra 210 (2007) 639-645.

M. BRODMANN, F. A. LASHGARI: A finiteness result for associated
primes of local cohomology modules, Proc. Amer. Math. Soc. 128 (2000)
2851-2853.

M. BRODMANN, F. A. LASHGARI: A diagonal bound for cohomological
postulation numbers of projective schemes, J. Algebra 265 (2003) 631-650.
M. BRODMANN, C. MATTEOTTI, N. D. MINH: Bounds for cohomologi-
cal Hilbert functions of projective schemes over Artinian rings, Vietnam J.
Math. 28:4 (2000) 345-384.

M. BRODMANN, C. MATTEOTTI, N. D. MINH: Bounds for cohomologi-
cal deficiency functions of projective schemes over Artinian rings, Vietnam
J. Math. 31:1 (2003) 71-113.

M. BRODMANN, U. NAGEL: Bounding cohomological Hilbert functions
by hyperplane sections, J. Algebra 174 (1995) 323-348.

M. BRODMANN, F. ROHRER: Hilbert-Samuel coefficients and postulation
numbers of certain local cohomology modules, Proc. Amer. Math. Soc. 133,
Number 4 (2005) 987-993.

M. BRODMANN, F. ROHRER, R. SAZEEDEH: Multiplicities of graded
components of local cohomology modules, J. Pure and Applied Algebra
197 (2005) 249-278.

M. BRODMANN, P. SCHENZEL: Curves of degree r+2 in P": Cohomo-
logical, geometric and homological aspects, J. Algebra 242 (2001) 577-623.
M. BRODMANN, P. SCHENZEL: On projective curves of maximal regu-
larity, Math. Z. 244 (2003) 271-289.

M. BRODMANN, P. SCHENZEL: Arithmetic properties of projective vari-
eties of almost minimal degree, J. Algebraic Geometry 16 (2007) 347-400.

M. BRODMANN, R. Y. SHARP: Local cohomology—an algebraic introduc-
tion with geometric applications, Cambridge studies in advanced mathe-
matics, No 60, Cambridge University Press 1998.

M. BRODMANN, R. Y. SHARP: Geometric domains with specified pseu-
dosupports, J. Pure and Applied Algebra 182 (2003) 151-164.

M. BRODMANN, R. Y. SHARP: Supporting degrees of multi-graded local
cohomology modules, J. Algebra 321 (2009) 450-482.

M. BRODMANN, W. VOGEL: Bounds for the cohomology and the
Castelnuovo-Mumford regularity of certain surfaces, Nagoya Math. J. 131
(199) 109-126.

W. BRUNS, J. HERZOG: Cohen-Macaulay rings, Cambridge studies in
advanced mathematics, No 39, Cambridge University Press 1993.



[Cat]
[Cav]
[Cav-Sb]

[Chi]

[Ch]

[Ch3]

[Chd]

[Ch-Cu-Her-Sr]

[Ch-DA]
[Ch-D’C]
[Ch-F]
[Ch-F-N]
[Ch-Ha-Ho]

[Ch-Mi-Tr

[Ch-MS]

[Ch-Ph]
[Ch-U]
[E1]
[E-G]

[El-Fo]

175

B. BUCHBERGER: A note on the complexity of constructing Groebner
bases, in: Eurocal 83 (J.A.v.Hulzen, Ed.), Springer Lecture Notes in Com-
puter Science 162 (1983).

G. CASTELNUOVO: Sui multipli di una serie lineare di gruppi di punti
appartente ad una curva algebrica, Rend. Circ. Math. Palermo 7 (1893)
89-110.

A. CATHOMEN: Zur Diversitat der Kohomologietafeln lokal freier Moduln
Master thesis, University of Ziirich (2010).

G. CAVIGLIA: Bounds on the Castelnuovo-Mumford regularity of tensor
products, Proc. Amer. Math. Soc. 135 (2007) 1949-1957.

G. CAVIGLIA, E. SBARRA: Characteristic free bounds for the
Castelnuovo-Mumford regularity, Comp. Math. 141 (2005) 1367-1373.

M. CHARDIN: Bounds for the Castelnuovo-Mumford regularity in terms
of degrees of defining equations, NATO Sci. Ser. IT Math. Phys. Chem. 115
(2003) 67-73.

M. CHARDIN: Cohomology of projective schemes: From annihilation to
vanishing, J. Algebra 274 (2004) 68-79.

M. CHARDIN: Liaison of varieties of small dimension and deficiency mod-
ules, in: Commutative Algebra with a Focus on Geometric and Homological
Aspects, Lecture Notes in Pure and Appl. Math. 244 (2005).

M. CHARDIN: Some results and questions on Castelnuovo-Mumford regu-
larity, in: Syzygies and Hilbert Functions, Lecture Notes in Pure and Appl.
Math. 254 (2007) 1-40.

M. CHARDIN, S. D. CUTCOSKY, J. HERZOG, H. SRINIVASAN: Duality
and tameness, Michigan. Math. J. 57 (in honour of Mel Mochster) (2008)
137-156.

M. CHARDIN, K. DIVANI-AAZAR: Generalized local cohomology and reg-
ularity of Ext-modules, J. Algebra 319 (2008) 4780-4797.

M. CHARDIN, C. D’CRUZ: Castelnuovo-Mumford regularity: Examples of
curves and surfaces, J. Algebra 270 (2003) 347-360.

M. CHARDIN, A. L. FALL: Sur la régularité de Castelnuovo-Mumford des
idéaux, en dimension deux, C. R. Acad. Sci. Paris 341 (2005) 233-238.

M. CHARDIN, A. L. FALL, U. NAGEL: Bounds for the Castelnuovo-
Mumford regularity of modules, Math. Z. 258 (2008) 69-80.

M. CHARDIN, D. T. HA, L. T. HOA: Castelnuovo-Mumford regularity of
Ext-modules and homological degree, to appear in Proc. Amer. Math. Soc.
M. CHARDIN, N. C. MINH, N. V. TRUNG: On the regularity of products
and intersections of complete intersections, Proc. Amer. Math. Soc. 135
(2007) 1597-1606.

M. CHARDIN, G. MORENO-SOCIAS: Regularity of Lex-segment ideals:
Some closed formulas and applications, Proc. Amer. Math. Soc. 131 (2003)
1093-1102.

M. CHARDIN, P. PHILIPPON: Régularité et interpolation, J. Algebraic
Geom. 8 (3) (1999) 471-481.

M. CHARDIN, B. ULRICH: Liaison and Castelnuovo-Mumford regularity,
Amer. J. Math. 124 (6) (2002) 1103-1124.

D. EISENBUD: Commutative algebra with a view toward algebraic geom-
etry, Springer, New York (1996).

D. EISENBUD, S. GOTO: Linear free resolutions and minimal multiplicity,
J. Algebra 88 (1984) 89-133.

G. ELENCWAIG, O. FORSTER: Bounding cohomology groups of vector
bundles on IP,,, Math. Ann. 246 (1980) 251-270.



[Gi]
[Gol]
[Go2]

[Gr-Ri]

[Gro0]
[Gro-D]
[Gro2]

[Gro3|

[Grod]
[Gro5]
[Gro6]

[Gru-La-P]

[H1]
[H2]
[H3]
[Hen-Noe]

[Herm]

F. ENRIQUES: Le superficie algebriche, Bologna (1949).

G. EVANS, P. GRIFFITHS: Syzygies, LMS Lecture Notes 106, Cambridge
University Press (1985).

G. FALTINGS: Uber die Annulatoren lokaler Kohomologiegruppen, Archiv
der Math. 30 (1978) 473-476.

G. FALTINGS: Der Endlichkeitssatz in der lokalen Kohomologie, Math.
Ann. 255 (1981), 45-56.

S. FUMASOLLI: Die Kiinnethrelation in Abelschen Kategorien und ihre An-
wendung auf die Idealtransformation, Diploma thesis, University of Ziirich
(2001).

S. FUMASOLI: Hilbert scheme strata defined by bounding cohomology, J.
Algebra 315 (2007) 566-587.

A. GALLIGO: Théoréme de division et stabilité en géométrie alalytique
locale, Ann. Inst. Fourier 29 (1979) 107-184.

M. GIUSTI: Some effectivity problems in polynomial ideal theory, in: Eu-
rosam 84, Springer Lecture Notes in Computer Science 174 (1984) 159-171.
G. GOTZMANN: Eine Bedingung fiir die Flachheit und das Hilbertpolynom
eines graduierten Ringes, Math. Z. 158 (1978) 61-70.

G. GOTZMANN: Durch Hilbertfunktionen definierte Unterschemata des
Hibert-Schemas, Comment. Math. Helvetici 63 (1988) 114-149.

H. GRAUERT, O. RIEMENSCHNEIDER: Verschwingungsséitze fiir an-
alytische Kohomologiegruppen auf komplexen Réaumen, Invent. Math 11
(1970) 263-292.

A. GROTHENDIECK: Sur la classification des fibrés holomorphes sur la
sphere de Riemann, Amer. J. Math. 79 (1957) 121-138.

A. GROTHENDIECK, J. DIEUDONNE: Eléments de géométrie algébrique
II, III, IV, Publ. IHES (1961-1964).

A. GROTHENDIECK: Local cohomology, Springer Lecture Notes in Math-
ematics 41 (1967).

A. GROTHENDIECK: Cohomologie locale des faisceaux cohérents et
théorémes de Lefschetz locaux et globaux (SGA2), Séminaire du Bois-Marie
1962, North-Holland, Amsterdam, 1968.

A. GROTHENDIECK: Séminaire de géométrie algébrique VI, Springer Lec-
ture Notes in Mathematics 225 (1971).

A. GROTHENDIECK: Sur quelques points d’algébre homologique, T6huku
Math. J. (1957) 119-221.

A. GROTHENDIECK: Fondements de la Géométrie Algébrique, Séminaire
Bourbaki 1957-62, Secrétariat Math., Paris (1962)

L. GRUSON, R. LAZARSFELD, C. PESKINE: On a theorem of Castel-
nuovo and the equations defining space curves, Invent. Math. 72 (1983)
491-506.

R. HARTSHORNE: Algebraic geometry, Graduate Texts in Mathematics
52, Springer, New York 1977.

R. HARTSHORNE: Complete intersections and connectedness, Amer. J.
Math. 84 (1962), 497-508.

R. HARTSHORNE: Connectedness of the Hilbert Scheme, Publ. IHES 29
(1966) 261-304.

K. HENTZELT, E. NOETHER: Zur Theorie der Polynomideale und Resul-
tanten, Math. Ann. 88 (1923) 53-79.

G. HERMANN: Uber die Frage der endlich vielen Schritte in der Theorie
der Polynomideale, Math. Ann. 95 (1926) 736—788.



[Her-Kun]
[Hil]
[Hi2)

[Ho]

[Ho-Hy]

[Hor]

[Kunl]

[Lal
[Lim1]
[Lim2]

[Lim3|

177

J. HERZOG, E. KUNZ: Der kanonische Modul eines Cohen-Macaulay-
Rings, Lecture Notes in Mathematics 238, Springer Verlag, Berlin (1971).
D. HILBERT: Uber die Theorie der algebraischen Formen, Math. Ann. 36
(1890) 473-534.

D. HILBERT: Uber die vollen Invariantensysteme, Math. Ann. 42 (1893)
313-373.

L. T. HOA: Finiteness of Hilbert functions and bounds for the Castelnuovo-
Mumford regularity of initial ideals, Trans. Amer. Math. Soc. 360 (2008)
4519-4540.

L. T. HOA, E. HYRY: Castelnuovo-Mumford regularity of canonical and
deficiency modules, J. Algebra 305 (2) (2006) 877-900.

G. HORROCKS: Vector bundles on the punctured spectrum of a local ring,
Proc. London Math. Soc. 14 (1964) 689-713.

M. KATZMAN: An example of an infinite set of associated primes of a local
cohomology module, J. Algebra 252 (2002), 161-166.

B. KELLER: Endlichkeit der Kohomologie lokal freier Moduln Master the-
sis, University of Ziirich (2010).

J. KLEIMAN: Towards a numerical theory of ampleness, Ann. of Math. 84
(1966) 293-344.

K. KODAIRA: On a differential geometric method in the theory of analytic
stacks, Proc. Nat. Acad. Sci. USA 39 (1953) 1268-1273.

E. KUNZ: Einfiihrung in die kommutative Algebra und algebraische Ge-
ometrie, Vieweg Studium, Bd. 46, Aufbaukurs Mathematik, Vieweg Verlag,
Braunschweig (1980).

F. A. LASHGARI: The cohomology diagonal bounds the postulation num-
bers of a coherent sheaf over a projective scheme, PhD thesis, University of
Ziirich (2000).

L. LAZARSFELD: A sharp Castelnuovo bound for smooth surfaces, Duke
Math. J. 55 (1987) 423-429.

C. .S. LIM: Graded local cohomology modules and their associated primes:
the Cohen-Macaulay case, J. Pure and applied Algebra 185 (2003) 225-238.
C. S. LIM: Graded local cohomology modules and their associated primes,
Comm. Algebra 32, No 2 (2004) 727-745.

C. S. LIM: Tameness of graded local cohomology modules for dimension
Ry = 1: the Cohen Macaulay case, Journal for Algebra, Number Theory
and Applications.

C. H. LINH: Upper bound for Castelnuovo-Mumford regularity of associated
graded modules, Comm./ Algebra 33 (6) (2005) 1817-1831.

D. MALL: Connectedness of Hilbert function strata and other connected-
ness results, J. Pure and Applied Algebra 150 (2000) 175-205.

P. MARKUP: Varieties with prescribed cohomology, Diploma thesis, Uni-
versity of Ziirich & ETH Ziirich (2005).

D. MASSER, G. WUSTHOLZ: Fields of large trancendence degree gener-
ated by values of elliptic functions, Invent. Math. 72 (1983) 407-464.

M. MATEEV: Asymptotische Stabilitdt von Tiefen lokaler Kohomolo-
giemoduln und von Tiefen von Idealtransformierten Moduln, Diploma the-
sis, University of Ziirich & Humboldt Universitét Berlin (2009).

H. MATSUMURA: Commutative ring theory, Cambridge studies in ad-
vanced mathematics, No 8, Cambridge University Press 1986.

C. MATTEOTTI: A Priori-Abschétzungen fiir die kohomologischen Defekt-
funktionen projektiver (resp. eigentlicher) Schemata PhD thesis, University
of Ziirich (1993).



178

[Ma-Me]

[Mi-N-P]

[Mul]

[Mu2]

[Ro]
[Ros-Tr-V]

[Rot]
[Rott-Seg]

[Scl]

E. W. MAYR, A. R. MEYER: The complexity of the word problem for com-
mutative semigroups and polynomial ideals, Advances in Math. 46 (1982)
305-329.

J. MIGLIORE, U. NAGEL, C. PETERSON: Constructing schemes with
prescribed cohomology in arbitrary codimension, J. Pure and Applied Al-
gebra 152 (2000) 253—-266.

D. MUMFORD: Lectures on Curves on an algebraic surface, Annals of
Mathematics Studies 59, Princeton University Press (1966).

D. MUMFORD: Pathologies III, Amer. J. Mat. 89 (1967) 96-104.

A. OOISHI: Castelnuovo-Mumford regularity of graded rings and modules,
Hiroshima Math. J. 12 (1982) 627—644.

K. PARDUE: Deformations of graded modules and connected loci on the
Hilbert scheme, in: The Curves Seminar at Queen’s, vol. XI, in: Queen’s
Papers in Pure and Appl. Math., vol. 105 (1997) 132-149.

I. PEEVA, M. STILLMAN Connectedness of Hilbert schemes, J. Algebraic
Geom. 14 (2005) 193-211.

H. C. PINKHAM: A Castelnuovo bound for smooth surfaces, Invent.
Math. 83 (1986) 491-506.

T. REINMANN: Bigraduierte Ringe und ihre lokale Kohomologietheorie,
Diploma thesis, University of Ziirich (2007).

F. ROHRER: Toric schemes, PhD thesis University of Ziirich (2010).

M. E. ROSSI, N. V. TRUNG, G. VALLA: Castelnuovo-Mumford regularity
and extended degree, Trans. Amer. Math. Soc. 355 (5) (2003) 1773-1786.
J. J. ROTMAN: An introduction to homological algebra, Academic Press,
Orlando 1979.

C. ROTTHAUS, L. M. SEGA: Some properties of graded local cohomology
modules, J. Algebra 283 (2005), 232-247.

P. SCHENZEL: Dualisierende Komplexe in der lokalen Algebra und
Buchsbaum-Ringe, Lecture Notes in Mathematics 907, Springer Verlag,
Berlin (1982).

P. SCHENZEL: On birational Macaulayfications and Cohen-Macaulay
canonical modules, J. Algebra 275 (2004), 751-770.

J. P. SERRE: Faisceaux algébriques cohérents, Ann. of Math. 61 (1955),
197-278.

M. H. SEILER: Castelnuovo-Mumford regularity of annihilators, Diploma
thesis, University of Ziirich (2010).

F. SEVERI: Sistemi d’equivalenza e corrispondenze algebriche (a cura di F.
Conforto e di E. Martinelli), Roma (1942).

R. Y. SHARP: Steps in commutative algebra, London Math. Soc. Student
Texts 19, Cambridge University Press 1990.

A. K. SINGH: p-torsion elements in local cohomology modules, Math. Res.
Lett. 7 (2000), 165-176.

L. TRUONG: Quasi-teilbare Moduln und die Vergleichssequenz der lokalen
Kohomologietheorie, Diploma thesis, University of Ziirich (2007).

O. ZARISKI: Complete linear systems on normal varieties and a general-
ization of a lemma of Enriques-Severi, Ann. of Math. 55 (1952), 552-592.



