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Preface

This book is an outgrowth of the summer school Local cohomology and its
interactions with algebra, geometry, and analysis that we organized in June
2005 in Snowbird, Utah. This was a joint program under the AMS-IMS-
SIAM Summer Research Conference series and the MSRI Summer Graduate
Workshop series. The school centered around local cohomology, and was in-
tended for graduate students interested in various branches of mathematics.
It consisted of twenty-four lectures by the authors of this book, followed by
a three-day conference.

We thank our co-authors for their support at all stages of the workshop.
In addition to preparing and delivering the lectures, their enthusiastic par-
ticipation, and interaction with the students, was critical to the success of
the event. We also extend our hearty thanks to Wayne Drady, the AMS
conference coordinator, for cheerful and superb handling of various details.

We profited greatly from the support and guidance of David Eisenbud
and Hugo Rossi at MSRI, and Jim Maxwell at AMS. We express our thanks
to them, and to our Advisory Committee: Mel Hochster, Craig Huneke,
Joe Lipman, and Paul Roberts. We are also indebted to the conference
speakers: Markus Brodmann, Ragnar-Olaf Buchweitz, Phillippe Gimenez,
Gennady Lyubeznik, Paul Roberts, Peter Schenzel, Rodney Sharp, Ngo Viet
Trung, Kei-ichi Watanabe, and Santiago Zarzuela.

Finally, we thank the AMS and the MSRI for their generous support in
hosting this summer school, and the AMS for publishing this revised version
of the “Snowbird notes”.

Anurag K. Singh and Uli Walther
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Introduction

Local cohomology was invented by Grothendieck to prove Lefschetz-type
theorems in algebraic geometry. This book seeks to provide an introduction
to the subject which takes cognizance of the breadth of its interactions with
other areas of mathematics. Connections are drawn to topological, geo-
metric, combinatorial, and computational themes. The lectures start with
basic notions in commutative algebra, leading up to local cohomology and
its applications. They cover topics such as the number of defining equations
of algebraic sets, connectedness properties of algebraic sets, connections to
sheaf cohomology and to de Rham cohomology, Grébner bases in the com-
mutative setting as well as for D-modules, the Frobenius morphism and
characteristic p methods, finiteness properties of local cohomology modules,
semigroup rings and polyhedral geometry, and hypergeometric systems aris-
ing from semigroups.

The subject can be introduced from various perspectives. We start from
an algebraic one, where the definition is elementary: given an ideal a in a
Noetherian commutative ring, for each module consider the submodule of
elements annihilated by some power of a. This operation is not exact, in the
sense of homological algebra, and local cohomology measures the failure of
exactness. This is a simple-minded algebraic construction, yet it results in
a theory rich with striking applications and unexpected interactions.

On the surface, the methods and results of local cohomology concern
the algebra of ideals and modules. Viewing rings as functions on spaces,
however, local cohomology lends itself to geometric and topological interpre-
tations. From this perspective, local cohomology is sheaf cohomology with
support on a closed set. The interplay between invariants of closed sets and
the topology of their complements is realized as an interplay between local
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xvi Introduction

cohomology supported on a closed set and the de Rham cohomology of its
complement. Grothendieck’s local duality theorem, which is inspired by and
extends Serre duality on projective varieties, is an outstanding example of
this phenomenon.

Local cohomology is connected to differentials in another way: the only
known algorithms for computing local cohomology in characteristic zero em-
ploy rings of differential operators. This connects the subject with the study
of Weyl algebras and holonomic modules. On the other hand, the combina-
torics of local cohomology in the context of semigroups turns out to be the
key to understanding certain systems of differential equations.

Prerequisites. The lectures are designed to be accessible to students with
a first course in commutative algebra or algebraic geometry, and in point-set
topology. We take for granted familiarity with algebraic constructions such
as localizations, tensor products, exterior algebras, and topological notions
such as homology and fundamental groups. Some material is reviewed in
the lectures, such as dimension theory for commutative rings and Cech coho-
mology from topology. The main body of the text assumes knowledge of the
structure theory of injective modules and resolutions; these topics are often
omitted from introductory courses, so they are treated in the Appendix.

Local cohomology is best understood with a mix of algebraic and geo-
metric perspectives. However, while prior exposure to algebraic geometry
and sheaf theory is helpful, it is not strictly necessary for reading this book.
The same is true of homological algebra: although we assume some comfort
with categories and functors, the rest can be picked up along the way ei-
ther from references provided, or from the twenty-four lectures themselves.
For example, concepts such as resolutions, limits, and derived functors are
covered as part and parcel of local cohomology.

Suggested reading plan. This book could be used as a text for a graduate
course; in fact, the exposition is directly based on twenty-four hours of
lectures in a summer school at Snowbird (see the Preface). That being said,
it is unlikely that a semester-long course would cover all of the topics; indeed,
no single one of us would choose to cover all the material, were we to teach
a course based on this book. For this reason, we outline possible choices of
material to be covered in, say, a semester-long course on local cohomology.

Lectures 1, 2, 3, 6, 7, 8, and 11 are fundamental, covering the geometry,
sheaf theory, and homological algebra leading to the definition and alter-
native characterizations of local cohomology. Many readers will have seen
enough of direct and inverse limits to warrant skimming Lecture 4 on their
first pass, and referring back to it when necessary.
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A course focusing on commutative algebra could include also Lectures 9,
10, 12, and 13. An in-depth treatment in the same direction would follow
up with Lectures 14, 15, 18, 21, and 22.

For those interested mainly in the algebraic geometry aspects, Lectures
12, 13, and 18 would be of interest, while Lectures 18 and 19 are intended
to describe connections to topology.

For applications to combinatorics, we recommend that the core mate-
rial be followed up with Lectures 5, 16, 20, and 24, although Lecture 24
also draws on Lectures 17 and 23. Much of the combinatorial material—
particularly the polyhedral parts—needs little more than linear algebra and
some simplicial topology.

From a computational perspective, Lectures 5, 17, and 23 give a quick
treatment of Grobner bases and related algorithms. These lectures can also
serve as an introduction to the theory of Weyl algebras and D-modules.

A feature that should make the book more appealing as a text is that
there are exercises peppered throughout. Some are routine verifications of
facts used later, some are routine verifications of facts not used later, and
others are not routine. None are open problems, as far as we know. To
impart a more comprehensive feel for the depth and breadth of the subject,
we occasionally include landmark theorems with references but no proof.
Results whose proofs are omitted are identified by the end-of-proof symbol [J
at the conclusion of the statement.

There are a number of topics that we have not discussed: Grothendieck’s
parafactoriality theorem, which was at the origins of local cohomology;
Castelnuovo-Mumford regularity; the contributions of Lipman and others
to the theory of residues; vanishing theorems of Huneke and Lyubeznik,
and their recent work on local cohomology of the absolute integral closure.
Among the applications, a noteworthy absence is the use of local cohomology
by Benson, Carlson, Dwyer, Greenlees, Rickard, and others in representation
theory and algebraic topology. Moreover, local cohomology remains a topic
of active research, with new applications and new points of view. There
have been a number of spectacular developments in the two years that it
has taken us to complete this book. In this sense, the book is already dated.

Acknowledgements. It is a pleasure to thank the participants of the
Snowbird summer school who, individually and collectively, made for a lively
and engaging event. We are grateful to them for their comments, criticisms,
and suggestions for improving the notes. Special thanks are due to Manoj
Kummini for enthusiastically reading several versions of these lectures.
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We learned this material from our teachers and collaborators: Lucho
Avramov, Ragnar-Olaf Buchweitz, Sankar Dutta, Bill Dwyer, David Eisen-
bud, Hans-Bjern Foxby, John Greenlees, Phil Griffith, Robin Hartshorne,
David Helm, Mel Hochster, Craig Huneke, Joe Lipman, Gennady Lyubeznik,
Tom Marley, Laura Matusevich, Arthur Ogus, Paul Roberts, Rodney Sharp,
Karen Smith, Bernd Sturmfels, Irena Swanson, Kei-ichi Watanabe, and
Roger Wiegand. They will recognize their influence—points of view, ex-
amples, proofs—at various places in the text. We take this opportunity to
express our deep gratitude to them.

Sergei Gelfand, at the AMS, encouraged us to develop the lecture notes
into a graduate text. It has been a pleasure to work with him during this
process, and we thank him for his support; it is a relief that we no longer
have to hide from him at various AMS meetings. We also thank Natalya
Pluzhnikov, production editor at AMS, for her expert assistance.

The authors gratefully acknowledge partial financial support from the
following sources: Iyengar from NSF grants DMS 0442242 and 0602498;
Leuschke from NSF grant DMS 0556181 and NSA grant H98230-05-1-0032;
C. Miller from NSF grant DMS 0434528 and NSA grant H98230-06-1-0035;
E. Miller from NSF grants DMS 0304789 and 0449102, and a University
of Minnesota McKnight Land-Grant Professorship; Singh from NSF grants
DMS 0300600 and 0600819; Walther from NSF grant DMS 0555319 and
NSA grant H98230-06-1-0012.

Srikanth Iyengar
Graham J. Leuschke
Anton Leykin
Claudia Miller

Ezra Miller
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Lecture 1

Basic Notions

This lecture provides a summary of basic notions concerning algebraic sets,
i.e., solution sets of polynomial equations. We will discuss the notion of
dimension of an algebraic set and review the required results from commu-
tative algebra along the way.

Throughout this lecture, K will denote a field. The rings considered will
be commutative and with an identity element.

1. Algebraic sets

Definition 1.1. Let R = K[z1,...,z,] be a polynomial ring in n variables
over a field K, and consider polynomials f1,..., f;, € R. Their zero set

{(a1,...,an) € K" | fi(la1,...,an) =0 for 1 <i<m}

is an algebraic set in K", denoted Var(fi,...,fm). These are our basic
objects of study, and they include many familiar examples.

Example 1.2. If f1,..., fi, € K[z1,...,2,] are homogeneous linear poly-
nomials, their zero set is a vector subspace of K. If V and W are vector
subspaces of K™, then we have the following inequality:

rankg (V NW) > rankg V + rankg W — n.
One way to prove this inequality is by using the exact sequence
0 — VAW —2— VoW — V4w — 0
where a(u) = (u,u) and B(v,w) = v — w. Then
rankg (V N W) = rankg (V & W) — rankg (V + W)
> rankg V +rankg W — n.

Pﬂl



2 1. Basic Notions

Example 1.3. A hypersurface is the zero set of one equation. The unit circle
in R? is a hypersurface—it is the zero set of the polynomial z? + y? — 1.

Example 1.4. If f € K[zq,. .., z,] is a homogeneous polynomial of degree d,
then f(aq,...,a,) =0 implies that

flcaq, ... con) =cflar,...,an) =0 for all c € K.

Hence if an algebraic set V' C K" is the zero set of homogeneous polynomials,
then, for all (ay,...,a,) € V and ¢ € K, we have (cay,...,ca,) € V. In
this case, the algebraic set V is said to be a cone.

Example 1.5. Fix integers m,n > 2 and an integer ¢ < min{m,n}. Let V
be the set of all m x n matrices over K which have rank less than t. A matrix
has rank less than ¢ if and only if its size ¢ minors (i.e., the determinants of
t x t submatrices) all equal zero. Take

R=K[z;; |1<i<m,1<j<n],

which is a polynomial ring in mn variables arranged as an m X n matrix.
Then V is the zero set of the (T) (?) polynomials arising as the ¢ X t minors

of the matrix (x;;). Hence V is an algebraic set in K.

Exercise 1.6. This is taken from [95]. Let K be a finite field.

(1) For every point p € K", construct a polynomial f € K[zy,..., 2]
such that f(p) =1 and f(q) = 0 for all points ¢ € K" \ {p}.

(2) Given a function g: K" — K, show that there is a polynomial f €
Klz1,...,x,] with f(p) = g(p) for all p € K".

(3) Prove that any subset of K™ is the zero set of a single polynomial.

Remark 1.7. One may ask: is the zero set of an infinite family of poly-
nomials also the zero set of a finite family? To answer this, recall that a
ring is Noetherian if its ideals are finitely generated, and that a polynomial
ring R is Noetherian by Hilbert’s basis theorem; see [6, Theorem 7.5]. Let
a C R be the ideal generated by a possibly infinite family of polynomials
{g»}. The zero set of {g)} is the same as the zero set of all elements in the
ideal a. The ideal a is finitely generated, say a = (f1,..., fm), so the zero
set of {ga} is precisely the zero set of fi,..., fm.

Given a set of polynomials f1,..., f;, generating an ideal a C R, their
zero set Var(fi, ..., fm) equals Var(a). Note that Var(f) equals Var(f*) for
any integer k > 1. Hence if a and b are ideals with the same radical, then
Var(a) = Var(b). A theorem of Hilbert states that over an algebraically
closed field, the converse is true as well.



2. Krull dimension of a ring 3

Theorem 1.8 (Hilbert’s Nullstellensatz). Let R = Klx1,...,x,] be a poly-
nomial ring over an algebraically closed field K. If Var(a) = Var(b) for
ideals a,b C R, then rada =radb.

Consequently the map a — Var(a) is a containment-reversing bijection
between radical ideals of Klxy,...,z,] and algebraic sets in K". O

For a proof, solve [6, Problem 7.14]. The following corollary, also referred
to as the Nullstellensatz, tells us when polynomial equations have a solution.

Corollary 1.9. Let R = K[zy,...,z,] be a polynomial ring over an alge-
braically closed field K. Then polynomials f1,..., fmn € R have a common
zero if and only if (f1,..., fm) # R.

Proof. Since Var(R) = @, an ideal a of R satisfies Var(a) = @ if and only
if rad a = R, which happens if and only if a = R. O

Corollary 1.10. Let R = K|x1,...,z,] be a polynomial ring over an alge-
braically closed field K. Then the maximal ideals of R are the ideals

(x1 — a1y Ty — ), where o; € K.

Proof. Let m be a maximal ideal of R. Then m # R, so Corollary

implies that Var(m) contains a point (a1, ..., a,) of K. But then

Var(xy — aq,...,2, —ayp) C Var(m),
soradm C rad(zy — aq,...,T, — ). Since m and (x1 — aq1,...,T, — Qp)
are maximal ideals, it follows that they must be equal. O

Exercise 1.11. This is also taken from [95]. Prove that if K is not alge-
braically closed, any algebraic set in K" is the zero set of a single polynomial.

2. Krull dimension of a ring

We would like a notion of dimension for algebraic sets which agrees with
the vector space dimension if the algebraic set is a vector space and gives
a suitable generalization of the inequality in Example The situation
is certainly more complicated than with vector spaces. For example, not
all points of an algebraic set have similar neighborhoods—the algebraic set
defined by zy = 0 and zz = 0 is the union of a line and a plane.

A good theory of dimension requires some notions from commutative
algebra, which we now proceed to recall.

Definition 1.12. Let R be a ring. The spectrum of R, denoted Spec R, is
the set of prime ideals of R with the Zariski topology, which is the topology
where the closed sets are

V(a) ={p € SpecR | a C p} for ideals a C R.
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It is easily verified that this is indeed a topology: the empty set is both open
and closed, an intersection of closed sets is closed since

V() =v({Ja),
A A

and the union of two closed sets is closed since
V(a)uV(b) =V(anb)=V(ab).

The height of a prime ideal p, denoted height p, is the supremum of
integers t such that there exists a chain of prime ideals

p=po2P1 222 2P, where p; € SpecR.
The height of an arbitrary ideal a C R is
height a = inf{heightp | p € Spec R, a C p}.
The Krull dimension of R is
dim R = sup{height p | p € Spec R}.
Note that for every prime ideal p of R we have height p = dim R, where R,

denotes the localization of R at the multiplicative set R \ p.

Example 1.13. The prime ideals of Z are (0) and (p) for prime integers p.
Consequently the longest chains of prime ideals in SpecZ are those of the
form (p) 2 (0), and so dimZ = 1.

Exercise 1.14. If a principal ideal domain is not a field, prove that it has
dimension one.

Exercise 1.15. What is the dimension of Z[x]?

The result below is contained in 6, Corollary 11.16].

Theorem 1.16 (Krull’s height theorem). Let R be a Noetherian ring. If an
ideal a C R is generated by n elements, then each minimal prime of a has
height at most n. In particular, every ideal a C R has finite height. O

A special case is Krull’s principal ideal theorem: every proper principal
ideal of a Noetherian ring has height at most one.

While it is true that every prime ideal in a Noetherian ring has finite
height, the Krull dimension of a ring is the supremum of the heights of its
prime ideals, and this supremum may be infinite; see [6, Problem 11.4] for
an example due to Nagata. Over local rings, that is to say Noetherian rings
with a unique maximal ideal, this problem does not arise.

The following theorem contains various characterizations of dimension
for local rings; see 6, Theorem 11.14] for a proof.
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Theorem 1.17. Let (R,m) be a local ring, and d a nonnegative integer.
The following conditions are equivalent:

(1) dim R < d;

(2) there exists an m-primary ideal generated by d elements;

(3) for t > 0, the length function £(R/m') agrees with a polynomial in t
of degree at most d. O

Definition 1.18. Let (R,m) be a local ring of dimension d. Elements
Z1,...,xq are a system of parameters for R if rad(xq,...,z4) = m.

Theorem [LT7 implies that every local ring has a system of parameters.
Example 1.19. Let K be a field, and take

R =K[z,y, 2] (z,y,2)/ (xy, x2) .

Then R has a chain of prime ideals (z) C (z,y) € (z,y,2),sodim R > 2. On
the other hand, the maximal ideal (z,y, z) is the radical of the 2-generated
ideal (y,z — z), implying that dim R < 2. It follows that dim R = 2 and
that y, x — z is a system of parameters for R.

Exercise 1.20. Let K be a field. For the following local rings (R, m),
compute dim R by examining ¢(R/m) for ¢ > 0. In each case, find a system
of parameters for R and a chain of prime ideals

PoGP1 G &P, where d = dim R.
= K[az2,$3](mz’x3).
= K[z?, 2y, 4*) (02 oy p2) -
R =Kw,z,y, z](w,x,w)/(waz —yz).

If a finitely generated algebra over a field is a domain, then its dimension
may be computed as the transcendence degree of a field extension:

Theorem 1.21. If a finitely generated K-algebra R is a domain, then
dim R = tr. degy Frac(R),

where Frac(R) is the fraction field of R. Moreover, any chain of primes in
Spec R can be extended to a chain of length dim R which has no repeated
terms. Hence dim Ry, = dim R for every maximal ideal m of R, and

height p + dim R/p = dim R for all p € Spec R. O

When K is algebraically closed, this is [6l, Corollary 11.27]; for the general
case see [I15), Theorem 5.6, Exercise 5.1].
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Example 1.22. A polynomial ring R = K[z1,...,2,] over a field K has
dimension n since tr.degg K(z1,...,2,) = n. Now let f € R be a nonzero
polynomial with irreducible factors fi,..., fr. The minimal primes of the
ideal (f) are the ideals (f1),...,(frx). Each of these has height 1 by Theo-
rem [[T6 It follows that dim R/(f) =n — 1.

Remark 1.23. We say that a ring R is N-graded if R = @,y R; as an
Abelian group, and

R;R; C Riy; for all ¢,j € N.
When Ry is a field, the ideal m = @i>1 R; is the unique homogeneous

mazimal ideal of R.

Assume that Ry = K and that R is a finitely generated K-algebra. Let
M be a finitely generated Z-graded R-module, i.e., M = @, ., M; as an
Abelian group, and R;M; € M;,; for all @ > 0 and j € Z. The Hilbert-
Poincaré series of M is the generating function for rankyg M;, i.e., the series

P(M,t) =" (vankg M)t € Z[[H]][t™"].
1€Z
It turns out that P(M,t) is a rational function of the form
ft)
[T, %)
[6l, Theorem 11.1], and that the dimension of R is precisely the order of the
pole of P(R,t) at t = 1. We also discuss P(M,t) in Lecture

where f(t) € Z[t],

Example 1.24. Let R be the polynomial ring K[zq,...,x,] where K is a
field. The vector space dimension of R; is the number of monomials of degree
1, which is the binomial coefficient (H"Z_l). Hence

P(R,t):Z(iJrj_l)ti: (1—1t)n’

i>0

Exercise 1.25. Compute P(R,t) in the following cases:

1) R

wz, wy, zx, zy] where each of wz,wy, zzx, zy has degree 1.

K[
(2) R= K[ 2 23] where the grading is induced by degx = 1.
(3) R= K[x4 23y, vy3, y] where degx? = 1 = degy*.
(4) R=K[z,y,2]/(x® + y> + 2%) where each of z,y, z has degree 1.

3. Dimension of an algebraic set

For simplicity, in this section we assume that K is algebraically closed.
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Definition 1.26. An algebraic set V is irreducible if it is not the union of
two algebraic sets which are proper subsets of V; equivalently if each pair
of nonempty open sets intersect.

Exercise 1.27. Prove that an algebraic set V C K" is irreducible if and
only if V' = Var(p) for a prime ideal p of K[z1, ..., x,].

Remark 1.28. Every algebraic set in K™ can be written uniquely as a finite
union of irreducible algebraic sets, where there are no redundant terms in
the union. Let V' = Var(a) where a is a radical ideal. Then we can write

a=piN---Nps for p; € SpecK|[z1,...,x,],
where this intersection is irredundant. This gives us
V = Var(p;) U--- U Var(py),

and Var(p;) are precisely the irreducible components of V. Note that the
map a — Var(a) gives us the following bijections:

radical ideals of K[x1,...,2,] +«— algebraic sets in K",
prime ideals of K[zq, ..., z,] +— irreducible algebraic sets in K",
maximal ideals of K[xy,...,z,] «— points of K".

Definition 1.29. Let V' = Var(a) be an algebraic set defined by a radical
ideal a C K[z, ..., xy]. The coordinate ring of V', denoted K[V], is the ring
Klz1,...,zy]/0.

The points of V correspond to maximal ideals of K[x1, ..., z,] containing
a, and hence to maximal ideals of K[V']. Let p € V be a point corresponding
to a maximal ideal m C K[V]. The local ring of V at p is the ring K[V]y.

Definition 1.30. The dimension of an irreducible algebraic set V is the
Krull dimension of its coordinate ring K[V]. For a (possibly reducible)
algebraic set V', we define

dim V' = sup{dim V; | V; is an irreducible component of V'} .

Example 1.31. The irreducible components of the algebraic set
V = Var(ay, xz) = Var(z) U Var(y, 2) in K3
are the plane x = 0 and the line y = 0 = z. The dimension of the plane

is dim K]z, y, z]/(x) = 2, and that of the line is dim K[z, y, z]/(y,2) = 1, so
the algebraic set V' has dimension two.

Example 1.32. Let V be a vector subspace of K", with rankg V' = d. After
a linear change of variables, we may assume that the n — d homogeneous
linear polynomials defining the algebraic set V are a subset of the variables
of the polynomial ring K[z1,...,x,], say V = Var(xy,...,2,_4). Hence

dimV =dimKlzy,...,z,]/(z1,...,2p_q) = d = rankg V.
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The dimension of an algebraic set has several desirable properties:

Theorem 1.33. Let K be an algebraically closed field, and let V and W be
algebraic sets in K".

(1) If V is a wvector space over K, then dimV equals the vector space
dimension, rankg V.

(2) Assume that W is irreducible of dimension d, and that V is defined by
m polynomials. Then every nonempty irreducible component of VAW
has dimension at least d —m.

(3) The dimension of VNW is at least dimV + dim W — n.

(4) IfK is the field of complex numbers, then dim 'V is half the dimension
of V' as a real topological space.

Note that (3) generalizes the rank inequality of Example

Sketch of proof. (1) was observed in Example

(2) Let p be the prime of R = K]z, ..., z,] such that W = Var(p), and
let V= Var(f1,..., fm). An irreducible component of V' N W corresponds
to a minimal prime q of p + (f1,..., fn). But then q/p is a minimal prime
of (f1,..., fm)R/p, so height q/p < m by Theorem [LT6 Hence

dim R/q = dim R/p — height q/p > d —m..

(3) Replacing V and W by irreducible components, we may assume that
V = Var(p) and W = Var(q) for prime ideals p,q C K|z1,...,z,]. Let
q C K[z],..., 2] be the ideal obtained from q by replacing each z; with a
new variable . We may regard V x W as an algebraic set in K" x K" = K2,

i.e., as the zero set of the ideal

p+9q CKlzy,...,z0,2),..., 2] = 5.

rrn

Since K is algebraically closed, p+q’ is prime by Exercise [2.15(4), so V x W

is irreducible of dimension dimV + dim W. Let @ = (z1 — ,...,z, — z,),
in which case A = Var(?) is the diagonal in K" x K". Then
Klzy,... 0] _ Klz1,..., o0,2, ... o
Ky Aw] = RELes @l o Kl oo @8] gy a).
p+q p+q +0

The ideal 0 is generated by n elements, so Krull’s height theorem yields

dim(VNW) =dimS/(p +q +9)
>dimS/(p+4q)—n=dimV +dimW —n.

(4) We skip the proof, but point out that an irreducible complex alge-
braic set of dimension d is the union of a C-manifold of dimension d and
an algebraic set of lower dimension; see [32, Chapter 8] for a discussion of
topological dimension in this context. O
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4. An extended example

Example 1.34. Consider the algebraic set V of 2 x 3 complex matrices of
rank less than 2. Take the polynomial ring R = Clu,v,w,z,y,2|. Then
V = Var(a), where a is the ideal generated by the polynomials

Al =vz—wy, As=wx—uz, A3=uy—ovr.
Exercise below shows that a is a prime ideal. We compute dim V' from
four different points of view.
As a topological space: The set of rank-one matrices is the union of

[a b ¢

{ad bl cd \(a,b,c)e(C?’\{O},de(C}

and

{_ad bd cd]

0 b e \(a,b,c)E(C?’\{O},de(C},

each of which is a copy of (C3 \ {0}) x C and hence has dimension 8 as a
topological space. The set V is the union of these and a point corresponding
to the zero matrix. Hence V' has topological dimension 8, so dim V' = 4.

Using transcendence degree: The ideal a is prime, so dim R/a can be
computed as tr.degc L, where L is the fraction field of R/a. In the field L
we have v = uy/x and w = uz/x, so

L =C(u,z,y,2)
where u, x,y, z are algebraically independent over C. Hence Theorem [L2T]
implies that dim R/a = 4.
By finding a system of parameters: Let m = (u,v,w,z,y,2). In the
polynomial ring R we have a chain of prime ideals
a g (U,QZ',UZ _wy) g (u,v,:n,y) g (’LL,’U,ZU,ZE,y) g m,

which gives a chain of prime ideals in R/a showing that dim R/a > 4.
Consider the four elements u,v — z,w — y,z € R. Then the ideal

a—l—(u,v—aj,w—y,z) = (u,v—x,w—y,z,$2,ajy,y2)

contains m? and hence it is m-primary. This means that the image of m in
R/a is the radical of a 4-generated ideal, so dim R/a < 4. It follows that
dim R/a = 4 and that the images of u,v — z,w — y,z in R/a are a system
of parameters for R/a.
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From the Hilbert-Poincaré series: Exercise [[30] below shows that R/a
is isomorphic to the ring S = Clar, br, cr, as, bs, cs], under a degree preserv-
ing isomorphism, where each of the monomials ar, br, cr, as, bs, cs is assigned
degree 1. The rank over K of .S; is the product of the number of monomials
of degree i in a, b, c with the number of monomials of degree i in s, i.e.,

(ZJ£2) (Ztl) It follows that

0BT

i>0

which has a pole of order 4 at ¢ = 1. Hence dim .S = 4.

Exercise 1.35. Let R and S be algebras over a field K, and p: R — S a
surjective K-algebra homomorphism. Let {s;} be a K-vector space basis for
S, and rj € R elements with ¢(r;) = s; for all j. Let a be an ideal contained
in ker(yp). If every element of R is congruent to an element in the K-span of
{rj} modulo a, prove that a = ker(y).

Exercise 1.36. Let R = Klu,v,w,z,y, 2] and S the subring of the poly-
nomial ring Kla, b, ¢, 7, s] generated as a K-algebra by ar,br, cr,as, bs, cs.
Consider the K-algebra homomorphism ¢: R — S where

o(u) =ar,  @(v)=br,  p(w)=cr

p(x) =as,  p(y) =bs,  ¢(z)=cs.
Prove that ker(yp) = (vz — wy, wr —uz, uy — vz), and conclude that this
ideal is prime. This shows that

Klu, v, w, z,y, z]/(vz — wy, wx — uz,uy — vxr) = Klar, br, cr,as, bs, cs| .

5. Tangent spaces and regular rings

Working over an arbitrary field, one can consider partial derivatives of poly-
nomial functions with respect to the variables, e.g.,

0
%(x3+y3+z3+3:yz) =322 +yz.

Definition 1.37. Let V = Var(a) C K" be an algebraic set. The tangent
space to V at a point p = (a1, ..., ay,) is the algebraic set T,,(V') € K™ which
is the solution set of the linear equations

(:Ei—()éi):() for f € a.

An easy application of the product rule shows that to obtain the defining
equations for T,,(V'), it is sufficient to consider the linear equations arising
from a generating set for a.
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For the rest of this section, we will work over an algebraically closed
field. Let V be an irreducible algebraic set. At each point p of V', one has
dimT,(V) > dimV; see Theorem [C40 below. When equality holds, V' is
said to be nonsingular or smooth at p.

Example 1.38. The circle Var(z? + y? — 1) is smooth at all points so long
as the field does not have characteristic 2.

Take a point (,3) on the cusp Var(z? — 4®). Then the tangent space
at this point is the space defined by the polynomial equation

2a(z — ) - 352y — B) = 0.

This is a line in K2 if (o, 3) # (0,0), whereas the tangent space to the cusp
at the origin (0,0) is all of K2. Hence the cusp has a unique singular point,
namely the origin.

Definition 1.39. A local ring (R, m) of dimension d is a regular local ring
if its maximal ideal m can be generated by d elements.

Theorem 1.40. Let V be an irreducible algebraic set over an algebraically
closed field, and take a point p € V. Then the dimension of T,(V') is the
least number of generators of the maximal ideal of the local ring of V' at p.

Hence dimT,(V)) > dim V', and p is a nonsingular point of V' if and only
if the local ring of V' at p is a reqular local ring.

Proof if V is a hypersurface. Let V = Var(f) for f € K[z1,...,z,]. Af-
ter a linear change of coordinates, we may assume that p = (0,...,0). Then
T,(V) is the algebraic set in K™ defined by the linear equation

so dim7T,(V) > n — 1 and V is smooth at p if and only if some partial
derivative f /Ox; does not vanish at p, i.e., if and only if f & (x1,...,z,)>.
The local ring of V' at p is

K[xlv s 7xn](x17---,xn)/(f) )

and the minimal number of generators of its maximal ideal m is the vector
space dimension of

m/m? = (z1,...,2,.)/(f + (x1,...,20)?),

which equals n — 1 precisely when f ¢ (x1,...,2,)%. O
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6. Dimension of a module

We end this lecture with a discussion of the dimension of a module, but not
before sneaking in a lemma, one that richly deserves to be known as such:

The essence of mathematics is proving theorems—and so,
that is what mathematicians do: They prove theorems.
But to tell the truth, what they really want to prove, once
in their lifetime, is a Lemma, like the one by Fatou in
analysis, the Lemma of Gauss in number theory, or the
Burnside-Frobenius Lemma in combinatorics.

Now what makes a mathematical statement a true
Lemma? First, it should be applicable to a wide vari-
ety of instances, even seemingly unrelated problems. Sec-
ondly, the statement should, once you have seen it, be
completely obvious. The reaction of the reader might well
be one of faint envy: Why haven’t I noticed this before?
And thirdly, on an esthetic level, the Lemma—including
its proof—should be beautiful!

—from |2, page 167].

The lemma we have in mind is, of course, Nakayama’s lemma; look up
[122], pages 212-213] for an interesting history.

Lemma 1.41 (Nakayama’s lemma). If a finitely generated module M over
a local ring (R, m) satisfies mM = M, then M = 0.

Exercise 1.42. Let M be a finitely generated module over a local ring
(R,m,K). If mq,...,m, are elements of M whose images generate M /mM
as a K-vector space, prove that mq,..., m, generate M as an R-module.

Remark 1.43. We will use vg(M) to denote the minimal number of gener-
ators of a finitely generated R-module M. It follows from the above exercise
that over a local ring (R, m,K), we have

vr(M) = rankg M/mM ,

and that any minimal generating set for M has vg(M) elements.

Nakayama’s lemma follows by taking ¢ to be identity in the following
proposition, which is a module-theoretic version of the Cayley-Hamilton
theorem; see [6, Proposition 2.4] or [I15, Theorem 2.1] for a proof.

Proposition 1.44. Let M be a finitely generated R-module. If ¢ is an
endomorphism of M such that o(M) C aM for an ideal a of R, then ¢
satisfies an equation ©" + a1" "'+ -+ +a, = 0 with a; € a. O
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Exercise 1.45. Let M be a finitely generated R-module, and let r be an
element of R. Prove that the ideals ann(M/rM) and (r) + ann M have the
same radical.

Definition 1.46. Let M be a finitely generated module over a Noetherian
ring R. Then the dimension of M, denoted dim M, is dim(R/ann M).

We close with a version of Krull’s height theorem for modules:

Theorem 1.47. Let M be a finitely generated module over a local ring
(R,m). For each element r in R, one has an inequality

dim(M/rM) > dimM — 1.

Proof. Let n = dim(M/rM) and take a system of parameters z1,...,z,
for R/ann(M/rM). The ideal (x1,...,z,) + ann(M/rM) is m-primary, so
Exercise implies that (r,z1,...,2,) + ann M is m-primary, and hence
that dimM < n + 1. O






Lecture 2

Cohomology

This lecture offers a first glimpse at sheaf theory, which involves an inter-
play of algebra, geometry, and topology. The goal is to introduce sheaves
through examples, and to motivate their study by pointing out connections
to analysis and to topology. In the process, there is little proof and much
hand-waving. The reader may wish to revisit this lecture when equipped
with the algebraic tools necessary to appreciate the principles outlined here.

The point of view adopted here is that sheaves are spaces of functions.
This is the approach pioneered by the French school around Cartan and
Leray. Functions are typically defined by local conditions, and it is of interest
to determine global functions with prescribed local properties. For example,
the Mittag-Leffler problem specifies the principal parts of a holomorphic
function on a Riemann surface at finitely many points, and asks for the
existence of a global holomorphic function with the given principal parts.
Such local-to-global problems are often nontrivial to solve, and lead to the
notion of sheaf cohomology.

There are many sources for reading on sheaves and their applications.
For the algebraic geometry approach, we refer to Hartshorne’s book [61];
for the differential geometric aspects, one can consult Godement [47] and
Griffiths and Harris [51]. The required homological background can be found
in Weibel [161], while Gelfand and Manin [46] and Iversen [83] show the
workings of homological algebra in the context of sheaf theory. For the link
between calculus and cohomology, we recommend [14), [TT0], and [29), 8S]
for connections with D-modules and singularity theory.
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1. Sheaves

We assume that the reader is familiar with basic concepts of point set topol-
ogy. Let us fix a space X with topology 7x.

Example 2.1. While open and closed sets abound in some familiar spaces
such as R™, a topology may be quite sparse. At one extreme case, the only
sets in 7x are X and the empty set @. This scenario is known as the trivial
topology. At the other extreme, all subsets of X are open, and hence all are
closed as well. In that case, X is said to have the discrete topology.

Most topologies are somewhere between the two extremes considered
in the preceding example. The case of interest to us is the spectrum of a
commutative ring, with the Zariski topology, and typically this has fewer
open sets than one is accustomed to in R™.

Example 2.2. Let (X,7x) be the spectrum of the ring R = C[z]. The
points of X are prime ideals of R, which are the ideals {(z —¢)}.ec together
with the ideal (0). The closed sets in 7x are finite collections of ideals of
the type (z — ¢), and the set X. This topology is fairly coarse: for instance,
it is not Hausdorff. (Prove this.)

Let F be a topological space. We attach to each open set U of X, the
space of all continuous functions C(U, F') from U to F. The following is the
running example for this lecture.

Example 2.3. Let X be the unit circle S! with topology inherited from
the embedding in R?. Any proper open subset of S! is the disjoint union of
open connected arcs. Let F' be Z with the discrete topology.

Let U be an open set of S!, and pick an element f € C(U,Z). For
each z € Z, the preimages f~1(z) and f~1(Z \ {z}) form a decomposition
of U into disjoint open sets. Therefore, if U is connected, we deduce that
f(U) = {z} for some z, and hence C(U,Z) = Z.

In order to prepare for the definition to come, we revise our point of view.
Consider the space Z x X with the natural projection 7: Z x X — X. For
each open set U in X, elements of C(U,Z) can be identified with continuous
functions f: U — Z x X such that 7 o f is the identity on U. In this
way, the elements of C(U,Z) become sections, that is, continuous lifts for
the projection .

Definition 2.4. Let X be a topological space. A sheaf F on X is a topolog-
ical space F', called the sheaf space or espace étalé, together with a surjective
map 7wr: F' — X which is locally a homeomorphism.

The sheaf F takes an open set U C X to the set F(U) = C(U, F) of
continuous functions f: U — F for which wro f is the identity on U. Each
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inclusion U’ C U of open sets of X yields a restriction map
pU,U’: f(U) —>f(U/)
If U” C U’ C U are open subsets of X, then

puUrU" © PUU = PUU -

The elements of F(U) are sections of F over U; if U = X these are known
as global sections.

Remark 2.5. The sheaf space F' of X is locally homeomorphic to X in the
sense that for every point f € F there is an open neighborhood V' C F of f
such that 7z: V — wz(V) is a homeomorphism.

This does not mean that F is a covering space of X. Indeed, let X = R!
and S a discrete space with more than one point. Construct the sheaf space
F of F as the quotient space of X x S obtained by identifying (x,s) with
(z,8) for x # 0 and s,s’ € S. Set mr(x,s) = x. Then F is a skyscraper
sheaf with fiber S at x = 0. Evidently, mx is not a covering map:

o >
‘,"".”‘:
TF
X =R! havad
® >
0

Figure 2.1. A skyscraper sheaf over the real line

An important class of sheaves, including Example 23 is the class of
constant sheaves. These arise when the sheaf space F' is the product of X
with a space Fy equipped with the discrete topology. In this case, sections
of F on an open set U are identified with continuous maps from U to Fp.

Remark 2.6. We will see in Lecture[[2 that one may specify a sheaf without
knowing the sheaf space F'. Namely, one may prescribe the sections F(U), so
long as they satisfy certain compatibility properties. This is useful, since for
many important sheaves, particularly those that arise in algebraic geometry,
the sheaf space F' is obscure, and its topology 7r complicated.

In general, the sections F(U) of a sheaf form a set without further struc-
ture. There are, however, more special kinds of sheaves, for example, sheaves
of Abelian groups, sheaves of rings, etc., where, for each open set U, the set
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F(U) has an appropriate algebraic structure, and the restriction maps are
morphisms in the corresponding category.

Example 2.7 (The constant sheaf Z). With X = S! as in Example £33
let Z be the sheaf associated to the canonical projection mz: X X Z — X
where Z carries the discrete topology. Since Z is an Abelian group, Z(U) is
an Abelian group as well under pointwise addition of maps. The restriction
maps Z(U) — Z(U’), for U’ C U, are homomorphisms of Abelian groups.

The sheaf Z can be used to show that the circle is not contractible. The
remainder of this lecture is devoted to two constructions which relate Z to
the topology of S': Cech complexes and derived functors.

2. Cech cohomology

Consider the unit circle S' embedded in R2. The sets U; = S' ~ {—1}
and Uy = S \ {1} constitute an open cover of S!. Set Uy, = Uy N Us.
Since Uy and Us are connected, Z(U;) = Z for i = 1,2. The restriction
maps Z(S') — Z(U;) are isomorphisms, since each of S!, Uy, and Us is
a connected set. With Uj o, however, the story is different: its connected
components may be mapped to distinct integers, and hence Z(U o) = Z x Z.
More generally, for an open set U, we have

zw) =]z,

where the product ranges over the connected components of U.

One has a diagram of inclusions

Sl

/\

Ul \
/ U1’2
U
which gives rise to a commutative diagram of Abelian groups

Z(th)

Z(SY)

\
Z(U2).
/

Z(Us)

Consider the maps Z(U;) — Z(U; 2) for i = 1,2. An element of Z(U, 2) is
given by a pair of integers (a,b). If this element lies in the image of Z(U;),
then we must have a = b, since U; is connected. It follows that the image of
Z(UZ) — Z(ULQ) is Z - (1, 1) for i = 1,2.
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In a sense, the quotient of Z(U;2) by the images of Z(U;) measures
the insufficiency of knowing the value of a section at one point in order to
determine the entire section. In more fancy terms, it describes the possible
Z-bundles over S'. Since U; and U, are contractible, any bundle on them
is given by the product of U; with the fiber of the bundle. The question
then arises how the sections on the open sets are identified along their inter-
section Uj . Choose generators for Z(U;) = Z = Z(Us), and suppose the
two generators agree over one connected component of Uy 2. On the other
connected component, these generators could agree, or could be inverses
under the group law. In the former case, one gets the trivial bundle on S',
and in the latter case, the total space of the bundle is a “discrete M&bius
band.” The trivial bundle corresponds to the section (1,1) over Uj 2, while
the Mobius strip is represented by (1, —1). These are displayed in Figure 222

Figure 2.2. The trivial bundle and the Md&bius bundle over the circle

In terms of sections, an element (a,b) € Z(Uy) x Z(Us) lifts to an element
of Z(S') if and only if pu, v, ,(a) = puy,u,,(b). Algebraically this can be
described as follows. Consider the complex

0 —— ZESY) —— Z(U) x Z(Uy) —L Z(U1s) —— 0,

where d° = PULUL2 = PU2,Up 2+

The negative sign on the second component of d° ensures that we have
a complex, i.e., that the composition of consecutive maps is zero. The
discussion above reveals that the complex is exact on the left and in the
middle, and has a free group of dimension one as cohomology on the right,
representing the existence of nontrivial Z-bundles on S'.
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It is reasonable to ask what would happen if we covered S' with more
than two open sets.

Exercise 2.8. Cover the circle S! with the complements of the third roots
of unity; call these U; with 1 <7 < 3. The intersections U; ; = U; N U; are
homeomorphic to disjoint pairs of intervals, and the triple intersection Uy 2.3
is the complement of the roots, hence is homeomorphic to three disjoint
intervals. This gives us a diagram of restriction maps:

Z(Uy) Z(Ui,2)

/ St
\ >< /

which can be used to construct a complex

Z(st Z(Ur2,3)

3
0— 26 —[[20) 5 I 2Wi) 5 2(U125) — 0,
i=1 1<i<j<3

where the maps d’ are built using the restriction maps, suitably signed to
ensure that compositions of maps are zero. Find such a suitable choice of
signs, or look ahead at Definition 20l Determine the various groups and the
matrix representations of the homomorphisms that appear in this complex.
Show that the only nonzero cohomology group is ker d'/image d°, which is
isomorphic to Z.

The preceding examples are intended to suggest that there is a certain
invariance to the computations induced by open covers. This is indeed the
case, as is discussed later, but we first clarify the algebraic setup.

Definition 2.9. Let F be a sheaf on a topological space X, and let U =
{U;}ier be an open cover of X, where I is a totally ordered index set. Given
a finite subset J of I, let Uy = (., U;. We construct a complex C*(4l; F)
with ¢-th term

jeJ

H FUy), where t > 0.
| T]=t+1

Let J be a subset of I with |J| =t+1, and let ¢ € I\ J. We define sgn(.J, %)
to be —1 raised to the number of elements of J that are greater than i. Set

d: CHU F) — C’Hl(ﬂ; F)
to be the product of the maps
SgD(J, 2) “PULU G4y f(UJ) - f(UJU{z}) :
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The sign choices ensure that d‘*! o d! = 0, giving us a complex
0— COWF) — CHWF) — C*(WF) — -

called the Cech complex associated to F and 4. The cohomology of C*(8L; F)
is Cech cohomology, H®(8; F).

Note that F(X) is not part of the Cech complex. However, as the
following exercise shows, F(X) can be read from C*®(4; F).

Exercise 2.10. Let F be a sheaf on X, and 4 an open cover of X. Prove
that HO(L; F) = F(X).

Next we discuss the dependence of Cech cohomology on covers.
Definition 2.11. An open cover U = {V;};er of X is a refinement of an

open cover Y = {Ui}iep if there is a map 7: I — I' with V; C U, for
each ¢ € I. The map 7 need not be injective or surjective.

If 0 refines U, one has restriction maps F(U,;) — F(Vi). More
generally, for each finite subset J C I, there is a map F(Uy) — F(Vj)
where J' = {7(j) | j € J}. These give a morphism of complexes

7 C* (U F) — C*(B; F).
This map depends on 7, but the induced map on cohomology does not. In
fact, the morphism 7 is independent up to homotopy of the choice of 7.

Consider the class of open covers of X with partial order U > U if U
refines $l. The class of covers may not be a set, but one can get around this
problem; see [I55] pp. 142/143] or [47, §5.8]. One can form the direct limit
of the corresponding complexes. This is filtered, so Exercise EE34] implies

H'(lim C*(4; F)) = lim H*(4; F) .
U U
Definition 2.12. Set H'(X; F) = lim  H'(4; F); this is called the t-th Cech
cohomology group of F.

Each open cover i gives rise to a natural map
H' (W F) — HY(X;F).
The next result gives conditions under which this map is an isomorphism.

Theorem 2.13. Let F be a sheaf on X. Suppose X has a base U for its
topology that is closed under finite intersections and such that H'(V;F) =0
for each’ V€L andt > 0.

If L is an open cover of X such that H*(U; F) = 0 for each t > 0 and
U is a finite intersection of elements of U, then

HY(W; F) = HY(X; F) forallt > 0. O
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The theorem follows from Théoremes 5.4.1 and 5.9.2 in [47]; see also
Theorem Using this theorem seems difficult as the hypotheses involve
1 and an auxiliary cover ¥. There are important situations where one has a
cover U with the desired properties. If F is a locally constant sheaf on a real
manifold, for 20 one can take any base such that each V is homeomorphic
to a finite number of disjoint copies of R™. For F a quasi-coherent sheaf on
a suitable scheme, one can take U to be any affine open cover.

We close with a few remarks about cohomology of constant sheaves.

Remark 2.14. Suppose that
0—A—A—A"—0

is an exact sequence of Abelian groups. Consider the induced constant
sheaves A’, A, A” on a space X. Suppose i is an open cover of X such that
for any finite intersection U; of sets in i, we get an exact sequence

0 — C(UI,A/) —>C(U],A) — C(U],A”) — 0.

One then obtains an exact sequence of Cech complexes, which, in turn,
yields an exact sequence of cohomology groups

s HY(U A — HY (W A) — HY (U A" — HHI(M;.A/) — e

Not all open covers of X produce long exact sequences: consider Exam-
ple 222 with the open cover 4 = {X}. In other words, H*(4; —) need not be
a d-functor. On the other hand, H® (X;—) is a d-functor in favorable cases,
such as on paracompact spaces, or for quasi-coherent sheaves on schemes.

Let K be a field of characteristic zero endowed with the discrete topology,
and let K be the sheaf on S' that assigns to each open U the set of continuous
functions from U to K. Then

H*(ShK) = A (SY; 2) 9z K,
since tensoring with a field of characteristic zero is an exact functor.

The situation is different if K has positive characteristic.

Exercise 2.15. Recall that the real projective plane RP? is obtained by
identifying antipodal points on the 2-sphere S?. Cover RP? with three open
hemispheres whose pairwise and triple intersections are unions of disjoint
contractible sets. Use this cover to prove that H'(RP?; Z) = 0.

Let Z5 be the sheaf for which Z5(U) is the set of continuous func-
tions from U to Z/27Z, where Z/27 has the discrete topology. Prove that
HY(RP?; 25) = 7.,/27. In particular, the map H'(RP?; 2) — H'(RP?; Z,)
induced by the natural surjection Z — Z/2Z is not surjective. This reflects
the fact that RP? is non-orientable.
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3. Calculus versus topology

We now switch gears and investigate what happens if instead of making
the cover increasingly fine, we replace F by a resolution of more “flexible”
sheaves. Specifically, let D be the sheaf on S! that attaches to each open set
U, the ring of real-valued smooth functions. In this case, D(U) is a vector
space over R.

Example 2.16. Consider the cover of S! by the open sets U; = S' \ {—1}
and Us = S' \ {1}. As before, we can construct a complex of the form

0 — D(S') — D(U) x D(Us) — D(Uy2) — 0.

If (f1, f2) € D(Uy) x D(Us) maps to zero in the above complex, then the
functions fi and fo agree on Uy . It follows that f; and f, have (at worst)
a removable singularity at —1 and 1 respectively, since fo has no singularity
at —1 and f; has no singularity at 1, and they are smooth outside these
points. In particular, there is a function f € D(S') such that each f; is the
restriction of f to U;, as predicted by Exercise

Now consider the cohomology on the right. A function f € D(U;2) has
no singularities except possibly at 1 and —1. Let u be a smooth function
on Up o that takes value 0 near —1, and value 1 near 1. Of course, f =
(I —u)f +uf. Now (1 —u)f can be extended to a smooth function on Uy,
and uf can be extended to a smooth function on Us. It follows that f is in
the image of D(U;) x D(Uz) — D(U,2). Hence the complex

0— D(Ul) X D(UQ) — D(ULQ) —0
has cohomology groups H°(i; D) = D(S') and H'(4; D) = 0.
We remark that any other open cover of S* would give us a Cech complex
with a unique nonzero cohomology group in degree zero. In terms of the limit

over all open covers, this says that the sheaf D on S* has H(S'; D) = D(S})
and H'(S!; D) = 0. The key point is the existence of partitions of unity:

Definition 2.17. Let M be a smooth manifold and 4 = {U;};cs a locally
finite open cover of M, i.e., any point m € M belongs to only finitely many
of the open sets U;. A partition of unity subordinate to i is a collection
of smooth functions f;: M — R for ¢ € I, such that f;|yy, = 0 and
> fi = 1. Note that this is a finite sum at any point of M.

The partition in our case was u + (1 —u) = 1, and its existence allowed
a section of D on U 2 to be expressed as a sum of sections over Uy and Us.
Partitions of unity make the sheaf D sufficiently fine and flexible, so that
HY(M;D) =0 for all t > 1.

Next, let R be the sheaf that sends an open set U C X to the continuous
functions C'(U,R), where R is endowed with the discrete topology. This is
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the constant sheaf associated to R; see Example 271 The elements of R(U)
are smooth functions, hence R may be viewed as a “subsheaf” of D; you
can make the meaning of this precise once you have seen Definition ELTU]

Example 2.18. Let U be a proper open subset of S'. We claim there is an
exact sequence

d
0 —— R(U) —— DU) —*— DU) — 0,

where the first map is inclusion, while the second map is differentiation by
arclength. To see that this sequence is exact, note that U is the disjoint
union of open arcs that are diffeomorphic to the real line. On such an
open arc, (i) the constants are the only functions that are annihilated by
differentiation, and (ii) every smooth function can be integrated to a smooth
function. On the other hand, as we will discuss later, the sequence is not
exact on the right if U is S.

For open sets V' C U, sequences of the form above, along with appropri-
ate restriction maps, fit together to give a commutative diagram

R(U) —— D(U) ——e% D(U)

l l !

d

R(V) —— D(V) —%— D(V).

Definition 2.19. A morphism of sheaves p: F — G on X is a collection of
maps ¢y : F(U) — G(U) for U € Tx, such that for each inclusion V- C U
of open sets, there is a commutative diagram

FU) -2 G(U)

PU,Vl JPIU,V

F(V) 2= G(V)
where p and p’ are the restriction maps for the sheaves F and G respectively.

If F and G are sheaves of Abelian groups, rings, etc., a morphism of
such sheaves is a collection as above with the additional property that the
maps @y are morphisms in the appropriate category.

A natural next step would be to discuss the Abelian category structure
on the category of sheaves. This then leads to a notion of a cohomology of
a complex of sheaves, and hence to exactness. We take a shorter route.

Definition 2.20. Let F be a sheaf on a space X, and consider a point
x € X. The class of open sets U of X containing x forms a filtered direct
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system, and its limit
Fyp = lim F(U)
Uz
is the stalk of F at x. Any additional structure F has is usually inherited
by the stalks; for instance, if F is a sheaf of Abelian groups or rings, then
F. is an Abelian group or a ring, respectively.

It follows from standard properties of direct limits that a morphism
p: F — G of sheaves on X induces, for each point x € X, a morphism
p.: Fu — G, in the appropriate category; passage to a stalk is a functor.

Definition 2.21. A complex F* of sheaves of Abelian groups is a sequence

t—1 t t+1
o, 1 d Fto_ & o A

of morphisms of sheaves where d'*! o d* = 0 for all ¢. Such a complex F* is
ezxact if the induced complex of Abelian groups

S F Ft FHL

is exact for each z € X.

For instance, if X has a base U of open sets such that for each U in U,
the sequence of Abelian groups

- — P ) — FU) —— FHYU) —— ---

is exact, then the complex of sheaves is exact; this is because computing
direct limits commutes with cohomology; see Exercise L34l The converse is
certainly not true; see the example below.

Example 2.22. It follows from the preceding discussion that the following
sequence of sheaves from Example is exact:
a
0 R D%, D 0.
Taking global sections, we get a sequence

d
0 —— R(SYH —— DY) —%~ D(SH) —— 0
which is exact at the left and in the middle, and we shall see that it is
not exact on the right. If a smooth function on S! arises as a derivative,
then the fundamental theorem of calculus implies that its average value is 0.
Consequently, nonzero constant functions on S! do not arise as derivatives.
On the other hand, for any smooth function f: S! — R, the function

21
o(t) = (1) 1/0 £(w) du

o

integrates to 0 on S! and hence fot g(7) dr is a function on S! whose derivative
is g(t). It follows that the complex of global sections

0 — D(SY) — D(S') — 0



26 2. Cohomology

has cohomology in degrees 0 and 1, and that both cohomology groups are
isomorphic to the space of constant functions on S'.

This discussion leads to another type of cohomology theory.

Definition 2.23. A sheaf £ of Abelian groups is injective if every injective
morphism & — F of sheaves of Abelian groups splits. Every sheaf F of
Abelian groups can be embedded into an injective sheaf; see Remark

A complex G°® of sheaves is a resolution of F if there is an exact sequence
0 F G" gt G :
It is an injective resolution if each G! is injective. The sheaf cohomology
HY(X,F) is the t-th cohomology group of the complex

0 —— ¢°(X) — G'(X) — GA(X) —— -
The cohomology groups do not depend on G°®; see Lectures Bl and
Definition 2.24. A sheaf F is acyclic if H'(X,F) =0 for all ¢ > 1.

For the proof of the following proposition, see [61], Proposition I11.1.2A].

Proposition 2.25 (Acyclicity principle). If G® is a resolution of F by
acyclic sheaves, then H'(X,F) = H'(G*(X)) for each t. O

In Example we verified that D is acyclic on S'. As noted in Exam-
ple ZZA the constant sheaf R on S' has an acyclic resolution
d
0 D%, D 0,
so HY(SY,R) = 0 for t > 2. Moreover, H(S!,R) =~ R = H!(S!,R), and
these agree with the singular cohomology groups of S!.

4. Cech cohomology and derived functors

We now compare the two approaches we have taken. The constant sheaf R
on S! has Cech cohomology groups H!(S'; R) =0 if t > 2, and
HY(SYR)=2R= H' (S R).

The sheaf cohomology groups turned out to be the same as these. We take
an open cover i of S!, fine enough so that each finite intersection of the
open sets is an open arc. By the discussion following Theorem ZT3], one has
H*(4;R) = H*(S';R) and H*(U; D) = H*(S'; D). Moreover, for each Uy,
there is an exact sequence

0 — R(U;) — D(U;) — D(U;) — 0,
and hence an exact sequence of complexes
0— C*(U;R) — C*(U; D) — C*(h; D) — 0.
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By Remark ZT4] there exists an exact sequence of cohomology groups
0— H°(SYR) — H(SY: D) — HO(SY; D) — HY(SL;, R) — 0,
where the zero on the right follows from the fact that H*(S';D) = 0 for
all t > 1; see Example We conclude that H*(S';R) = 0 for all t > 2,
and that H9(S'; R) and H'(S'; R) arise naturally as the kernel and cokernel

respectively of the differentiation map
d
—: DS D(SY).
= (") — D(S")
In particular, the Cech cohomology of R on S! can be read off from the
global sections of the morphism D — D given by differentiation.

In Lecture [[U we revisit this theme of linking differential calculus with
sheaves and topology. The main ideas are as follows: one can get topological
information from the Cech approach, since fine open covers turn the com-
putation into a triangulation of the underlying space. On the other hand,
one can replace the given sheaf by a suitable complex of acyclic sheaves and
consider the cohomology of the resulting complex of global sections.

The following statement summarizes the relationship between Cech co-
homology and sheaf cohomology; see [47, Chapitre 5] for proofs.

Theorem 2.26. Let X, F, U, and T be as in Theorem BI3. Then there
are isomorphisms

HY (W F) =2 HY(X; F) = HY(X, F) for each t. O






Lecture 3

Resolutions and
Derived Functors

This lecture is a whirlwind introduction to, or review of, resolutions and
derived functors—with a bit of tunnel vision. That is, we will give unabashed
preference to topics relevant to local cohomology, and attempt to draw a
straight line between the topics we cover and our final goals. At a few
places along the way, we will point generally in the direction of other topics
of interest, but other than that we will do our best to be single-minded.

The Appendix contains preparatory material on injective modules and
Matlis theory. In this lecture, we cover roughly the same ground on the
projective/flat side of the fence, followed by basics on projective and injective
resolutions, and definitions and basic properties of derived functors.

Throughout this lecture, R is a commutative ring with identity.

1. Free, projective, and flat modules

In terms of module theory, fields are the simplest rings in commutative
algebra, for all their modules are free.

Definition 3.1. An R-module F' is free if it has a basis, i.e., a subset that
generates F' as an R-module and is linearly independent over R.

It is easy to prove that a module is free if and only if it is isomorphic
to a direct sum of copies of the underlying ring. The cardinality of a basis
is the rank of the free module. To see that the rank is well-defined, we can
reduce modulo a maximal ideal of R and use the corresponding result for—
what else?—fields. There is an equivalent definition of freeness in terms of

29
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a universal lifting property. It is a worthwhile exercise to formulate this
property; you will know when you have the right one, for then the proof of
the equivalence is trivial.

In practice, i.e., in explicit computations by hand or by computer, we
usually want free modules. Theoretically, however, the properties that con-
cern us are projectivity and flatness. For projective modules, we reverse the
process above and work from the categorical definition to an elementary one.

Definition 3.2. An R-module P is projective if whenever there is a surjec-
tive homomorphism of R-modules f: M — N, and an arbitrary homomor-
phism of R-modules g: P — N, then there is a lifting h: P — M so that
fh = g. Pictorially, we have

pP

g
4

MT>N—>O

with the bottom row forming an exact sequence of R-modules.

Here is another way to word the definition, which highlights our intended
uses for projective modules. Let F be a covariant functor from R-modules
to Abelian groups. Recall that F is left-exact if for each exact sequence

0—L—M-—N—0,
the induced sequence
0— F(L) — F(M) — F(N)
is exact. If in addition F(M) — F(N) is surjective, then F is ezact.

Exercise 3.3. Let P be an R-module. Prove that the functor Hompg(P, —)
is covariant and left-exact, and that P is projective if and only if Homp(P, —)
is an exact functor.

Here are the first four things that you should check about projective
modules, plus one.
(1) Free modules are projective.
(2) Projective modules are precisely direct summands of free modules.
(3) Arbitrary direct sums of projective modules are projective.
(4) Freeness and projectivity both localize.
(5) Over a Noetherian local ring R, all projectives are free.

Remark 3.4. Despite their relatively innocuous definition, projective mod-
ules can be quite subtle, and are an active topic of research. For example, if
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R is a polynomial ring over a field, then all finitely generated projective R-
modules are free—this is the content of the Serre conjecture. Around 1978,
Quillen and Suslin [T30}, 053] gave independent proofs of this conjecture;
see also [10]. Closely related is the Bass-Quillen conjecture, which asserts
that for a regular ring R, every projective R[T]-module is extended from R.
Quillen’s and Suslin’s solutions of Serre’s conjecture proceed by proving this
statement when R is a regular ring of dimension at most 1. Popescu’s cele-
brated theorem of general Néron desingularization [129, 154], together with
results of Lindel [T00], proves the Bass-Quillen conjecture for regular local
rings containing a field, unramified regular local rings of mixed characteris-
tic, and also for excellent Henselian local rings.

We next present two examples of projective modules which are not free.
The first comes from number theory, and the second from topology.

Example 3.5. In the ring R = Z[v/—5], the ideal a = (2 + /—5,3) is
projective but not free as an R-module. Indeed, a is not principal, so cannot
be free (prove this!), while the obvious surjection R?> — a has a splitting

(-1 +vV-52-V-5 >

r—:- ) )

2++/-5 3

so that a is a direct summand of R%. This is directly related to the fact that
R is not a UFD.

Example 3.6. Let R = R[z, y, z]/(2?+y?+2%2—1), the coordinate ring of the
real 2-sphere S?2. The homomorphism R?> — R defined by the row vector
v = [x,y, 2] is surjective, so the kernel P satisfies P & R = R3. However, P
is not free. Every element of R? gives a vector field on S?, with v defining
the vector field pointing straight out from the origin. An element of P thus
gives a vector field that is tangent to S2. If P were free, a basis would define
two non-vanishing vector fields on S? that evaluate to independent vectors
in each point. But hedgehogs can’t be combed, so freeness is impossible!

As we noted above, the definition of projectivity amounts to saying that
some usually left-exact functor is exact. Compare this to the definition of
injectivity. We next mimic this for another familiar functor.

For any given R-module M, the functor — ®p M is right-exact. One
can give an elementary proof by chasing elements, but consider also Exam-
ple ET7 in the light of Proposition EET8 It is clear that if we take M = R,
then A ®g M is nothing but A again, so that in fact — ® R is exact. With
an eye towards defining the Tor functors later in this lecture, we give this
property its rightful name.

Definition 3.7. An R-module M is flat if — ®zp M is an exact functor.
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We have observed that the free module R is flat, and it is easy to check
that the direct sum of a family of flat modules is flat. Thus, free modules
are flat, and it follows from the distributivity of ® over @ that projectives
are flat as well. In fact, it is very nearly true that the only flat modules are
the projectives. Specifically, we have the following theorem of Govorov [49]
and Lazard [96]; you can also find a proof in |32, Theorem A6.6].

Theorem 3.8. A module is flat if and only if it is a filtered direct limit of
free modules. In particular, a finitely generated flat module is projective. [

2. Complexes

Having defined the classes of modules to which we will compare all others, let
us move on to resolutions. The point of resolving a module is to measure its
complexity against a given standard, such as freeness, injectivity, or flatness.
Doing so calls for a quick summary of the calculus of complexes; we refer
the reader to Weibel [161] for basics.

In what follows, complexes K*® are (usually) indexed cohomologically:

RN Ki—l 8?1 K Ok Ki-i-l - .
The differential on K*® is denoted Ok, or sometimes simply 0. We say that
K* is bounded below if K' = 0 for i < 0, and bounded above if K* = 0 for
i > 0; if both conditions hold, then K*® is bounded. On occasion, we consider
a complex as a graded module with a graded endomorphism of degree 1.

Definition 3.9. Let K*® be a complex of R-modules and n an integer. Then
K*[n] denotes the complex K*® with shift n, i.e., the complex with modules

(K°[n)" = K™,
and differential (—1)"0k.

Suppose K*® and L® are complexes of R-modules. Their tensor product
K*® ®p L® is the complex with

(K*@rL*)" = P K'@r L,
i+j=n
and R-linear differential defined on an element k @ [ € K' @ L7 by
Ik @l) =0k (k) @1+ (-1)kedL().

The complex of homomorphisms from K*® to L® is a complex Homp(K*®, L®)
consisting of modules

Homp(K*,L*)" = [ [ Homg(K', L"),
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and R-linear differential defined on an element f in Homp(K*®, L*)" by
f)=0Lef—(=1)"fodk.

Note that a homomorphism f € Hompg(K*®, L*)? is a cycle if it satisfies the
condition Jr, o f = f o Ok, i.e., precisely if f is a morphism from K*® to L°®.

Definition 3.10. A morphism 7n: K* — L® is an isomorphism if there is
a morphism &: L®* — K*® such that no & and £ o n are identity maps.

The map 7 is a quasi-isomorphism if the induced map on cohomology
H(n): H(K®*) — H(L®) is bijective.

Let n,{: K®* — L*® be morphisms of complexes of R-modules. Then 7
and ¢ are homotopic if there exists ¢ € Hom(K*®, L*)~! with

n—(=0L0p+¢podk.

Note that ¢ is not required to be a morphism of complexes. A morphism 7 is
null-homotopic if it is homotopic to the zero morphism. Finally, a morphism
n: K®* — L*® is a homotopy equivalence if there is a morphism &: L®* — K*
such that £ on and n o & are homotopic to the identity maps on K*® and L°®,
respectively. The terminology reflects the origin of this notion in topology;
see [32 page 635].

Exercise 3.11. An isomorphism of complexes is a quasi-isomorphism. Give
an example where the converse does not hold.

Exercise 3.12. Let 1n,(: K* — L°® be morphisms of complexes of R-
modules. Prove the following assertions.
(1) If n is homotopic to ¢, then H(n) = H(().
(2) If the identity morphism idg is null-homotopic, then H(K*®) = 0.
(3) The following statements are equivalent:
(a) the identity morphism on K* is null-homotopic;
(b) the natural map 0 — K*® is a homotopy equivalence, where 0
is the zero complex;
(c) there exists ¢ € Hom(K®, K*®)~! such that dx o p o O = Ok
and K* is exact.

(4) The converse of (2) need not hold: the complex K*® of Z-modules
27/ — 2 7/47 — 2 7)AT — 2 ..
has H(K*®) =0, but idx is not null-homotopic.

Exercise 3.13. Let K*® be a complex of R-modules, and let E® be a complex
of injective R-modules which is bounded below.

(1) If K* is exact, prove that Homp (K*®, E®) is exact. Hint: First consider
the case where E*® is concentrated in one degree.
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(2) Let n: K* — L® be a morphism of complexes. Prove that if 7 is a
quasi-isomorphism, then so is the induced morphism of complexes

Homp(L®, E®*) — Homp(K*, E®).
Hint: use mapping cones, [32), Proposition A3.19], and (1).

(3) State and prove dual versions of these for the projective case.

3. Resolutions

We are now ready to define resolutions.

Definition 3.14. Let M be an R-module.
An injective resolution of M is a complex E*® of injective R-modules

0—E' —F' —E?2— ...

9

equipped with a quasi-isomorphism of complexes ¢: M — E*; here one
views M as a complex concentrated in degree 0. Said otherwise, a complex
E* of injective modules is a resolution of M if there is an exact sequence

0— M- E"—FE?> —E>—...

A projective resolution of M is a complex P, of projective R-modules
= P — P — Py — 0,

equipped with a quasi-isomorphism of complexes ¢: P, — M. Replacing
‘projective’ by ‘flat’ defines flat resolutions.

Remark 3.15. Any R-module M has an injective and a projective resolu-
tion. Another way to say this is that the category of R-modules has enough
injectives and enough projectives. (Since projectives are flat, there are, of
course, also enough flats.) In contrast, the category of sheaves over projec-
tive space does not have enough projectives, as we will see in Lecture

Slightly more subtle is the question of minimality. Let us deal with
injective resolutions first; see the Appendix for terminology. We say that
E* as above is a minimal injective resolution if each E’ is the injective hull
of the image of E“~1 — E* and EY is the injective hull of M. The proof of
Theorem shows that E is an injective hull for a submodule M if and
only if for all p € Spec R, the map Hompg(R/p, M), — Hompg(R/p, E), is
an isomorphism. Therefore, F*® is a minimal injective resolution if and only
if the result of applying Hompg(R/p, —)p to the morphism E* — EF! gives
the zero morphism for each i > 0.

The injective dimension of M, denoted injdimp M, is the minimal length
of an injective resolution of M. If no resolution of finite length exists, we
say injdimp M = oo. We have injdimp M = 0 if and only if M is injec-
tive. Theorem discusses numerical invariants attached to a module
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via injective resolutions, namely the Bass numbers of M. Observe that all
this bounty springs from the structure of injective modules over Noetherian
rings, Theorem [A. 20)

In contrast, the theory of minimal projective resolutions works best over
local rings R, where projective modules are free. See Lecture B for more in
this direction. In any case, we define the projective dimension of M, denoted
pdr M, as the minimal length of a projective resolution of M.

Finally, for completeness, we mention that the flat dimension is the
minimal length of a flat resolution. For finitely generated modules over
Noetherian rings, this is the same as projective dimension, so we will not
have much need for it.

One main tool for proving the existence and uniqueness of derived func-
tors will be the following theorem; see Remark BT for a proof.

Theorem 3.16 (Comparison theorem). Let n: K®* — L*® be a quasi-iso-
morphism of complexes of R-modules.

(1) Let E® be a complex of injective R-modules with E* = 0 for i < 0.
Given a diagram of solid arrows of morphisms of complexes

E.

~

K®——~ L,
there is a lifting k which makes the diagram commute up to homotopy.
Furthermore, k is unique up to homotopy.

(2) Let Ps be a complex of projective R-modules with P; = 0 for i < 0.
Given a diagram of solid arrows of morphisms of complexes

P,

~

K®——~ L,
there is a lifting k which makes the diagram commute up to homotopy.

Furthermore, k is unique up to homotopy. O

Remark 3.17. One may rephrase part (1) of the comparison theorem as
follows: for a complex E® of injective R-modules with E* = 0 for i < 0,
the functor Hompg(—, E®) preserves quasi-isomorphisms. That is to say, if
(: K®* — L® is a quasi-isomorphism, the induced morphism of complexes

Homp(L®, E®*) — Hompg(K*®, E®)

is a quasi-isomorphism.
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Part (2) translates to the statement that if P, is a complex of projective
R-modules with P; = 0 for ¢ < 0, then the functor Hompg(P,, —) preserves
quasi-isomorphisms. Thus, Theorem B.Iflis a reformulation of Exercise BI3l

Remark 3.18. The comparison theorem implies that injective and pro-
jective resolutions are unique up to homotopy. To see this, let M be an
R-module, and let ¢;: M — E} and t2: M — E3 be injective resolutions
of M. Part (1) of the theorem, applied with n = ¢; and E°® = E3, yields a
morphism of complexes k1: Ef — E$ such that s o ¢ is homotopic to ¢s.
By the same token, one obtains a morphism of complexes ko: £ — EY
such that k9 o 19 is homotopic to ¢1.

It then follows that the morphism ko o k1 is a lifting (up to homotopy)
of 11. However, the identity morphism on EY is also a lifting of ¢1, so ka0 k1
must be homotopic to it, by the uniqueness part of the theorem above. By
the same logic, k1 o ko is homotopic to the identity on ES. Thus, k1 and ks
provide a homotopy equivalence between E} and E3.

A similar argument, using part (2) of the comparison theorem, estab-
lishes the uniqueness, up to homotopy, of projective resolutions.

4. Derived functors
At last we define derived functors:

Definition 3.19. Let F be a left-exact additive covariant functor on the
category of R-modules; think, for example, of Homp(L,—). Given an R-
module M, let E® be an injective resolution of M and set

R'F(M) = H(F(E®)) for i > 0.

The module R F(M) is independent of the choice of the injective resolution:
injective resolutions are unique up to homotopy by Remark BI8, and ad-
ditive functors preserve homotopies. The functor R*F(—) is called the i-th
derived functor of F.

There are corresponding definitions when F is contravariant, and/or
when the functor is right-exact. We leave the formulations of these con-
cepts to the reader.

Remark 3.20. Let F be a left-exact covariant additive functor on the cat-

egory of R-modules. A module A is acyclic for F if RPF(A) =0 for i > 1.

Now let M be an R-module and ¢:: M — A® a quasi-isomorphism,
where A® is a bounded below complex consisting of modules which are
acyclic for F. It can then be proved that there is a natural isomorphism

RIF(M) = HY(F(A®)) for each i > 0.
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The message is thus that derived functors can be computed with acyclic
resolutions; see Proposition

Remark 3.21. Let F be a left-exact covariant additive functor. Then

(1) A homomorphism f: M — N gives rise to a family of homomor-
phisms R'F(f): R'F(M) — R'F(N) for i > 0. In particular, if F
takes multiplication by an element r € R on M to multiplication by
r on F(M), then each R'F has the same property.

(2) Since F is left-exact, we have R°F = F. Moreover, injective modules
are acyclic for F.

(3) For each exact sequence of R-modules
0—L—M-—N —0,

there are connecting homomorphisms §* and an exact sequence

. R'F(L) — RIF(M) — R'F(N) 25 RHE(L) — ... .

Similar remarks apply to functors of various types of exactness and variance.

For our purposes, there are three main examples of derived functors. We
define two of them here; the third will make its grand entrance in Lecture [@

Definition 3.22. Let M and N be R-modules. Then

(1) {Ext% (M, —)}io are the right derived functors of Hompg(M, —), and
(2) {Torf{(—, N)}iso are the left derived functors of — ®p N.

There are other possible descriptions of Ext: while we chose to use the
right derived functors of the left-exact covariant functor Hompg(M, —), we
could also have used the right derived functors of the left-exact contravariant
functor Homp(—, V). It is a theorem that the two approaches agree. More
precisely, if e: P, — M is a projective resolution and ¢t: N — FE® is an
injective resolution, then, by Remark BI7 the following induced morphisms
of complexes are quasi-isomorphisms:

Hompg (P ,t) Homp(e,E®)
nr e, Paihissnid bt

Homp(FP., N)

One therefore has isomorphisms of R-modules

Homp(P,, E*) Homp(M, E*).

H'(Hompg(P,, N)) = H'(Hompg(P,, E®)) = H'(Homg(M, E®)).

Similarly, Tor?(M, N) can be computed either by applying M ®r — to a
flat resolution of IV, or by applying — ®r NN to a flat resolution of M. The
results are again naturally isomorphic.

Here are some examples of computing Tor and Ext.
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Example 3.23. Let R = K[z, y, z] be a polynomial ring over a field K. We

assert that
0 —
Bl L]
0 R, gy 220 s R 0

is a free resolution of R/(x,y,z) = K. You can check this directly, or wait
until Lectures @ and

From the above resolution we can calculate Tor? (K, K) and Ext (K, R)
for all ¢ > 0. For the Tor, we apply — ®p K to the resolution. Each free

module R? becomes R® @z K = K’ and each matrix is reduced modulo the
ideal (z,y,z). The result is the complex

[z Y 2]

0 0 0

0 K K3 K3
which has zero differentials at every step. Thus

Torf{(K, K) = K () for all ¢ > 0.

K 0

Applying Homp(—, R) has the effect of replacing each matrix in our resolu-
tion of K by its transpose, which yields a complex
xr
]
z

5]

z 0 —=z

0 R RS LM E 0D 3 R 0.
Noting the striking similarity of this complex to the one we started with, we
conclude that

[z Y 2]

K ifi=3, and

Ext% (K, R) =
R ) {0 otherwise.

Example 3.24. Let K again be a field, and put R = K|z,y]/(zy). Set
M = R/(z) and N = R/(y). To compute Tor and Ext, let us start with a
projective resolution P, of M. One such is the complex

*> R R "> R 0.
In order to compute Torf%(M ,N), we apply — ®r N to P,. This replaces
each copy of R by N = R/(y), giving us a complex

- —" R/(y) —— R/(y) —— R/(y) —— 0.

Since y kills R/(y) while x is a nonzerodivisor on R/(y), computing kernels
and images reveals that

Torfz(M, N) = K for z > 0 even, and
0 fori=>1odd.
Similarly, applying Hompg(—, N) replaces each R by N = R/(y), but this

time reverses all the arrows, yielding the complex

- " R/(y) —~— R/(y) < R/(y) —— 0.
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Taking the cohomology of this complex, we see that

0 for ¢ > 0 even, and
K fori>1 odd.

Finally, apply Hompg(—, R) to find that
M fori=0, and

0 otherwise.

Extly (M, N) = {

Ext% (M, R) = {

We end this section with the properties of Ext and Tor used repeatedly in
the remaining lectures. They follow directly from the definitions of injective,
projective, and flat modules, and Remark B.2T1

Theorem 3.25. Consider an exact sequence of R-modules
0— M —M-—M"—0.
For each R-module N, one has exact sequences:
(1) -+ — Extl(N, M) — Exth(N,M") — Ext (N, M)
— ExtS (N, M) — -+,

(2) - — Extly(M,N) — Exth(M',N) — Exti*(M",N)
N Extg_l(M,N) — e,

(3) -+ — Torf,(M,N) — Torl |(M",N) — Torf(M’', N)
— Tor?(M,N) — ... . O
Theorem 3.26. Let M be an R-module.
(1) The module M is injective if and only if Extiy(—, M) = 0 for alli > 1,
and this occurs if and only if Ext}z(—, M) =0.

(2) The module M is projective if and only if Extiy(M,—) = 0 for all
i > 1, and this occurs if and only if Ext}z(M, —)=0.

(3) Lastly, M is flat if and only if Torl*(—, M) = 0 for alli > 1, and this
is equivalent to Torf(—, M) = 0. O






Lecture 4

Limits

In this lecture we discuss direct limits and inverse limits. These play an
important—if technical—role in what follows. We are interested mainly in
the category of modules over a ring and of sheaves on a space. However, the
material is better presented in the context of Abelian categories.

1. An example from topology

The Seifert-van Kampen theorem in algebraic topology expresses the fun-
damental group of a space in terms of fundamental groups of subsets:

Theorem 4.1. Let X be a topological space and X = U, UU, an open cover
with Uy, Uy, and U, = U, N Uy connected. Set G; = m(U;) for i = a,b,c.
Let oeq: Ge — Gq and @cp: Ge — Gy be the induced homomorphisms of
groups. The group G = m1(X) is determined by the following information.

(1) There are group homomorphisms pq: Go — G and py: Gy, — G
such that ©q 0 Pea = Py 0 Pep-

(2) Given homomorphisms of groups 1V, and ¥y as below

Pe,b

with g © Yeq = Yy © Qep, there is a unique homomorphism of groups
G ——> H for which the resulting diagram is commutative. O

41
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Exercise 4.2. Let X = S!, and let U, = X ~ {—1}, U, = X ~ {1} be an
open cover of X. What does Theorem E.Tl say about m(X)?

Exercise 4.3. A diagram of homomorphisms of groups

G,
Ge
Gy
as in the theorem above is known as a pushout diagram, and any group G
satisfying conditions (1) and (2) is called the amalgamated sum of G, and
Gy over Gg; it is denoted G, *g, G. Prove that the amalgamated sum is

unique up to a unique isomorphism of groups.

The amalgamated sum can be constructed as follows: On the collection
of words w in the alphabet consisting of the disjoint union of elements in
G, and Gy, consider the equivalence relation on the words induced by the
relations: w ~ w’ if w arises from w’ in any of the following ways:

(1) insertion of an identity element from G, or Gy;

(2) replacing two consecutive letters from the same G; by their product;
(3) replacing a letter g; € G; Nimage(gc,i) by ¢, j(gc) where ¢ci(gc) = gi
for {i,j} = {a,b}.
The quotient set is a group under composition of words; the inverse of
w = gi1gs - - g is the word g,;l o '92—191—1‘ This is the amalgamated sum.

Example 4.4. Set Fy = Z and for t > 1 let Fy;1 = Fy*1Z, the amalgamated
sum of F} and the integers over the subgroup consisting of the identity. The
group F; is the free group on t letters; it consists of all words that can be
formed from ¢ distinct letters and their formal inverses.

The pushout of groups is an instance of a direct limit.

2. Direct limits

To begin with, let us call the underlying structure of a pushout diagram by
its proper name: a partially ordered set, or poset. We write < for the order
relation on a poset.

Definition 4.5. Let I be a poset. We view it as a category whose objects
are the elements of I, with a morphism from i to j whenever i < j; this
morphism is also denoted ¢ < j. Note that composition is defined when
possible because i < j and j < k imply 7 < k, since [ is a poset.

Let A be a category. An I-diagram in A, also called a directed system,
is a covariant functor ®: I — A. In effect, ® decorates elements of [
with objects of A and morphisms in I with morphisms in A such that the
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resulting diagram in A is commutative. We often write A; for ®(7) and ¢; ;
for (7 < j). Note that ¢;; =id4,.

Definition 4.6. Let A be a category and ® an I-diagram in A. The direct
limit of ® is an object A of A together with morphisms ¢;: A; — A for
each ¢ € I such that the diagram

commutes for each ¢ < j. Moreover, A should be universal with respect to
this data. In other words, given an object A’ and morphisms ;: A; — A’
satisfying commutative diagrams akin to the ones above, there is a unique A-
morphism ¥: A ——> A’ such that for each i the diagram below commutes:

A

The direct limit is denoted lii>n1<1> or h_H)lI A;; when there is no scope for
confusion we sometimes drop the subscript I. The following exercise justifies
the use of the phrase ‘the direct limit.’

Exercise 4.7. Prove that direct limits, when they exist, are unique up to
a unique isomorphism, compatible with the structure morphisms ;.

An explicit construction of a direct limit typically depends on I, A, and
the functor ®. For instance, if distinct elements of I are incomparable, then
h_II}lAi is the coproduct []; A;. Thus, the existence of direct limits in A over
every index set implies the existence of arbitrary coproducts; the converse
holds when A is Abelian; see [I61) (2.6.8)]. In particular, not all direct
limits exist in the category of finite Abelian groups.

Now we focus on direct limits in the category of modules over a ring.

Exercise 4.8. Let I be a poset and ® an I-diagram in the category of
modules over a ring R. Let E be the submodule of @ A; spanned by

{( ,0,a;,0,...,0, —(,DZ'J((IZ'),O,...) | 1< janda; € Al}
Prove that lim A; = P A;/E, with the structure map ¢; equal to the com-
position 4, — P A; — h_n}AZ

Exercise 4.9. Prove that if {A;};en is an N-diagram in a category of mod-
ules, where the A; are all submodules of a given module, and the morphisms
A; — A;y1 are the natural inclusions, then lii>nA2- = A4;.
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The following exercise is an example of Theorem in action.

Exercise 4.10. Let M be an R-module and z an element in R.

(1) Prove that M, is the direct limit of the N-diagram
M—>M-—"5 M —= :
(2) Set M = R. Show that (r; € R;) x (ry € Ry) —— (riry € Riyir)

defines a map of N-diagrams. Deduce that it yields a multiplication
on the limit, which agrees with the usual multiplication of R,.

(3) Let K be a field. Show that the K[z]-module K[z, 27 !] is flat and that
it is not projective.

3. The category of diagrams

Let I be a poset, and A an Abelian category in which all I-diagrams in A
have a direct limit. The collection of all I-diagrams in A forms the object set
of a category ®it }4; its morphisms are the natural transformations between
the I-diagrams. Thus, a morphism of diagrams n: ® — ®’ specifies, for
each ¢ < j in I, a commutative diagram

A i Al

)

%’JL J/’D;J

nj A
J

The discussion in the following paragraphs is summed up in the next
result. You are free to apply it to the case where A is the category of
modules over a ring, once you solve Exercise

Theorem 4.11. Let I be a poset and A an Abelian category in which every
I-diagram has a direct limit. The following statements hold.
(1) The category @itjfl 1s an Abelian category.
(2) The map lim: Dity — A is an additive functor.
jn—

(3) For any poset J, the category ’Ditj}l has direct limits for oll I-diagrams.

(1) and (2) are justified in the discussion below, while (3) is proved in
Section [l Let us first describe the Abelian category structure on Dit 34

Definition 4.12. Let n: ® — &' be a morphism in ’Ditf‘.

The kernel of n is the I-diagram in A defined by ker(n); = ker(n;) C A;,
for each ¢ in I, and structure maps ker(n); — ker(n); given by restricting
i Ay — Aj, for each i < j in I. Note that restriction does give the
desired morphism because of the commutativity of the rectangle above.
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The cokernel of n is the I-diagram in A defined by coker(n); = coker(n;),
and structure maps coker(n); — coker(n); induced by ¢; ;: Aj — A’

Exercise 4.13. Prove that @itjf‘ is an Abelian category, with kernels and
cokernels as defined above.

This explains the first part of Theorem EETTl Next note that each mor-
phism n: ® — @’ yields a commutative diagram of solid arrows

A, i AQ
" v (p;’jj vi
A b Al
o h_n:“Ai————th;l—n———(é—>hmA’

The composed maps A; — A, — lim A} are compatible, by commutativity
—
of the diagrams; they induce lim 7.

Given morphisms of I-diagrams ® —— & — & the universal property
of direct limits ensures that the induced diagram

. lim 7
lim A; lim A’
p— ey
lim (1’ on) /»1477’
— . —
lim A7
—

of morphisms in A commutes. Thus, lim is a functor.

Exercise 4.14. Verify that h_II)l is an additive functor. That is, the map
Homg;, 4 (®', @) — Homy4 (lim @', lim @) sending 7 to lim 7 is a homomor-
phism of groups, natural with respect to composition of morphisms.

We now come to the central issue of this lecture.

4. Exactness

Let A be an Abelian category and I a poset. A diagram of morphisms

0 o "1 @ T g 0
in @itfl is said to be ezact if n is a monomorphism, 7’ is an epimorphism,
7 induces an isomorphism between ® and ker(n'), and 1’ induces an iso-
morphism between coker(n) and ®”; note that this implies ' oy = 0. In
a down-to-earth language, exactness of the sequence above is equivalent to
the exactness of the sequences 0 — A, — A} — A’ — 0 in A.
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Given such an exact sequence, applying h_n)l yields a sequence in A:
0 — lim® — lim ® — lim®" — 0.
— — —
In general, this sequence is not exact.

Example 4.15. Let I be the pushout poset, and consider the sequence

Z Z 0
0 —— O// s Z/ —_ Z/ — 0
>z >z 0

of I-diagrams of Abelian groups, where the maps are identities whenever
possible. Using Exercise and applying h_H)l to the exact sequence of
diagrams, one gets a sequence of Abelian groups

0 — ZBZ Z 0 0.

In the example above the limit sequence is right-exact; this holds in
general. A good way to understand this phenomenon is through the notion
of adjoint functors. We explain this next.

Definition 4.16. Consider functors F: B — C and G: C — B. One says
that (F,G) form an adjoint pair if there is a natural identification

Homp(B,G(C)) =<— Hom¢(F(B),C)

as functors from B x C to the category of sets. In this situation, one says
that F is the left adjoint of G and that G is the right adjoint of F.

Example 4.17. Let R be a commutative ring and M an R-module. Then
(M ®@g (), Hompg(M, —)) is an adjoint pair of functors of R-modules.

We need the following result on adjoint pairs [161), Theorem A.6.2].

Proposition 4.18. If (F,G) is an adjoint pair of functors between cate-
gories B and C, then the following statements hold.

(1) There are natural transformations, called adjunction morphisms,
0: FoG—1Id¢e and 7:1dg— GoF

where the composed maps F T rer EFradc 28 ara &2 ¢
are the identity transformations on F and G respectively.
(2) The adjunctions determine the identification in Definition EET6.

(3) If in addition the categories B and C are Abelian, and the functors F
and G are additive, then ¥ is right-exzact and G is left-exact. O

Now we return to the category of diagrams.
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Definition 4.19. Let I be a poset and A an Abelian category in which
every I-diagram has a limit. For each object A of A, let A; denote the
constant diagram on A; thus, (Ar); = A and A;(i < j) is the identity on A.

Exercise 4.20. Prove that the functors (hi>n ) (—)1) form an adjoint pair.

Conversely, if 3 is left adjoint to (—)7, then lim ® = B(®) for each ¢ € Dir 34
The preceding exercise and Proposition yield the following result.

Proposition 4.21. The functor lim: @itjfl — A is right-ezact. O

The question of left-exactness of direct limits is addressed later in the
section. The next result gives a way to compute direct limits.

Theorem 4.22. Let (F,G) be an adjoint pair of functors between categories
B and C. If ® is an I-diagram in B which has a direct limit, then the direct
limit of the I-diagram F o® in C exists, and is equal to F (hi>nBZ)

Proof. For each C in C, Exercise provides the first and the last of the
following isomorphisms:
Hommr? (FotID, CI) = Hom@it? (<I>, G OCI)
= Homg, s (®,G(C);)
=~ Homp (h_II}l ®,G(0))
= Home (F(th ®),0).
The second isomorphism holds by inspection, while the third holds because
(hi)n ,(=)1) is an adjoint pair; see Exercise O
Here is one application of this result.

Example 4.23. Let A be the category of modules over a commutative ring
R, and let M be an R-module. The functor F(—) = M ®p— is left adjoint to
Hompg(M, —). Therefore, by the theorem above, if {4;};cs is an I-diagram
in A, then there is a natural identification

m(M ®pg A;) = M ®p lim(4;) .
Thus, direct limits commute with tensor products.
The preceding statement ought to be treated with some care:

Exercise 4.24. Let I be a poset. Let R be a commutative ring, and let
{A;}ier and {A}}ier be I-diagrams of R-modules.

(1) Prove that there is a natural homomorphism of R-modules

lim(A4; ® A}) — lim(4;) ©p lim(A}).
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(2) Find an example where the map is not bijective. Hint: pushouts!

Next we apply Theorem to study limits in a category of diagrams.

5. Diagrams over diagrams

Let I and J be posets, and A a category. Observe that I x J is a poset with
order (i,7) < (¢/,5') if i <4 and j < j'.
Exercise 4.25. Prove that there is a natural isomorphism of categories
LA
Z‘Dit?ltJ ~ e ;.
. . . Die . Dic . .
In particular, the categories Dir and Dir ; are isomorphic.

Exercise 4.26. Let (F, G) be an adjoint pair of functors between categories
B and C. Prove that the functors

B

B ..C
Div ] Dir;

¢
where 3(®) = Fo® and ((¥) = G oV form an adjoint pair.
Proof of Theorem H.TTI(3). Since each I-diagram in A has a direct limit,
there is an adjoint pair of functors:

li
R

Dir A

(=1
where (—); is the constant diagram functor; see Exercise 2200 According
to Exercise EE26] this yields an adjoint pair

LA
Diry

’DitJ @it'j} .

In view of Exercise EZB one thus obtains an adjoint pair

. DA 4. A
@1'([ J — QltJ .

Moreover, for each ¥ in ®it j}l, it follows by construction that a(¥) is equal
to (¥);, that is to say, to the constant I-diagram in ®ic% with value W.
Since ( is its left adjoint, it follows that any I-diagram & in @i‘cj}1 admits a

direct limit, equal to 3(®); see Exercise O

Remark 4.27. A complex in a category A may be viewed as a Z-diagram
in A. It follows that if ® is a directed system of complexes in A, indexed by
1, then there is a limit complex.
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Now we discuss direct limits of diagrams of a product of posets. The
gist of the following result is that direct limits commute.

Theorem 4.28. Let I and J be posets, and let A be a category which has
direct limits for all I-diagrams and all J-diagrams. Then any diagram ®
over I x J admits a direct limit as well, and there are natural isomorphisms

lim (lim @) = lim ® = lim (lim @) .
— \ — — — \ —
J 1 IxJ I J

Proof. By Theorem BT, the categories @it 7' and Dir4 have direct limits
of J-diagrams and I-diagrams, respectively. One thus has adjoint functors

lim (—) lim (—)
@it-A —1 4 —J
Dic; 7 Dit] A.
(= (=)
Therefore, the composition lim  (—)olim (—) is left adjoint to the composi-
—J —1
tion of functors (—); and (—);. It remains to recall Exercise O

Because a direct sum is a direct limit over its index set, with no nontrivial
relations, one has the following corollary.

Corollary 4.29. Direct limits commute with arbitrary direct sums. (]

6. Filtered posets

Recall that the direct limit functor is not left-exact. General principles of
homological algebra suggest that one should study acyclic objects and left
derived functors with respect to lim. We focus first on a property of I that
forces all I-diagrams to be lii>n-acyclic.

Definition 4.30. A poset [ is said to be filtered if for each pair of elements
1,7 € I there exists k € I such that i < k and 57 < k.

The word ‘directed’ also occurs in the literature in lieu of ‘filtered.’

Example 4.31. Here are some important examples of filtered posets.

(1) The poset of natural numbers N is filtered.

(2) Let R be a ring and M an R-module. The collection of finitely gen-
erated submodules of M, ordered by inclusion, is filtered.

(3) Let X be a topological space, and x a point in X. The poset of open
sets containing x, ordered by inclusion, is filtered.

(4) Let X be a topological space. The collection of open covers is a filtered
poset, where the partial order is refinement.

On the other hand, the pushout diagram is not filtered.
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The following result sums up the crucial property of filtered posets.
Recall the construction of direct limits in Exercise

Lemma 4.32. Let I be a filtered poset. Let R be a ring and let A denote
the category of R-modules. Let ® be an I-diagram in A.

Let a be an element in @; A; and @ its image in lim ®.

(1) There exists i in I and an element a; in A; such that v;(a;) = a.

(2) Write a = (a;) € @; Ai. Then @ = 0 if and only if there exists an
index t such that a; = 0 when i £t and 3, pji(a;) = 0.

Proof. (1) is immediate from Exercise and the defining property of
filtered posets. As to (2), it is clear that if the stated conditions hold, then
@ = 0. Suppose @ = 0. Consider first the case where a is concentrated in
a single degree j. Then, by the construction of direct limits, there exist
finitely many (k,l) € I x I, with k <[, and elements bg; in Ay such that

a; = Z (bkt — k(b)) in @Ai.

(k1)

Let ¢ be an index dominating j and each of the finitely many [. Then

pii(a;) = (=a;) — ji(—a;) + > (bri — pre(br)
(k1)
+ > [eri(=br) — pre(eri(=br))] -
(k1)
Rearranging terms, we may rewrite this equality as
pjilaj) = Z (bi — @it (b))

i<t
where b; is in A; and each i appears at most once in the sum. This is a
statement about elements in a direct sum, so the terms on the left and on
the right are equal componentwise. Hence b; = 0 for each ¢ # ¢, and then the
equality above simplifies to ¢;(a;) = by — ¢4+(by) = 0. This is as desired.

Now we tackle the general case. Only finitely many of the a; are nonzero
and [ is filtered, so there is an index j such that ¢ < j for every i with a; # 0.

Set b=}, ¥i;(ai). Since
a—b=> (ai—i;a)),
i<

one has that @ =0 =0 in hi>n A;. As b € Aj, the already established case of
the result provides an index ¢ > j such that ¢;.(b) = 0. It is easy to check
that this ¢ has the desired properties. O
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Theorem 4.33. Let I be a filtered poset, R a ring, and A the category of
R-modules. The functor lim: ’Dit“f‘ — A is exact.

Proof. Given Proposition EEZT] it remains to prove that lim preserves in-

jectivity. Let ® 1, @' be an injective morphism of I-diagrams. Suppose

@ = (a;) in lim 4; is in the kernel of lim 7. By Lemma applied to n(a),
there is an index ¢ in I with ¢ > i for all a; # 0 such that

Ut(z piila;)) = Z wit(ni(a;)) =0.

Since 7 is a monomorphism, one concludes that >, ; ¢(a;) = 0. It remains
to observe that this sum represents a. O

We present some applications of this result. The long and short of the
one below is that direct limits on filtered posets commute with homology.

Exercise 4.34. Let R be a ring, I a filtered poset, and

n—l) o(n—1) o(n)

L P 2 L) 2 ) L.

a complex of I-diagrams of R-modules. Prove the following claims.

(1) When the complex is exact, so is the resulting sequence of direct limits.

(2) Consider the homology I-diagram H (") defined by
H™ = ker(0™); /image(9~ 1), .

Then lim H (") i naturally isomorphic to the homology in degree n of
the induced complex

(n—1) n+1)

— lim® — lim @™ — lim ¢ —
— — —

The following exercise complements Exercise

Exercise 4.35. Let I be a filtered poset. Let R be a commutative ring, and
let {4;} and {A}} be I-diagrams of R-modules. Prove that the following
natural homomorphism of R-modules from Exercise EE24(1) is bijective:

lim(A; @ A7) — lim(4;) ® g lim(A47).

. . . . . . . i /
Hint: the target of the map coincides with lim, _, h—n>1jEI(AZ ®Rr Aj).
This is all we have to say about filtered posets. To give an idea of
complications arising in the absence of this condition, we discuss derived
functors of direct limits of the pushout diagrams.
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7. Diagrams over the pushout poset

We start by identifying acyclic objects in a category of diagrams with respect
to arbitrary posets.

Exercise 4.36. Let I be a poset and A the category of Abelian groups. Let
M be an Abelian group. For each i in I, let M[i] be the I-diagram in A
given by M[i]; = M whenever j > i and M[i]; = 0 otherwise. Let ¢; j: be
the identity on M for all j/ > 7 > i and the zero map otherwise.

a
For example, on the pushout poset { c i ) } one has

_ /M al = /M _ /70
M[c]—{M\M}, M”‘{O\o}’ M) {O\M}’

where every morphism is the obvious embedding.

Show that each Mj; is lim-acyclic. Hint: Consider first the case when
M is free. For an arbitrary M take its free resolution and note that this
gives a resolution of M[i] in Dit 7.

Exercise 4.37. Let I be the pushout poset and A the category of Abelian
groups. Show that every I-diagram in A has a two-step left resolution by
I-diagrams of the type M|c] & M'[a] & M"[b] where M, M', M" are free.
Show that for two such resolutions, there is a third dominating these. Show
that each exact sequence 0 — {A;} — {B;} — {C;} — 0 of I-diagrams
in A gives rise to an exact sequence

0—A —B —C —lim4; — limB; — limC; — 0
— — —

where A’, B', C' are objects of A that are independent of resolutions. Prove
that A’, B’,C" are natural with respect to maps of I-diagrams. We may
hence consider these groups as the first left derived functors

lim;: Diry — A.
-

0
Prove that the higher derived functors are zero. Compute lim; < 7 )
— ~ 0
Exercise 4.38. For each integer n > 1, find a poset such that its n-th left
derived functor lim,(—) is not the zero functor. Hint: think of the pushout

as a 2-set cover of S'. Find a space with nonzero n-th homology, cover it
with open sets, and consider the dual of the corresponding Cech complex.

In the exercises below, given a pushout diagram M in A, let Kj; be the
group of elements in M, sent to zero under both ¢, and ¢, .
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Exercise 4.39. Show that if K/ is zero then M is lim-acyclic. Hint: Con-
sider the natural inclusion of the constant diagram M,_[c] into M and let @
be the cokernel. Prove that one may assume M = Q.

Exercise 4.40. Using the preceding exercise, show that Ky = lim; M.

Exercise 4.41. If 0 — Cy — C, — CJ — 0 is an exact sequence of
complexes (i.e., of diagrams over the poset Z with its natural order), then
there is a homology exact sequence. Use this to prove: K; & lii>n1M .

The rest of this lecture is a brief introduction to inverse limits.

8. Inverse limits

Definition 4.42. Let I be a poset, A a category, and ¢ an /-diagram in A.
Recall the constant diagram functor from A to ”Ditfl; see Definition
The inverse limit of ®, denoted pll[ ®, is a right adjoint to this functor;
compare Exercise

We leave it to the reader to translate this definition to one akin to
Definition E6l An important example is the pullback diagram, in which case
the inverse limit in the category of Abelian groups is the usual pullback.

In the rest of this lecture, we focus on the case I = N°PP, the opposite
category of N. Let A be the category of modules over a ring R. Note that an
I-diagram in A is the same as a contravariant functor from N to A. Thus,
an N°PP_diagram can be visualized as

: ’ An+1 fnl An n to Al s AO .
In this case, ¢;; = pir10---0p; for j > i.
Exercise 4.43. Let ® be an N°PP_-diagram in A. Consider the R-module
A={(...,a2,a1,00) € HA” | on(an) = an—1 for each n} .
nel

Prove that lim ® = A, where A — A,, is the projection.

Example 4.44. Let a be an ideal in a commutative ring R, and consider
the I-diagram

.— R/a® — R/a®> — R/a
where every map is the natural projection. Its inverse limit is the completion
R of R with respect to a. It can be identified with the set of formal power
series Y a; where a; € a'. Similarly, for any R-module M, the inverse limit
of the diagram {M/a’ M} is the a-adic completion of M.

For example, if R=7Z and a = (2) thenin R, 1 +2+4+8+--- = —1.
Also, (1 +2)(1 —2+42%2—-2%+...) =1, 50 3is a unit in R.
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Inverse limits are left-exact since they are right adjoints to the constant
diagram functor; see Proposition I8 They are not right-exact in general.

Exercise 4.45. Consider the exact sequence of pullback diagrams obtained
by applying Homz(—,Z) to the exact sequence of pushout diagrams in Ex-
ample Show that the resulting sequence of Abelian groups obtained
by applying 1&1 is not exact on the right.

This phenomenon also occurs when the poset is filtered.

Exercise 4.46. Consider the following N°PP_diagrams of Abelian groups:

b = .2, 7 2. 7 *.7,
o = oo —— 2)JAL —— 7.)272 —— 0,
where each map in ®” is the natural projection. Consider the exact sequence
0 o, —s B ! 0.
Show that the resulting sequence of inverse limits is
0 0 Z Z 0,

where Z is the (2)-adic completion of Z. This sequence is not exact.

A diagram {M; };en of R-modules satisfies the Mittag-Leffler condition if
for each k in N the sequence of submodules {¢; ;(M;) C M} > stabilizes.

Exercise 4.47. Let 0 — ® — ® — ®” — 0 be an exact sequence
of N°PP_diagrams of R-modules. Prove that if ¢ satisfies the Mittag-Leffler
condition, then the induced sequence of inverse limits is exact.

If needed, consult [I61), Proposition 3.5.7].
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Lecture 5

Gradings, Filtrations,
and Grobner Bases

In this lecture we introduce filtrations and associated graded rings. With
a view towards applications in Lectures [ 23 and 4], some notions are
presented for non-commutative algebras.

1. Filtrations and associated graded rings

In what follows, C is a commutative semigroup with identity element 0.

Definition 5.1. A ring R is C-graded if R = @, - R; as an Abelian group
and R; - R; C R;;; for each 7,7 € C. When R is an algebra over a field K,
we assume that the direct sum decomposition is one of K-vector spaces.

An R-module M is graded if M = @, - M; with R; - M; C M;y;.
Observe that Ry is a subring of R, and each M; is an Rg-module.

Example 5.2. Let R = K|[z1,...,z,] be a polynomial ring over a field K.
The standard grading on R is the N-grading where deg x; = 1 for each i. The
fine grading is the N"-grading where deg x; is the i-th basis vector in N™.

Example 5.3. Let R be a C-graded algebra over a field K. The n-th tensor
power of R over K, denoted R®", is again C-graded with

(R®),= > (Bj @k-®xR;) forieC.
it tjn=t
Alternatively, one can grade R®" by the product semigroup C™. For ex-
ample, if R = K[z] with degz = 1, then R®" = K[z1,...,z,] and the
induced N-grading on the polynomial ring is the standard grading, while
the N"-grading is the fine grading.
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Definition 5.4. Let R be a ring. An increasing filtration on R is a family
F = {F;};>0 of additive subgroups of R satisfying the conditions:

(1) F; C F;4, for each i;

(2) F;- Fj C Fiyj for each i, 7, and the identity element of R is in Fp.
The filtration is exhaustive if J; F; = R. Similarly one has a notion of a

decreasing filtration, where the containment relation in (1) is reversed. Such
a filtration is separated if (), F; = 0.

It is convenient to set F; = 0 for ¢ < 0 for F' an increasing filtration, and
F;, = R for ¢ < 0 when F' is decreasing. If R is an algebra over a field K, the
F; should be K-vector spaces.

Example 5.5. If R is N-graded, F; = ) j<i Itj defines an exhaustive increas-
ing filtration of R, while F; =) j>i Itj 18 a separated decreasing filtration.

Example 5.6. Each two-sided ideal a in a ring R gives a decreasing filtration
{a'} called the a-adic filtration. 1t is separated precisely when (), a* = 0.

The ring R in the following example is a Weyl algebra; see Lecture [

Exercise 5.7. Let R = K(z,y)/(xy — yzr — 1), the tensor algebra on x
and y modulo the two-sided ideal generated by xy — yz — 1. Prove that R
has nontrivial Z-gradings, but no nontrivial N-grading. Find an increasing
exhaustive filtration F' on R with rankg (F;) finite for each i.

Definition 5.8. Let R be a ring and let F' be an increasing filtration. The
associated graded ring with respect to F' is the graded Abelian group

grp(R) = P Fi/Fia
120
with an N-graded ring structure given by the canonical multiplication. If F’
is a decreasing filtration, we set grp(R) = @, Fi/Fit1.

For example, the associated graded ring of a graded ring with respect to
either filtration in Example is isomorphic to R.

Exercise 5.9. Determine the associated ring of K[z| with its (x)-adic fil-
tration and of Z with its (2)-adic filtration.

Definition 5.10. Let F' be an increasing filtration on R. A filtration on an
R-module M is a family G = {G, }iez of additive subgroups satisfying:

(1) G; € Gy4q for each i, and G; = 0 for i < 0;

(2) F;-Gj C Gigj for each i, .
We say that G is exhaustive if | J; G; = M. One constructs an associated
graded module gr (M) in the obvious way.
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There are analogous notions for decreasing filtrations.

Exercise 5.11. Let R be a ring with filtration F' and M an R-module with
filtration G. Check that grg(M) is a graded grp(R)-module.

Example 5.12. Let R be a ring, a a two-sided ideal, and F the a-adic
filtration. Each R-module M has a decreasing filtration with G; = a’M.

Exercise 5.13. For the filtration on K[z] with F; spanned by monomials of
degree at most i - /2, prove that grp(K[z]) is not Noetherian.

Our interest is in filtrations with Noetherian associated graded rings.
We focus on increasing exhaustive filtrations.

Exercise 5.14. Let F' be an increasing exhaustive filtration such that the
associated graded ring grp(R) is Noetherian. If an R-module M has an
exhaustive filtration G with gro(M) a finitely generated grp(R)-module,
then M is Noetherian. In particular, R is Noetherian.

Exercise 5.15. Let F' be an increasing exhaustive filtration on R such that
the ring grp(R) is Noetherian. Let M be an R-module with generators
mai,..., Mg, and fix integers k1, ..., ks. Verify that

S
Gi:ZFZ-_kjmj, fori e Z,
j=1

is an exhaustive filtration on M and gr (M) is a Noetherian grp(R)-module.
Such a filtration on M is said to be induced by F.

Theorem 5.16. Let F' be an increasing exhaustive filtration on R such that

the ring grp(R) is Noetherian, and let M be an R-module.

If there exists an exhaustive filtration G on M with gro(M) a Noetherian
grp(R)-module, then it is induced by F. Furthermore, if G' is an exhaustive
filtration on M, there exists an integer s such that G; C G, for each i.

Proof. Let my,...,ms in M be elements whose images generate grs (M)
as a grp(R)-module. Set k; to be the degree of the image of m; in grg(M).
The rest of the proof is left as an exercise. O

2. Hilbert polynomials
In this section, R is a ring with a filtration F satisfying the following con-
ditions. We use ¢(—) to denote length.

(a) F is increasing and exhaustive;

(b) A =grg(F), is an Artinian ring and £4(grg(F),) is finite;

(c) grrp(R) is commutative and generated, as an A-algebra, by grp(R),.
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Exercise 5.17. Let M be an R-module with filtration G. If gro(M) is
finitely generated over grp(R), prove that £4(grg(M),) is finite for each t.
Show that the converse need not hold.

The first part of the result below is a consequence of [6, Theorem 11.1];
the second is a corollary of Theorem

Theorem 5.18. Let M be an R-module with a filtration G for which the
grp(F)-module grg (M) is finitely generated. Then €4(grg(M),) agrees with
a polynomial in t for t > 0, and its leading term does not depend on G. [

Definition 5.19. The polynomial in Theorem BI8is the Hilbert polynomial
of the filtered module M, denoted Hg(M,t). The number
dimp M = deg Hg(M,t) + 1

is the F'-dimension of M, while the F-multiplicity, denoted er(M), is the
leading coefficient of Hg(M,t) multiplied by (d — 1)!. By Theorem EI8
these numbers do not depend on the filtration G.

When R and M are graded and the filtrations are induced by the grad-
ings, we omit F' and G from the notation. When R is standard graded, i.e.,
finitely generated over Ry by degree 1 elements, the dimension of M in the
sense defined here agrees with the one in Lecture [11

Exercise 5.20. Consider an exact sequence of filtered R-modules
0— M S M- M —0
such that G = ¢(G;) and ¢(G}) = ker(y)) N G;. Prove that the induced
sequence of associated graded modules is exact, and so one has an equality
Hg(M, t) = HG/(M/, t) + HGH(M”, t) .
Hence dimp M = max{dimp M’ ,dimp M"}. When, in addition, one has
dim M’ = dim M = dim M”, then ep(M) = ep(M') + ep(M").

Exercise 5.21. Let R = K[z, y] and let F' be the filtration induced by the
standard grading. Compute Hg(M,t) for M = R/a and G the induced
filtration, in the following cases: a = (22 — y?) and a = (2 — y3).

Definition 5.22. Let R and M be as in Theorem B.I8l The Hilbert-Poincaré
series of M with respect to G is the Laurent series

Po(M,t) = La(grg(M),)t" € Z[[A)[t™"].
1EL
Note that grg (M), = 0 for i < 0, since M is finitely generated.

When R and M are graded, we write P(M,t) for the Hilbert-Poincaré
series of the induced filtration; see Lecture [l



3. Monomial orders and initial forms 59

Remark 5.23. Let (R, m) be a local ring, a an m-primary ideal, and M a
finitely generated R-module. The a-adic filtration on M is decreasing and
separated. The ring gr,(R) is Noetherian, and gr,(M) is a finitely generated
gro(R)-module. For ¢ >> 0, the length of a’M/a’™1M as an R/a-module
agrees with a polynomial in ¢ of degree dim M — 1. Its leading coefficient
multiplied by (dim M — 1)! is the multiplicity of M with respect to a.

Each submodule M’ C M has an a-adic filtration, as well as one induced
by the a-adic filtration on M. The Artin-Rees lemma [6, Corollary 10.10]
implies the existence of an integer s such that
(@MYNM' C a5 M for all j .

Compare this result with Theorem

3. Monomial orders and initial forms

For the remainder of this lecture, let K be a field and R = K|x1,...,z,],
the polynomial ring with its standard grading. For a@ = (avq,..., ;) € N
we write ® for the monomial z{* - - - 2g".

The proof of the following result is straightforward.

Lemma 5.24. If a is a homogeneous ideal in R and f a homogeneous ele-
ment of degree d, then

P(R/a,t) = P(R/(a, f),t) + t*"P(R/(a :r f),t). O

Exercise 5.25. Let a C R be a monomial ideal. Using Lemma (.24l describe
an algorithm for computing P(R/a,t). Compute it when a = (24, 22y3, 29?).

In order to make use of this exercise, one needs a procedure to pass from
arbitrary ideals to monomial ones, while preserving Hilbert polynomials.
The rest of this lecture is concerned with exactly that.

Definition 5.26. A monomial order is a partial order > on the multiplica-
tive semigroup {x® | & € N*} such that if * > 2, then 27 > 27 for
each v € N", and % > 1 when x # 1.

A monomial order is a term order if it is a well-order.

Example 5.27. In the lexicographic order monomials are ordered as in a
dictionary: &® > ” if = 3 or the first nonzero entry in av— 3 is positive.

Definition 5.28. For a monomial order >, we write in>(f) for the initial
form of f, which is the sum of the terms c,x® of maximal order. The initial
ideal of an ideal a of R is the ideal

in>(a) = (in>(f) | f € a).
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When > is a term order, in>(a) is a monomial ideal. In this case, the
monomials not belonging to inx(a) are the standard monomials, denoted
std>(a). Evidently, the standard monomials form a K-basis for R/a.

For a term order > the support of f(x) =) cyn cax® is

Supp(f) = {a | ca # 0}.

The monomial &% of highest order in Supp(f) is the leading monomial,
denoted lm(f). The leading term of f is It(f) = cox®.

Remark 5.29. Note that injex(z) + inex(1) = 2 + 1 # 2 = injex(x + 1), so
in>(—) is not a homomorphism of groups in general.

The following theorem reduces the computation of the Hilbert-Poincaré
series of ideals to those of monomial ideals; see [28], Proposition 9.3.4]. It is
best explained from the point of view of the next section.

Theorem 5.30. Fiz a term order > on R refining the partial order by
degree. For each ideal a C R, one has P(R/a,t) = P(R/inx(a), t).
In particular, one has dim(R/a) = dim(R/in>(a)). O

Example 5.31. Given a vector w € R", the weight order >, is defined by
ma >w mﬁ lf (a,w> > <ﬁ7w>7

where (—, —) is the inner product on R™.
One may have ties: &® =, «® with o # 8. Moreover, if w; < 0, then

1>, 2 > w? >, -+ is an infinite descending sequence, so a weight order
may not be a term order; it is one if there are no ties and w € N™.

Exercise 5.32. For nonzero w € N, consider the K-subspaces of R with

F,,= Z K.z, where r € N,

(aw)<r

Prove that {F,;}, -, is a filtration on R; we write gr,, R for the associated
graded ring. Prove that the ring gr,(R) is Noetherian.

Example 5.33. Consider the ideal a = (z%+22y3, y* —y223) in K[z,y]. We
consider lexicographic orders 2oy ,1 and Zjexfy,s}, and the weight order
>(1,2)- While >(1 9) is not a term order, the ideal in; 5)(a) is monomial.

A monomial ideal a can be viewed as a staircase in N” by plotting «
for &% € a; see [I18]. Figure Bl displays the staircases of the initial ideals
corresponding to the orders in the previous example. Why is the area under
the staircase independent of the order?
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Y Y >
- Z(1,2)
Zlex{a,y} a®
=
y4
>lex{y,x}
1'4 ‘ [Ell
=

Figure 5.1. Staircases

4. Weight vectors and flat families

Let w € Z™ be a weight on R = K[zq,...,z,], and fix an element f in R. Its
degree deg,,(f) with respect to w is the maximum of (w, ) for v € Supp(f).
Set d = deg,,(f) and consider the homogenization

f= 30 ay “a

a€Supp(f)

this is a polynomial of weight d in R[z¢], where z( is assigned weight 1. For
any ideal a C R, we write a,, for the ideal of R[z(] generated by {f | f € a}.
Note that for each ¢ in K, setting xo =t gives an ideal a,; in R.

Exercise 5.34. Verify that in,(a) is the special fiber a o, while a = a, ;.

The next exercise illustrates that the homogenization of a set of gener-
ators of a may not generate a,. However, look ahead to Exercise (.45

Exercise 5.35. Set a = (22, zy — %?), an ideal in K[z,y], and w = (3,1).
Prove that 3? is in a0, and deduce that a, is not generated by homoge-
nizations of 2% and zy — y°.

Exercise 5.36. Set a = (222 — 9?). Discuss how the projective variety of
a,,¢ changes with ¢, for w: (1,1,1), (1,0,0), (0,1,0) and (0,0, 1).

Definition 5.37. Fix w € Z" and a basis ey, ..., e, for R™.

Let N be a submodule of R™. To each element f = >"", fie; in N with
fi = ZaeSupp(ﬁ) ciox® assign the w-degree d, defined to be the maximum
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w-degree of its components. The w-homogenization of f is the element

- d
f= Z Ci, o <w’a>mo‘ei.
1,0

We write N for the R[zo]-submodule of R[zo]™ generated by {f | f € N}.
One has thus a family N, ; of R-modules with N,,; = N and N, o = in,(N).

The homogenization of M = R™ /N is the R[xg]-module M = Rlzo]™/N.
We set My, = R™/N,+.

Exercise 5.38. The K[zg]-module M is torsion-free, hence flat. Hint: for
homogeneous f in N, the homogenization of f(1,x1,...,z,) divides f.

Let w € N™. Verify that one can refine >, to a term order >, and so
speak about standard monomials of ideals. Generalize to the module case
and verify that for each N C R™ there is a K-splitting

N @ stds (N) = R™,
which, under homogenization, gives a K[z]-splitting
N & (Klzo) @k stdy-(N)) = Rlao]™ .
Conclude that M = K[zo] ®k stds (N) is a free K|zg]-module.

Discuss fiber dimensions of the flat K[zg]-module K[zg,zy']. This is
an example of a non-free w-homogenization if M = K|zi]/(z; — 1) and
deg,(z1) = —1. This suggests the role of the nonnegativity of w.

Flatness ensures that the dimension and multiplicity are preserved when
passing to initial ideals; this reduces the proof of Theorem to the ho-
mogeneous case, where one proceeds by working with graded components.

Exercise 5.39. Prove that when the length of M is finite, the length of
M.+ is independent of ¢ and of w.

When M does not have finite length, the multiplicity depends on w.
However, it is the same for each fiber M, when ¢ # 0.

Exercise 5.40. For M = K[z, 29]/(23 — 23) and w = (1,1) and w = (1,2),
compute multiplicities of M, ;.

In the flat families in Definition B.37, all the non-special fibers are iso-
morphic (Exercise!). This need not be the case for arbitrary flat families.

5. Buchberger’s algorithm

As before, R = K[zq,...,z,] where K is a field.
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Definition 5.41. Fix a monomial order on R. A generating set G for an
ideal a of R is a Grébner basis if in(a) = (in(g) | g € G).

Obviously, a itself is a Grobner basis, albeit not a very useful one.

Exercise 5.42. Let > be a term order and G a subset of a. Prove that if
the elements {in(g) | g € G} generate the ideal in(a), then G generates a.
Show that this need not be the case for monomial orders.

Example 5.43. The Grobner bases for Example can be computed
using the gb command in Macaulay 2, [50].

il : Rxy = QQ[x,y, MonomialOrder=>Lex];

i2 : a = ideal(x"4+x"2*xy"3, y 4-y~2%x"3);

02 : Ideal of Rxy

i3 : gb a

03 = | yli+y6 xy4-y8 x3y2-y4 x4+x2y3 |

03 : GroebnerBasis

i4 : R12 = QQ[x,y, Weights=>{1,2}];

i4 : gb substitute(a,R12)

05 = | y4-x3y2 x2y3+x4 x4y2-x7 x8+x4y xTy+x6 |
05 : GroebnerBasis

Since in(a) is generated by the initial forms of the Grobner basis ele-
ments, it is easy to verify that the staircases in Figure Bl are correct.

We focus on the case a = (by,...,b.), where the b; are binomials. Let w
be a positive weight vector and m a monomial in R.

Suppose we are allowed to swap a monomial ® for a monomial z? as
long as ® — «” is in a, and that we are interested in finding monomials of
least degree. An obvious strategy would be to modify m by xb; to decrease
its degree; this is the greedy method. It is far from clear that this is optimal.

Example 5.44. Let a = (22 — y,2% — 2) C K[z,y,2] and w = (1,1,1).
Note that y3 = 22 mod a, but deg,(2?) < deg,(y3). Unfortunately, neither
in(2? — y) nor in(z3 — 2) divides y3, and so, starting with y3, the greedy
algorithm comes to a screeching halt. The problem is that y3 € in(a) but
neither by = 22 — y nor by = 2% — 2 warned us about this.

Since a Grobner basis can be used to recover the ideal of initial forms,
it guarantees that the greedy method succeeds.

Exercise 5.45. In the context of Exercise B.30l, let > be a term order that
refines the w-degree on R, where w € N". Show that if the f; form a Grobner
basis for a, then a,, is generated by the f;.
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We now discuss a method to get Grobner bases.

One could have predicted trouble in the example above by noticing that
the initial form of b3 = by —xby = zy—2z € ais not in the ideal (in(by),in(b3)).
Similarly, by = xbs — yby = —xz + y? is obtained. At this point we need
to break ties, since deg(zz) = deg(y?). Say we use lex to break ties; then
xz > y2. One further obtains by = yby — 2%b3 = 222 — yz. But by = 2b;.

Fix a term order > on R and a set G C R. The algorithm below takes
f € R and outputs its normal form NF(f, G) where NF(f,G) = f mod (G)
and Im(NF(f, G)) is not divisible by Im(g) for any g € G. If f is in the ideal
generated by a Grébner basis G, then NF(f,G) = 0.

Algorithm 5.46. f = NF(f,Q)

f=1
while lm(f’) is divisible by lm(g) for some g € G do
1t(f")
I gl _ .
end while
ji=f

Note that the normal form algorithm gives an expression
NF(f,G) = f =D reo
where 7y, is the sum of all the terms 1t(f’)/1t(gx) occurring in the algorithm.

The choice of g in the while loop is not deterministic, so the output is
not unique. Algorithm [E.Z6] terminates since the leading monomials of f at
each step form a decreasing sequence and a term order is a well-order.

Definition 5.47. The S-polynomial of f,g € R is
(0% ma

S(f,9) = @f — @g, where % = lem(Im(f),lm(g)) .

See [28], §2.7] for a proof of Buchberger’s criterion:

Theorem 5.48. Let a be an ideal and > a term order. A generating set G
of a is a Grébner basis if and only if NF(S(f,9),G) =0 forall f,g € G. O

The algorithm constructs a Grébner basis G from a generating set F':

Algorithm 5.49. Buchberger’s algorithm
G:=F, Q:={(f9)|fg9€F}
while @ # @ do

Pick a pair (f,g9) € Q
h:=NF(5(f,9),G)
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if h#0 then
Q:=QU{(f,h) | feG}
G:=GU{h}

end if

Q::Q\(fag)

end while

This algorithm terminates, so a has a finite Grébner basis. A key point
is that > is a term order; see [28| §2.6].

Exercise 5.50. Show that if w € N" is a weight vector and > a term order,
then the order below, refining w, is again a term order: ® > = if

(w,a) = (w,B), or (w,a) = (w, ) and = > x° .

Moreover, a Grobner basis with respect to > is also one with respect to w.

6. Grobner bases and syzygies

One can extend the theory of Grobner bases and Buchberger’s algorithm to
the case of modules; see [32, Chapter 15].

Let R = Klz1,...,z,] be a polynomial ring with degx; > 1, and M
a finitely generated graded R-module. Then M admits a free resolution
in which the modules are graded and the morphisms respect the grading.
Hilbert’s syzygy theorem says that there is one that is finite. Schreyer gave
a proof of this using Grobner bases; see [32, §15.5].

The first part of the proof is that, writing M = R™/N, where N is a
graded submodule of R™, and choosing a Grdbner basis G = {m;} for N,
one can start the free resolution of M as follows:

@ Rem 8_2) @ Rei 8—1>Rm — 0.
mi,ijG miEG
Here 01 (e;) = m; and 05 is defined by the normal form reduction of S(m;, m;)
relative to G. Since NF(S(m;, m;),G) = 0 by the Grobner property, the nor-
mal form algorithm produces a syzygy between elements of G, that is to say,
an element in the kernel of 9;. The syzygies so obtained generate ker(0;).

One then iterates this construction to obtain a free resolution of M:

0i—1

0; 1o}
- — = F_ — '—>F1—1>F0—>O.

The second part of Schreyer’s proof is that for a suitable order on the Fj,
the initial forms of the generators of ker(d;) do not use any of the variables
Z1,...,2;. This implies that Fj,{; can be chosen to be zero.

We discuss similar finiteness theorems for local rings in Lecture B, and
for certain non-commutative filtered rings in Lecture [






]
Lecture 6

Complexes from a
Sequence of Ring
Elements

In Lecture Bl we postulated or proved the existence of several examples of
exact sequences: projective, free, and injective resolutions, as well as long
exact sequences in (co)homology. Most of these were abstract, and the con-
crete examples came out of thin air. The problem of actually producing any
one of these kinds of resolutions for a given module was essentially ignored.
In this lecture, we will give a few concrete constructions of complexes, which
we use to obtain resolutions. The complexes we construct will also carry in-
formation relevant to our long-term goal of understanding local cohomology.

In this lecture, R is once again a commutative Noetherian ring.

1. The Koszul complex

When we are handed a single element of a ring, there is one complex simply
crying out to be constructed.

Definition 6.1. Let z be an element in R. The Koszul complexr on x,
denoted K*(z; R), is the complex
0 R —> R 0,

with R in degrees —1 and 0. Suppose we are given a sequence € = x1,...,Zq
of elements in R. Recall the construction of tensor products of complexes
from Definition The Koszul complex on x is the complex

K.(m;R) = K.(ajl;R) QR Qr K.($d;R).
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The nonzero modules in this complex are situated in degrees —d to 0. Note
that, up to an isomorphism of complexes, K*(x; R) does not depend on the
order of the elements ;.

Example 6.2. Let z,y € R. The Koszul complexes on x and y are
0 R —— R 0

and

0 R - R 0.
Their tensor product K*®(z,y; R) is the complex

—y N
where the three nonzero modules are in degrees —2, —1, and 0. Observe
that K*®(x,y; R) is indeed a complex.

Remark 6.3. Let € = z1,...,24. A simple count using Definition
reveals that for each nonnegative integer r, one has

d
K" (a; R) = R()
where (f) is the appropriate binomial coefficient.
Exercise 6.4. Construct the Koszul complex on a sequence of three ele-
ments of R. Compare with Example

Exercise 6.5. For a sequence & = 1, ..., x4, identify the maps 9~ and
0! in the complex K*(zx; R).

The Koszul complex, as defined above, holds an enormous amount of
information about the ideal generated by z1,...,x4. In future lectures we
will see some of this information laid bare. For the best applications, how-
ever, we will want more relative information about & and its impact on
various R-modules. We therefore define the Koszul complex on a module
and introduce Koszul cohomology.

Definition 6.6. Let @ = z1,..., x4 be a sequence of elements of R, and M
an R-module. The Koszul complex of € on M is the complex

K®*(x; M) = K*(x; R) @ M .
The Koszul cohomology of  on M is
Hi(x; M) = H (K*(x; M)) for j € Z.

Example 6.7. Let x be an element of R, and let M be an R-module.
The tininess of the Koszul complex K*®(z; M) makes computing the Koszul
cohomology trivial in this case:

H Y z;M)=(0:yx) and HOa; M) = M/zM.

In particular, we can make two immediate observations.
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(1) If zm # 0 for each nonzero element m in M, then H~1(z; M) = 0.

(2) If aM # M, then H°(x; M) # 0. In particular, if the module
M is finitely generated over a local ring (R,m), and x € m, then
Nakayama’s lemma implies that H°(x; M) is nonzero.

Exercise 6.8. Let = z1,...,x4 be a sequence of elements in R. Prove
that for each R-module M one has

H %x;M)=(0:px) and H(x;M)=M/xM.

Exercise 6.9. Prove that the Koszul complex is self-dual: if x = x1,...,24
are elements of R, then the complex K*(x; M) = K*(x; R)®gM is naturally
isomorphic to Hompg(K*®(x; R), M)[d] for each R-module M.

2. Regular sequences and depth: a first look

In order to put Example in its proper context, we introduce regular
sequences and depth, two concepts central to local cohomology theory.

Definition 6.10. Let R be a ring and M an R-module. An element x of
R is a nonzerodivisor on M if xm # 0 for all nonzero m € M; if in addition
xM # M, then the element x is said to be reqular on M, or M -regular.

Remark 6.11. From Example [57] we see that x is a nonzerodivisor on M if
and only if H~1(z; M) = 0, while = is M-regular precisely if H~1(z; M) =0
and H®(z; M) # 0.

Definition 6.12. Let M be an R-module. A prime ideal of R is associated

to M if it is the annihilator of an element of M. We write Ass M for the set
of associated primes of M.

The following lemma is left as an exercise; see [115, Theorem 6.1].

Lemma 6.13. Let M be a module over a Noetherian ring. The set of
zerodivisors on M is the union of the associated primes of M. O

Definition 6.14. A sequence x = x1,...,xq of elements of R is a reqular
sequence on an R-module M if

(1) z1 is M-regular, and
(2) x; is regular on M/(z1,...,2;—1)M for each i =2,...,d.
An equivalent definition is that for 1 < ¢ < d, the element x; is a nonzero-

divisor on M/(x1,...,x;—1)M and M # M. If one drops the assumption
that €M # M, one obtains the notion of a weakly reqular sequence.

Remark 6.15. In the definition of a regular sequence, the order of the
elements is relevant. For example, the sequence z — 1, zy, zz is regular on
K[z, y, z], while zy, zz, £ — 1 is not. (Check this!) If, however, & consists
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of elements in the maximal ideal of a local ring, then we shall see that the
order of the z; is immaterial.

Exercise 6.16. If x1,..., x4 is an M-regular sequence, prove that for posi-
tive integers a1, ..., aq, the sequence zi*,..., x5 is M-regular as well.

We end this section by smuggling in one more definition.

Definition 6.17. Let a C R be an ideal and M an R-module. The depth
of a on M, denoted depthp(a, M), is the maximal length of an M-regular
sequence in a. Exercise implies depthp(a, M) = depthp(rad a, M).

3. Back to the Koszul complex

Let us return now to the Koszul complex. We computed above the Koszul
cohomology of a single element, and now recognize it as determining regu-
larity. We have high hopes for the case of two elements.

Example 6.18. Let z,y be elements of R, and let M be an R-module.
Consider the complex K*®(z,y; M), i.e.,

—y N
0 VARSI TR 0.
The cohomology of this complex at the ends can be computed easily:
H™(a,y; M) = (0 a1 (2,9))
H(a,y; M) = M/(z,y)M .
The cohomology in the middle is
{(a,b) € M? | za + yb = 0}
{(=ym,zm) e M? |me M}’
which may be viewed as relations on x,¥y in M modulo the trivial relations.
When z is regular on M, the map

(xM iy y) — H N,y M),

which sends ¢ in (zM :j; y) to the class of (cy/x, —c), is well-defined. We
leave it as an exercise to verify that it is surjective, with kernel xM. Thus

H™ (@, y; M) = (M 2y y) /aM

H Yz, y; M) =

when z is M-regular.

Exercise 6.19. Let M be a finitely generated module over a local ring.
Prove that elements z,y of R form an M-regular sequence if and only if
H™%(z,y; M) = 0= H (z,y; M) and H(z,y; M) # 0.

Remark 6.TT and Exercise suggest that the Koszul complex detects
regular sequences, and this is indeed the case, as we will see in Theorem G211
Its proof uses an observation on annihilators of Koszul cohomology modules.
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Proposition 6.20. Let € = x1,...,xq be elements of R and let M be an
R-module. Then, for each j, the ideal (x) annihilates H? (x; M).

Proof. It suffices to prove that x; - H/(x; M) = 0 for each i; without loss
of generality, we may assume ¢ = 1. We claim that multiplication by z; is
null-homotopic on K*(x; M), which implies the desired result.

Indeed, for each element y € R, the morphism of complexes of R-modules
A K*(y,R) — K°®(y,R) given by multiplication by y is null-homotopic,
via the homotopy given by the dashed arrows in the diagram

0 - R “~R 0
0 - l 1 - l
v Y i Y
e +7
0 R——R 0

Therefore, for any complex L of R-modules, the morphism of complexes

A®pL: K*(y; R)®p L — K*(y; R) ®Rr L,

which is again multiplication by y, is null-homotopic. Setting y = 3
and L = K*®(xg,...,24; M), one obtains that multiplication by z; is null-
homotopic on K*®(x; M), as desired. O

The next result is known as the “depth-sensitivity” of Koszul complexes.

Theorem 6.21. Let M be a nonzero R-module, a an ideal in R, and let
T =2x1,...,%4 be a sequence of elements generating the ideal a.

(1) If a contains a weakly M-regular sequence of length t, then one has
Hi=x; M) =0 for j <t.
(2) If the R-module M is finitely generated and aM # M, then
depthp(a, M) = min{j | H'~%(a; M) # 0} .
Proof. The crucial point in the proof is the following: suppose y € a is a
nonzerodivisor on M, so that one has an exact sequence of R-modules

0—>ML>M—>M/yM—>0,

Since the complex K*®(x; R) consists of projective modules, tensoring the
preceding exact sequence with it yields an exact sequence

0 — K*(x; M) -5 K*(x; M) — K*(x; M/yM) — 0
of complexes of R-modules. Its homology long exact sequence reads, in part,
— Hi(x; M) % HI (x; M) — H (x; M /yM)
— HI (s M) =5 HI (2 M) — .
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Since y annihilates each H’(x; M) by Proposition 211 this sequence splits
into short exact sequences

0 — HY(x; M) — H?(x; M/yM) — HI (2; M) — 0.

(1) We proceed by induction on t. When t = 0, there is nothing to
prove. Suppose t > 1, and that the result holds for t — 1. Let y1,...,y: be
a weakly M-regular sequence in a. Then the sequence yo,...,y; is weakly
regular on M/y; M, so the induction hypothesis applies to M/y; M, and
yields HI=%(z; M /yyM) = 0 for j < t — 1. The exact sequence above,
applied with y = y;, implies the desired vanishing.

(2) Set t = depthp(a, M). Since aM # M, any weakly M-regular se-
quence is M-regular. Therefore, given (1), it suffices to prove H*~%(a; M) is
nonzero. Again, we induce on t. One has ¢t = 0 if and only if a is contained
in the union of the associated primes of M, by Lemma Since M is
finitely generated, there are only finitely many of those, and then by prime
avoidance [6, Proposition 1.11], a must be contained in one of them, say p.
By definition, there exists an m € M such that (0 :g m) = p; in particular,
m # 0 and ma = 0. Therefore, m € H~%(a; M) by Exercise

Suppose that ¢t > 1 and that the desired result holds whenever the depth
is at most ¢t — 1. Let y1,...,y; be an M-regular sequence in a. Note that
depthp(a, M/yy M) =t — 1. From the exact sequence above, specialized to
y =11 and j =t — 1 — d, one obtains an exact sequence

0 — H V" 4a; M) — H'™ 1@, M/yy M) — H Y (x; M) — 0.

The module on the left is zero by (1), and the one in the middle is nonzero
by the induction hypothesis. Thus, H*=%(z; M) # 0, as desired. O

A special case of (1) of the preceding result is worth noting.

Corollary 6.22. If x is a weakly M-regular sequence, then H’(x; M) = 0
for all integers j # 0. O

Theorem 6.23. Let (R, m) be a local ring and M a finitely generated mod-
ule. If & =m1,...,24 inm satisfies H *(x; M) = 0, then = is M-regular.
Proof. We induce on d; the result being clear for d = 1.
Observe that one has an exact sequence of complexes
0— M — K*(zq; M) — M[1] — 0.

Setting y = x1,...,x4-1 and tensoring the sequence above with K*(y; M)
gives an exact sequence of complexes

0— K*(y; M) — K*(x; M) — K*(y; M)[1] — 0.
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Taking homology, one gets an exact sequence of R-modules

— H7(y: M) =3 H™ ' (y: M) — H ™} (2 M)
— H%(y; M) =% H (y; M) — .
The hypothesis implies that x4 in a nonzerodivisor on H%(y; M) = M /yM.

Moreover, one also obtains H~'(y; M) = 0, using Nakayama’s lemma. The
induction hypothesis yields that y is M-regular. Hence, ® is M-regular. [

Theorems B21(2) and yield the following result.

Corollary 6.24. Let M be a finitely generated module over a local ring
(R,m), and let a C m be an ideal of R. If depthp(a, M) > vr(a), then any
manimal system of generators for a is an M -reqular sequence. (]

This implies the following corollary, which we mentioned in Remark [E15

Corollary 6.25. Let M be a finitely generated module over a local ring. If
x is an M -reqular sequence, then so is any permutation of x. O

4. The Cech complex

Given a single element x in a ring R, it may seem like the only complex we
can build from such meager information is the Koszul complex. If we insist
on clinging to the world of finitely generated R-modules, this is essentially
true. If, however, we allow some small amount of infinite generation, new
vistas open to us.

The Cech complex attached to a sequence of ring elements, like the
Koszul complex, is built inductively by tensoring together short complexes.
Recall that for z € R, the localization R,, also sometimes written R[1/z],
is obtained by inverting the multiplicatively closed set {1,z,22,...}.

Definition 6.26. Let = be an element of a ring R. The Cech complex on x
is the complex
0 R —— R, 0,

denoted é'(x;R), with modules R in degree 0 and R, in degree 1, and
where ¢ is the canonical map sending each r € R to the class of the fraction
r/1 € R,. For a sequence = x1,...,24 in R, the Cech complex on x is

C"(m;R) = C"(xl;R) Qr- " QR O.(l‘d;R) .
Given an R-module M, set C*(x; M) = C*(x; R) ®r M. The R-module
HY (ax; M) = H(C*(a; M)

is the j-th Cech cohomology of & on M.
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The complex we have defined here is sometimes called the “stable Koszul
complex.” Tt is also known as the “extended Cech complex,” by way of
contrast with the topological Cech complex introduced in Lecture Bl We
will justify this collision of nomenclature in Lecture [2

Example 6.27. As with Koszul cohomology, Cech cohomology is easy to
describe for short sequences. We first compute Cech cohomology in the case
of one element, i.e., the cohomology of C*(x; R). Note that

Hz;R)={rcR | r/1=0in R,}
={reR | % =0 for some a > 0}

= Jo:ma)

a=0

is the union of annihilators of z%, sometimes written (0 :p x°°). Mean-
while, we see that H Y(z; R) = R, /R, though this description is perhaps not
immediately illuminating.

Suppose that R = K][z] is the univariate polynomial ring over a field
K. Then R, = K[z,2~!] is the ring of Laurent polynomials. The quotient
K[z, r '] /K[z] has a K-basis consisting of the elements ¢ for ¢ > 1, and
has R-module structure dictated by

% ¢ ifa < ¢, and
0 otherwise.

Exercise 6.28. Let R = K[z], considered as an N-graded ring where z has
degree 1. The map

R,
Ke—s —(-1)=F
R( )

sending 1 to the image of 1/x is a graded (i.e., degree preserving) injection
of R-modules. Prove the following:

(1) The module E above is the injective hull of R/zR in the category of
graded R-modules.

(2) The module R;/R is the injective hull of R/zR in the category of all
R-modules.

(3) The injective hull of R in the category of graded R-modules is R, =
K[z, 27!], whereas in the category of all R-modules, it is the fraction
field K(z).

Example 6.29. For a sequence z,y, the Cech complex é'(x,y; R) is the
tensor product of the complexes

r—r/1

0 R R, 0
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and
r—r/1

0 R R, 0,

which is

O—>R®RL>(Rx®R)EB(R®Ry)LRx®Ry—>O.

The map asends 1 ® 1 to (1® 1,1 ® 1) and for § we have
fl®1,0)=—-1®1 and ((0,1®1)=1®1.

Simplified, this shows that the complex C®(z,y; R) is better written as

(1,0) — —1

1—(1,1) 0,1) — 1

0 R R, ® R, Ry 0.

Let us try to compute the cohomology H(z,y; R) for j =0,2. If r € R
maps to 0 in R, @ Ry, so that (r/1,r/1) = 0, then there exist integers
a,b > 0 such that z% = ybr = 0. Equivalently, the ideal (z,%)¢ kills 7 for
c¢> 0. Thus

H2,y; R) = | (0: (2,9)°)
c20
is the union of annihilators of the ideals (z,y)°. On the other hand, it is
clear that H?(z,y; R) = Ry, /(R.+R,), though this is a less than completely
satisfactory answer. Here is a more useful one:

Exercise 6.30. An element 7 of H?(z,; R) can be written as n = [@},

that is, as an equivalence class of fractions in R;,. Prove that = 0 if and
only if there exists k in N such that

r(xy)k € (xc+k’yc+k) )
If x,y is a regular sequence, conclude that n = 0 if and only if r € (z¢,y°).
State and prove similar statements about H*(z1,...,zq; R) for i = 0,d.
Remark 6.31. Unlike the Koszul complex K*(x; R), in which all modules

are free, the Cech complex C*(z; ﬁ) has direct sums of localizations of R.
Specifically, C%(x; R) = R, while C'(z; R) = Ry, ®- - ® Ry, and in general
SLTO _
CHa;R)= P Ruyoa, -
1<ii<<ip<d

Note that, typically, C*(x; R) is not finitely generated over R, but that it is
flat, since each R-module inr“l"k is flat.

7






Lecture 7

Local Cohomology

In this lecture we introduce, at long last, the local cohomology functors and
discuss various methods of calculating them.

Let R be a Noetherian commutative ring and a an ideal of R.

1. The torsion functor

Definition 7.1. For each R-module M, set
To(M) ={m e M |a'm =0 for some t € N}.

Evidently, I'q(M) is a submodule of M. When they coincide, M is said to
be a-torsion. Each homomorphism of R-modules ¢: M — M’ induces a
homomorphism of R-modules

La(p): Ta(M) — Fa(M/)7

that is to say, I'q(—) is a functor on the category of R-modules; it is called
the a-torsion functor. It extends to a functor on the category of complexes
of R-modules: for each complex I® of R-modules, I'q(1®) is the complex with
I'o(I7) in degree j and differential induced by I°.

Exercise 7.2. Check that the a-torsion functor is left-exact.
The j-th right derived functor of I'q(—) is denoted Hi(—), that is to say,
H](M) = H’(Tq(I*)),

where I* is an injective resolution of M. The R-module HZ(M) is called the
j-th local cohomology of M with support in a.

Here are a few basic properties of local cohomology.
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Proposition 7.3. Let M be an R-module.
(1) One has HY(M) = To(M), and H%(M) is a-torsion for each j.
(2) Ifradb =rada, then Hg(M) =~ HI(M) for each j.
(3) Let {My} be a family of R-modules. For each integer j, one has

HI (P M) =P HI(M,).
Y X

(4) An ezxact sequence of R-modules 0 — M' — M — M" — 0
induces an exact sequence in local cohomology

— HY(M') — H{OM) — HY(M") — (M) — -

Proof. (1) Let I*® be an injective resolution of M. The left-exactness of
I'4(—) implies that

Pa(M) = HO(To(I%)) = H(M).

Furthermore, the R-module I'4(17) is a-torsion, so the same property carries
over to its subquotient Hj(M).

(2) This is immediate from the equality I'y(—) = I'q(—), which holds
because R is Noetherian.

(3) Let I} be an injective resolution of My, in which case @), I} is an
injective resolution of @, My; see Proposition [AT8 It is not hard to verify
that Fa( D, I;) =@, I'a(13). Since homology commutes with direct sums,
the desired result follows.

(4) This is a special case of Remark B2T and may be proved as follows.
Let I’* and I"® be injective resolutions of M’ and M”, respectively. One
can then construct (do it!) an injective resolution I°® of M which fits in an
exact sequence of complexes of R-modules

0—1I*"—71°"—171"*"—0.

. [ ] . . . . . . . .
Since I'® consists of injective modules, this exact sequence is split in each
it i > X -
degree, so it induces an exact sequence of complexes of R-modules

0 — Do(I'") — Ty(I*) — Ty(I"*) — 0.
The homology exact sequence of this sequence is the one announced. O

Example 7.4. Let R = Z and let p be a prime number. We want to compute
the local cohomology with support in the ideal (p) of a finitely generated R-
module. Thanks to Proposition [3(3), it suffices to consider the case where
M 1is indecomposable. By the fundamental theorem of Abelian groups, M
is isomorphic to Z/dZ where either d = 0 or d is a prime power. In either
case, by Exercise [AL4] the complex

0—Q/dZ — Q/Z — 0
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is an injective resolution of Z/dZ. In computing local cohomology, there are
three cases to consider; in what follows, Z, denotes Z with p inverted.

Case 1. If M = Z/p°Z for some integer e > 1, then applying I'(,)(—)
to the resolution above yields the complex

0 — Z,/p°Z — Zp]Z — 0.
The sole nonzero differential is evidently surjective. Hence

H{y (M) = Z/p°Z = M and Hi, (M) =0.

Case 2. If M = Z/dZ with d nonzero and relatively prime to p, then
applying I'(,) (—) to the given injective resolution of Z/dZ yields the complex

0 — dZy/dZ — Z,]Z — 0.
Therefore, one obtains that

Hp (M) =0 and Hiy (M) = Z,/(dZy +Z) = 0.

Case 3. If M = Z, then the p-torsion part of the given injective resolu-
tion of Z is the complex
0—0—2%Z,/Z —0.
Thus we conclude that

Hp (M) =0 and Hiy (M) = Z,/Z.

The calculation of the local cohomology with support in any ideal in Z is
equally elementary; see also Theorem One noteworthy feature of this
example is that H}(—) = 0 for j > 2 for any ideal a; confer Corollary [.T4l

Example 7.5. Let R be a ring and a an ideal in R. If a is nilpotent, i.e., if
a® = 0 for some integer e > 0, then I'q(—) is the identity functor and so
HY(M) = M, while  HJ}(M)=0 forj>1.
For some purposes, as in the proof of Theorem [ZT1l below, it is useful
to know the local cohomology of injective modules. By Theorem [A21], an

injective R-module is a direct sum of modules Er(R/p) for primes p of R.
Thus, by Proposition [3|(3), it suffices to focus on Er(R/p) for various p.

Example 7.6. Let R be a ring and a an ideal in R. For each prime ideal p
in R, one has H3(Er(R/p)) =0 for j > 1, and

Er(R/p) ifaCp,

0 otherwise .

HY)(Egr(R/p)) = {
This follows from the definition and Theorem

Here is one application; keep in mind Corollary [A.32]
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Exercise 7.7. Let (R}, m) be a local ring and M a finitely generated R-
module. Prove that Hy (M) is Artinian for each integer j.

2. Direct limit of Ext modules

Next we describe a method for computing local cohomology as a direct limit
of suitable Ext functors; see Lecture [l for a discussion of the Ext functors,
and Lecture H for an introduction to direct limits.

Theorem 7.8. For each R-module M, there are natural isomorphisms

lim Ext},(R/a’, M) = HJ(M) for each j > 0.
t

Proof. For each R-module I and integer ¢, one has a functorial identification
Hompg(R/da",I) =, {zel]az=0} CT ),
;o ).
With this identification, one has a directed system
Homp(R/a,I) C --- C Homg(R/a!,I) C Homp(R/a't 1) C -

of submodules of I'y(I). It is evident that its limit (that is to say, its union)
equals I'4(); in other words, one has

liTn}HomR(R/at, IN=Tq).
Let I*® be an injective resolution of M. The construction of the directed
system above is functorial, so

liTn}HomR(R/at,I') =Tq(I°).
Since H’(—) commutes with filtered direct limits, the preceding identifica-

tion results in a natural isomorphism

lim 5/ (Homp(R/a", I*)) = HI(Do(I*)) = Hi(M).

It remains to note that H’/(Hompg(R/af, I®)) = Ext{q(R/at, M). O

Remark 7.9. In the context of Theorem [ let {a;};>0 be a decreasing
chain of ideals cofinal with the chain {a’};>0, that is to say, for each integer
t > 0, there exist positive integers ¢, d such that a'™ C a; and a;.q C a'.
Then there is a functorial isomorphism

lim Ext},(R/a;, M) = H(M).
t

This assertion can be proved along the lines of Theorem
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These considerations apply when R is a ring of prime characteristic p.
Then the system {alPl}.~¢ of Frobenius powers of a—see Definition 226 —
is cofinal with {a’}¢>0, so one obtains a functorial isomorphism of R-modules

lim Ext},(R/al?l, M) = HI(M).

This expression for local cohomology was exploited by Peskine and Szpiro
in their work on the intersection theorems [128]; see Lectures Il and

3. Direct limit of Koszul cohomology

Next we express local cohomology in terms of Koszul complexes, which were
introduced in Lecture

Construction 7.10. Let x be an element in R. For each integer ¢, consider
the Koszul complex K*®(z!; R), which is

t

0 R—2> R 0,

with the nonzero modules in cohomological degrees —1 and 0. The complexes
{K*(z'; R) };>1 form an inverse system, with structure morphisms

0 R =R 0
(7.10.1) lx H
0 R-—"-R 0.
Let £ = x1,...,24 be elements in R, and set ' =z, ... ,xfi. The Koszul

complex on ! is the complex of R-modules
K*(z';R) = K*(z}; R) ®r --- ®r K*(z;; R)

concentrated in degrees [—d,0]. This is equipped with a morphism of com-
plexes ¢;: K*(x'; R) — R/x'R, where R/x'R is viewed as a complex con-
centrated in degree 0. Associated to each x;, there is an inverse system as
in ([CI0J]). Tensoring these componentwise, we obtain an inverse system of
complexes of R-modules

(7.10.2) oo — K*(x R) — K*(z";R) — --- — K*(z; R),
compatible with the morphisms ¢, and natural maps R/x*'R — R/x'R.

Let M be an R-module and nn: M — I*® an injective resolution of M.
The maps €; and 7 induce morphisms of complexes of R-modules

Homp(R/x'R, I*) — Hompg(K*(x'; R),I*) «— Hompg(K*(z'; R), M),

where the map on the left is Hompg(€;, I®), and the map on the right is
Hompg(K*(x!; R),n). The latter is a quasi-isomorphism by Remark BT
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because K*(z!; R) is a bounded complex of free R-modules. Thus, passing
to homology yields, for each integer j, a homomorphism

0] : Extl(R/x'R, M) — H’(Homp(K*(z%; R), M)).

It is not hard to verify that for varying ¢ this homomorphism is compatible
with the maps induced through (CI02)). As Hompg(—, M) is contravariant,
one gets a compatible directed system of R-modules and R-linear maps

. j ,
Exth(R/x'R, M) —'— HI(Homp(K*(x'; R), M))

l l

. 67 .
Ext},(R/z"" R, M) —— H’(Hompg(K*(x'*}; R),M)).
In the limit, this gives us a homomorphism of R-modules

67(M): lim Ext},(R/z' R, M) — liTn;lHj (Homp(K*(x'; R), M)).
t

The module on the left is H i Rr(M); this follows from Remark [T, because
the system of ideals {(z')};>1 is cofinal with the system {(z)'};>1. It is
an important point that 67(M) is functorial in M and also compatible with
connecting homomorphisms: each exact sequence

0—M —M— M —0
of R-modules induces a commutative diagram of R-modules
HiR(M/) - HiR(M) - HiR(M”) - Hingzl(M/) -
|#an [wan |wam [
F(M') —— F4y(M) —— FiM") —— FT(M) ——
where Fj(—) = lim, HI(Hompg(K*(x!; R),—)). This is easy to verify given

the construction of F4 and 6. In category-theory language, what this says
is that {67} ;>0 is a natural transformation between J-functors.

Theorem 7.11. Let ® = x1,...,x. be a set of generators for an ideal a.
For each R-module M and integer j, the homomorphism

07 : H}(M) — lim H' (Hompg(K*(z"; R), M))
¢
constructed above is bijective.

Proof. As above, set Fi(—) = lim, HI(Homp(K*(z!; R),—)). The argu-
ment is a standard one for proving that a natural transformation between
d-functors is an equivalence. The steps are as follows:

(1) #°(M) is an isomorphism for any R-module M;
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(2) Hi(I) =0 = FJ(I) for any injective R-module I and j > 1;
(3) Use induction on j to verify that each 67(M) is an isomorphism.

Here are the details:
Step 1. We claim that

F(M) = lim Homp(R/z'R, M) = T'o(M) .
t

The first equality holds because Hompg(—, M) is left-exact; the second holds
because the system of ideals {(x')};>1 is cofinal with the system {(z)'}¢>1.

Step 2. Since [ is injective, Hgl(I) =0 for j > 1. As to the vanishing
of F(I), one can check easily that F4(—) commutes with direct sums. So
it suffices to verify the claim for an indecomposable injective E = Er(R/p),
where p is a prime ideal of R. In this case, one has

Homp(K*(z'; R), E) = Hompg, (R, ®p K*(z"; R), E),

since F is naturally an Rp-module.

Ifp 2 (), one of the z; must be invertible in Ry, so H*(R,®rK*(z'; R))
vanishes for each t; see Proposition Hence Fz(E) =0 for all j > 1.

In the case p D (x), the R-module E, being p-torsion, is also (z)-torsion.
In particular, any homomorphism I — F, where L is a finitely generated

R-module, is (x)-torsion, when viewed as an element in Hompg(L, E). For
u >t > 1, the homomorphism

o/ Homp(K*(x'; R), E)) — Hompg(K*(z"; R), E)
in the directed system defining F%(E) is induced by

Ki(x"; R) 2 K9(ah R),
where A = (a,) is the ¢x ¢ diagonal matrix with a,, = 2", and A7 A is the
Jj-th exterior power of A; see [T61], page 41]. Therefore, for j > 1, the matrix
A A has coefficients in the ideal (*~*). The upshot is that for a fixed integer
t > 1 and homomorphism f: K7 (x!; R) — FE, since f is (x)-torsion, there
exists u > ¢ with o, (f) = 0. Thus cycles in Hompg(K*(2'; R), E)’ do not
survive in the limit, so F4(E) = 0, as claimed.

Step 3. We argue by induction on j that #7(—) is an isomorphism for
all R-modules; the basis of the induction is Step 1. Assume that 6771(—) is
an isomorphism for some integer j > 1. Given an R-module M, embed it
into an injective module I to get an exact sequence

0O—M—I—N—0.
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The functoriality of the #7(—) yields a commutative diagram
Hyp (1) —— H (N) —— Hyp(M) —— Hyp(I) =0
= |61) = |-1w) |oan
FH(I) —— F3 7' (N) —— Fi(M) —— Fi(I)=0,

where the isomorphisms are given by the induction hypothesis, and the
vanishing is by Step 2. Thus by the three-lemma, if there is such a thing,
67 (M) is bijective. O

4. Return of the Cech complex
Next we provide an alternative formulation of Theorem [ZTTl

Construction 7.12. As before, let © = x1,...,2. be elements in R, and
t > 1 an integer. There is a canonical isomorphism

HomR(K'(azt;R),M) o (K'(mt;R) R M) [—(]
of complexes of R-modules; see Exercise Set

C*(x; M) = lim (K*(«'; R) @ M) [—¢].

We will see shortly that this is precisely the Cech complex encountered in
Definition B.28], and the notation anticipates this discovery. Since direct
limits commute with tensor products, we have

(7.12.1) C*(z; M) =1lim K*(z'; R)[—c] ©r M = C*(x; R) @r M .

Next, we want to analyze C*(x; R). The tensor product decomposition of
K*(z'; R) implies that

(712.2) Co(a:R) = (lm K*(e}; R)[-1]) ©r - - ©r (lim K* (ks R)[-1]),

so it suffices to examine C*(x; R) for an element x € R. The directed system
is obtained by applying Hompg(—, R) to the one in ([ZI01]) and looks like

0 R -, R 0

I

:Bt+1

0 R R 0.

The direct limit of the system R — R —— R —— - is R, by Exercise ELI0
With this in hand, the direct limit C'*(x; R) of the system above is

0O—R—R,—0
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sitting in degrees 0 and 1, where the map R — R, is localization. Feeding
this into ([LTZZ), one sees that C'*(x; R) is the complex with

Cla@R)= D Reyoas,
1<i1<<ij<e
and differential 8%: CY(x; R) — C7+1(x; R) defined to be an alternating
sum of maps
0: R:(:Z emp, T Ry, .z,
Ly 14
which is the localization map if {i1,...,i;} C {#},...,4; 1}, and zero other-
wise. This is the Cech complex on & encountered in Definition B26, and it
has the form

00— R— EB R, — EB inxj — o — Ry g, — 0.

1<i<e 1<i<j<c

By ([ZIZ1) and the description of C*(x; R), Theorem [Tl translates to:

Theorem 7.13. Let x = x1,...,x. be a set of generators for an ideal a.
For each R-module M and integer j, there is a natural isomorphism
HI(M) = H (C*(x; R) @g M) = H (x; M) . O

One can now describe the last conceivably nonzero local cohomology
module; compare this result with Example

Corollary 7.14. If x = x1,..., 7. is a set of generators for an ideal a, then,
for each R-module M, one has H)(M) =0 for j > c+1, and

c
H(M) = Mwl---mc/Zimage(M:mm:viq:viﬂ---:vc)- 0
i=1

The next item adds to the list of properties of local cohomology stated in
Proposition [[3l These are all straightforward applications of Theorem
and are left as exercises. Thought exercise: can you verify these without
taking recourse to Theorem [T3]?

Proposition 7.15. Let a be an ideal of a ring R, and M an R-module.
(1) If U is a multiplicatively closed subset of R, then
HI(U M) = U"HI(M).
(2) If R — S is a ring homomorphism and N is an S-module, then
HI(N) = HI4(N).
(3) If R — S is flat, then there is a natural isomorphism of S-modules
S @p HY(M) = Hlo(S@r M). O
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The following calculation illustrates Corollary [L12k

Example 7.16. Let R = K|[x1,...,2.] be a polynomial ring over a field K,
and let a = (z1,...,2.). Then

| cyKly, -yl ifi=c,
Hi(R) = VY iseeege] i 5=
0 otherwise,

where K[yi,...,y.] is the polynomial ring over K, in variables y1,...,y. of
degree —1, and the R-module structure on it is defined by

a1l ac\ _ yill"'ygi_l"'ygc lfa7,>27
zi (yi'ye) = .
0 otherwise.

Indeed, the claim about Hi(R) for j > ¢ follows from Corollary T4 As
to the other values of j, for each ¢ the sequence zt,... zl is R-regular.
Thus, the depth sensitivity of Koszul complexes implies H? (x'; R) = 0 for
—c¢ < j < —1. Since C*(z; R) is a direct limit of these Koszul complexes
shifted ¢ steps to the right (see Construction [[12), and homology commutes
with direct limits, one obtains H7 (z; R) = 0 for j < ¢; see also Theorem (11

Exercise 7.17. Find a K-basis for the following local cohomology modules:

(1) H(lwy7mz) (K[:Ev Y, Z])

(2) H?x,y,z)(R)’ where R = K[z, y, 2]/(z2 — y?).
(3) H(lx’z)(R), where R = Klw, z, vy, z]/(wz — yz).



Lecture 8

Auslander-Buchsbaum
Formula and Global
Dimension

This lecture revisits regular sequences in local rings. One of the results
is a characterization of depth in terms of the vanishing of Ext-modules,
and another is the Auslander-Buchsbaum formula that relates depth and
projective dimension. We will prove that regular local rings are precisely
those local rings over which all modules have finite projective resolutions.

1. Regular sequences and depth redux

In Lecture [l we briefly encountered regular sequences and depth. The basic
question we wish to address here is how to establish the existence of a regular
sequence, short of actually specifying elements. For example, given a ring R,
an ideal a, and a module M, how can we tell whether a contains an M-regular
element? More generally, can we get a lower bound for depthy(a, M) ?

Lemma 8.1. Let R be a Noetherian ring and let M, N be finitely generated
modules such that M ®r N is nonzero.

Then ann N has an M -regular element if and only if Homg(N, M) = 0.

Proof. Assume that ann N consists of zerodivisors on M. By Lemma [G.T3,
ann N is contained in the union of the associated primes of M and hence,
by prime avoidance, ann N is contained in some associated prime p of M.
Since N is finitely presented, we have Homg(N, M), = Hompg, (N, M) and
it suffices to show that this module is nonzero. Localize at p and assume that

87
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(R, m) is a local ring and m is in Ass M. This implies that R/m — M, and
composing with the surjection N — N/mN — R/m, we get a nonzero
homomorphism N — M. We leave the converse as an exercise. O

The following result and Lemma will allow us to compute depth.
Proposition 8.2. Let R be a ring and let M and N be R-modules. If there

1s an M -reqular sequence € = x1,...,xq in ann N, then
0 ifj <d,

xt? =
Ext(N, M) {HomR(N, M/xzM) ifj=d.

Proof. The case d = 0 is trivial, so assume d > 1 and proceed by induction
on d. Observe that N —% N is the zero map, and hence, by functoriality,
Exth (N, —) =% Ext%h(N,—) is zero as well. Thus the exact sequence of
Ext-modules obtained from the exact sequence

0— M2 M — M/zyM — 0
splits into exact sequences
0 — Bxtly(N, M) — Exty(N, M/z1 M) — Exti ' (N, M) — 0.

Since xg,...,x4 in ann N is a regular sequence on M/x1 M, the induction

hypothesis implies that
; if j<d—1
Ext), (N, M/ay M) = s ’
Homp(N,M/xM) ifj=d—-1.

The desired result now follows from the exact sequence above. O

Definition 8.3. A mazimal M-regular sequence in a is one which cannot
be extended to a longer M-regular sequence in a.

It is easy to see that in a Noetherian ring every regular sequence can
be extended to a maximal one. It is perhaps surprising that all maximal
regular sequences have the same length:

Theorem 8.4 (Rees’ theorem). Let R be a Noetherian ring, M a finitely
generated R-module, and a an ideal such that aM # M.

Mazimal M -regular sequences in a have the same length, which is
min{i | Ext%(R/a, M) # 0} .
Proof. Let x = zq,.. S Td be a maximal M-regular sequence in a. Then,
by Proposition B2, Ext’z(R/a, M) = 0 for i < d and
Ext4(R/a, M) = Homg(R/a, M/xM).
As x is maximal, Homg(R/a, M /x M) # 0 by Lemma Bl O
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One special case arises so often that we single it out. When (R, m) is a
local ring, we simply write depthy M for depthp(m, M).

Corollary 8.5. Let (R,m,K) be a local ring. If M is a finitely generated
R-module, then depthp M = min{i | Ext’; (K, M) # 0}. O

Computing Ext%(R/a, M) by a projective resolution of R/a, Rees’ the-
orem yields the following corollary.

Corollary 8.6. For a nonzero finitely generated module M over a Noether-
ian ring R, we have depthp(a, M) < pdg(R/a). O

The fortuitous coincidence of the property that a contains an M-regular
sequence, with the homological property that certain Ext-modules vanish,
accounts for the power of the concept of depth. A further such coincidence
is awaiting us in the form of Theorem

The reader is invited to prove the next result using Rees’ theorem.

Lemma 8.7. Let a be an ideal in a Noetherian ring R.

For any ezact sequence 0 — M' — M — M" — 0 of finitely

generated modules, one has the following equalities:

(1) depthp(a, M) > min{depthp(a, M), depthg(a, M")}
(2) depthp(a, M') > min{depthg(a, M), depthg(a, M") + 1}
(3) depthp(a, M") > min{depthp(a, M") — 1,depthy(a, M)} . O

2. Global dimension

Recall that the projective dimension of a module M is the minimal length
of an R-projective resolution of M. Motivated by Corollary B8, we study
homological characterizations of projective dimension. Over local rings, pro-
jective modules are free: for finitely generated modules, this is an applica-
tion of Nakayama’s lemma, and the general case is a theorem of Kaplansky;
see [I15, Theorem 2.5] for a proof. Therefore, over local rings, projective
resolutions are free resolutions.

Definition 8.8. Let (R, m) be a local ring. Each finitely generated module
has a free resolution F, of the form

-—>Fnﬂ>Fn_1—>---—>F1ﬂ>F0—>O

with each F; free of finite rank. By choosing bases for each F;, we can write
each ; as a matrix with entries from R. The resolution F, is minimal
if p;(F;) € mF;_y for each i; equivalently, if the entries of the matrices
representing the maps ; are in m.
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Proposition 8.9. Let (R,m,K) be a local ring and M a finitely generated
R-module. Then every minimal free resolution of M has the same length,
which equals the projective dimension of M. Specifically,

pdp M = sup{i | Tor®(K, M) # 0} .

Proof. Consider a minimal free resolution F, of M,
'—>Fnﬂ>Fn_1—>~'—>F1£>Fo—>0,

and let 3; be the rank of F;. We claim that §; = rankg TorZR(K, M). To see
this, note that the maps in the complex K ®g F, are zero. Consequently
Tor®(K, M) is the i-th homology of the complex

LIRS CONLING " O R N N "¢ LK50_>0’

which is K7 as claimed. O

In the context of the theorem above, it turns out that minimal resolutions
of M are, in fact, isomorphic as complexes of R-modules.

Definition 8.10. Let (R, m,K) be a local ring and M a finitely generated
R-module. The i-th Betti number of M over R is the number

B; = BE(M) = rankg Tor(K, M).

The global dimension of R is the supremum of projective dimensions of
finitely generated R-modules, which by Proposition is equal to

sup{i | % (M) # 0 for some finitely generated module M} .

Corollary 8.11. The global dimension of a local ring (R, m,K) is pdp K.
In particular, pdr(M) < pdg(K) for each finitely generated R-module M .

Proof. Compute Tor*(K, M) from a free resolution of K. Since Tor?(K, M)
vanishes for ¢ > pdg K, it follows that pdp M < pdp K. O

After these preparations, we are ready to study regular rings. Recall
from Lecture [l that a local ring (R, m) is regular if m can be generated by
dim R elements. It turns out that a minimal generating set for the maximal
ideal of a regular local ring is a regular sequence. The regularity of this
sequence is the key to the homological characterization of regular local rings.

Remark 8.12. The embedding dimension of a local ring (R, m) is vr(m),
the minimal number of generators of m. Krull’s height theorem implies
v(m) > height m = dim R; regular rings are those for which equality holds.
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3. Auslander-Buchsbaum formula

In Corollary BB, we saw that depthp(a, R) < pdr(R/a); ideals for which
equality is attained are called perfect. Our next result provides a substantial
sharpening of this corollary when a = m.

Theorem 8.13 (Auslander-Buchsbaum formula). Let R be a local ring. If
M is a nonzero finitely generated module of finite projective dimension, then

pdr M + depth M = depth R.

Proof. If pdy M = 0, then M is free, and depth M = depth R. We may
therefore assume that h =pdp M > 1. If h =1, let

0 R® —— R M 0
be a minimal presentation of M. We consider ¢ as an r x s matrix over R,
with entries in the maximal ideal m. Let K be the residue field of R, and
apply Hompg (K, —) to obtain the exact sequence

Ext?, (K,¢)
e

- — BExth (K, R®) Extl (K, R") —— Exth(K, M) — -

Using the identification Ext’ (K, R™) = Ext’ (K, R)™, we see that the map
Ext% (K, ¢) is represented by the reduction modulo m of ¢. Since ¢ is
minimal, this is the zero map. Then, for each i, we have an exact sequence

0 — Exth(K,R)"” —— BExtly(K, M) —— ExtZ!(K,R)* — 0.

It follows that depth M = depth R — 1, and we are done in this case.

If h > 2, consider an exact sequence 0 — M’ — R" — M — 0.
Then pdp M’ = pdy M — 1. By induction, depth M’ = depth R — h + 1.
Since depth M’ = depth M + 1 by Lemma R, the result follows. O

Corollary 8.14. Let R be a local ring. If M is a finitely generated module
of finite projective dimension, then pdp M < depth R. O

Remark 8.15. The corollary states that there is a global bound on the
projective dimension of modules of finite projective dimension. For non-
commutative rings, there is no obvious analogue. It is an open question
in the theory of noncommutative Artinian rings, the finitistic dimension
conjecture, whether the number

sup{pdp M | M is finitely generated and pdp M < oo}

is necessarily finite.
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4. Regular local rings

We now investigate the singular world of regular local rings. To get an
idea where we are headed, observe the following: on the regular local ring
R = K][[z1,...,x,]], the sequence © = z1,...,x, is regular and hence the
Koszul complex on « is a resolution of R/xR = K. In particular, K has
finite projective dimension. From Corollary it follows that R has finite
global dimension. We shall see that this property characterizes regularity.

Lemma 8.16. Let € = x1,...,x; be elements in a local ring R. Consider
the statements

(1) @ is a regqular sequence.

(2) height(zy,...,2;) =1 fori=1,...,t.

(3) height(z1,...,2z:) =1t.

(4) x is part of a system of parameters for R.

Then (1) = (2) <= (3) <= (4). In particular, depthp(a, R) < height a
for each ideal a.

We use Min(a) to denote the set of primes minimal over a.

Proof. (1) = (2). Lemma implies the inequalities
0 < height(z1) < height(z1,22) < -+ < height(x),
and the claim then follows from Krull’s height theorem.
(2) = (3). This is obvious.
(3) = (2). This implication again follows from Krull’s height theorem:
if height(x1,...,2;) < 7, then height(xy,...,z;) < t.

(3) = (4). If R has dimension ¢, we are done. If dim R > ¢, then m is
not a minimal prime of (x). It follows from prime avoidance applied to m
and Min(z) that there exists z;41 € m ~ Min(z), so (x1,...,2s x¢41) has
height ¢t + 1. Continuing this way, we obtain a system of parameters for R.

(4) = (3). Let x,y be a system of parameters. Theorem [[T7 yields
height(x,y) = dim R, so height(x) = t by the implication (3) = (2)
applied to x,y.

The last claim is obvious. O

The implication (2) = (1) fails in the following example.

Example 8.17. Let R = K[[z,y, z]]/(zy, zz). Then x —y, z is not a regular
sequence, though the ideal (z — y, z) has height two.

Theorem 8.18. A reqular local Ting is a domain.
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Proof. Let (R,m) be a regular local ring of dimension d. We induce on
d. If d = 0, then R is a field. Assume that d > 0 and that the desired
result holds for rings of dimension at most d — 1. By prime avoidanceﬂ
there exists an element 2 € m . m? which is not in any minimal prime of R.
By Nakayama’s lemma, the maximal ideal of R/zR is generated by d — 1
elements, so Theorems [[T7 and [C47 imply that dim R/zR = d — 1. Hence
R/zR is regular, and the induction hypothesis implies that it is a domain.
Consequently zR is a prime ideal of R and is not minimal. Let p be a
minimal prime of R contained in xR and let y € p. Then y = ax for some
a € R, and since z ¢ p, one has a € p. Hence xp = p, which implies that
p = (0) by Nakayama’s lemma. O

Corollary 8.19. Let (R,m) be a local ring and x € m~m?2. If R is reqular,
then so is R/xR. The converse holds if x is not in any minimal prime.

Proof. If R is regular, then the maximal ideal of R/zR is generated by
dim R —1 elements and so Theorems [[.T7 and [L47 imply dim R/xR = d— 1.
Consequently R/xR is regular. The converse is clear from the definition. [

The next result shows that regular local rings are Cohen-Macaulay; see
Lecture [ for the definition.

Proposition 8.20. Let (R,m,K) be a regular local ring. FEach system of
parameters is a reqular sequence; in particular, pdr K = dim R.

Proof. It suffices to prove that for any module M of finite length, we have
Extl,(M,R)=0  forj < dimR;

indeed then if x is a system of parameters, taking M = R/xzR one obtains
depthp(xzR, R) > dim R by Theorem B4l and hence « is a regular sequence
by Corollary

We prove the desired vanishing by induction on ¢(M), the length of M.
If /(M) =1, then M = K. Let & be a minimal generating set for m. By
Theorem the ring R is a domain, so z; is a nonzerodivisor. As R/x1R
is again regular by Corollary BT9 an iteration yields that @ is a regular
sequence and Theorem gives the result we seek.

When /(M) > 1 there is an exact sequence
0—K-—M-—M —0.
The induction hypothesis and the induced exact sequence of Ext-modules

complete the proof. O

Lwe are using a general form of prime avoidance where up to two of the ideals need not be prime;
see |87, Theorem 81].
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Putting the pieces together, we have seen that if (R, m) is a regular local
ring, then m is generated by a regular sequence. In particular, R/m has
finite projective dimension equal to the number of minimal generators of m.
Before we can prove that finite global dimension implies regularity, we need
one more ingredient.

Lemma 8.21. Let (R,m) be a local ring and M a finitely generated module.
If x € m is a nonzerodivisor on R and on M, then

pdg/er M/xM =pdr M .

Proof. Let Fy be a minimal free resolution of M and set S = R/xzR. The
complex S ®p F, of free S-modules is minimal, and its homology in degree
1 equals TorZR(S, M). Since z is a nonzerodivisor, the complex

0—R-R—0

is a free resolution of S, so Tor*(S, M) can also be computed as the homology
of the complex
0— M- M—0.

When z is a nonzerodivisor on M, the only nonzero homology module of
this complex is in degree 0, where it is M/xM, so S @ F, is a minimal free
resolution of M/xM over S. This implies the desired equality. O

The following result is due to Auslander, Buchsbaum, and Serre.

Theorem 8.22. Let (R, m,K) be a local ring. The following are equivalent.

(1) R is regular.
(2) The global dimension of R equals dim R.
(3) pdg K is finite.

Proof. The implication (1) = (2) follows from Proposition along
with Corollary BT, while (2) = (3) is clear. For (3) = (1), we induce
on the minimal number of generators ¢ of m. If ¢ = 0, then the zero ideal is
maximal, so R is a field. Assume that ¢ > 1 and that pdy K is finite.

Note that m ¢ Ass(R); this follows from the Auslander-Buchsbaum for-
mula as K has finite projective dimension. Alternatively, take a minimal free
resolution of K. Since the last map in this resolution is injective and it can
be represented by a matrix with entries in m, it follows that (0 :g m) = 0.

By prime avoidance, there is an element z € m not in m? or in any

associated prime of R. Set S = R/xR; it suffices to show that S is regular,
for then R is regular by Corollary

To show that S is regular, it suffices by induction to show that its residue
field K has finite projective dimension or, equivalently, that the maximal
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ideal of S has finite projective dimension. By Lemma B2l the projective
dimension of m/xm over S is finite. We claim that the sequence of S-modules

0 — zR/zm — m/zm — m/zR — 0
is split-exact, which implies the result.

Indeed, it is clear that the sequence above is exact. The image of zR/xm
under the natural surjection m/xm — m/m? is nonzero since z ¢ m?. But

R/m = zR/rm — m/m?

is an injective map of vector spaces, and is hence split. O

It is now easy to prove the following fact, which, before Auslander,
Buchsbaum, and Serre pioneered the use of homological methods in local
algebra, was known only for certain classes of regular rings.

Corollary 8.23. Let p be a prime ideal in a local ring R. If R is reqular,
then so is Ry.

Proof. When R is regular, pdp R/p is finite by Theorem B2 and hence
pdp, Rp/pRy is finite as well. Since Ry,/pR), is the residue field of Ry, another
use of Theorem yields the desired conclusion. O

Exercise 8.24. Let p be a prime ideal in a Noetherian ring R. Prove that
if R/p has finite projective dimension, then Ry is a domain.

Exercise 8.25. Let R be a regular local ring of dimension d, and a an ideal.
If R/a has depth d — 1, prove that a is principal.

If R/a has depth and dimension equal to d — 2 and B (R/a) = 1, prove
that a is generated by a regular sequence of length two.

Remark 8.26. We have clung to the case of local rings but we note the sim-
ilarities with the graded case, discussed in Lecture[ll A little care allows one
to extend everything in this lecture to graded rings, homogeneous elements,
and homogeneous resolutions; see also [I18, Proposition 8.18]. In particu-
lar, we have the following theorem, for which an argument could be made
that it is the secondd theorem of commutative algebra. Section outlines
a proof which, like Hilbert’s original proof, produces a free resolution rather
than a projective one.

Theorem 8.27 (Hilbert’s syzygy theorem). Let R = K|x1,...,xz,] be a ring
of polynomials over a field K. Then every finitely generated R-module has
a free resolution of length at most n. If M is a finitely generated graded
module with respect to an arbitrary grading on R, then the resolution of M
can be chosen to be graded as well. ([

2Hilbert’s proof of the syzygy theorem (1890) uses his basis theorem (1888), so there is at least
one that is older.
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5. Complete local rings

Let (R, m) be a local ring and R its m-adic completion. Since the dimension
of R as well as the number of generators of m are unaffected by completion,
it follows that R is regular if and only if Ris regular. Complete regular local
rings are described by Theorem below.

Every ring R admits a unique ring homomorphism ¢: Z — R. The
kernel of ¢ is generated by a nonnegative integer char(R), the characteristic
of R. A local domain (R, m,K) is equicharacteristic if char(R) = char(K),
and has mized characteristic otherwise. The possible values of char(K) and
char(R) for a local domain are:

(1) char(K) = char(R) = 0, in which case Q C R;
(2) char(K) = char(R) = p > 0, in which case F, C R;
(3) char(K) = p > 0 and char(R) = 0, for example, R = Z,).
The following theorem is due to Cohen; see [115] §29] for a proof.

Theorem 8.28 (Cohen’s structure theorem). Every complete local ring is
a homomorphic image of a complete reqular local ring.

Let R be a complete regular local ring. If R is equicharacteristic, then
R =K][x1,...,z4]] for K a field. Otherwise, R contains a complete discrete
valuation ring V- and R = V|[x1,...,24]], or R = V][x1,...,24]]/(p — f)
where p is a prime number and f is in (x1,...,xq)%. O



]
Lecture 9

Depth and
Cohomological
Dimension

Given a cohomology theory, a basic problem is to relate its vanishing to
properties of the object under consideration. For example, given a module M
over a ring R, the functor Ext}%(M ,—) is zero if and only if M is projective,
while Torf(M, —) is zero if and only if M is flat. This lecture provides
partial answers in the case of local cohomology.

1. Depth

Recall from Definition that depthp(a, M) denotes the length of the
longest M-regular sequence contained in a. In Theorem it was proved
that when M is finitely generated, depthp(a, M) can be measured in terms of
the vanishing of Exty(R/a, M). One consequence of the following theorem
is that depth is detected also by local cohomology modules.

Theorem 9.1. Let R be a Noetherian ring, a an ideal, and K*® the Koszul
complex on a finite generating set for a. For each R-module M, the numbers

inf{n | Extk(R/a, M) # 0},

inf{n | HY (M) # 0}, and

inf{n | H"(Hompg(K*, M)) # 0}
coincide. In particular, when M is finitely generated, one has

depthp(a, M) = inf{n | H*(M) # 0} .
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Sketch of proof. Denote the three numbers in question e, I, and k, re-
spectively; assume that each of these is finite, that is to say, the cohomology
modules in question are nonzero in some degree. The argument is more
delicate when we do not assume a priori that these numbers are all finite;
see the proof of [41l Theorem 2.1].

Let I® be an injective resolution of M, in which case H3(M) is the
cohomology of the complex I'y(I®). It is not hard to verify that

0 for n <1,

H"(Hompg(R/a,To(I*%))) = {HomR(R/a H(M)) forn=1.

By Proposition [L3[(1), the R-module H} (M) is a-torsion, and consequently
Hompg(R/a, H}(M)) is nonzero whenever HJ' (M) is nonzero. On the other
hand, it is clear that

Homp(R/a,T'4(I*)) = Hompg(R/a,I°®).
The preceding displays imply e = [.

To prove that [ = k, one first proves that the inclusion I'q(I1®) C I°®
induces a quasi-isomorphism Homp(K*®,T'4(I*)) ~ Hompg(K*®,I*). Since
H} (M) = H"(T'4(I*)) is a-torsion for each n, the desired result follows from
a repeated application of the following claim:

Let C* be a complex of R-modules such that H"(C*®) is a-torsion for
each integer n, and zero for n < 0. For each element = € a, one has

inf{n | H"(Homg(K*(z; R),C*®)) # 0} = inf{n | H"(C*®) # 0}.

Indeed, this is immediate from the long exact sequence that results when
we apply Hompg(—, C*®) to the exact sequence of complexes

00— R— K*x;R) — R[1] — 0
and pass to homology. O

The preceding result suggests that when M is not necessarily finitely
generated, the right notion of depth is the one introduced via any one of the
formulae in the theorem. Such an approach has the merit that it immediately
extends to the case where M is a complex. Foxby and Iyengar [41] have
proved that Theorem BT extends to complexes, with no restrictions on their
homology. Thus, all homological notions of depth lead to the same invariant.

Remark 9.2. It turns out that for d = depthy(a, M), one has
Assp Exth(R/a, M) = Assg HI(M) = Assp H(Homp(K*, M)).

See [B3L §5] or the discussion in [84] page 564]. When M is finitely gener-
ated, so is H%(Hompg(K*®, M)), and hence the latter has only finitely many
associated primes. The equalities above now imply that H ff(M ) has only
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finitely many associated primes. This suggests the question: does each local
cohomology module have finitely many associated primes? This is not the
case, as we will see in Lecture

Now we know in which degree the nonzero local cohomology modules of
an R-module M begin to appear. Corollary [ T4 tells us that they disappear
eventually, so the next natural step is to determine in which degree the last
nonvanishing cohomology module occurs; what one has in mind is a state-
ment akin to Theorem Bl A basic result in this direction is the following
theorem due to Grothendieck. Its proof uses the local duality theorem which
will be covered in Lecture [T

Theorem 9.3. Let (R,m) be a local ring and M a finitely generated R-
module. Then
sup{n | HL(M) # 0} = dimpr M .

Proof. We claim that H:(M) = 0 for n > dim M. Since M is a module
over R/ann M, replacing R by R/ann M and using Proposition [[.TH(2), it
suffices to prove that HJ;(M) = 0 for n > dim R. But m is generated up to
radical by dim R elements, so the claim follows from Corollary [ZT4l

Let R be the m-adic completion of R; it is a local ring with maximal
ideal mR and residue field K. The R-module M = R ®gr M is finite, with

—

dimz M =dimp M and  H? (M) = Hy(M),
where the first equality is essentially [6, Corollary 11.19] and the second

follows from Proposition ZI8(3). Thus, substituting R and M for R and
M respectively, we may assume that R is m-adically complete. Cohen’s
result, Theorem B28 now provides a surjective homomorphism Q — R
with (Q,n) a regular local ring. According to Proposition [LI5(2), viewing
M as a Q-module through R, one has Hy(M) = Hy (M), so we may replace
R by @ and assume that R is a complete regular local ring.

We are now in a position to apply Theorem [[T.2Z9, which yields, for each
integer n, an isomorphism of R-modules

HZ(M) = Exti™#=" (M, R)V
with (—)Y = Hompg(—, E), where F is the injective hull of K. Since (—)V is
a faithful functor, Rees’ Theorem implies the first inequality below:
sup{n | H(M) # 0} > dim R — depthp(ann M, R)

> dim R — height(ann M)

> dim(R/ ann M)

= dim M ,
where the second inequality is given by Lemma O
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Remark 9.4. Let (R, m) be a local ring and M a nonzero finitely generated
module. By Theorems [I1] and @3] one has

H}(M)=0 for n & [depth M, dim M],

and it is nonzero for n equal to depth M and dim M. In general, nothing
can be said about the vanishing of local cohomology for intermediate values
of n: given any sequence of nonnegative integers ng < --- < ng, there exists
a local ring (R, m) with depth R = ny and dim R = n, such that HJ}(R) is
nonzero exactly when n is one of the integers n; [34].

2. Cohomological dimension
Definition 9.5. Let R be a Noetherian ring and a an ideal in R. For each
R-module M, set
cdr(a, M) =sup{n € Z | Hy (M) # 0}.
The cohomological dimension of a is
cdp(a) = sup{cdg(a, M) | M is an R-module}.
For a local ring (R, m), one has cdr(m) = dim R by Theorem

It turns out that the cohomological dimension has a test module.

Theorem 9.6. Let R be a Noetherian ring. Then cdgr(a) = cdg(a, R) for
each ideal a.

Proof. We may assume that a # R. Set d = cdr(a); this number is finite
by, for example, Theorem @Il Thus, H?(—) = 0 for n > d + 1, and there
is an R-module M with H4(M) # 0. Pick a surjective homomorphism
F — M, with F a free R-module, and complete to an exact sequence

0 —K —F —M—0.

From the resulting long exact sequence, Proposition [3|(4), one obtains an
exact sequence

HYK) — HYF) — HYM) — H(K)=0.
We conclude that HI(F) # 0, and so H4(R) # 0 by Proposition [Z3(3). O
The result above can be enhanced to a precise expression relating the
local cohomology of M and R at the cohomological dimension:

Exercise 9.7. Let R be a Noetherian ring, a an ideal, and set d = cdg(a, R).
Prove that for any R-module M, one has a natural isomorphism

HY(M) = H(R) r M.

Hint: Theorem [ implies that the functor H(—) is right-exact. By the
way, what are its left derived functors?
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Exercise 9.8. Let a be an ideal in a Noetherian ring R, and let M and N
be finitely generated modules. Prove the following statements.

(1) cdr(a, M) = cdr(a, R/ anng M).
(2) If Suppr(M) C Suppp(N), then cdr(a, M) < cdgr(a, N).
(3) Show that the analogues of (1) and (2) fail for depthp(a, —).

One way to approach these exercises is via the following exercise:

Exercise 9.9. Let R be a Noetherian ring and M a finitely generated mod-
ule. If Suppgp(M) = Spec R, show that for each nonzero module H, the
module H ® g M is nonzero.

3. Arithmetic rank

Recall that if ideals a and b have the same radical, then H(—) = H{(—)
by Proposition [[3(2). This suggests the following definition.

Definition 9.10. Let a be an ideal in a Noetherian ring R. The arithmetic
rank of a is the number

araa = inf{v(b) | b is an ideal with radb =rada},

where v(b) stands for the minimal number of generators of the ideal b.
Evidently, araa < v(a), though the arithmetic rank of a could be quite a bit
smaller than v(a). For example, ara(a”) = araa for each integer n > 1.

Remark 9.11. The arithmetic rank is also pertinent from a geometric per-
spective. For instance, when R is a polynomial ring over an algebraically
closed field, ara a equals the minimal number of hypersurfaces needed to cut
out the algebraic set Var(a) in affine space.

We return to cohomological dimension.

Proposition 9.12. Let R be a Noetherian ring and a an ideal of height h.
Then H!(R) is nonzero and

height a < cdr(a) < araa.

Proof. For any ideal b with radb = rada, we have cdr(a) = cdgr(b) by
Proposition [[3)(2), and cdr(b) < v(b) by Corollary [[LT4l This proves the
inequality on the right.

Let p be a prime containing a with height p = h. Then
H}(R), = Hng (Rp) = H,?Rp (Rp)
where the first isomorphism is by Proposition [[15(3), and the second by
Proposition [3(2). But H, ng (Rp) # 0 by Theorem I3, so the above isomor-
phisms imply that H/(R) # 0, which settles the inequality on the left. [
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This leads to an important result on the arithmetic rank of ideals in
local rings; in its original form, it is due to Kronecker [93], and has been
improved on by several people, notably Forster [39]; see also [102], T03].

Theorem 9.13. If a is a proper ideal in a local ring R, then araa < dim R.

Proof. Set P = Spec R\ V(a), and for each n > 0 consider the sets

d—1
P(n) = {p € P | heightp = n}, sothat P =|JP(n)
n=0

where d = dim R. The idea of the proof is to pick elements rg,...,rq_1 in a
such that, for 0 < i < d—1, the ideal b; = (79, ..., ;) satisfies the condition
(9.13.1) if pe P(i), then b; Z p.

Once this is accomplished, we have rad by_; = rad a giving the desired result.

Since P(0) is a subset of the minimal primes of R, its cardinality is
finite. Prime avoidance lets us pick an element rg in a and not in UpeP(O) p.
Evidently, by satisfies ([@I31]) for i = 0.

Suppose that for some 0 < ¢ < d — 2, elements rg,...,r;, have been
chosen such that the ideals by, ..., b; satisfy condition (@I30]). Another use
of prime avoidance allows us to pick an element

ri+1€a\ U p.

peMin(b;)NP(i+1)

We claim that the ideal b;11 = b; + (r;41) satisfies condition (@I3). If
not, there exists p in P(i + 1) containing b; 1, and hence also b;. If p is not
minimal over b;, there exists a prime ideal p’ with b; C p’ C p. But then
p’ € P(height p’), which contradicts condition (@II31]). Thus p is minimal
over b;, that is to say, p € Min(b;) N P(i + 1). But then ;41 € bjp1 Cp
gives a contradiction. O

Remark 9.14. In the situation of the previous theorem, suppose R is a
Noetherian ring of dimension d, but is not local. Following the construction
of ideals b;, we obtain an ideal b;_; C a such that by_; is not contained in
primes of Spec R\ V (a) of height less than dim R. There is at most a finite
set of prime ideals of height d in Spec R\ V(a) which contain b;_;. Picking
an element 4 in a but outside these finitely many prime ideals, gives an ideal
b= (rg,...,rq) C a with the same radical as a. In particular, algebraic sets
in affine d-space can be defined by d 4+ 1 equations.

Moreover, if R is a standard graded polynomial ring in d variables over a
local ring of dimension zero, and if a is homogeneous, then the construction
in the proof of Theorem yields a homogeneous ideal b;_; that satisfies
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condition (I3 for all primes of height less than d. In particular, algebraic
sets in P41 can be defined by d equations.

Proposition 9.15. Let a be an ideal in a Noetherian ring R. For each
finitely generated module M, one has H} (M) = 0 forn > dimM + 1. In
particular, cdg(a) < dim R.

Proof. For each prime ideal p, one has Hg (M), = Hip, (My) for all n. Since
dim M, < dim M, it suffices to consider the case where R is local. Moreover,
M is amodule over the ring S = R/ anng M, and Proposition [LTH(2) implies
that H} (M) = H]s(M) for each n. It remains to note that dim .S = dim M
and that cdg(aS) < dim S by Theorem and Proposition T2 O

Proposition raises the question: what is the import of the nonva-
nishing of H&™R(R)? In the lectures ahead we will encounter a number
of answers, which cover different contexts. Here is a prototype, due to
Hartshorne and Lichtenbaum; its proof is given in Lecture [[4

Theorem 9.16. Let (R,m) be a complete local domain, and a an ideal.
Then cdg(a) = dim R if and only if a is m-primary.

Proposition may also be used to obtain lower bounds on arithmetic
rank. Here is a beautiful example, due to Hartshorne, that illustrates this
particular use of cohomological dimension:

Example 9.17. Let K be a field and consider the ring Kz, y,u,v]. The
ideal a = (z,y) N (u,v) has height two; we claim that araa > 3.

Indeed, set b = (z,y) and ¢ = (u,v) and consider the Mayer-Vietoris
exact sequence to be established later in Theorem [T5.T],

— H{(R) ® H}(R) — H(R) — Hy, (R) — Hy(R) ® H¢(R) — .
Corollary [LT4] implies that the first and the last displayed terms are zero,
and from Theorem one obtains that

Hy, o(R) = Hy(R) = Hy(Rm)
is nonzero, where m = b + ¢. Thus, H2(R) is nonzero, so that araa > 3 by
Proposition The following exercise implies that araa = 3.

Exercise 9.18. Let R = K|z, y, u,v]. Find elements f,g,h € R with
rad(f,g,h) = (z,y) N (u,v) .

The ideal a in Example is not a set-theoretic complete intersection:
the algebraic set that it defines has codimension two, but it cannot be defined
by two equations. Cowsik and Nori [26] proved that in characteristic p, every
irreducible curve is a set-theoretic complete intersection. This is an open
question in characteristic 0, even for curves in P3.






Lecture 10

Cohen-Macaulay Rings

Life is really worth living in a Noetherian ring R when all
the local rings have the property that every s.o.p. is an
R-sequence. Such a ring is called Cohen-Macaulay.

—from [69, page 887]E

The aim of this lecture is to illustrate how Cohen-Macaulay rings arise
naturally; each section is devoted to a different point of view. The material
is adapted from Hochster’s beautiful survey article [69] where he discusses
the question “What does it really mean for a ring to be Cohen-Macaulay?”

Definition 10.1. A local ring is Cohen-Macaulay if some system of param-
eters is a regular sequence. A ring R is Cohen-Macaulay if Ry, is Cohen-
Macaulay for every maximal ideal m of R.

Remark 10.2. A local ring (R, m) is Cohen-Macaulay if and only if every
system of parameters is a regular sequence; equivalently, depth R = dim R.

Indeed, if R is Cohen-Macaulay, then depth R = dim R. If this equality
holds and x is a system of parameters, then depthp(xR, R) = dim R by
Theorem Thus x is a regular sequence by Corollary

If a is of height n in a Cohen-Macaulay ring R, then there exist elements
Y = Y1,...,Yp in a which form part of a system of parameters for R. But
then vy is a regular sequence, which implies depthp(a, R) > n. Lemma
gives the reverse inequality, and so we have

depthp(a, R) = height a.

Hochster has subsequently revised this to: Life is worth living. Period.

105
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If R is an N-graded ring, finitely generated over a field Ry, it turns
out that R is Cohen-Macaulay if and only if some (equivalently, every)
homogeneous system of parameters is a regular sequence.

Example 10.3. Rings of dimension zero are trivially Cohen-Macaulay. A
reduced ring of dimension one is Cohen-Macaulay.

Example 10.4. A regular ring is Cohen-Macaulay by Proposition B20.

Example 10.5. Let A be a regular local ring, and « = z1, ..., 2, elements
of A such that the ring R = A/xA has dimension dim A — r. If a ring
R (or, more generally, its completion) has this form, then R is a complete
intersection ring; see Definition [[LI8l The sequence & can be extended to
a system of parameters x,y for A, in which case the image of y in R is a
system of parameters for R. Since A is Cohen-Macaulay, x,y is a regular
sequence on A, but then the sequence y is regular on R = A/xA. Hence
complete intersections are Cohen-Macaulay.

Example 10.6. The ring R = K[z, y]/(22, zy) has dimension one and y is a
homogeneous parameter. Since y is a zerodivisor, R is not Cohen-Macaulay.

Example 10.7. Let R be the subring of the polynomial ring K|s, t] gener-

ated, as a K-algebra, by the monomials s%, s3¢, st3,t*. Then R has dimension

two, and s*,t* is a homogeneous system of parameters for R. Since R is a

domain, s* is a nonzerodivisor. However ¢* is a zerodivisor on R/s*R since
t1(s3t)? = s'(st3)?

and (s3t)? ¢ s*R. It follows that R is not Cohen-Macaulay.

Example 10.8. Let R be a subring of K[z, ..., 24] which is generated, as
a K-algebra, by monomials in the variables. Such affine semigroup rings are
discussed in Lecture2ll Hochster [67), Theorem 1] proved that if R is normal,
then it is Cohen-Macaulay; see Exercise for a proof using polyhedral
geometry. Hochster’s theorem is also a special case of Theorem

1. Noether normalization

We recall the Noether normalization theorem in its graded form:

Theorem 10.9. Let K be a field and R an N-graded ring, finitely generated

over Ry = K. If x1,...,2q is a homogeneous system of parameters for R,
then the elements x1,...,xq are algebraically independent over K, and R is
a finitely generated module over the subring K[z1, ..., x4]. O

In the situation above, a natural question arises: when is R a free module
over the polynomial ring K|[x1,...,x4]7 We start with a few examples.
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Example 10.10. Let S,, be the symmetric group on n symbols acting on
R = K[z1,...,z,] by permuting the variables. The ring of invariants is
R% =Kley,...,e,], where ¢; is the elementary symmetric function of degree
i in x. By [B, Chapter I1.G], the ring R is a free R%"-module with basis

"t xy? where 0 <m; <i—1for1 <i<n.
Example 10.11. Fix a positive integer d, and let R be the subring of
K[z,y] generated, as a K-algebra, by the monomials of degree d, i.e., by
the elements z% z% 1y, ..., zy% 1 y% As 2% y¢ is a homogeneous system
of parameters for R, Theorem implies that R is a finitely generated
module over A = K[z?, y?]. Indeed, the element 1 and the monomials 2’y
with 1 < 4,j < d—1and i+ j = d generate R as an A-module. It is a

straightforward exercise to prove that R is a free A-module on this set.

Example 10.12. Let R = K[s?, s3¢, st3, 4], the ring in Example [M71 The
elements s%,¢* form a homogeneous system of parameters, so R is a finitely
generated module over the polynomial subring A = K[s*,#4]. The monomi-
als 1, st, st3, s5¢2, s?t6 are a minimal generating set for R as an A-module.
However R is not a free module since we have the relation

t4(86t2) — 84(82t6) ,
which was used earlier to demonstrate that R is not Cohen-Macaulay.

Theorem 10.13. Let K be a field, R an N-graded ring finitely generated over
Ry =K, and let x1,...,xq be a homogeneous system of parameters. Then
R is Cohen-Macaulay if and only if it is a free module over K|x1, ..., z4].

Proof. By Hilbert’s syzygy theorem, R has finite projective dimension over
A =Klz1,...,24]. The Auslander-Buchsbaum formula yields

depth R+ pdy R = depth A4,

where we note that the depth of the ring R equals its depth as an A-module.
Since depth A = d = dim R, the ring R is Cohen-Macaulay if and only if
pd4 R =0, i.e., if and only if R is a projective A-module. Since R is a finitely
generated graded A-module, it is projective if and only if it is free. O

Exercise 10.14. Let K be a field. Find homogeneous systems of parameters
for the rings below and determine whether they are Cohen-Macaulay.

(1) R=Klz,y,z]/(zy,yz2).
(2) R=Klz,y,z]/(zy,yz, zx).
(3) R=K]s,t,x,y]/(sx, sy, tz,ty).
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Exercise 10.15. Let R be an N-graded ring finitely generated over a field
Ry = K. If R is Cohen-Macaulay with homogeneous system of parameters
x1,...,2Tq, prove that the Hilbert-Poincaré series of R has the form

g(t)
(1 —ter)..- (1 —ted)’

where deg x; = e; and ¢(t) € Z[t] has nonnegative coefficients.

P(R,t) =

2. Intersection multiplicities

Let f,g € K[z,y] be polynomials without a common factor. Then Var(f)
and Var(g) are plane curves with isolated points of intersection. Suppose
that the origin p = (0,0) is one of these intersection points, and we wish to
compute the intersection multiplicity or order of tangency of the curves at
the point p. This can be achieved by working in the local ring R = K[z, ]
and taking the length of the module

R/(f.9) = R/(f) ©r R/(g)-

(z,y)

Figure 10.1. The curves y = 22 and y? = 2% + 23

Example 10.16. The intersection multiplicities of the parabola Var(y — x2)
with the z-axis and the y-axis, at the origin, are, respectively,

(oomg) -2 m o(G2Eg) -1

Example 10.17. The intersection multiplicity of Var(y? — 2? — x3) with
the x-axis, at the origin, is

/ K[:Ea y] (z,y) —9.
(y* — 2% —23,y)
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This illustrates the need to work with the local ring K]z, y] (z,y) b0 measure
the intersection multiplicity at (0,0); the length of K[z, y]/(y? — 22 — 23, y)
is 3, since it also counts the other intersection point of the curves, (—1,0).

Remark 10.18. For plane curves Var(f) and Var(g), the length of
(C[x7 y](w,y)/(fa g)

gives the correct intersection multiplicity of the curves at the origin, in the
sense that for typical small complex numbers €, this intersection multiplicity
is precisely the number of distinct intersection points of Var(f) and Var(g+e)
that lie in a small neighborhood of the origin.

To generalize from plane curves to arbitrary algebraic sets, let a and
b be ideals of K|[x1,...,z,] defining algebraic sets Var(a) and Var(b) with
an isolated point of intersection, p = (0,...,0). Working in the local ring
R=K[z1,...,%3](g,,. 2, and taking the length of the module

R/(a+b) 2 R/a®gr R/b

may not give the same answer as perturbing the equations and counting
distinct intersection points. Serre’s definition from [143] does:

dim R

X(R/a,R/b) = Y (~1)"(Torf(R/a, R/b)).

i=0
Example 10.19. Let a = (2% — w?y, 2%z — wy?, 2y — wz,y> — 22?) and
b = (w,z) be ideals of the polynomial ring Clw,z,y,z|. Then the ideal
a+b=(w,z 23 zy,y?) has radical (w,z,y,z), so the algebraic sets Var(a)
and Var(b) have a unique point of intersection, namely the origin in C*. Let
R = Clw, 2,9y, 2] (w,2,y,-)- Note that

((R/(a+ b)) =UR/(w, 2,23 xy,y?)) = 5.

However, we claim that the intersection multiplicity of Var(a) and Var(b)
should be 4. To see this, we perturb the linear space Var(w, z) and count
the number of points in the intersection

Var(a) N Var(w — 0,z — €)

for typical small complex numbers d and ¢, i.e., we determine the number
of elements of C* which are solutions of the equations

3

w=9 z2=¢€ —w2y:0, xzz—waZO, Yy —wz =0, y3—$z2:0.

It is easily seen that x is a fourth root of 6%¢, and that 2 uniquely determines
y. Hence for nonzero § and ¢, there are four distinct intersection points.

To determine the Serre intersection multiplicity x(R/a, R/b), first note
that the Koszul complex

0 R
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gives a projective resolution of R/b. To compute Tor?(R/a, R/b), we tensor
this complex with

R/a = Cl[s, s, st3, 1],
and take the homology of the resulting complex

4
[si] o [s* 1]
0 —— R/a —— (R/a)* —— R/a —— 0.

In this notation, the module Torf¥(R/a, R/b) is the C-vector space spanned

by the element
_ 246 )
(T ) € a2,

Now Torf(R/a, R/b) = 0 and ¢(Torf(R/a, R/b)) = £(R/(a + b)) = 5, so
X(R/a,R/b) =5—-1+0=4.

The issue is precisely that the ring R/a = C[s?, s3¢, st3,t*] is not Cohen-

Macaulay, as follows from the next theorem [143], page 111].

Theorem 10.20. Let (R,m) be an unramified reqular local ring, and a,b

ideals such that a + b is m-primary. Then x(R/a, R/b) equals
{(R/(a+b)) = ((Torf(R/a, R/b))

if and only if R/a and R/b are Cohen-Macaulay rings. O

The naive estimate ¢(R/(f,g)) is the right intersection multiplicity for
plane curves Var(f) and Var(g) since R/(f) and R/(g) are Cohen-Macaulay.

Exercise 10.21. Let R = C[w, x, ¥, z], and consider the ideals

a=(w®— 23wy —zz,y? — w2, w?z —ry) and b= (w,z).

(1) Check that the ring R/a = Cl[s?, 53, st, t] is not Cohen-Macaulay.
(2) Compute the length of R/(a+ b).

(3) Compute the intersection multiplicity of the algebraic sets Var(a) and
Var(b) at the origin in C%.

3. Invariant theory
Let G be a group acting on a polynomial ring 7. We use T¢ to denote the
ring of invariants, i.e., the subring
TC¢ ={z €T |g(x) =xforall g G}.
Example 10.22. Let T = K[a, b, ¢, r, s] be a polynomial ring over an infinite

field K. Consider the action of the multiplicative group G = K~ {0} on T
under which A\ € G sends a polynomial f(a,b,c,r,s) to

f(Aa, b, Ae, A1, A7 L)
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Under this action, every monomial is taken to a scalar multiple. Let f be a
polynomial fixed by the group action. If a’b?cFr™s™ occurs in f with nonzero
coefficient, comparing coefficients of this monomial in f and A(f) gives us

N\ititk—m=n _ 4 for all A € G.

Since G is infinite, we must have i 4+ j + k = m + n. It follows that the ring
of invariants is the monomial ring
7Y = Klar, br, cr, as, bs, cs] .

Let R = K[u,v,w,z,y,2], and consider the surjection p: R — T as in
Exercise[[30 We saw that ker(¢) is the prime ideal p = (A1, Ay, Ag) where
A = vz —wy, Ay = wx — uz, Az = uy — vr.

We write R(m) for the graded module with [R(m)],, = [R]m+n. A graded
resolution of R/p = T over R is

0 —— R?(-3) M R3(-2) R 0.

Such a resolution can be used to compute the Hilbert-Poincaré series of R/p
as follows. For each integer n, we have an exact sequence of K-vector spaces

0 — [R*(=3)]n — [R*(=2)]n — [Rln — [R/pln — 0.

[A1 Az Az]

The alternating sum of the vector space dimensions must be zero, so
P(R/p,t) = P(R,t) — 3P(R(-2),t) + 2P(R(-3),t) .
Since P(R(—m),t) = t™P(R,t) and P(R,t) = (1 —t)75, we see that
1-3t2+2t3 142t
P(R/pat)_ (1—t)6 - (1_t)47

which is precisely what we obtained earlier in Example [L34

Remark 10.23. Given an action of a group G on a polynomial ring T', the
first fundamental problem of invariant theory, according to Weyl [162], is
to find generators for the ring of invariants 7¢, in other words to find a
polynomial ring R with a surjection ¢: R — T¢. The second fundamental
problem is to find relations amongst these generators, i.e., to find a free
R-module R" with a surjection R — ker . Continuing this sequence of
fundamental problems, one would like to determine the resolution of T¢ as
an R-module, i.e., to find an exact complex

...— R% —R2 R R LT 0.

In Example [0.2Z2 we obtained this for the given group action, and saw
how the resolution provides information such as the Hilbert-Poincaré series
(and hence the dimension, multiplicity, etc.) of the ring of invariants TC.
Another fundamental question then arises: what is the length of the minimal
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resolution of T¢ as an R-module, i.e., what is its projective dimension? The
Cohen-Macaulay property appears once again:

Theorem 10.24. Let T be a polynomial ring over a field K, and G a group
acting on T by degree preserving K-algebra automorphisms. Assume that
TC is a finitely generated K-algebra, and let R be a polynomial ring mapping
onto TC. Then

pdp T > dim R — dim T¢
and equality holds precisely if TC is Cohen-Macaulay.

Proof. By the Auslander-Buchsbaum formula,
pdp T = depth R — depth T .

The ring R is Cohen-Macaulay and depth7¢ < dim7T¢, so we get the
asserted inequality. Equality holds if and only if depth7¢ = dim T¢, i.e.,
precisely when T¢ is Cohen-Macaulay. (]

Exercise 10.25. Let p be a prime and T' = Fp[a, b, ¢, 7, s] a polynomial ring.
Consider the action of the multiplicative group G = F, ~ {0} on T" under
which A € G sends a polynomial f(a,b,c,r,s) to

f(Aa, \b, Ae, A1, A7 Ls)
Determine the ring of invariants 7.

Exercise 10.26. Let T'= Cl[zy,...,z4] be a polynomial ring, n a positive
integer, and o the C-linear automorphism of T" with

o(xj) = /"y, forall 1 <j<d.

Determine the ring 7¢ where G is the cyclic group generated by o.

The following theorem is due to Hochster and Eagon [72].

Theorem 10.27. Let T be a polynomial ring over a field K, and G a finite
group acting on T by degree preserving K-algebra automorphisms. If |G| is
invertible in K, then TS is Cohen-Macaulay.

Proof. Consider the map p: T — T given by the Reynolds operator
1
D=5 > glt).
geG

It is easily verified that p(t) =t for all t € T and that p is a T%-module
homomorphism. Hence T is a direct summand of T as a T-module, i.e.,
T 2= T% @ M for some T¢-module M.

Let & be a homogeneous system of parameters for T¢. Since G is finite,
T is an integral extension of T¢, so x is a system of parameters for T' as



3. Invariant theory 113

well. The ring T is Cohen-Macaulay, so « is a regular sequence on T. But
then it is also a regular sequence on its direct summand 7C. O

The proof of Theorem shows, more generally, that a direct sum-
mand S of a Cohen-Macaulay ring T is Cohen-Macaulay, provided that a
system of parameters for S forms part of a system of parameters for T'. In
general, a direct summand of a Cohen-Macaulay ring need not be Cohen-
Macaulay, as we see in the next example.

Example 10.28. Let K be an infinite field, and let T" be the hypersurface
T =Kla,b,c,7,5]/(a® + 1>+ ¢?).

The multiplicative group G = K ~\ {0} acts K-linearly on 7" where A € G
sends a polynomial f(a,b,c,r,s) to

f(Aa, b, Ae, A"t A7 L)

As in Example 22, the ring of invariants is T¢ = K[ar, br, cr, as, bs, cs].
The ring T is a complete intersection, and hence is Cohen-Macaulay. Also,
it is easy to see that TC is a direct summand of T. However TC is not
Cohen-Macaulay: the elements ar, bs, as + br form a homogeneous system
of parameters for T¢ (verify!) and

cres(as +br) = (cs)?ar + (cr)bs,

which shows that as + br is a zerodivisor on T /(ar, bs)T¢. For a different
proof that T'¢ is not Cohen-Macaulay, see Example

Remark 10.29. A linear algebraic group is a Zariski closed subgroup of
a general linear group GL,(K). A linear algebraic group G is linearly re-
ductive if every finite-dimensional G-module is a direct sum of irreducible
G-modules, equivalently, if every G-submodule has a G-stable complement.
Linearly reductive groups in characteristic zero include finite groups, alge-
braic tori (i.e., products of copies of the multiplicative group of the field),
and the classical groups GL,(K), SL,(K), Sp2,(K), O,(K), and SO, (K).

If a linearly reductive group G acts on a finitely generated K-algebra T'
by degree preserving K-algebra automorphisms, then there is a 7¢-linear
Reynolds operator p: T — T making T¢ a direct summand of 7.

The following theorem is due to Hochster and J. Roberts [75].

Theorem 10.30. Let G be a linearly reductive group acting linearly on a
polynomial ring T. Then the ring of invariants TS is Cohen-Macaulay.

More generally, a direct summand of a polynomial ring over a field is
Cohen-Macaulay. O
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We record a few examples of rings of invariants which, by the Hochster-
Roberts theorem, are Cohen-Macaulay.

Example 10.31. Let n < d be positive integers, X = (z;;) an n X d matrix
of variables over a field K, and consider the polynomial ring in nd variables,
T = K[X]. Let G = SL,(K) act on T as follows:

M : ﬂj‘ij — (MX)Z],

i.e., an element M € G sends z;j, the (4, j) entry of the matrix X, to the
(1,7) entry of the matrix MX. Since det M = 1, it follows that the size n
minors of X are fixed by the group action. It turns out that if K is infinite,
TC is the K-algebra generated by these size n minors. The ring TC is the
homogeneous coordinate ring of the Grassmann variety of n-dimensional
subspaces of a d-dimensional vector space. The relations between the minors
are the well-known Pliicker relations.

Example 10.32. Let X = (z;;) and Y = (y;i) be r x n and n x s matrices
of variables over an infinite field K, and 7" = K[X, Y] the polynomial ring of
dimension rn + ns. Let G = GL,,(K) be the general linear group acting on
T where M € G maps the entries of X to corresponding entries of XM ~!
and the entries of Y to those of MY . Then TC is the K-algebra generated
by the entries of the product matrix XY. If Z = (z;;) is an r x s matrix of
new variables mapping onto the entries of XY, the kernel of the induced K-
algebra surjection K[Z] — T is the ideal generated by the size n-+1 minors
of the matrix Z. These determinantal rings are the subject of [21]. The
case where r = 2, s = 3, n = 1 was earlier encountered in Example [0.221

Exercise 10.33. Let X = (z;;) be an n X n matrix of variables over a field
K, and take the polynomial ring

A=Kl |1<i<n,1<j<n].

Consider the hypersurface R = A/(det X). If A is any size (n — 1) minor of
X, show that R, the localization of R at the element A, is a regular ring.

Exercise 10.34. Let GG be a group acting by ring automorphisms on a
domain R.

(1) Show that the action of G on R extends to an action of G on the
fraction field L of R.

(2) If R is normal, show that the ring of invariants R“ is normal.

(3) If G is finite, prove that L& is the fraction field of R®.
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4. Local cohomology

We have seen how Cohen-Macaulay rings come up in the study of intersection
multiplicities and in studying rings of invariants. They also arise naturally
when considering local cohomology, but first a definition:

Definition 10.35. Let R be a local ring. A finitely generated R-module
M is Cohen-Macaulay if depth M = dim M. Observe that R is a Cohen-
Macaulay ring if and only if it is a Cohen-Macaulay R-module.

Theorem 10.36. Let (R, m) be a local ring. A finitely generated R-module
M is Cohen-Macaulay if and only if H (M) =0 for all i # dim M.

In particular, the ring R is Cohen-Macaulay if and only if HL(R) = 0
for all i # dim R.

Proof. Theorem [1limplies that HE (M) = 0 for i < depth M and nonzero
for i = depth M. Moreover, H: (M) = 0 for i > dim M by Theorem @3 O






Lecture 11

Gorenstein Rings

Gorenstein rings were introduced by Bass in his influential paper [9]. Among
the class of commutative rings, Gorenstein rings are remarkable for their
duality properties. The definition we adopt, however, is not too illuminating.

Definition 11.1. A Noetherian ring R is Gorenstein if injdimp R is finite.

When injdimp R is finite, so is injdim Ry Ry, for each prime p in R. Hence
when R is Gorenstein, so is R,. As to the converse:

Exercise 11.2. Prove that a Noetherian ring R is Gorenstein if and only if
dim R is finite and Ry, is Gorenstein for each maximal ideal m in R.

In [9], and in some other places in the literature, you will find that a
Noetherian ring is defined to be ‘Gorenstein’ if it is locally Gorenstein; the
finiteness of the Krull dimension has been sacrificed. However, from the
perspective of these lectures, where we focus on Gorenstein rings for their
duality properties, the more stringent definition is the better one.

Here is one source of Gorenstein rings.

Proposition 11.3. Regular local rings are Gorenstein.

Proof. Let R be a regular local ring. Then R has finite global dimension
by Theorem Therefore Extz (—, R) = 0 for i > 0, and it follows that
R has finite injective dimension. O

When R is Gorenstein, the modules in the minimal injective resolution
of R can be described completely; see Remark [[.25 This is a consequence
of general results concerning the structure of injective resolutions.

117
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1. Bass numbers

Let R be a Noetherian ring and let M be a finitely generated R-module.
Let I*® be the minimal injective resolution of M. For a prime ideal p and
integer 7, the number

(% (p, M) = number of copies of Eg(R/p) in I’

is the i-th Bass number of M with respect to p; see Definition [A.231 When
R is local with maximal ideal m, we sometimes write u’ (M) for ph(m, M).
By Theorem [A224] the Bass numbers can be calculated as

,u%(p, M) = rankg,) Hompg, (K(p), Ii) = rankg p) Ext%p (K(p), M),

where K(p) = Rp/pRp. These formulae also show that the Bass numbers
are finite, and that they can be calculated locally, that is to say, if U is a
multiplicatively closed subset of R with U Np = &, then

pr(p, M) = pya g (U9, UTIM).

The following exercise is a first step towards understanding the structure of
minimal injective resolutions.

Exercise 11.4. Let M be an R-module. Prove that
Assp M = {p | py(p, M) # 0} = Ass Er(M).
Bass numbers propagate along chains of prime ideals:

Lemma 11.5. Let R be a Noetherian ring and M a finitely generated
module. If p'(p, M) # 0 for a prime p, then for each prime q O p with
height(q/p) = 1 we have ugl(q,M) # 0.

Proof. Localizing at q, we may assume that (R,m,K) is local and that
dim R/p = 1. Suppose ugl(M) = 0, that is to say,

Ext (K, M) = 0.

An induction on length shows that Ext’gl(L, M) = 0 for modules L of finite
length. Thus Ext''(R/(p + xR), M) = 0 for any element z € m \ p, since
the length of the R-module R/(p + xR) is finite. Now the exact sequence

0— R/p > R/p— R/(p+2R) —0
yields an exact sequence of finitely generated modules
- — Extiy(R/p, M) = Extiy(R/p, M) — ExtiF'(R/(p + zR), M) = 0.
Nakayama’s lemma yields Ext’(R/p, M) = 0, and hence pb(p, M) =0. O
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Corollary 11.6. Let (R, m,K) be a local ring, and let M be a finitely gen-
erated R-module. Then

injdimp M = sup{i | Exti (K, M) # 0}. O

We state without proof a better result, proved by Fossum, Foxby, Grif-
fith, and Reiten [40], and also by P. Roberts [131]:

Theorem 11.7. Let (R,m,]K) be a local ring and let M be a finitely gener-

ated R-module. Then Ext’z(K, M) # 0 for depthp M < i < injdimz M. O

Using Exercise [T.4] and Lemma [[TH, solve the following:
Exercise 11.8. Every finitely generated R-module M satisfies
injdimp M > dim M .
Prove that if R admits a nonzero finitely generated injective module, then

R is Artinian. See also Remark [T.111

The following proposition shows that the injective dimension of M is
either infinite, or depends only on R.

Proposition 11.9. Let R be a local ring and M a finitely generated R-
module. If injdimp M is finite, then

injdimp M = depth .
Proof. Set d = depth R and e = injdimp M. Choose a maximal R-sequence
x =1,...,2r4. Computing via the Koszul resolution of R/x R one sees that
Ext&(R/xR, M) = M/xM

which is nonzero by Nakayama’s lemma. Thus e > d. As to the reverse
inequality, since depth R/x R = 0, there is an exact sequence

0 —K-—R/zR — C — 0.
Since Ext?l(—, M) = 0, the induced exact sequence has the form
- — Exth(R/xR, M) — Exth(K,M) — 0.
Corollary IT.8 yields Ext% (K, M) # 0, hence Ext;(R/xR, M) # 0. There-
fore, e < pdp R/xR = d. O
The proof of the following result is now clear:
Corollary 11.10. Gorenstein rings are Cohen-Macaulay. U

Remark 11.11. If a Noetherian local ring R has a nonzero finitely gener-
ated module of finite injective dimension, then R is Cohen-Macaulay. This
result, which was conjectured by Bass, is a theorem due to Peskine and
Szpiro [128], Hochster [68], and P. Roberts [134].
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2. Recognizing Gorenstein rings

Let (R, m,K) be a local ring. The socle of an R-module M, denoted soc M,
is the submodule (0 :j; m), which may be identified with Hompg(K, M).
It is thus a K-vector space, and, indeed, the largest K-vector space in M.
Convince yourself that the terminology is particularly well-chosen, [127].

Theorem 11.12. Let (R,m,K) be a zero-dimensional local ring. The fol-
lowing conditions are equivalent:

(1) R is Gorenstein;
) R is injective as an R-module;

) rankg soc R = 1;

)

5) (0) is irreducible, i.e., it is not an intersection of two nonzero ideals.

Proof. The equivalence of (1) and (2) is immediate from Proposition [T,
and that of (2) and (3) was proved in Theorem The equivalence of
these with (4) and (5) follows from basic properties of essential extensions
proved in the Appendix. O

Condition (3) in the result above provides a particularly simple test for
identifying zero-dimensional Gorenstein rings.

Example 11.13. The ring K[z, y]/(22,%?) is Gorenstein since its socle is
generated by a single element xy, while the ring K[z, y]/(x,y)? is not, since
its socle is minimally generated by the elements = and y.

This test applies only to zero-dimensional rings: K[[z,y]]/(22, zy) is not
Gorenstein though its socle has rank-one.

How can one identify higher-dimensional Gorenstein rings? One way is
by using the following result.

Proposition 11.14. Let x be a regular sequence on a ring R. If R is
Gorenstein, then so is R/xR. The converse holds if R is local.

The proof of this result is almost trivial, once we use Corollary [0 and
the following theorem due to Rees.

Theorem 11.15. Let M and N be R-modules. If an element x € anng N
18 a nonzerodivisor on R and on M, then for each i one has

Extiy(N, M) 2 Extip . o (N, M/zM).
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Proof. Let I® be an injective resolution of M, and set S = R/xR. One has
an isomorphism of complexes

Homp (N, I*) = Homg(N,Hompg(S, I°)).

The complex on the left computes Ext% (N, M). The desired isomorphism
follows once we verify that the complex of injective S-modules Hompg(.S, I*)
has cohomology M /xM concentrated in degree 1.

The cohomology of Hompg(S, I*) is Ext%(S, M), and a free resolution of
Sis 0 — R - R — 0, so Ext%(S, M) is the cohomology of the complex

0—M-5M-—0

concentrated in degrees 0 and 1, as desired. O

Here is one use of Proposition [T.T4]

Example 11.16. Let K be a field and let R = K[z3, 2%, 27], viewed as
a subring of K[z|. Evidently R is a domain of dimension one, and hence
Cohen-Macaulay. However, soc R/z3R has rank two. Therefore R/z3R is
not Gorenstein, and so neither is R itself.

Lemma 11.17. A local ring (R, m) is Gorenstein if and only if its m-adic
completion R is Gorenstein.

Proof. This follows from Corollary and the isomorphism

Ext’ (K, R) = Exth(K,R) @ R. O

We now enlarge our supply of Gorenstein rings; first, a definition.

Definition 11.18. Let (R, m) be a local ring. By Theorem R28, the m-adic
completion R has a presentation () —» R where Q is a regular local ring.
One says that R is a complete intersection ring if ker(Q) —» ﬁ) is generated
by a regular sequence; this does not depend on the choice of the presentation.
If R = @/a for a regular ring @, then R is complete intersection if and only
if a is generated by a regular sequence; see [T15] §21].

Proposition 11.19. Complete intersection local rings are Gorenstein.

Proof. If R is a complete intersection local ring, then so is R. Lemma[[TI7
allows us to assume that R is complete. Then R = Q/x@ for a regular
sequence « in a regular ring ). Now () is Gorenstein by Proposition [T.3],
hence so is R by Proposition [T.T4 O

The next example is a Gorenstein ring which is not complete intersection.
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Example 11.20. Let K be a field, and let
R = K[xaya Z]/($2 - y27y2 - 22,33‘2/,2/2,332) .

Note that R is O-dimensional; its socle is generated by the class of 22, and
hence it is Gorenstein. The ideal of relations defining R is minimally gener-
ated by the elements listed, which do not form a K[z, y, z]-regular sequence.

Determinantal rings are another (potential) source of Gorenstein rings.

Example 11.21. Let X = (x;;) be an m x n matrix of indeterminates over
a field K. Let K[X] denote the polynomial ring in the z;;. Fix an integer
r > 1, and let I,(X) be the ideal generated by the r x r minors of X. Then

R =K[X]/I(X)

is the coordinate ring of the algebraic set of m x n matrices over K of rank
less than r; see Example The ring R is a Cohen-Macaulay normal
domain of dimension (m +n —r+1)(r — 1), [20, Theorem 7.3.1]. However,
for r > 1, the ring R is Gorenstein if and only if m = n, [20, Theorem 7.3.6].

Let us verify this last statement when m =2, n =3, and r = 2. Then
R =Klu,v,w,z,y, z]/(vz — wy, wx — uz,uy — vx).
Recall from Example [[34] that the elements u, v —x, w —y, z form a system
of parameters for R. Now
R/(u,v — x,w —y,z) = Kla,y]/ (2%, 2y, y*)

is not Gorenstein (look at its socle), and hence neither is R.

We now extend Theorem to arbitrary local rings.
Theorem 11.22. Let (R, m,K) be a d-dimensional local ring. The following

conditions are equivalent:
(1) R is Gorenstein;
(2) injdimp R = d;
(3) R is Cohen-Macaulay and rankg Ext&(K, R) = 1;
(4) R is Cohen-Macaulay and some (equivalently, every) system of pa-
rameters for R generates an irreducible ideal.

Proof. (1) and (2) are equivalent by Proposition and Corollary

(1) < (3). By Corollary [TI0, we may assume that R is Cohen-
Macaulay. Let x1,...,z4 be a regular sequence. Theorem yields

Ext}(K, R) = Exth Y(K, R/z1R) = - - - = Homp(K, R/zR).
Now apply Proposition [I.T4] and Theorem [T.T2
(1) <= (4). Reduce to dimension zero and apply Theorem [TI12 O
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Remark 11.23. The non-Gorenstein ring K[z, y]]/(x?, zy) shows that the
Cohen-Macaulay hypothesis cannot be dropped from (4) above. On the
other hand, one can drop the requirement that R is Cohen-Macaulay in (3):
P. Roberts [T33] proved that Ext% (K, R) = K implies that R is Gorenstein.

The type of a finitely generated R-module M is the number
typer M = rankg Exti (K, M),

where n = depthy M. The equivalence of (1) and (3) is the statement that
Gorenstein rings are precisely Cohen-Macaulay rings of type one.

3. Injective resolutions of Gorenstein rings
We now turn to the structure of injective resolutions of Gorenstein rings.

Theorem 11.24. Let R be a Noetherian ring and p a prime ideal in R.
The following conditions are equivalent:
(1) Ry is Gorenstein;
(2) ph(p, R) =0 for each integer i > height p;
(3) pl(p, R) =0 for some integer i > height p;
. 0 ifi < heightp,
(4) Krlp, B) = {1 if i :heiihtz.

Proof. We may assume that R is local with p = m. In that case, the
equivalence of (1) and (4) follows from Theorem Proposition
yields (1) = (2), while it is clear that (2) = (3). Finally, (3) = (1) is
an immediate consequence of Theorem [[T71 O

Remark 11.25. Let R be a Gorenstein ring and I*®* a minimal injective
resolution of R. For each prime p the ring Ry is Gorenstein and IJ is a
minimal resolution of R, by Proposition Thus, Theorem [[T.24] implies
that for each ¢ one has an isomorphism

't @ Er(R/p).
height p=1

Therefore, Er(R/p) appears exactly once in the complex I*®, namely in
cohomological degree equal to height p.

4. Local duality

The main result of this section is the Grothendieck duality theorem for
Gorenstein rings, Theorem [[T.29 ‘Grothendieck’ because it was proved by
the man himself, and ‘duality’ for reasons explained in Lecture
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Theorem 11.26. Let (R,m,K) be a local ring of dimension d. Then R is
Gorenstein if and only if

H&(R):{o fori#d,

Er(K) fori=d.

Proof. When R is Gorenstein, its local cohomology is evident, given Ex-
ample [0 and the injective resolution of R; see Remark

For the converse, H: (R) = 0 for i # d implies that R is Cohen-Macaulay
by Theorem Let  be a maximal regular sequence. Then R/xR is
zero-dimensional, so Exercise yields the first of the isomorphisms:

R/xR = Homp(R/xR, HL(R)) = Homg(R/zR, Er(K)) = Eg/pr(K).

The second isomorphism follows from the hypothesis, while the last is im-
plied by Theorem Therefore R/xR is Gorenstein by Theorem [TT.12],
and hence Proposition [[I.T4 yields the desired conclusion. O

Exercise 11.27. Let (R, m) be a local ring, M a finitely generated module,
and © = x1,...,2, a regular sequence on M. Set d = depth M. Prove that
there is a natural isomorphism

HE"(M/xM) = Hompg(R/xR, HL(M)).
Hint: induce on n.

Using the preceding theorem and Theorem [Tl one obtains a descrip-
tion of Fr(K) for any Gorenstein local ring.

Remark 11.28. Let x1,...,x4 be a system of parameters for a Gorenstein
ring R and, for ¢t > 1, set ' = z!,...,2%. Then

HY(Homp(K*(x';R),R)) = R/x'R,
and in the direct system in Theorem [LT]], the induced homomorphism
R/x'R = HY(Homp(K*(z'), R)) — H¥(Hompg(K*(z'*!),R)) = R/z'"'R
is given by multiplication by the element z = x1 - - - 4. Theorem [T.26] yields
Eg(K) = lim (R/acR . R/#*R - R/z*R % .. ) :

Now we come to one of the principal results on Gorenstein rings: local
duality. There is a version of the local duality theorem for Cohen-Macaulay
rings with a canonical module—see Theorem [[T44l—and, better still, for
any local ring with a dualizing complex. For the moment, however, we focus
on Gorenstein rings. The connection to Serre duality on projective space
is explained in Lecture It is an important point that the isomorphisms
below are ‘natural’; once again, this is explained in Lecture
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Theorem 11.29. Let (R,m,K) be a Gorenstein local ring of dimension d,
and M a finitely generated module. For 0 < 1 < d, there are isomorphisms
HL(M) = Exth (M, R)"

where (—)Y = Hompg(—, Fr(K)).

Proof. Set £ = ER(K), let x1,...,x4 be a system of parameters for R, and
let C*(x; R) be the Cech complex on . By Theorem [ZT3, the R-module
H{ (M) is the degree i cohomology of the complex C*(x; R) ®@g M. Since R

is Gorenstein, Theorem yields
oL 0 ifi<d
H(CaR) =4 =
E ifi=d.

Thus O'(az; R) is a flat resolution of E shifted d steps to the right, so
Hi(M) = H(C*(x;R) @ M) = Tor} ,(E, M).

We claim that the module on the right is precisely Ext%_i(M ,R)V. To see
this, let 7® be a minimal injective resolution of R; note that I” =0 forn > d
since R is Gorenstein. A standard argument now shows that the canonical
morphism of complexes

(11.29.1) Hompg(I*, F) @ g M — Hompg(Homp(M,I°), E)
is bijective. Moreover, since E is injective, one has that
0 ifn#0
H, (Hompg(I*,F)) = ’
(Hom (%, E) {E ifn=0.

Thus, since Homp(I®, E) is a bounded complex of flat R-modules, it is a flat
resolution of E. Hence taking homology in (I.2Z91]) yields, for each integer
n, an isomorphism of R-modules

Tor®(E, M) = Hompg(Ext% (M, R), E) .
This completes the proof of the theorem. O
The proof is admittedly terse; fill in the details. The preceding theorem
gives a description of local cohomology over any complete local ring, for such

a ring is a homomorphic image of a regular local ring by Theorem B28, and
so the following result applies.

Corollary 11.30. If (R,m,K) is a homomorphic image of a Gorenstein
local ring Q of dimension ¢, and M is a finitely generated R-module, then

H(M) = Extg (M, Q)" for each i >0
where (—)Y = Homg(—, Eg(K)). O
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This is somewhat unsatisfactory: one would like a duality involving only
cohomology groups over R. This is given in Theorem [[T.Z4] for which one
needs canonical modules.

5. Canonical modules

We focus here on the local case. The graded and non-local cases are covered
in Lectures [[3] and [I¥ respectively.

Definition 11.31. Let R be a Cohen-Macaulay local ring. A canonical
module is a finitely generated R-module w with the properties

(1) depthw = dim R,
(2) typepw =1, and
(3) injdimp w is finite.
Note that (1) implies that w is Cohen-Macaulay with dimw = dim R, that

is to say, w is a mazimal Cohen-Macaulay module. Evidently, a finitely
generated R-module w is a canonical module for R if and only if

i (w) = 0 fori#dimR,
s " )1 fori=dimR.

We have already seen examples of canonical modules:

Remark 11.32. Let R be a local ring. Then R is Gorenstein if and only
if R is itself a canonical module. When R is Artinian, Er(K) is the unique
canonical module for R. It turns out that a Cohen-Macaulay local ring has,
up to isomorphism, at most one canonical module; see Theorem

Proposition 11.33. Let R be a Cohen-Macaulay local ring and w a canoni-
cal module. Let M be a finitely generated module and sett = dim R—dim M .

If M is Cohen-Macaulay, then Extly(M,w) = 0 fori # t, and the module
Exth(M,w) is Cohen-Macaulay of dimension dim M.

Proof. Suppose t = dim R. Then dim M = 0 so ann M is primary to the
maximal ideal. Since w is maximal Cohen-Macaulay, Theorem implies
Ext’(M,w) = 0 for 4 < t. On the other hand, injdimpw = t by Proposi-
tion [[9, so we obtain the desired vanishing for ¢ > ¢t. It remains to note
that ann M annihilates Extf,(M,w), which therefore has dimension zero.

Suppose t < dim R, so that dim M > 1. Let = be an M-regular element.
We may assume by iteration that the desired result holds for M/xM since
it is Cohen-Macaulay of dimension dim M — 1. The exact sequence induced
by 0 — M % M — M/xM — 0 reads

- — Extip (M, w) = Extp(M,w) — Bxti™ (M/aM,w) — - .
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The induction hypothesis and Nakayama’s lemma give the vanishing of
Ext%(M,w) for i # t and hence an exact sequence

0 — Extly(M,w) - Exth(M,w) — Exti ™ (M/zM,w) — 0.
Thus, x is regular on Extiz(M ,w) and its dimension is as claimed. O

Theorem 11.34. Let R and S be Cohen-Macaulay local rings and R — S
a local homomorphism such that S is a finitely generated R-module. Let
t =dim R —dimS. If w is a canonical module for R, then Exth(S,w) is a
canonical module for S.

Proof. Proposition yields that the S-module Ext%(S,w) is maximal
Cohen-Macaulay. Let I® be a minimal injective resolution of w. Then
Hompg(S,I°) is a bounded complex of injective S-modules, and its coho-
mology is concentrated in degree t, again by Proposition [[T.33. Thus, after
shifting ¢ steps to the left, Hompg(S, I®) is a finite injective resolution of the
S-module Ext (S, w).

It remains to check that Ext’}z(S, w) has type 1. Let K and L denote the
residue fields of R and S respectively. Consider the natural isomorphisms
of IL-vector spaces

Homg (L, Homp(S,1*)) = Hompg(L, I°)
= Homg (L, K) ®x Homg (K, I°).
Passing to cohomology yields isomorphisms
Ext% (L, Exth(S,w)) = Homg (L, K) @ Exti (K, w) .
Setting ¢ = dim S implies the desired result. O
Corollary 11.35. Let R be a Cohen-Macaulay local Ting and x a regular

sequence in R. If w is a canonical module for R, then w/xw is a canonical
module for the ring R/xR.

Proof. The theorem implies that Extﬁl%(R/ xR, w) is a canonical module for
R/xR, where x has length d. Since x is a regular sequence, K*(x; R) gives
a resolution of R/xR. Calculate Ext using this resolution. (]

Exercise 11.36. Let R be a Cohen-Macaulay ring and let M be a finitely
generated maximal Cohen-Macaulay module. Prove that any R-regular se-
quence is also regular on M. Is the converse true?

Exercise 11.37. Let R be alocal ring and M, N finitely generated modules.
Let x be an N-regular element of R. Prove the statements below.

(1) If Exth(M, N) = 0, then the following natural map is an isomorphism:
R/xR ®r Homgr(M,N) — Homp/ur(M/2M,N/xN).
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(2) Let 6: M — N be a homomorphism. If R/zR ®p 6 is an isomor-
phism, then so is 6.

Lemma 11.38. Let R be a Cohen-Macaulay ring, and w, w' canonical mod-
ules for R. Then the evaluation map

0: w' @r Hompg(w',w) — w
s an isomorphism.

Proof. We induce on dim R. When this is zero, w and w’ are the injective
hull of the residue field by Remark [T.32], and the isomorphism is clear.

Suppose dim R > 0, let 2 be a nonzerodivisor on R and set S = R/zR.
Note that x is a nonzerodivisor on w. Consider the commutative diagram

S®0

(S®rw') ®s (S ®@r Homp(w',w)) (S ®rw)

o

o

(S ®rw') ®s Homg(w' /2w’ w/zw)

where the vertical isomorphism is induced by the one in Exercise [L37 The
diagonal map is an isomorphism by the induction hypothesis since w/zw and
w'/xw' are canonical modules for S; see Corollary Thus S ® 6 is an
isomorphism, and hence so is § by Exercise [T37 O

Theorem 11.39. Let R be a Cohen-Macaulay local ring. If w is a canonical
module for R, then the homothety map

A: R — Homp(w,w) with 7 — (w — rw)

is an isomorphism and Extly(w,w) = 0 fori > 1.

Proof. The vanishing of Ext modules is given by Proposition [T33l For the
proof that A is an isomorphism, we induce on dim R. When this is zero, w is
the injective hull of the residue field and the result follows by Theorem [A-31]
If dim R > 0, let & be a nonzerodivisor on R and consider the maps

R/xR®X
——

R/zR R/xR ®p Homp(w,w) —— Homp/pp(w/2w, w/rw)

where the isomorphism is by Exercise [I37 By the induction hypothesis,
the composed map is an isomorphism, hence so is R/xR® \. Exercise [T31
implies the desired result. O

An argument similar to the one in the preceding proof can be used to
prove that Homp(w,w’) = R for canonical modules w and ', and hence
that they are isomorphic by Lemma We obtain the same result from
the local duality theorem; see Theorem
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Corollary [[T43] below gives the definitive result on the existence of
canonical modules. It uses the following construction.

Remark 11.40. Let R be aring and M an R-module. The trivial extension
of R by M, written R x M, is the R-algebra formed by endowing the direct
sum R @& M with the following multiplication:

(r,m)(s,n) = (rs,rn+ sm).

The submodule 0 & M is an ideal whose square is zero, and taking the
quotient by this ideal yields R again. If R is Noetherian and M is finitely
generated, then R x M is Noetherian and dim(R x M) = dim R. If R is
local with maximal ideal m, then R x M is local with maximal ideal m ® M,
and depth(R x M) = min{depth R, depth M }.

Exercise 11.41. Let R be a local ring and let M be a finitely generated
R-module. Prove that

soc(R x M) = {(r,m) | r € soc(R) Nanng M, and m € soc(M)}.
Theorem 11.42. Let R be a Cohen-Macaulay local ring with canonical
module w. Set S = R X w and let S — R be the canonical surjection.
Then S is a Gorenstein local Ting, and
w fori=0,

Exts(R, 5) = {O fori>1

Proof. Let R — S be the canonical injection. We claim there is a natural
isomorphism of S-modules, S = Hompg(S,w). Indeed, one has natural maps

S=Réw— Homp(w,w) ® Hompg(R,w)
=, Homp(w @ R,w) = Hompg(S,w) .

One can check that the composed map, which sends an element (r,w) € S
to the homomorphism (s,v) — sw + rv, is S-linear.

Given the isomorphism above, Theorem [[T.3d yields that S is a canonical
module for S, and hence S is Gorenstein by Remark Moreover, one
has natural isomorphisms

Homg (R, S) = Homg (R, Hompg(S,w)) = Homg(R,w) Z w.
The vanishing for 7 > 1 follows from Proposition O

Corollary 11.43. A Cohen-Macaulay local ring has a canonical module if
and only if it is a homomorphic image of a Gorenstein local ring. (]

We now prove the local duality theorem for Cohen-Macaulay rings, which
extends Theorem
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Theorem 11.44. Let (R, m,K) be a d-dimensional Cohen-Macaulay local
ring with a canonical module w. Let M be a finitely generated R-module.
Then for 0 < i < d, there are isomorphisms

Hi (M) = Ext® (M, w)Y
where (—)V = Homg(—, Er(K)). In particular, HS(R) = wV.
Proof. Set S = R X w; this is a Gorenstein ring of dimension d. Thus
Theorem gives the first isomorphism below

Hy, (M) = Homg (Ext§ ™" (M, 5), Es(K))

> Homp(Ext§ (M, S), Er(K)),
and the second isomorphism holds because Extds_i(M ,S) is an R-module.
It remains to note that one has an isomorphism

Ext% (M, S) = Ext} (M, w).

To see this, let I*® be an injective resolution of S. Then Homg(R,I®) is a
complex of injective R-modules which is a resolution of w by Theorem [[T.42]
The isomorphism above is thus induced by the isomorphism of complexes

Homg (M, I*) = Hompg(M,Homg(R,I°%)) . O
Exercise 11.45. Calculate HJ}(w), for each n € Z.

Theorem 11.46. Let R be a Cohen-Macaulay local ring. If w and W' are
canonical modules for R, then they are isomorphic.

Proof. Let d = dim R. Theorem [[T24] gives the first isomorphism below:
Hom(w',w)" & HA(W) & Ep(K),

whereas the second follows from the fact that u%(w’) = 1 and pi(w') = 0 for

i # d. By Theorem [A-3T] the m-adic completion of Hom(w’, w) is isomorphic

to R. Therefore Hom(w', w) is isomorphic to R since it is a finitely generated
R-module. (Exercise!) Given this, Lemma [[T38 implies that w’ = w. O

Henceforth, we use wg to denote the canonical module of R. We conclude
with properties of the canonical module; the proofs are left as an exercise.

Theorem 11.47. Let R be aACohen—Macaulay local ring with canonical
module wg. Then wp = Wr as R-modules, and for each prime ideal p, there
is an isomorphism wg, = (WR)p- (]



Lecture 12

Connections with Sheaf
Cohomology

Our goal in this lecture is to reconcile the two types of Cech complexes
encountered earlier: the sheaf-theoretic version in Lecture B] and the ring-
theoretic version in Lecture [l This calls for an interlude on scheme theory
and cohomology with supports.

1. Sheaf theory

Sheaves were introduced in Lecture B through sheaf spaces. Here is an
equivalent definition, better suited to algebraic geometry. For details the
reader may consult [55] [61].

Definition 12.1. Let X be a topological space. A sheaf F of Abelian
groups consists of an Abelian group F(U) for each open set U C X, and a
homomorphism of groups

puy: F(U) — F(V),

for each open subset V' C U, called the restriction map. We sometimes write
sly for pyv(s), where s € F(U). These are subject to the following axioms:

(1) py,u = idy for each open set U, and F (&) = 0.
(2) Given open sets U DO V 2 W, the following diagram commutes:

PUW

F(U) FW)
F(V)

131
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(3) If s and ¢ in F(U) coincide upon restriction to each V,, in an open
cover U =, Va, then s =t.

(4) For each open cover U = |J,, V., and elements {s, € F(V,)} satisfying

Salvanvy = 88lVanv, for all o, 3,
there exists an s € F(U) such that s|y, = s, for each a.

Axioms (1) and (2) say that F is a contravariant functor from the topology
on X to Abelian groups. Axioms (3) and (4) mean that sheaves are deter-
mined by their local data. Sometimes one writes I'(U, F) for F(U). The
elements of I'(U, F) are the sections of F over U; the ones in I'(X, F) are
the global sections.

Analogously, one has a notion of a sheaf of rings and of a sheaf of modules
over a sheaf of rings; see [61], Chapter 2| for details. A sheaf of modules over
a sheaf of rings O is usually referred to as an O-module.

Example 12.2. Let X be a topological space, and A an Abelian group
with the discrete topology. The constant sheaf A is the sheaf with A(U)
the group of continuous functions from U to A and obvious restriction maps.

When X is irreducible, i.e., the intersection of each pair of nonempty
open subsets is nonempty, A(U) = A for each nonempty open set U.

Since an Abelian group is the same as a Z-module, a sheaf of Abelian
groups is a sheaf of modules over the constant sheaf Z associated to Z.

Example 12.3. Let R be a commutative ring and set X = Spec R, with
the Zariski topology, so that X has a base of distinguished open sets

Ur = Spec R\ V(f) for f € R.
The structure sheaf on X, denoted Ox, is the sheaf of rings with
Ox(Uy) = Ry.

In particular, Ox(X) = R. For elements f,g € R, if Uy O U, then there
exists an integer k& > 1 such that f | g¥, so localization gives a homomor-
phism of rings Ry — Ry; this is the restriction map. Using the following
exercise, check that this defines a sheaf on X.

Exercise 12.4. Let U be a base for the topology of the space X. Suppose
F is defined on U consistent with the axioms in Definition 2.1l Prove that
it extends uniquely to a sheaf on X.

Example 12.5. For K a field, X = SpecK is a point and Ox(X) = K.

Example 12.6. The space SpecZ consists of a closed point (p) for each
prime number p, and the generic point (0), whose closure is SpecZ. The
distinguished open sets are the cofinite sets of primes

U, = {(p) € SpecZ | p does not divide n}
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for nonnegative integers n. Note that Ogpecz(Uy) = Z[1/n].

One may have an abundance of local sections but few global sections:

Example 12.7. Let X = C with the usual Hausdorff topology, and F the
sheaf of bounded holomorphic functions. A global section of F is a bounded
entire function on C and hence it is a constant, by Liouville’s theorem.
However, there are many non-constant sections on bounded open sets.

Example 12.8. Let K be a field and R = K[s?, s3¢, st3,t%]. Set X = Spec R
and let U be the open set X ~\ {(s%, 5%, st3,¢t1)}. Then I'(X,0x) = R so
s2t? is not a global section. However, it belongs to I'(U, Ox) since it is a
section on each of the open sets Uy, and U4 which cover U.

Note that X is a surface, so each point has codimension two. In general,
the poles of a rational function define a hypersurface, so one would not
expect new sections on the complement of a codimension two closed subset.

Definition 12.9. Given a morphism of sheaves ¢: F — G, for each open
set U of X, let

ker o(U) = ker (F(U) 225 g(u) .
It is not hard to check that ker ¢ is a sheaf on X called the kernel sheaf.
On the other hand, the assignment

U +— image (F(U) — G(U))
satisfies axioms (1) and (2) of Definition [ZT] but not necessarily the others;
thus it is not a sheaf, but a presheaf. In the same vein, the map

U —— coker(F(U) — G(U))
defines a presheaf which need not be a sheaf; see Example [[ZT1] below.

Verify that the class of presheaves is closed under kernels and cokernels.

Example 12.10. Let X = {a,b} with the discrete topology. Set F(X) =
{0} and F({a}) = Z = F({b}). Check that F is a presheaf but not a sheaf.

Example 12.11. Let X = C ~ {0}. For each open set U, let F(U) be the
additive group of holomorphic functions, and G(U) the multiplicative group
of nowhere-vanishing holomorphic functions, on U. These define sheaves F
and G on X. Define exp: F — G by exp(f) = e2mif,

The image of exp is not a sheaf: for any choice of a branch of the
logarithm function, exp(log z) = z is in the image of exp on the open subset
of X defined by the branch. These open sets cover X, but f(z) = z has no
global preimage on all of X, so it is not in the image of exp. In other words,
e2™ is locally invertible, but has no analytic inverse on all of X.
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Example 12.12. Let R = C[zq,...,x,], where n > 2, and let X be its
punctured spectrum, Spec R~ {(z1,...,x,)}. Let Ox be the structure sheaf
of R restricted to X. It follows from Corollary that I'(X,Ox) = R.
Define a morphism ¢: O% — Ox by ¢(s1,...,8,) = >, sixy; verify
that this is a morphism of Ox-modules. The image F of ¢ is not a sheaf.
To see this, consider the cover of X by U; = X \ V(x;). On each U; one has
©(0,...,1/z;,...,0) =1, hence 1 € F(U;) for each i, but 1 ¢ F(X).

One overcomes the failure of the category of sheaves to be closed under
images and cokernels by a process of sheafification, described further below.

Definition 12.13. Let F be a presheaf. The stalk of F at a point z is
where the limit is taken over the filtered direct system of open sets U con-

taining x; see Example EE311

Exercise 12.14. Check that for p € Spec R the stalk of the structure sheaf
at p is the local ring R,.

Exercise 12.15. Prove that a morphism of presheaves ¢: F — G induces
a morphism on stalks ¢, : F, — G, for each x € X, and that ¢ is injective
if and only if ¢, is injective for each x.

Example 12.16. Let Ox be a sheaf of rings on X. For each x € X, the
stalk Ox , is then a ring. Given an Ox ,-module M, its skyscraper sheaf is
the sheaf of Ox-modules with F(U) = M if U > z, and F(U) = 0 otherwise.

Check that for any Ox-module G, the passage to stalks gives an isomor-
phism Home, (G, F) = Homo, (G, M).

Proposition 12.17. Let F be a presheaf on X. Then there exists a sheaf]?
and a morphism v: F — F such that for any morphism ¢: F — G with
G a sheaf, there is a unique morphism o: F — G satisfying ¢ = @u.

Proof. For each open set U C X, define F (U) to be the set of functions
o: U — U Fa

zelU

such that for each x € U, one has o(z) € F, and a neighborhood V' C U of
x and an element s in (V') whose image in F, equals o(y) for each y € V.

We leave it to the reader to verify that F has the required properties. [J

Definition 12.18. It follows from Proposition [[ZT7 that the sheaf Fis
unique up to a unique isomorphism; it is called the sheafification of F.

Exercise 12.19. Prove that ¢, : F, — .7?90 is an isomorphism for each x.
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Definition 12.20. Let ¢: F — G be a morphism of sheaves. The image
sheaf and the cokernel sheaf of ¢ are the sheafifications of the respective
presheaves. Using the universal property of sheafifications, one identifies

image(y) with a subsheaf of G. A sequence & & FZ G of morphisms of
sheaves is exact at F if image()) = ker(¢p).

Exercise 12.21. Prove that a morphism of sheaves ¢: F — G on X is
surjective, i.e., coker ¢ is the zero sheaf, if and only if ¢,: F, — G, is
surjective for each x € X. In particular, exactness of a sequence can be
checked at stalks.

Exercise 12.22. Let ¢: F — G be a surjective morphism of sheaves.
While ¢ need not give a surjective map on sections, prove that for each
open set U and each s in I'(U, G), there is an open cover U = |, Vi such
that s|y, is in the image of p(V},).

Are the morphisms in Examples [[ZT1 and surjective?

Remark 12.23. The morphism ¢: O% — Ox in Example [ZT2is surjec-
tive, but it does not split. Hence Ox is not a projective Ox-module.

Definition 12.24. Let R be a Noetherian ring and set X = Spec R. Each
R-module M gives rise to a sheaf M of Ox-modules with
M(Uy)=M;  for f € R;
rAe/call that Uy = X N\ V(f). Using Exercise [Z4 it is not hard to verify that
M is indeed a sheaf. The Ox-module structure is evident.
A sheaf of Ox-modules is quasi-coherent if it is of the form M for an

R-module M; it is coherent if M is finitely generated.

Exercise 12.25. Let R be a Noetherian ring, X = SpecR, and M an
R-module. Prove the following assertions.

(1) The stalk of M at a point p € X is isomorphic to M,,.
(2) Quasi-coherent sheaves and morphisms between them are determined

by global sections.

Remark 12.26. The gist of the preceding exercise is that the assignment
M —— M is a fully faithful functor from R-modules to Ox-modules. It is
also exact, for one can test this property at stalks; see Exercise [Z2]1

Here is one way to construct sheaves that are not quasi-coherent.

Exercise 12.27. With notation as in Exercise [225] let U C X be open
and define a presheaf by F(V) = M(U) if V C U, and F(V) = 0 otherwise.

Check that F is an Ox-module, with F, equal to Mx for x € U and
zero otherwise. Show that F need not be quasi-coherent.
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We now focus on exactness properties of the global sections functor. It
is easy to check that this functor is left-exact.

Proposition 12.28. Each exact sequence of sheaves of Abelian groups
0 —F —G—H—0
induces an exact sequence of Abelian groups:
0 —TI'(X,F) —TI(X,0) —T'(X,H). O

We are nearly ready to define sheaf cohomology.

Remark 12.29. Let Ox be a sheaf of rings. An Ox-module £ is injective if
Homp, (—, ) is exact. The category of Ox-modules has enough injectives.

Indeed, given an Ox-module F, the stalk F, at each point x embeds
in an injective Ox ,-module; let &, be the associated skyscraper sheaf. Set
& = [l ex &z~ The natural morphism F — £ is an embedding and & is an
injective Ox-module since each &, is injective and

Homop, (G,€) = H Homoy , (Ge, &) -
reX
Once we know that each Ox-module embeds into an injective one, it is
clear that injective resolutions exist. Fill in the details in this remark.

The category of Ox-modules does not have enough projectives.

Note that there are enough injectives in the category of sheaves of
Abelian groups since these are the same as Z-modules; see Example

Definition 12.30. Let X be a space, F a sheaf of Abelian groups, and let
0—& —&t—& — ...
be an injective resolution of F. Taking global sections gives a complex
0 —I(X, & —I(X,&H) —I(X,E) — ---

of Abelian groups. Its cohomology, H*(X, F), is the sheaf cohomology of F.
By the left-exactness of I'(X, —), one has H°(X, F) = T'(X, F).

Remark 12.31. Sheaf cohomology is independent of the choice of an injec-
tive resolution. This is justified by arguments akin to those in Remark BI8
As in Remark BZT] one has a long exact sequence for sheaf cohomology.

Let Ox be a sheaf of rings. An injective Ox-module & is acyclic, i.e.,
HI(X,E) = 0 for each j > 1; see Example [[Z34 and Proposition 230
Thus, in Definition [ZZ30, one can take an injective resolution of F as a sheaf
of Abelian groups, or as an Ox-module. The advantage of the former is that
it shows that sheaf cohomology is intrinsic to X and F. The advantage of
the latter is that one obtains a I'(X, Ox )-module structure on cohomology.
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2. Flasque sheaves

Injective sheaves are acyclic; however, these tend to be enormous. For in-
stance, the injective quasi-coherent modules on Spec R arise from injective
R-modules, and hence are rarely coherent. One would thus like to find other
classes of acyclic sheaves.

Definition 12.32. A sheaf F on X is flasque or flabby if for every pair
of open sets V' C U, the restriction map F(U) — F(V) is surjective. In
particular, sections on open subsets extend to sections on X.

Example 12.33. Skyscraper sheaves are flasque, and, when the space is
irreducible, so are the constant sheaves.

Example 12.34. Let Ox be a sheaf of rings. If £ is an injective O x-module,
then it is flasque.

To see this, let V' C U be open sets, and let Of,, O, be the structure
sheaves extended by zero outside V' and U respectively; see Exercise
Then O, — O is a monomorphism of Ox-modules, and so it induces
a surjective map Homp, (Of;,€) — Homp, (O}, &). It remains to verify
that Homo, (O, €) is naturally isomorphic to I'(U, £).

Remark 12.35. Here are some properties of flasque sheaves.

(1) If a sequence 0 — F — G — H — 0 of sheaves is exact and F is
flasque, then for each open set U the sequence below is exact:

0—TI'(UF) —TI'UG) —TI'(UH) —O0.
(2) Quotients of flasque sheaves by flasque subsheaves are flasque.

(3) On Noetherian spaces, filtered direct limits of flasque sheaves are
flasque. Direct sums of flasque sheaves are flasque.

(4) When FE is an injective module over a Noetherian ring R, the sheaf E
on Spec R is flasque.

We only sketch the proofs. For (1), as I' is left-exact, it remains to
check surjectivity. Note that G — "H is surjective on stalks, so any section
s € T'(U,’H) is an image on small neighborhoods. Zorn’s lemma provides a
maximal such neighborhood, which by the flasqueness condition must be U.

For (2), use part (1) to extend a section of H to a global section of G. The
main point in (3) is that lim(F;(U)) = (lim ;)(U) when X is Noetherian;
see Exercise [Z39 below. For (4), see [61], Proposition III.3.4].

Proposition 12.36. Let Ox be a sheaf of rings and F an Ox-module. If F
is flasque, then H’(U,F) =0 for all j > 1 and open sets U. Consequently,
resolutions by flasque sheaves can be used to compute sheaf cohomology.
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Proof. Since H' (U, F) = H (U, F|y), it suffices to consider U = X. Embed
F into an injective sheaf & with cokernel Q@ = £/F. Note that & is flasque
by Example TZ34, so Q is flasque by Remark The cohomology exact
sequence gives HY(X,F) = 0 and H/(X,F) = H'7Y(X, Q) for all j > 1.
Since Q is flasque, an iteration gives H7 (X, F) = 0 for all j > 1.

The last assertion follows from the acyclicity principle. O

Example 12.37. Let K be an algebraically closed field and X = PL; see
Lecture Let Ox be the structure sheaf of X, and £ the constant sheaf
associated to the function field I of X. Then Ox embeds naturally in L.
The quotient sheaf £/Ox can be thought of as the direct sum of skyscraper
sheaves £,/Ox , at x in X, so it is flasque. Thus

0—0x —L—L/Ox —0
is a flasque resolution of Ox. Passing to global sections yields a sequence

0 —K-—L— @(L/OX@) — 0.
zeX

Verify that this sequence is exact. Thus, H7(X,Ox) = 0 for all j > 1, since
sheaf cohomology can be computed via flasque resolutions.

The following result is one direction of a theorem of Serre [142].

Proposition 12.38. Let R be a Noetherian ring. For each R-module M,
one has H7(Spec R, M) =0 for j > 1.

Proof. Let E® be an injective resolution of M. The complex E* is exact
by Remark Since each FJ is flasque by Remark [Z35]

HI(Spec R, M) = H’(T'(E*)) = H(E*). O

Exercise 12.39. Let {F;} be a direct system of presheaves on a space X.
The direct limit presheaf is the presheaf with (lim, 7;)(U) = lim (F5(U)).
It is not hard to check that it is indeed a presheaf. Using Definition [ZT3],
identify the stalk (lim, ;), with lim (7;),. Hint: use Theorem
When the F; are sheaves, the direct limit sheaf is the sheafification of
the direct limit presheaf. Prove that this sheaf is the direct limit of {F;} in
the category of sheaves of Abelian groups.

When the index set is filtered and X is Noetherian, prove as follows that
the direct limit presheaf is a sheaf.

(1) Let s € (lim F,)(U) and assume that s|y, = 0 for all V,, constituting
an open cover of U; replace {V,} by a finite subcover, and use the
filter property of the index set to show that s = 0.
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(2) Suppose {Vo} is an open cover of U and s € (lim, 7;)(Va) are sections
which agree on the overlaps. Replace the cover by a finite subcover
and use the filter property again to patch the sections together into a
section in F;(U) for some 4, hence a gluing of the s, in (lim, 75)(U).

Prove also that the cohomology of the direct limit sheaf is the direct

limit of the constituent cohomology groups.

Remark 12.40. A space X with a sheaf of rings F is affine if there is a
commutative ring R such that (X, F) is isomorphic to (Spec R, Ospec g). A
scheme is a sheaf of rings (X, Ox) with an open cover Y such that each
U € U is an affine scheme, whose structure sheaf is Ox|y.

3. Local cohomology and sheaf cohomology
Let R be a Noetherian ring and a = (z1,...,z4) an ideal. Set X = Spec R
and U = X\ V(a). Let U; = X \V(z;), so U = {U;} is an open cover of U.

Let M be an R-module and M the associated sheaf on X. One then
has I(U;, M) = M,. There are two complexes associated to these data: the
Cech complex C®(x; M), which in degree k is the R-module

1172 K
1<i1 << <d
and the topological Cech complex C*(4; M ), which in degree k is
11 LU, NN Uy, M).

1< <<y <d

Recall that I'(U, M ) does not appear in this complex; it is, however, natu-
rally isomorphic to the degree zero cohomology, by Exercise EZT0l

Theorem 12.41. With notation as above, one has an exact sequence
0 — HY(M) — M — T(U,M) — HY(M) — 0
and, for each j > 1, an isomorphism H’(U, M) = H§+1(M).

Proof. For each £ > 0 one has identifications
k+1

UyN---NU;,, = ﬂ Spec(inj) = Spec(Rzil...xikH).
j=1
Thus, U;, N---NU;, ., is affine and the restriction of M is a quasi-coherent
sheaf. Proposition TZ38 implies H (U;, N---NU;,,,,M) =0 for j > 1, and
hence Theorem yields, for each j, an isomorphism

HI(U, M) = H(8; M).
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Computing H3(M) from the Cech complex completes the proof. O

The result below follows from Theorems and [[Z4T]

Corollary 12.42. If depthp(a, M) > 2, then each section of the sheaf M
over U = Spec R \. V(a) extends uniquely to a global section. O

One interpretation of Theorem [[Z41]is that the sheaf cohomology of M
on Spec R away from V'(a) controls the local cohomology of M with support
in a. In other words, only the support of a matters in computing H, Q(M ).
Following this idea leads naturally to cohomology with supports.

Definition 12.43. Let Z C X be a closed set. For a sheaf F of Abelian
groups on X, the sections with support in Z are the elements of the subgroup
I'z(X,F)=ker(I'(X,F) — (X N Z,F)).

For Z = V(a) in Spec R, one has I'z(M) = I'q(M) for any R-module M.

Exercise 12.44. Check that, as with global sections, the functor I'y is
left-exact. The snake lemma should come in handy.

Definition 12.45. The j-th local cohomology of F with support in Z is
HY(X,F) = RT4(X, F).

In other words, to compute the cohomology of F with support in Z, take
an injective resolution of F, apply I'y = H %, and take cohomology.

Remark 12.46. Let X, Z, U, and F be as in Definition There is a
natural exact sequence
If F is flasque, each section of F over U extends to a global section, so the

map on the right is surjective. It follows by taking flasque resolutions that
for any F, flasque or otherwise, there is an exact sequence

0 —— HYX,F) —— HYX,F) —— HY(U,Fly) ——
. —— HL(X,F) —— H/(X,F) —— HLU,Fly) — -
Proposition and Theorem [[ZZT] thus yield the following result.

Theorem 12.47. Let a be an ideal in a Noetherian ring R. Set X = Spec R
and Z =V (a). For each R-module M and integer j, one has

HI(M) = HL(X,M). O



Lecture 13

Projective Varieties

We discuss quasi-coherent sheaves on projective varieties. The main topic is
a connection between graded local cohomology and sheaf cohomology, akin
to the one established in Lecture We focus on the Z-graded case which
was first investigated in depth in [48]. A detailed treatment of Z-graded
local cohomology can also be found in [T9] §§12, 13] and [20), §3.6].

1. Graded local cohomology

In this lecture, K is a field, S is an N-graded ring finitely generated over
So = K, and m = S is the irrelevant ideal of S. The category of Z-graded
S-modules is an Abelian category admitting arbitrary direct sums, products,
as well as direct limits.

Definition 13.1. For each a € Z, we write M (a) for the graded S-module
with M (a), = M,1p and the same underlying module structure as M.

Let M, N be graded S-modules. We write *Homg(M, N) for the graded
S-module of homogeneous maps from M to N. Its component in degree
a is the set of degree a homomorphisms from M to N; equivalently, the
degree 0 homomorphisms from M(—a) to N; equivalently, the degree 0
homomorphisms from M to N(a). We write *Ext%(M, N) for Ext computed
in this category. The category has enough injectives by [20, Theorem 3.6.2].

Let a be an ideal generated by homogeneous elements f. The modules
H!(M) have a natural Z-grading, obtained in the following equivalent ways:

(1) The Cech complex C*(f; M) is a complex of graded S-modules, and
the maps are degree preserving, so each H:(M) is graded.

(2) The derived functors of I'q(—) in this category coincide with H3(—).

141



142 13. Projective Varieties

Definition 13.2. A finitely generated graded S-module C' is a *canonical
module for S if
0 foriz#dimS,

“Exty (K, C)
xts( ) {]K for i=dimS.

The next result links canonical modules over S to those over Sy,.

Lemma 13.3. Let C be a finitely generated graded S-module such that Cy
1s a canonical module for the Cohen-Macaulay local ring Sw. Then there
exists a unique integer a such that C(a) is a *canonical module for S. O

The result above implies that when S is Gorenstein, S(a) is a *canonical
module of S for a unique a € Z.

Example 13.4. Let K be a field and S = K[z, . .., x4] the ring of polynomi-
als. By Proposition and Lemma[[33 there exists a € Z such that S(a)
is a *canonical module for S. The Koszul complex on x is a free resolution
of K, and using it to compute *Extg(K, S(a)) yields a = — > deg z;.

The next result is the graded version of local duality, Theorem [[T.24]
We omit its proof, and refer the reader to [20), Theorem 3.6.19].

Theorem 13.5. Let C be a *canonical module for S, and M a finitely gen-
erated graded S-module. For each integer i, there is a natural isomorphism

*Homg (HL(M),K) = *Ext& (M, C). O

2. Sheaves on projective varieties

Definition 13.6. Let ProjS be the set of graded prime ideals of S not
containing the irrelevant ideal. The projective variety defined by a graded
ideal a of S is the set {p € ProjS | a C p}. These are the closed sets for
the Zariski topology on ProjS. That this defines a topology follows from
arguments similar to those in Definition [LT2 As S is Noetherian, so is
Proj S: descending chains of closed sets stabilize.

For each homogeneous element f € m, the ring Sy is Z-graded. We set
Do (f) = Proj S~ V(f). These are the distinguished open sets. Note that
D, (f) € D4(g) if and only if g divides a power of f if and only if there is
a natural map Sy, — Sy.

Exercise 13.7. Let f € m be a homogeneous element. Show that D, (f)
can be naturally identified with Spec[S¢],.

Prove that {D4(fi)}i cover Proj S if and only if m = rad(f).
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Definition 13.8. The structure sheaf on X = Proj S is the sheaf Ox with
the property that for each homogeneous element f € m, one has

T(D4(f),0x) =[S,

Using Exercise [[Z4] one verifies that this assignment and the natural re-
striction maps determine the sheaf Ox.

Exercise 13.9. Let {U;}/_, be distinguished open sets in ProjS. Prove
that (),_, U; is affine, i.e., isomorphic to the spectrum of a ring.

Recall that S is standard graded if, as a K-algebra, it is generated by
Sy. The standard grading on K[z, ..., z,] is the one where degxz; = 1.

Definition 13.10. Let S = K]z, ..., z,] be a standard graded polynomial
ring. The space P = Proj S, with the sheaf of rings from Definition [[38,
is projective n-space over K.

Remark 13.11. Let S be a standard graded ring. Expressing S as a quo-
tient of K[yo, ..., yn] for some n gives an embedding of Proj S in Pg.

If the irrelevant ideal of S is generated by @, then Proj S is covered by
the affine open sets

D (z;) = Spec [Sg, ] -
Note that D (z;) N D (z;) is Spec [Sz,z,],-
The smooth affine varieties SpecK[zg/x;, ..., z,/x;] give a covering of

Pk, hence it is smooth. This property depends on the grading; indeed, if
S = Klz,y, z] with deg(z,y,z) = (1,1,2), then Proj .S is not smooth as

[S:]o = K[a?/2, wy/z, y?/]
is not a regular ring.

Definition 13.12. Set X = Proj .S and let M be a graded S-module. Using
Exercise [[Z4], one verifies that the assignment

Dy (f) — [Myl,

defines a unique sheaf of O x-modules, denoted M. A sheaf of O x-modules
is quasi-coherent if it is of the form M for some graded S-module M.

In Lecture we saw that the functor M — M is an equivalence be-
tween the category of R-modules and the category of quasi-coherent sheaves
on Spec R. For graded modules one has:

Exercise 13.13. Show that M — M is an exact functor from the category
of graded S-modules to the category of quasi-coherent sheaves on Proj.S.
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3. Global sections and cohomology

Set X = Proj S. For each integer a, the twisted sheaf S(a) is denoted Ox (a).
For each sheaf F of Ox-modules, set

Fla) = F @0y Ox(a).
Note that M (a) = M(a) for each graded S-module M.

Example 13.14. Let S = K|z, y] with the standard grading, and set

X =Proj s, U=Di(x), and V=D4(y).
Since degx = 1 = degy, one has that
I(U,0x) =Kly/x], T(V,0x) =Kz/yl, TUNV,0x)=Kly/z,2/y].
It is not hard to check that I'(X, Ox) = K.

For the twisted sheaf Ox(—1) one has
LU, Ox(-1)) =[Sz ®s S(=1)]g = [Se] 1 -

Therefore, I'(U,Ox(—1)) is the free I'(U, Ox)-module on 1/z. Similarly,
I'(V,0x(—1)) is the free I'(V, Ox)-module on 1/y, so

I(X,0x(-1)) = T'(U,0x(-1)) N I'(V,0x(-1)) = 0.

In the same vein, I'(U, Ox (1)) is the free I'(U, Ox )-module on z and
I'(V,0x(1)) is the free I'(V, Ox)-module on y. It follows that the global
sections of Ox (1) are the linear forms in S:

IN'X,0x(1)) =Kz & Ky.
Exercise 13.15. For X = Py, compute I'(X, Ox (a)) for each a € Z.

Next, we describe a functor from the category of quasi-coherent sheaves
on Proj S to the category of graded S-modules.

Definition 13.16. For each sheaf F of Ox-modules on X = Proj S, set
I.(F)=EPT(X, F(a).
a€Z

Verify that I',(Ox) is a graded ring and I',(F) is a graded I',(Ox )-module.
It follows from the next exercise that I'.(F) is a graded S-module.

Let M be a graded S-module. Each element of My gives an element of
I'(X, M). Hence there is a map M, — I'(X, M (a)), which gives a map

C(M): M — T(M).

Exercise 13.17. Prove that {(S) is a homomorphism of graded rings and
that (M) is S-linear.
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The following exercise implies that ((;/),F*(—)) is an adjoint pair of
functors with adjunction morphism ((—); see Proposition

Exercise 13.18. Let M be a graded S-module. Verify that the S-modules
M}, define the same sheaf on X. Hence, if M, = 0 for a > 0, then M = 0.

If F is a quasi-coherent sheaf on Proj.S, prove that the sheaf induced
by the S-module T',(F) is F.

We wish to calculate the cohomology of quasi-coherent sheaves. The
idea is to take a cover by distinguished open sets, form the Cech complex,
and take cohomology.

Example 13.19. Let S = K[z, y] and take the cover 4 = {D, (z), D1 (y)}
of Proj S. Let M be a graded S-module. One then has

(D (), M) = [Maly . T(Ds (), M) = [My]g, T(Dy (), M) = [May
The Cech complex C*(4; M ) is the complex of K-vector spaces
0 — [Mz]y @ [My]y — [Mayly — 0.
On the other hand, the complex C*(x,y; M) is
0O — M — M, ® My, — Myy — 0.

Evidently, C*(8k; M)[—1] is a subcomplex of C*(z,y; M).

Remark 13.20. The calculation in the preceding example generalizes as
follows. Let S be an N-graded Noetherian ring, and « a set of generators for
the ideal S>1. Set U; = Spec [Sy,], and U = {Uy,...,U,}. For each graded
S-module M, one has an exact sequence of complexes
0 — @D C* (8 M(a))[-1] — C*(z; M) — M — 0.
ac”Z

Observe that tl is an open cover of ProjS. Moreover, all intersections of sets
in Y are affine by Exercise Hence, H*(Proj S, M(a)) can be computed
from the Cech complex C'*(4; M (a)) by Theorem EZZ8 and Proposition [Z3R.
Passing to cohomology in the exact sequence of complexes above yields the
following theorem; compare with Theorem [ZZAT]

Theorem 13.21. For each graded S-module M, one has an exact sequence
¢(M)

0 —— HO(M) M I.(M) —— HL(M) —— 0.
Moreover, for each i > 1 one has natural isomorphisms of graded S-modules
P Hi(Proj S, M(a)) = HE'(M). O
a€Z

The corollary below parallels Corollary [ZZ42)
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Corollary 13.22. The map ((M): M — T'.(M) is injective if and only if
depthg(m, M) > 1; it is bijective if and only if depthg(m, M) > 2. O

Remark 13.23. Let R — S be a finite morphism of graded rings. Each
graded S-module is naturally a graded R-module, and hence defines sheaves
on X = Proj S and Y = Proj R. By Theorem [[3ZT] and Proposition [TH(2),

for each 7 > 1, we have
HY(X, M) = Hif (M)o = Hf(M)o = H (Y, M).

Using standard arguments involving direct limits, parts of the next result
can be extended to the case when M is an arbitrary graded S-module.

Corollary 13.24. Let K be a field, S a standard graded K-algebra, and set
X =ProjS. For each finitely generated graded S-module M, one has

(1) H{(X,M(a)) =0 when i > 1 and a > 0;

(2) H(X,M(a)) =0 fori>dimM and a € Z;

(3) For each i, the K-vector space H'(X, M) has finite rank.

Proof. (1) For i > 1 and each a € Z, one has H (X, M (a)) = Hi' (M), by
Theorem (32T Since the ideal m = S>; is maximal and M is Noetherian,
the module H = HiF'(M) is Artinian by Exercise [Z71 Thus, the sequence

Hsp O Hxy D --- stabilizes. Part (2) is immediate from Grothendieck’s
result, Theorem [I3] and (3) is left as an exercise. O

Using Theorem [[321] and Example one obtains the following:

Theorem 13.25. Let K be a field and set X = Pg. For each a, one has
(1) HO(X7 OX(CL)) = K[LZ'(), cee wrn]a;
(2) H(X,Ox(a)) =0 fori#0,n, and
(3) H"(X,Ox(a)) = [(zo- ) T K zg L '], O
In Lecture[[8, we discuss a duality theorem which gives a pairing between
HO(PZ,Ox(a)) and H"(P%, Ox(—n — 1 —a)), via the product:

— K.

K[z, ..., xn]q X [(:170 e :En)_lK[xgl, . ,33771]} i

Exercise 13.26. Let R = K[z,y, 2] and f € R a homogeneous element of
degree d. For X = Proj(R/(f)), determine H*(X,Ox(a)) for each a.



Lecture 14

The Hartshorne-
Lichtenbaum Vanishing
Theorem

We return to the study of cohomological dimension, begun in Lecture @l For
an ideal a in a Noetherian ring R, Proposition implies cdg(a) < dim R.
Moreover, this upper bound is sharp: when R is local with maximal ideal m,
and a is an m-primary ideal, Theorem implies that cdg(a) = dim R.

The main result of this lecture, the Hartshorne-Lichtenbaum vanishing
theorem [57], provides a better upper bound on cohomological dimension
when a is not primary to a maximal ideal:

Theorem 14.1. Let (R,m) be a complete local domain. If an ideal a in R
is not m-primary, then cdr(a) < dim R — 1.

The proof is presented later in this lecture; it draws on simplifications
due to Brodmann and Huneke [16].

Remark 14.2. Let X be a scheme of finite type over a field K. The coho-
mological dimension of X, denoted cd(X), is the number

sup{n | H"(X,F) # 0 for some quasi-coherent sheaf F}.

This number is nonnegative. Serre proved that cd(X) = 0 if and only if X is
affine; see Proposition Lichtenbaum’s theorem [91] states that for X
separated and irreducible, X is proper over K if and only if cd(X) = dim X.
In view of Theorem [[ZZT], the Hartshorne-Lichtenbaum vanishing theorem
implies that if Y is a closed, connected subset of P of dimension at least 1,
then cd(P? —Y) < d — 2.

147
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The proof of Theorem [[41] uses a number of interesting results. One
such is Chevalley’s theorem:

Theorem 14.3. Let (R,m) be a complete local ring, M a finitely generated
R-module, and let {My}iez be a non-increasing filtration of M.

One then has ez My = 0 if and only if, for each integer t > 0, there
exists an integer ky such that My, C m'M.

Proof. The ‘if’ part follows from the Krull intersection theorem [6 Corol-
lary 10.19]. Let E be the injective hull of the residue field of R. We write
(—)Y for the Matlis dual Homg(—, F). For each nonnegative integer ¢, set

Cr = (M/m'M)" and D, = (M/M,)"

viewed as submodules of M. Observe that the R-module MV is Artinian
and C; = (0 :pv mt), and hence the R-module C; has finite length. More-
over, Dy C Dy for each ¢. It thus suffices to prove that

Dy =nmv,
>0
for then for each integer ¢ there exists an integer k; such that Cy C Dy,, and
this translates to My, C m! M, as desired.
Note that U@O Dy = h_II)l ’ D;. To establish the displayed equality, it suf-
fices to prove that the natural map h_II}l ’ D; — MY is surjective; equivalently
its Matlis dual is injective. This fits in the diagram

MTW—>(li_n}tDt)V —— lim, D’
M lim M /M,

It is easy to verify the isomorphism in the top row; the other isomorphisms
in the diagram are by Matlis duality, since R is complete. It remains to note
that the map in the bottom row is injective, since its kernel is (), M;. O

The next exercise provides another input in the proof of Theorem [[Z1]

Exercise 14.4. Let a be an ideal and x an element in R. For each R-module
M, there is an exact sequence

C = Hoy g (M) — Hy(M) — Hy (M) — Hlp, (M) — -

Hint: Compare Cech complexes or look at injective modules.
Remark 14.5. Let p be a prime ideal in a local ring R, and let h = height p.

One can choose elements x1,...,x, in p, forming part of a system of param-
eters for R, such that height(z1,...,x) = h.
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Indeed, choose x1 not in any minimal prime ideal of R. Assume that
Z1,...,x; have been chosen with height(x1,...,z;) =7 < h. If p1,...,ps are
the minimal primes of (x1, ..., z;), then these have height i by Krull’s height
theorem, so p ¢ |Jp,. Choose an element x;11 in p \ |Jp;; then the height
of (x1,...,241) is at least i + 1 and so exactly i + 1, by Krull’s theorem.
Since ;41 is not in any minimal prime of (z1,...,x;), one has

dimR/(z1,..., %, xit1) =dimR/(xq,...,2;) — 1.

Therefore the sequence x1, ...,z is part of a system of parameters for R.

Proof of Theorem I4Tl. Set d = dim R. In view of Theorem B we have
only to prove that H4(R) = 0.

It suffices to consider the case where a is a prime ideal with dim R/a = 1.
Indeed, let a be maximal with respect to the property that dim R/a > 1 and
HZ(R) # 0. If a is not prime or dim R/a > 2, then there is an element z not
in a such that dim R/(a + Rx) > 1. Exercise [Z4] yields an exact sequence

+— Happo(R) — HG(R) — HE (Ba) — -
Since R is local, dim R, < d — 1 and hence HZ (R,) = 0. Thus, H}(R) # 0
implies H g '+ re(R) # 0, contradicting the maximality of a.

For the rest of the proof, we fix a prime ideal p with dim R/p = 1 and
prove that Hg(R) =0.

First we settle the case when R is Gorenstein. For each integer ¢ > 1,
primary decomposition yields that p* = p(¥)N.J,, where J, is either m-primary
or equal to R; here p®) = p'Rp, N R is the t-th symbolic power of t. The
Krull intersection theorem yields

(()P“) Ry S (p' Ry = (0).

Therefore (p® = 0, as the ring R is a domain. Given that rad(.J;) is either
m or R, it then follows from Chevalley’s theorem that for each integer ¢ > 1,
there exists an integer k; with p*) C J,. Consequently, p(™ax(tk)) C pt,
so the sequences {p’} and {p(Y} are cofinal. Hence for any R-module M,
Remark implies that

lim Ext( (R/p", M) = H(M).
t

Evidently, the dimension of the R-module R/ p® is one; its depth is also one
because the only prime associated to it is p. Thus, combining Theorems
and and local duality, Theorem [[T.29, one deduces that

Ext%(R/p®,R) =0 forn#d—1.
Hence H, g(R) = 0, which is the desired result.
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This completes the proof of the theorem when R is Gorenstein. The
general case reduces to this, as follows.

The ring R is complete, so by Cohen’s structure theorem R has a coef-
ficient ring V' C R which is a field or a discrete valuation ring (DVR) with
uniformizing parameter g, where ¢ is the characteristic of the residue field.

Cohen’s structure theorem implies that R is a quotient of a regular local
ring, and hence it is catenary [I15, Theorem 17.4]. Since R is a domain,
and dim R/p = 1, one now deduces that heightp = d — 1. There are thus
elements x1,...,z4_1 in p which are part of a system of parameters for R
with height(zy,...,24-1) = d — 1; when V is a DVR with ¢ € p we choose
x1 = q; see Remark Next choose an element x4 € p not in any of the
other minimal primes (if any) of x1,...,24_1. Then p is the only minimal
prime of z1,..., x4 and hence

rad(z1,...,24) =P.

Furthermore, when V' is a field or a DVR with ¢ € p, choose any y ¢ p. The
elements z1,...,x4_1,y form a system of parameters for R. When V is a
DVR with ¢ ¢ p, the elements x1,...,24_1,¢ form a system of parameters
for R. In this case, set y = 0.

At the end of the day, one has inclusions of rings
A=V(z,...,24-1,y]] C B = Alzq] C R.

The complete local ring A is regular and, by Cohen’s structure theorem, R,
and hence B, is finite over A. In particular, the element x4 is integral over
A; let f(z) be its minimal polynomial. Then B = A[z]/(f(z)) and so B is
a hypersurface and thus Gorenstein.

Set a =pRN B. Since B C R and B/a C R/p are finite extensions, one
has dim B = dim R = d and dim B/a = dim R/p > 1. Therefore, B being
Gorenstein, we know cdp(a) < d — 1. Since (z1,...,24)R C aR C p, one
deduces that rad(aR) = p. Therefore,

HY(R) = HYR) =0,

where the first equality is by Propositions [[3(2) and [[T5(2), and the second
follows by viewing R as a B-module. This completes the proof. O

The next result is an enhancement of the Hartshorne-Lichtenbaum the-
orem; its derivation from Theorem [[41]is routine.

Theorem 14.6. Let R be a local ring and R its completion at the mazimal
ideal. Let a be an ideal of R.

Then cdr(a) < dim R —1 if and only if height(a§+p) < dim R for each
prime ideal p in Spec R with dim(R/p) = dim R. O
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The following theorem was proved by Hartshorne [57, Theorem 7.5] in
the projective situation, by Ogus [126, Corollary 2.11] in the characteristic
zero case, and by Peskine and Szpiro [I28, Theorem IIL.5.5] in positive
characteristic. In [I47] the number of connected components is determined
in terms of the Frobenius action on local cohomology.

Theorem 14.7. Let (R,m) be a complete regular local ring containing a
separably closed coefficient field, and a an ideal. Then cdr(a) < dim R — 2
if and only if dim R/a > 2 and Spec(R/a) \ {m} is connected.

Huneke and Lyubeznik gave a characteristic-free proof of the above the-
orem in [78] using a generalization of a result of Faltings [35] Satz 1], and
obtained other bounds for cohomological dimension; see also [109].






Lecture 15

Connectedness

This lecture deals with connections between cohomological dimension and
connectedness of varieties. An important ingredient is a local cohomology
version of the Mayer-Vietoris theorem encountered in topology.

1. Mayer-Vietoris sequence

Let @/ D a beideals in R and M an R-module. The inclusion I'y (—) C T'q(—)
induces, for each n, an R-module homomorphism

a,a(M): Hy(M) — Hg(M).

o, o
This homomorphism is functorial in M, that is to say, 6y .(—) is a natural

transformation from HJ(—) to Hy(—). Given ideals a and b in R, for each
integer n we set

tap(M): Hy,o(M) — Hg (M) @ Hg (M)

z— (0gy6,a(2), Oa106(2)), and
Ta,o(M): Hg (M) © Hg (M) — Hinp(M),
(z,y) — 9a anp(T) — eg,amh(y)-
Clearly the homomorphisms ¢y (M) and mj (M) are functorial in M.

Theorem 15.1 (Mayer-Vietoris sequence). Let a and b be ideals in a Noe-
therian ring R. For each R-module M, there exists a sequence of R-modules

Lg,b(M) o u (M)

0 — H, (M) HQ(M) & Hy(M) ——— Hg,(M)
ab( 1) 1 1 ”;,b(M) 1
—>Ha+b(M) H(M)@Hb(M)—>Haﬂb(M)—>"'7

which is exact, and functorial in M.
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Proof. It is an elementary exercise to verify that one has an exact sequence

Lgyb(M) Wg,h(M)
0 —— TPayp(M) ——— Ta(M) ®T(M) ——— Tanp(M).

We claim that 7T27b(M ) is surjective whenever M is an injective R-module.
Indeed, since I'y (—) commutes with direct sums for any ideal o', it suffices
to consider the case where M = Egr(R/p) for a prime ideal p of R. Then
the asserted surjectivity is immediate from Example

Let I® be an injective resolution of M. In view of the preceding discus-
sion, we have an exact sequence of complexes,

0 —Tarp(I®) — Ta(I*) ®Te(I*) — Tyrp(I®) — 0.
The homology exact sequence arising from this is the one we seek. The

functoriality is a consequence of the functoriality of ¢ (=) and 7 ,(—) and
of the connecting homomorphisms in cohomology long exact sequences. [

Recall that a topological space is connected if it cannot be written as a
disjoint union of two proper closed subsets. The Mayer-Vietoris sequence
has applications to connectedness properties of algebraic varieties.

Exercise 15.2. Let R be a Noetherian ring. Prove that the support of a
finitely generated indecomposable R-module is connected.

2. Punctured spectra

We focus now on punctured spectra of local rings.

Definition 15.3. The punctured spectrum of a local ring (R, m) is the set
Spec®R = Spec R\ {m},

with topology induced by the Zariski topology on Spec R. Similarly, if R
is graded with homogeneous maximal ideal m, then its punctured spectrum
refers to the topological space Spec R \ {m}.

Connectedness of the punctured spectrum can be interpreted entirely in
the language of ideals.

Remark 15.4. Let (R, m) be a local ring and a an ideal. The punctured
spectrum Spec®(R/a) of the local ring R/a is connected if and only if the
following property holds: given ideals a’ and a” in R with
rad(¢’ Na”) =rada and rad(a’ +d”)=m,

either rad a’ or rad a” equals m; equivalently, rad a” or rad @’ equals rad a.

Indeed, this is a direct translation of the definition of connectedness,
keeping in mind that

V@ uV(@)=Vv(@nd) and V(@)NV(@)=V(d+d).
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Exercise 15.5. Prove that if R is a local domain, then Spec®R is connected.
Exercise 15.6. Let R = R[x,y, iz, iy] where i = —1. Note that

R =Rz, y,u,v]/(u? + 2%, 0* + 92, 2y + uwv, 20 — uy) .
Show that Spec®R is connected, but Spec®(R ®g C) is not.

The next few results identify conditions under which the punctured spec-
trum is connected. The first is a straightforward application of the Mayer-
Vietoris sequence, Theorem [l

Proposition 15.7. If R is local with depth R > 2, then Spec® R is connected.

Proof. Let m be the maximal ideal of R, and let a’ and a” be ideals with
rad(a’Na”) = rad(0) and rad(a’ 4+ a”) = m. Proposition [[33(2) and the depth
sensitivity of local cohomology, Theorem Bl imply that
Hglﬂa//(R) =R and Hg’+a”(R) =0= Ha1/+a//(R) .
The Mayer-Vietoris sequence now yields an isomorphism of R-modules
HY(R)® HY(R) = R.

a//
But R is indecomposable as a module over itself by Exercise .8 so, without
loss of generality, we may assume that H)(R) = R and HY,(R) = 0. This

implies that rad o’ = rad (0), as desired. O

Exercise 15.8. Show that a local ring is indecomposable as a module.

The hypothesis on depth in Proposition [ is optimal in view of Exer-
cise as well as the following example:

Example 15.9. The ring R = K[[z,y]]/(zy) is local with depth R = 1.
Moreover, one has that

V(x)UV(y) =SpecR and V(z)NV(y)={(z,y)}.

Thus, Spec®R is not connected.

Here is an amusing application of Proposition 5.7k

Example 15.10. Let R = K[[z, y, u,v]]/(x,y)N(u,v). It is not hard to check
that dim R = 2. On the other hand, Spec°R is disconnected so depth R < 1
by Proposition [ In particular, R is not Cohen-Macaulay.

More sophisticated results on connectedness of punctured spectra can
be derived from the Hartshorne-Lichtenbaum vanishing theorem. The one
below was proved in the equicharacteristic case by Faltings [36), B7] using
a different method; the argument presented here is due to Brodmann and
Rung [I8]. Recall that araa, the arithmetic rank of a, is the least number
of generators of an ideal with the same radical as a.
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Theorem 15.11 (Faltings’ connectedness theorem). Let R be a complete
local domain. If a is an ideal of R with araa < dim R — 2, then Spec®(R/a),
the punctured spectrum of R/a, is connected.

Proof. Let m be the maximal ideal of R and o', a” ideals with rad(a’Na”) =
rad a and rad(a’ + a”) = m. We prove that one of rad a’ or rad a” equals m.

Set d = dim R. Since araa < d — 2, we have
wna(R)=HJ(R)=0 form=d-1,d,
where the first equality holds by Proposition [[Z3(2) and the second by Propo-

sition Keeping in mind that Hy . (R) = Hy(R) for each n, again by
Proposition [[3|(2), the Mayer-Vietoris sequence gives us

0=H%! (R)— H!R) — HL(R)® HY(R) — H% ., (R)=0.

o/Na” o’
Theorem yields H(R) # 0, so the exact sequence above implies that
one of H%(R) or H% (R) must be nonzero; say H%(R) # 0. This implies
cdg(a’) > d, and hence rad o’ = m by Theorem [[ZT} O

Hochster and Huneke have obtained generalizations of Faltings’ connect-
edness theorem. One such is [74), Theorem 3.3]:

Theorem 15.12. Let (R, m) be a complete equidimensional ring of dimen-
ston d such that H%(R) 1s indecomposable as an R-module; equivalently, the
canonical module wg is indecomposable.

If a is an ideal of R with araa < d—2, then Spec®(R/a) is connected. [

Faltings’ theorem leads to another connectedness result, originally due
to Fulton and Hansen [43]. An interesting feature of the proof is the use of
‘reduction to the diagonal’ encountered in the proof of Theorem

Theorem 15.13 (Fulton-Hansen theorem). Let K be an algebraically closed
field, and let X and Y be irreducible sets in Pg.
IfdmX +dimY > n+1, then X NY 14s connected.

Proof. Let p and q be homogeneous prime ideals of K[z, ..., x,] such that
Klzo,...,xn|/p and  Klzg,...,z,]/q
are homogeneous coordinate rings of X and Y, respectively. Then

Klzo,...,2al/(p + a)

is a homogeneous coordinate ring for the intersection X NY. If X NY is
disconnected, then so are the punctured spectra of the graded rings

Klzo,...,2n] _ Klxoy.- s Zn,Y0,-- -, Yn)

= 5

(p+a) (p+d+4)
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where ¢’ is the ideal generated by polynomials obtained by substituting y;
for x; in a set of generators for q, and A = (¢ — yo, . .., Zn — Yn) is the ideal
defining the diagonal in ]P’?K"H. The complete local ring
R= K[[xo, <oy Tns Yo, - - - ayn“/(p + q/)
is a domain by Exercises [L.10)(4) and 517 and
dmR=dmX+1+dimY +1>n+3.
Evidently araA < n+1 = (n+ 3) — 2. This, however, contradicts Faltings’

connectedness theorem. O

Exercise 15.14. If K is a field which is not algebraically closed, construct
a K-algebra R such that R is an integral domain, but R ®k R is not.

Exercise 15.15. Let K C LL be fields, where K is algebraically closed.

(1) If a family of polynomials {f;} in K[zy,...,x,] has no common root
in K", prove that it has no common root in L".

(2) If g € K[z1,...,x,] is irreducible, prove that it is also irreducible as
an element of L{z1,...,z,]. Hint: Use (1).

(3) If R is a finitely generated K-algebra which is an integral domain,
prove that R ®k L is an integral domain.

(4) If R and S are finitely generated K-algebras which are integral do-
mains, prove that R ®k S is an integral domain. Hint: Take L to be
the fraction field of S and use (3).

Exercise 15.16. Give an example of a local domain (R, m) whose m-adic
completion is not a domain.

Exercise 15.17. If (R, m) is an N-graded domain finitely generated over a
field Ry, prove that its m-adic completion is also a domain.






Lecture 16

Polyhedral Applications

Local cohomology and the concepts surrounding it have a lot to say about
commutative algebra in general settings, as seen in previous lectures. In this
lecture, we begin to see interactions with combinatorics: focusing on specific
classes of rings allows for deep applications to polyhedral geometry.

1. Polytopes and faces

To begin with, suppose V is a subset of the Euclidean space R?. The smallest
convex set in R? containing V' is the convex hull of V, denoted conv(V).

Definition 16.1. A polytope is the convex hull of a finite set V in R?. The
dimension of conv(V) is the dimension of its affine span.

Example 16.2. Consider the six unit vectors in R? along the positive and
negative axes. The convex hull of these points is a regular octahedron:

(0,0,1)
®

(0,0,—1)

Figure 16.1. A regular octahedron

159
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More generally, the convex hull of the 2d unit vectors along the positive
and negative axes in R? is the regular cross-polytope of dimension d.

A closed halfspace H™ is the set of points weakly to one fixed side of an
affine hyperplane H in R%. It is a fundamental and nontrivial—but intu-
itively obvious—theorem that a polytope can be expressed as an intersec-
tion of finitely many closed halfspaces, [165, Theorem 1.1]. This description
makes it much easier to prove the following.

Exercise 16.3. The intersection of a polytope in R? with any affine hyper-
plane is another polytope in R%.

In general, slicing a polytope P with affine hyperplanes yields infinitely
many new polytopes, and their dimensions can vary from dim(P) down to 0.
But if we only consider P N H for support hyperplanes H, meaning that P
lies on one side of H, say P C H™, then only finitely many new polytopes
occur. An intersection ' = P N H with a support hyperplane is called a
face of P; that P = conv(V') has only finitely many faces follows because
each face I is the convex hull of FN V.

Example 16.4. Consider the octahedron from Example Any affine
plane in R? passing through (0,0,1) and whose normal vector is sufficiently
close to vertical is a support hyperplane; the corresponding face is the vertex
(0,0,1). The plane x+y+ 2z = 1 is a support hyperplane; the corresponding
face is the triangle with vertices (1,0,0), (0,1,0), and (0,0, 1).

Definition 16.5. Let P be a polytope of dimension d. The f-vector of P is
the vector (f_1, fo, ..., fa—1, fa) in which f; equals the number of dimension 4
faces of P. Here, f_1 = 1 counts the empty face of P, and f; = 1 counts P
itself which is also considered to be a face. The numbers fy, fi, and fg_1
are the number of vertices, edges, and facets, respectively.

The vertices of P = conv(V') are all elements of the finite set V', though
V' might contain points interior to P that are therefore not vertices of P.

Example 16.6. The octahedron has a total of 28 faces: 6 vertices, 12 edges,
8 facets, plus the whole octahedron itself and one empty face. Hence the
f-vector of the octahedron is (1,6,12,8,1).

Exercise 16.7. What is the f-vector of the cross-polytope in R%? You
might find it easier to calculate the f-vector of the hypercube in R? and
reverse it; why does this work?

Counting faces raises the following basic issue, our main concern here:

Question 16.8. How many faces of each dimension could P C R possibly
have, given that it has (say) a fixed number of vertices?



2. Upper bound theorem 161

On the face of it, Question [[6.8 has nothing at all to do with commutative
algebra, let alone local cohomology; but we shall see that it does, given the
appropriate class of rings.

2. Upper bound theorem

Fix a polytope P = conv(V) in R? with n vertices, and assume that V equals
the vertex set of P. Each face of P is determined by the set of vertices it
contains, which is by definition the subset of V' minimized by some (perhaps
not uniquely determined) linear functional.

Now suppose that we wiggle the vertices V in R? a tiny bit to get a
set V', the vertex set of a new polytope P’ = conv(V’). Each face G of P’
has a vertex set V5 C V’. Unwiggling V/, yields a subset Vg C V' whose
affine span equals the affine span of some face F' of P, although Vi might
be a proper subset of the vertex set of F. In this way, to each face of P’ is
associated a well-defined face of P.

If our vertex-wiggling is done at random, what kind of polytope is P’?

Definition 16.9. A polytope of dimension ¢ is a simplez if it has precisely
i+ 1 vertices. A polytope is simplicial if each proper face is a simplex.

To check that a polytope is simplicial, it is enough to check that its
facets are simplices.

Exercise 16.10. A simplex of any dimension is a simplicial polytope. The
octahedron and, more generally, any cross-polytope, is a simplicial polytope.

Exercise 16.11. Define a notion of generic for finite point sets in R¢ such
that (1) the convex hull of every generic set is a simplicial polytope; and
(2) every finite set V' can be made generic by moving each point in V' less
than any fixed positive distance.

Exercise 16.12. If P’ is obtained by generically wiggling the vertices of P,
prove that for every dimension ¢ face of P there is a dimension i face of P’
associated to it.

Hint: Let F' be a given i-face of P, and call its vertex set Vp. Fix a
support hyperplane H for F' and a vector v perpendicular to H. If F’ is the
orthogonal projection of conv(V},) to the affine span of F, then construct a
regular subdivision [165], Definition 5.3] of F’ using the orthogonal projection
of Vi to the affine span of F' + v. Use a face of maximal volume in this
subdivision to get the desired face of P’.

The maximal volume condition ensures that unwiggling the vertices of
the chosen face of the subdivision of F” yields a subset of Vi whose convex
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hull has dimension dim(F'). Regularity of the subdivision forces the cor-
responding subset of vertices of P’ to be the vertex set of a face of P'; a
support hyperplane is obtained by wiggling H.

Exercise implies that the collection of subsets of V' that are vertex
sets of i-faces can only get bigger when V is made generic by wiggling.
Consequently, among all polytopes with n vertices, there is a simplicial one
that maximizes the number of i-faces. This reduces Question to the
simplicial case. In fact, there is a single simplicial polytope with n vertices
that maximizes f; for all ¢ simultaneously. It is constructed as follows.

Definition 16.13. Consider the rational normal curve (t,t,t3,. .. ,td) in R4
parametrized by t € R. If n > d+1, then the convex hull of n distinct points
on the rational normal curve is a cyclic polytope C(n,d) of dimension d.

Exercise 16.14. Use the nonvanishing of Vandermonde determinants to
show that a cyclic C'(n,d) polytope is indeed simplicial of dimension d.

It is nontrivial but elementary [I65), Theorem 0.7] that the combinatorial
type of C(n,d) is independent of which n points on the rational normal curve
are chosen as vertices. It is similarly elementary [165, Corollary 0.8] that for
i < d/2, every set of i vertices of C'(n,d) is the vertex set of an (7 — 1)-face
of C'(n,d); equivalently,

fi1(Cln, d)) = (”) for i <

7

N QL

Thus C(n,d) is said to be neighborly.

Exercise 16.15. Find a simplicial non-neighborly polytope.

For obvious reasons, f;_1(P) is bounded above by (7;) for any polytope P
with n vertices. Therefore, no polytope with n vertices has more (i—1)-faces
than C'(n,d) when i < d/2. What about faces of higher dimension?

Theorem 16.16 (Upper bound theorem for polytopes). For any polytope
P C R? with n vertices, f;(P) < f;(C(n,d)) for each i.

Exercise 16.17. Verify that the octahedron in Example has the same
f-vector as the cyclic polytope C(6,3); this is Theorem for the oc-
tahedron. Now, using the result of Exercise 6.1 verify the statement of
Theorem for the 4-dimensional cross-polytope. This amounts to com-
puting the f-vector of the appropriate cyclic polytope. (Which one is it?)

Theorem [[6.16] was proved by McMullen [T17]. Following Stanley [150],
our present goal is to generalize the statement to simplicial spheres and see
why it follows from certain rings being Cohen-Macaulay and Gorenstein.
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3. The h-vector of a simplicial complex

We have assumed for these lectures that the reader has seen a little bit
of algebraic topology, so simplicial complexes should be familiar, though
perhaps not as combinatorial objects. Recall that a simplicial complex with
vertices 1,...,n is a collection A of subsets of {1,...,n} that is closed under
taking subsets: if ¢ € A and 7 C o, then also 7 € A. For example, the
boundary of a simplicial polytope is a simplicial complex.

We can record the numerical data associated to a general simplicial
complex the same way we did for polytopes: let f;(A) be the number of
i-faces (in other words, simplices of dimension i) of A. Note, however, that
if P is a simplicial polytope with boundary simplicial complex A, then we
do not count the polytope itself as a face of A.

For simplicial complexes there is another, seemingly complicated but in
fact often elegant, way to record the face numbers.

Definition 16.18. The h-vector (hg,hq,...,hq) of a simplicial complex A
of dimension d — 1 is defined by

d d
> hitt =Y fiat(1 -1
i=0 i=0

where f;_1 = fi_1(A). The left-hand side is the h-polynomial of A. If P is
a polytope, h;(P) is the i-th entry of the h-vector of the boundary of P.

The next section will tell us conceptual ways to compute h-polynomials;
the octahedron example will appear later in Example [6.24l For now, we
observe that there is a translation from the h-vector back to the f-vector.

Lemma 16.19. For a simplicial complex A of dimension d — 1, each f; is

a positive integer linear combination of hg,...,hq. More precisely,
d—j
fz 1—;)<Z_]>hj‘

Proof. Dividing both sides of Definition by (1 —t)? yields

d v ) 4 )
zz:;hi(l —t) (1—t)d = ;fi—lm

Setting s = t/(1 — t), we find that 1/(1 — t) = s+ 1, and hence

Zhs s—l—l Zfl 18t

Now compare coefficients of s. O
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By Lemma[[6.T9] if we wish to bound the number of i-faces of a simplicial
complex A by the number of i-faces of a cyclic polytope, then it is certainly
enough to bound the h-vector of A entrywise by the h-vector of the cyclic
polytope. This is what we shall do in Theorem G200

It might seem from the discussion leading to Theorem that its
statement is geometric, in the sense that it says something fundamental
about convexity. But, in fact, the statement turns out to be topological at
heart: the same result holds for simplicial complexes that are homeomorphic
to spheres, without any geometric hypotheses akin to convexity. It should
be noted that in a precise sense, most simplicial spheres are not convex [86].
Here is the more general statement, proved later in Section Bl

Theorem 16.20 (Upper bound theorem for simplicial spheres). If A is a
dimension d — 1 simplicial sphere with n vertices, then h;(A) < h;(C(n,d))
for each i, and consequently f;(A) < fi(C(n,d)) for each i.

4. Stanley-Reisner rings

The connection between the upper bound theorem and commutative algebra
is via rings constructed from simplicial complexes. If o C {1,...,n}, then

write 27 =[] jeo Tj for the corresponding squarefree monomial.
Definition 16.21. Let A be a simplicial complex with vertex set {1,...,n}.
The Stanley-Reisner ring of A is the quotient

K[A] = K[z1,...,z,]/(x7 | 0 & A)
of the polynomial ring by the Stanley-Reisner ideal In = (2 | o & A).

Example 16.22. Let A be the boundary of the octahedron from Exam-
ple Let R = K[x_,z4,y_,y+,2_,24], with the positively and nega-
tively indexed z, y, and z-variables on the corresponding axes:

Figure 16.2. The octahedron revisited
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The Stanley-Reisner ring of A is
K[A] = R/(‘r—x-i-a Y-Y+, Z—Z-i-) )

since every subset of the vertices not lying in A contains one of the main
diagonals of the octahedron.

Geometrically, each set 0 C {1,...,n} corresponds to a vector subspace
of K", namely the subspace spanned by the basis vectors {e; | j € o}. Hence
a simplicial complex A corresponds to a configuration of subspaces of K™,
and K[A] is simply the affine coordinate ring of this configuration.

The easiest way to understand the algebraic structure of K[A] is to use
the N"-grading of the polynomial ring:

Klz1,...,2,] = EBK-Q:“,

ac€Nn?
where 2% = z7' -+ - 2% for a = (a1, ..., a,). The Stanley-Reisner ideal I is
an N™-graded ideal because it is generated by monomials. Let us say that
a monomial z* has support o C {1,...,n} if a; # 0 precisely for j € 0. By

Definition 62T then, the monomials that remain nonzero in the quotient
K[A] are precisely those supported on faces of A.

Proposition 16.23. The h-polynomial of a simplicial complex A of di-
mension d — 1 equals the numerator of the Hilbert-Poincaré series of its
Stanley-Reisner ring K[A], that is to say

~ ho(A) 4+ hi (At 4 ho(A)E2 + - -+ + ha(A)t?

a (1—¢) '

P(K[A], 1)

Proof. The N"-graded Hilbert-Poincaré series, which, by definition, is the
sum of all nonzero monomials in K[A], is

P(K[A],z) = Z a;"H ] —1xj .

[STAN j€o

The summand indexed by o is simply the sum of all monomials with support
exactly 0. Now specialize x; = t for all j to get the Hilbert-Poincaré series

" 1
P(K[A]t) = J%tl I-m

d tl
- Ly

d
- o @ -t
=0

whose numerator is the h-polynomial of A by definition. O
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Example 16.24. It is now easy for us, as commutative algebraists, to com-
pute the h-vector of the octahedron A: the Stanley-Reisner ideal Ia is a
complete intersection generated by three quadrics, so the Hilbert-Poincaré
series of K[A] is

(1—2)3 (1+1)3

The h-polynomial of A is 1 + 3t + 3t? + ¢, and its h-vector is (1,3,3,1).

Exercise 16.25. Let A be a simplicial complex with Stanley-Reisner ideal
Ia = (de, abe, ace, abed) .
Find the Betti numbers and Hilbert-Poincaré series of K[A].

5. Local cohomology of Stanley-Reisner rings

The salient features of the h-vector in Example [6.24 are (1) every h; is pos-
itive, and (2) the h-vector is symmetric. These combinatorial observations
are attributable to the facts that (1) K[A] is Cohen-Macaulay, and (2) K[A]
is, moreover, Gorenstein. In this section we explain how the proofs of these
statements go, although a detail here and there is too nitpicky—and ubig-
uitous in the literature—to warrant including here. Our exposition in this
section follows [I18, §13.2], sometimes nearly verbatim.

The key point is a formula, usually attributed as an unpublished result of
Hochster, for the local cohomology of Stanley-Reisner rings. More precisely,
it is a formula for the Z"-graded Hilbert-Poincaré series of local cohomology.
To state it, we need an elementary notion from simplicial topology.

Definition 16.26. The link of a face ¢ inside the simplicial complex A is
link,(A)={reA|7Uoc e Aand TNo =2},

i.e., it is the set of faces disjoint from o but whose unions with o lie in A.

For the reader who has not seen links before, the precise definition is not
so important at this stage; one can think of it simply as a way to associate a
subcomplex of A to each face of A. The link records how A behaves near o;
see the proof of Theorem for the relevant property of links.

Theorem 16.27 (Hochster’s formula). Let K[A] = Klzq,...,z,]/Ia be a
Stanley-Reisner ring with homogeneous maximal ideal m. Then the Z™-
graded Hilbert-Poincaré series of the local cohomology HE (K[A]) is

P(HL(K[A]),2) = Y rankg B 71 (link, (A), K) [] —L—
[STAN j€o J

where H denotes reduced simplicial cohomology, and lo| = dim(e) +1. O
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Let us parse the statement. The product over j € o is the sum of
all Laurent monomials whose exponent vectors are nonpositive and have
support exactly o. Therefore, the formula for the Hilbert-Poincaré series of
HE (K[A]) is just like the one for K[A] itself in the first displayed equation
in the proof of Proposition M623] except that here we consider monomials
with negative exponents and additionally take into account the nonnegative
coefficients rankg H'~171-1(link,(A), K) depending on i and o.

The proof of Theorem [[6.27is carried out one degree at a time: the Cech
complex of K[A] in each fixed Z"-graded degree is (essentially) the cochain
complex for the desired link. Details of the proof of Hochster’s formula can
be found in [20, Chapter 5], [TI8, Chapter 13], or [I51), Chapter II].

Theorem 16.28. Let A be a simplicial sphere. Then K[A] is a Gorenstein
ring. In fact, K[A] is its own canonical module, even under the Z™-grading.

Proof. Set d = dim(A) + 1. First of all, we need that K[A] is Cohen-
Macaulay. By Theorems and [6.27, the ring K[A] is Cohen-Macaulay
if and only if one has

H = link,(A),K) =0 fori#d.

As A is a sphere, the link of each face o is a homology sphere of dimension
d — |o| — 1, [121], Theorem 62.3]. This means, by definition of homology
sphere, that the homology of the link is isomorphic to that of a sphere of
dimension d — |o| — 1. Since the only nonvanishing reduced cohomology of
a sphere is at the top index, the desired vanishing holds.

Since link,(A) is a homology sphere, the sole nonvanishing reduced co-
homology group is

Hl71 =1 (link, (A),K) 2 K .
Hence the top local cohomology has Z™-graded Hilbert-Poincaré series

—1
L

P(Hy(K[A]),z) = Y]]

1 -
og€EA jEo 1 xj

Taking the Matlis dual of H%(K[A]) results in the replacement xj_l ~ T

at the level of Hilbert-Poincaré series. Therefore HE(K[A])Y, which is the
canonical module wi(a), has the same Z"-graded Hilbert-Poincaré series as
K[A]; see the proof of Proposition ME23 In particular, wg(a) has a Z"-
graded degree zero generator that is unique up to scaling. Since wga] is a
faithful K[A]-module |20l Proposition 3.3.11], the K[A]-module map sending
1 € K[A] to a Z"-graded degree zero generator of wg(a] is injective on each
Z"-degree, and hence K[A] — wg(a] is an isomorphism. O
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6. Proof of the upper bound theorem

The key point about the Cohen-Macaulay condition in this combinatorial
setting is that it implies positivity of the h-vector: each h; counts the vector
space dimension of a Z-graded piece of a finite-dimensional K-algebra.

Proposition 16.29. Let M be a finitely generated Z-graded module over
Klz1,...,zp], where dega; = 1. If M is Cohen-Macaulay and y is a linear
system of parameters for M, then the numerator of P(M,t) is P(M/yM,t).

Proof. If y € K[z, ...,x,] is a linear nonzerodivisor on M, then the exact
sequence arising from multiplication by y implies

P(M/yM,t) = P(M,t) — P(M(-1),t) = (1 = t)P(M,1).
Use this inductively for y. O

Remark 16.30. Stanley observed that the converse holds as well: if the nu-
merator of P(M,t) equals P(M/yM,t) for a linear system of parameters y,
then M is Cohen-Macaulay; see [118, Theorem 13.37.6].

Corollary 16.31. Let R be a standard graded Gorenstein ring. If the nu-
merator of P(R,t) is Y ;_, hit" with h, # 0, then h; = h,_; for each i.

Proof. By Proposition [[6.29, the numerator of P(R,t) equals the Hilbert-
Poincaré series of a finite-dimensional K-algebra that is isomorphic to its
own K-vector space dual; see Exercises [8.4] and O

Definition 16.32. When the ring in Corollary [[6.31] is the Stanley-Reisner
ring of a dimension d — 1 simplicial sphere, the relations h; = hq_;, which
hold for each ¢ by Theorem [[628] are the Dehn-Sommerville equations.

The Dehn-Sommerville equations are extraordinarily simple when viewed
in terms of A-vectors, but they represent quite subtle conditions on f-vectors.
Note that if A has dimension d—1, then indeed hg(A) is the highest nonzero
entry of the h-vector, by Proposition [6.23

Corollary 16.33. Let A be a dimension d — 1 simplicial complex with n
vertices such that K[A] is Cohen-Macaulay. Then

hi(A) < <n—d.—1—|—z’>

1

for each i.

Proof. Fix a linear system of parameters y in the Stanley-Reisner ring K[A].
Then h;(A) equals the vector space dimension of the degree i graded com-
ponent of K[A]/(y) by Proposition and Proposition Extending
y to a basis of the linear polynomials K[z1,...,z,]1, we see that K[A]/(y)
is isomorphic to a quotient of a polynomial ring in n — d variables. Therefore
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the vector space dimension of the degree i graded component of K[A]/(y) is
n—d—1+1

i ), the number of degree ¢ monomials in n — d variables. [

at most (

Exercise 16.34. Consider any neighborly simplicial polytope P of dimen-
sion d with n vertices; for example, the cyclic polytope C(n, d) satisfies this
hypothesis. Using the argument of Corollary [[6.33], prove that

hi(C(n, d)) = <”_dz,_1“> fom’:o,...,gJ .

At this point, we are now equipped to complete the proof of the upper
bound theorem for simplicial spheres.

Proof of Theorem Assume that a given simplicial sphere A has
dimension d—1 and n vertices. We need only show that h;(A) < h;(C(n,d))
fori=0,..., L%J, because the result for the remaining values of ¢ will then
hold by the Dehn-Sommerville equations. Using the explicit computation
of h;i(C(n,d)) in Exercise [634] for the desired values of i, the upper bound
theorem follows from Corollary O

In retrospect, what has happened here?

(1) An explicit local cohomology computation allowed us to conclude that
K[A] is Gorenstein when A is a simplicial sphere.

(2) The Cohen-Macaulay property for K[A] allowed us to write the h-
polynomial as the Hilbert-Poincaré series of a finite-dimensional alge-
bra, and to bound h; by certain binomial coefficients.

(3) The Gorenstein property reduced the upper bound theorem to check-
ing only half of the h-vector.

(4) Finally, an explicit computation for neighborly simplicial polytopes
demonstrated that equality with the binomial coefficients indeed oc-
curs for cyclic polytopes, at least on the first half of the h-vector.

Note that equality with the binomial coefficients does not occur—even
for cyclic polytopes—on the second half of the h-vector: although h; = hq_;,
the same symmetry does not occur with the binomial coefficients, which keep
growing with <.






Lecture 17

D-modules

We introduce rings of differential operators and modules over these rings, i.e.,
D-modules. The focus is on Weyl algebras, with a view towards applications
to local cohomology in Lecture

1. Rings of differential operators

Let K be a field and R a commutative K-algebra.

The composition of elements P, Q) of Homk (R, R) is denoted P-Q. With
this product, Homg (R, R) is a ring; it is even a K-algebra since each P is
K-linear. The commutator of P and @ is the element

[P.QI=P-Q—-Q-P.

Since R is commutative, the map r —— (s —— 7s) gives an embedding of
K-algebras: R C Homg (R, R). Note that the natural left-module structure
of R over Homg (R, R) extends the one of R over itself.

Definition 17.1. Set Dy(R;K) = R viewed as a subring of Homg (R, R),
and for each i > 0, let

Diy1(R;K) = {P € Homg (R, R) | [P,r] € D;(R;K) for each r € R} .

It is easy to verify that if P is in D;(R;K) and Q is in D;(R;K), then P-Q
is in D;4;(R;K). Thus, one obtains a K-subalgebra of Homg (R, R),
D(R;K) = | Di(R;K).
i>0
This is the ring of K-linear differential operators on R. Elements of D;(R;K)
are said to have order i. Note that D;(R;K) is the K-span of R and the
derivations, i.e., the maps § with §(rs) = 6(r)s + rd(s) for r,s € R.

171
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The tensor algebra in yi,...,yn over K is denoted K(y1,...,ym).

Example 17.2. Let K be a field of characteristic zero. Set R = K|[z] and
0 = 0/0x, the derivative with respect to z; it is a derivation on R. The ring
D(R;K) is K(z,d) modulo the two-sided ideal generated by 0-x —z -9 — 1.

As the example above shows, D(R;K) need not be commutative.

Exercise 17.3. Find the rings of C-linear differential operators on C[[z]]
and on Clz,y]/(zy).

Definition 17.4. Set R = K[z1,...,z,], a polynomial ring in x1,...,Z,.
The n-th Weyl algebra over K is the ring

D, (K) =K(z1,...,2,01,...,0,)/a,
where a is the two-sided ideal generated by the elements
(17.4.1)  x-xj —xj - x, O~ x5 —xj- 0 — 6 j, 0; - 0j — 05 - 0y,
with 6; ; the Kronecker delta. Observe that R is a subring of D, (K).

Viewing the element 0; € D, (K) as partial differentiation with respect
to xz;, one can realize D, (K) as a subring of D(R;K). The derivations are
the R-linear combinations of dq,...,0,. If K has characteristic zero, then
D, (K) equals D(R;K); see [64), Theorem 16.11.2] or [25, Theorem 2.3].

Exercise 17.5. When K is of positive characteristic, say p, show that
D(R;K) is bigger than the Weyl algebra, D,,(K).

P
pl ozl
Exercise 17.6. Prove that the only two-sided ideals of the Weyl algebra
D, (K) are 0 and D,,(K) itself; i.e., D, (K) is simple.

Hint: Consider divided powers

A theorem of Stafford [T49] implies that every ideal of D, (K) can be
generated by two elements; see also [12], §1.7]. Algorithms for obtaining the
two generators may be found in [G6], [99].

Remark 17.7. Let a be an ideal in a commutative K-algebra R, and set
S = R/a. One can identify D(S;K) with the subring of D(R;K) consisting
of operators that stabilize a, modulo the ideal generated by a.

For example, for S = C[z,y]/(zy), the ring D(S;C) is the S-algebra
generated by zdy, y0y for n € N, modulo the ideal generated by xy.
Exercise 17.8. Let S = C[s*!,#*!]. Prove that D(S;C) = S(ds, d;).

Let R = C[s, st,st?], which is the semigroup ring for the semigroup
generated by the columns of the matrix

111
A‘[o 1 2]'
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The ring D(R; C) turns out to be the R-subalgebra of D(S;C) generated by
Tp,q)(0s,0¢) - sP¢7, p,q €L,

where 05 = 505, 0 = t-0; and I(;, (v, B) is the defining ideal of the Zariski
closure of the set of points ((p,q) + NA) \ NA in SpecC[a, 5]. Check that
these operators are indeed in D(R;C).

For example, if p = ¢ = —1, then
(P, @) + NA)NNA={(2k — Lk — 1)}z U{(=1, k) bpz—1,
so that I(—l,—l) (95, Qt) = (Qt + 1)(292 — Ht + 1)
This exercise is a special case of a result about differential operators on

affine semigroup rings; see [137, Theorem 2.1].

Exercise 17.9. Let f be an element in R. Use the order filtration on
D(R;K), as in Definition [[7Z]], to prove that each P € D(R;K) induces a
differential operator on Ry. Thus, Ry ® g D(R;K) is a subset of D(Ry;K).

Exercise 17.10. Check that Ry ® g D(R;K) is a ring. Prove that if R is a
finitely generated K-algebra, then Ry ® g D(R;K) = D(Ry; K).

Hint: Each P € D(Rs;K) maps R to Ry. Since R is finitely generated,
the image of P lies in (1/f*)R for some k. Use induction on the order of P.

Exercise 17.11. Show that D(C[z];C) has proper left ideals that are not
principal. In contrast, every left ideal of D(C(z);C) is principal.

Remark 17.12. Let K be a field of characteristic zero, and R a domain
finitely generated over K. When R is regular, [54], Theorem 16.11.2] implies
that D(R;K) is the K-algebra generated by R and the derivations. The
converse is Nakai’s conjecture.

2. The Weyl algebra

For the rest of this lecture, the field K is of characteristic zero, R is a

polynomial ring over K in & = x1,...,2,, and D = D(R;K) is the Weyl

algebra. We use e to denote the action of D on R; it is defined by

of

8332- ’

For example, 0; ® x; = 1 while (0; - z;)(f) = f + x:i0;(f) for f € R.
We study filtrations and associated graded rings on D.

Oje f= o f =z f for fe R.

Definition 17.13. The commutator relations (TCZZJ]) imply that each ele-
ment of D can be written uniquely as

Z Caﬂmaaﬁ,

a,BEN”
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where all but finitely many c, 3 € K are zero. The monomials x®8” form a
K-basis for D, which is the Poincaré-Birkhoff- Witt basis or PBW basis.

This basis can be used to solve Exercise [0l In what follows, we use it
to define filtrations on D; the discussion involves notions from Lecture Bl

Definition 17.14. A weight on D is a pair of vectors w, and wy in Z",
denoting weights on « and 9, respectively, such that w, + wy = 0 compo-
nentwise. Given such an w = (w,,wy), consider the subspaces of D

F, =K-{z%8” | (w, (a,3)) < t}.

The nonnegativity condition implies that no term in the expansion of 8%z
in the PBW basis has weight larger than (w, (o, 8)). Check that |J, F; = D
and that Fy - Fy; C Fi4.

Strictly speaking, F' is not a filtration in the sense of Definition B4l since
F; may be nonzero for ¢ < 0, as in (3) below. This does not happen if the
weight w is nonnegative, as will be the case for most of this lecture.

(1) w=(0,1) = (0,...,0,1,...,1) yields the order filtration: operators
in [, =K {x*9" | >_j—1 Bj < t} are precisely those with order <.

(2) w=(1,1)=(1,...,1,1,...,1) produces the Bernstein filtration, for
which F, = K- {x°8” | Y7, (o + ;) < t}.

(3) w = (-1,0,...,0,1,0,...,0) yields the V-filtration along x1 = 0,
where F; = K- {z*8” | 1 — a1 < t}.

Remark 17.15. Let w be a weight vector on D so that F', as in Defini-
tion T4l is a filtration. Recall that D = T'/a, where T is the tensor
algebra on 2n variables, and a is the ideal generated by elements in ([CZZT]).

The weight w gives a filtration on 1" with the ¢-th level the linear com-
binations of all words that have w-weight at most ¢. Then gr (D) is the
quotient of gr(7T) by gr,(a). Note that gr(a) is generated by

{lwi, 51}, {lzn 0] li# 4}, {005},
{[xi,0i] | wa, + wo, >0}, and  {[z;,0;] + 1 | wa, +wy, = 0}.
It follows that the PBW basis on D gives one on gr, (D).
We focus on the Bernstein filtration B.
Exercise 17.16. Prove that grz(D) = K|z, 9].
Proposition 17.17. The Weyl algebra D is left and right Noetherian.

Proof. Let b be a proper left ideal of D. The Bernstein filtration B on D
induces an increasing filtration on b where

bt:bﬂBt fOI't}O.
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Note that by = 0 and that (J,b; = b. It is easily checked that gr(b) is
an ideal of gr(D). Since gr(D) is Noetherian by Exercise [ZT6] there exist
finitely many elements b; in b such that their images generate the ideal gr(b).
We claim that b = ), Db;, and hence that b is finitely generated.

Indeed, if not, then let ¢t be the least integer for which there exists an
element b in by \. ), Db;. By the choice of b;, there exist elements d; in D
such that b =), d;b; mod b;_;. But then

b= (b—> dib)+ > dib € by_1+» Db C > Db;,

where the inclusion holds by choice of t. This is a contradiction.

At this point we know that D is left Noetherian. The proof that it is
right Noetherian is similar. U

Definition 17.18. Let M be a finitely generated D-module. The Bernstein
filtration B on D induces a filtration, say G, on M as in Exercise B.I5l, and
the grp(D)-module gro (M) is Noetherian.

We write dimp M and ep(M) for the dimension and multiplicity of M
with respect to B; see Definition

Example 17.19. One has dimp D = 2n and eg(D) = 1 since gri(D) is a
polynomial ring in 2n variables.

One might expect the dimension of D-modules to take all values between
0 and 2n. The next result, due to Bernstein, thus comes as a surprise.

Theorem 17.20. If M is a finitely generated nonzero D-module, then one
has n < dimp M < 2n.

Proof. Let B be the Bernstein filtration on D, and G an induced filtration
on M. We claim that the map

B; — Homgk (Gy, Gat) where P +—— (u —— Pu)

is injective. Indeed, this is trivially true for ¢ < 0. Suppose P € By is
nonzero and the claim holds for smaller ¢. If x;, respectively, 0;, occurs in
a term of P, then it is not hard to verify using the PBW basis that [P, 9;],
respectively, [P, x;], is in B;—; and nonzero. Since the corresponding term
does not annihilate G;_1, one deduces that P cannot annihilate G;. This
settles the claim. It then follows that

rankg (B;) < rankg Homg (G, Got) = (rankg Gy)(rankg Gay) .
Therefore dimpg D < 2dimp M; now recall Example O

Exercise 17.21. Let B be the Bernstein filtration on D, and P an element
in B;. Prove the following statements.
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(1) [P,x;] and [P,0;] are in By_;.
(2) [P, z;] # 0, respectively, [P, d;] # 0, if and only if 9;, respectively, z;,
occurs in the representation of P in terms of the PBW basis.

Extend this result to a general commutator [P, Q).

We record some statements about general filtrations.

Remark 17.22. Let w be a nonnegative weight on D. A spectral sequence
argument as in [I3 A:IV] shows that

dim, M = 2n — g(M)  for g(M) = min{i | Ext’, (M, D) # 0} .

Thus, the dimension is independent of the nonnegative filtration. For ex-
ample, the B-dimension and the dimension induced by the order filtration
coincide. For the order filtration the analogue of Theorem is the weak
fundamental theorem of algebraic analysis; see [I1] or [25].

Let w be a weight with w, + wyg > 0 componentwise. In this case,
gr,(D) = Kz, d]. Let M be a finitely generated D-module. Theorem [[Z.20]
remains true, with the caveat that there may be nonzero modules M with
gr,,(M) = 0; consider n =1, M = D/D(z — 1) and w = (—1,2). See [148].

The annihilator of the gr,,(D)-module gr, (M) is the characteristic ideal
of M, with respect to w. The associated subvariety of A%{" is the character-
istic variety of M. The weak fundamental theorem says that the character-
istic variety with respect to the order filtration has dimension at least n. A
stronger result is proved in [135]:

Theorem 17.23. Let M be a monzero finitely generated D-module. Fach
component V of its characteristic variety with respect to the order filtration
satisfies n < dimV < 2n. O

3. Holonomic modules

Recall that R is a polynomial ring in n variables over a field of characteristic
zero, and that D is the corresponding Weyl algebra.

We single out a class of D-modules which enjoy special properties:

Definition 17.24. A finitely generated D-module M is holonomic when
dimp M < n; equivalently, dimg M =n or M = 0.

It follows from Remark that a finitely generated D-module M is
holonomic if and only if Ext}, (M, D) =0 for i < n.

Exercise 17.25. Set n = 1. Prove that D/I is holonomic when I # 0.

Exercise 17.26. Prove that the D-module R is holonomic.
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Exercise 17.27. Let m = (z) in R. Verify that the image of 1/(x; - x,)
generates HJX(R) as a D-module. Prove that H]'(R) is holonomic, and that
it is isomorphic to D/Dx.

Remark 17.28. Consider an exact sequence of D-modules
0—M —M-— M —0.

Since D is Noetherian, M is finitely generated if and only if M’ and M”
are finitely generated. When this holds, it follows from Exercise and
Theorem [[7.20 that M is holonomic if and only if M’ and M" are holonomic,
and also that, in this case, one has an equality

eB(M) = eB(M/) + eB(M”) .

The definition of a holonomic module does not prepare us for the fol-
lowing remarkable result. Here B is the Bernstein filtration.

Theorem 17.29. If M is a holonomic D-module, {p(M) < eg(M) < co.

Proof. Let 0 C My C --- C M;_1 C M; = M be a strictly increasing
filtration by D-submodules. It follows from Remark that each M; is
holonomic. Moreover, the exact sequences of D-modules

0— Mj—y — M; — M;/M;—1 — 0

imply that eg(M;) < eg(Ms) < --- < eg(M), since M;/M;_1 # 0. There-
fore one obtains [ < eg(M). This implies the desired result. (]

Another noteworthy property of holonomic modules is that they are
cyclic; see [T2, Theorem 1.8.18].

Exercise 17.30. Suppose n = 1. The D-modules R® R and R® D/Dx
are holonomic. Verify that they are cyclic.

4. Grobner bases

Grobner basis techniques can be transplanted to Weyl algebras. To begin
with, fix a weight filtration on D. A Grobner basis for an ideal a is a system
of generators for a whose images in gr(D) generate gr(a).

Exercise 17.31. Let w be a weight vector that is componentwise positive,
and let < be the induced weight order. Show that < can be refined to a
term order <jox using a lexicographic order on the variables.

Show that if G is a <jex-Grobner basis for an ideal a, then it is also a
Grobner basis with respect to <.
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For < a term order, Buchberger’s algorithm applied to a generating sys-
tem for a yields a Grobner basis. If w does not satisfy w > 0 componentwise,
as in the case of the V-filtration, it cannot be refined to a term order. An
approach to constructing Grobner bases for such orders is outlined below.

Definition 17.32. The homogenized Weyl algebra, denoted D is the ring
K[h[{x1, ... ,xpn,01,...,0,) modulo the two-sided ideal generated by

2
a;,--a;j—a;j-a:,-, &-'xj—xj'@i—éi,jh, 8,8]—8]&

The dehomogenization map D" — D is the surjective homomorphism
induced by h — 1.

If a term order < on monomials of D™ is such that k% < 2;0; for all 4,
then Algorithm for the normal form terminates provided that G consists
of homogeneous elements in D™ . Thus, Buchberger’s algorithm terminates
on homogeneous inputs in D™ see [136], Proposition 1.2.2]. It remains to
reduce Grébner computations in D to homogeneous computations in D",

Exercise 17.33. Starting with the weight w for D with w, + wg > 0 com-
ponentwise, let ¢ > 0 be such that 2t < w,, + wp, for each i. Show that the
weight (¢,w) for D™ defines an order which, when refined with any term
order for which h < x; and h < 9; for each i, is an order < as discussed in
the previous paragraph.

Let a = (Py,..., P;) be an ideal in D. Show that the dehomogenization

of a <-Grdébner basis for Pl(h)7 e ,P,gh) gives an w-Groébner basis for a.

Macaulay 2 has a package [98] devoted to D-modules.



Lecture 18

Local Duality Revisited

The aim of this lecture is to explain the ‘duality’ in Grothendieck’s duality
theorem by describing its connection to the classical Poincaré duality the-
orem for manifolds. We also offer another perspective on the local duality
theorem which clarifies its relationship with Serre duality for sheaves on
projective spaces. The last item is a discussion of global canonical modules,
which are required to state and prove Serre duality.

1. Poincaré duality

Definition 18.1. Let K be a field and R = @ZZO R, a graded K-algebra
with rankg R finite, Ry = K and Ryq # 0. The product on R provides, for
each 0 < n < d, a bilinear pairing

(18.1.1) Ry X Ry_p, — Ry.

We say that R has Poincaré duality if this pairing is perfect for each n, i.e.,
if the induced map R,, — Homg (R4_,, Rq) is bijective.

The name originates from the prototypical example of such an algebra:
the cohomology algebra of a compact connected orientable manifold; that
the pairing (I8TT]) is perfect is the Poincaré duality theorem. Perhaps the
following consequence of Poincaré duality is more familiar:

Exercise 18.2. Let R be a K-algebra as above. Prove that when R has
Poincaré duality, rankg(R,) = rankg(R4_,) for each 0 < n < d. Give
examples that show that the converse does not hold.

Exercise 18.3. Let(, )be a bilinear form on a finite-rank K-vector space V,
and R the graded K-algebra with Ry = K= Ry, Ry =V, and z -y = (z,y)
for z,y € Ry. Then R has Poincaré duality if and only if ( , )is perfect.

179
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Here is why the notion of Poincaré duality is relevant to us:

Exercise 18.4. Let R be a graded K-algebra as in Definition [[81} assume
furthermore that it is commutative. Prove that R is Gorenstein if and only
if it has Poincaré duality.

We claim that Grothendieck duality, encountered in Theorem [T.20 is
an extension of Poincaré duality to higher-dimensional Gorenstein rings. In
order to justify the claim, we reinterpret Poincaré duality as follows: the
pairing ([IXIT]) yields, for each 0 < n < d, a K-linear map

Rn — HOII]K(Rd_n, Rd) .

Taking a direct sum yields a map of graded K-vector spaces

d d
R=D R, — @5 Homg (Ry—n, Rq) = "Homg (R, Ry) .-

As a graded K-vector space, *Homg (R, Ry) is concentrated in degrees [—d, 0].
The map above has degree —d as it maps R,, to *Homg (R, Rg),—q. We get
a map of degree zero by shifting:

x: R — "Homgk (R, Ry)(—d)

is a morphism of graded K-vector spaces. The natural R-module structure
on R passes to an R-module structure on *Homg (R, Ry).

Exercise 18.5. Prove that y is a morphism of R-modules, and that the
following conditions are equivalent:

(1) The K-algebra R has Poincaré duality.
(2) The homomorphism x is bijective.
(3) As R-modules, R = *Homg (R, K)(—a) for some integer a.

2. Grothendieck duality

In this section K is a field and R = @n>0 R, is a finitely generated graded
algebra over Ry = K. Its homogeneous maximal ideal is denoted m.

Exercise 18.6. Prove that the graded K-dual
“Homg (R, K) = @5 Homg (R,,, K)

n>0

is the graded injective hull of K.

The following result is the graded version of Theorem [[T.20]
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Theorem 18.7. Let R be a d-dimensional graded K-algebra. When R is
Gorenstein, H.(R) = 0 for n # d, and there exists an integer a such that

HY(R) = *Homg (R, K)(—a). O

The integer a that appears in the result is called, well, the a-invariant
of R. You will find calculations of the a-invariant in Section

When dim R = 0, one has H2(R) = R so the theorem yields:

Corollary 18.8. If R is Gorenstein and dim R = 0, then there exists an
integer a such that R = *Homg (R, K)(—a) as R-modules. O

Compare this result with Exercises [84] XA and [X6H In this way
Grothendieck duality extends Poincaré duality.

Remark 18.9. Recall that the cohomology algebra of a compact connected
orientable manifold satisfies Poincaré duality. Such manifolds may thus
be seen as topological analogues of zero-dimensional Gorenstein rings. This
analogy is strengthened when we note that the cohomology algebras of spaces
are commutative, albeit in the graded sense: a - b = (—1)'“”5"1) - a.

One may then ask if higher-dimensional Gorenstein rings have counter-
parts in topology, and indeed they do: inspired by commutative algebra,
Félix, Halperin, and Thomas [38] introduced and developed a theory of
‘Gorenstein spaces.” Dwyer, Greenlees, and Iyengar [31] have proved a ver-
sion of Grothendieck duality for such spaces.

3. Local duality

The basic context of this discussion is fairly general: let R be a ring, and let
M and N be R-modules. Let I*®* and J*® be injective resolutions of M and
N respectively. Consider the complex of homomorphisms Hompg(I°®,J®),
introduced in Definition B9 whose cohomology in degree n is

H™(Hompg(I*,J*)) = Exth(M,N).

Remark 18.10. Let F be an additive covariant functor on the category of
R-modules. For the moment, think of Hompg(L, —), for some fixed R-module
L; eventually, we would like to think of local cohomology functors, but not
yet. Each cycle f in Hompg(I®, J®) induces a homomorphism

F(f): F(I*) — F(J*)
of complexes which, in cohomology, provides for each n,d in Z, a pairing

Ext%™(M,N) x R"F(M) — RYF(N).
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Here R'F(—) is the i-th right derived functor of F. A natural question is
whether there is a module N and an integer d for which the induced map

R"F(M) — Hompg(Ext% (M, N), REF(N))

is bijective for each M. In practice, we may want to restrict M to a certain
class of modules, for example, the finitely generated ones.

Remark 18.11. Let (R, m) be a local ring of dimension d. The preceding
discussion, with F = I'y,(—), yields for each integer n a pairing

Ext% (M, N) x HL(M) — HE(N).
This gives rise to an induced homomorphism of R-modules
H2(M) — Homp(Extt™(M,N), HL(N)).

Given this discussion, the statement of the result below should come as no
surprise. It is a refinement of Theorem [TZ41

Theorem 18.12. Let (R,m,K) be a Cohen-Macaulay local ring with a
canonical module w, and M a finitely generated R-module. Set d = dim R.
Then HS(w) = Er(K), and for each integer n the pairing

Ext§ "(M,w) x HY(M) — H&(w)
induces a bijection of R-modules
X"(M): HE(M) — Hompg (Exth "(M,w), Hi(w)) .

If, in addition, R is complete, then the pairing above is perfect.

Sketch of proof. The minimal injective resolution of w, say I®, has the
property that I"™ = 0 for n ¢ [0,d] and that Er(K) occurs exactly once and
in I%; see Definition [T31 Consequently, H(w) is zero for n # d and equal
to Er(K), for n = d. This settles the first part of the theorem.

The bijectivity of x™(R) can be proved along the lines of the argument
in Theorem The essential points are that I°® is a bounded complex of
injectives, and that homothety R — Hompg(w,w) is an isomorphism; see
Theorem I3 Then, from the fact that y¢(R) is an isomorphism, it follows
that so is x¢(M), since the functors H%(—) and Hom g(Hompg(—,w), Hd(w))
are right-exact and additive. Finally, when x"(—) is bijective on finitely
generated modules for some n < d, the long exact sequences associated with
I'm(—) and Homp(—,w) imply that x"~'(—) is bijective as well.

When R is complete, the Matlis dual of x™(M) is the homomorphism

Ext} "(M,w) — Hompg (HR(M), HE(w))

which is bijective. The pairing is therefore perfect. U
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Remark 18.13. The crucial point in the proof of Theorem is the
existence of natural maps x"(M). The argument works with w replaced
by a bounded complex D*® of injectives, with H"(D®) finitely generated for
each n, and H%(D®) = Er(K). Such an object exists when R is a quotient
of a Gorenstein ring—for example, when R is complete—and is called a
dualizing complex. With this at hand, one has a local duality statement
for rings which may not be Cohen-Macaulay; see Hartshorne [56], Lipman
[T0T], and P. Roberts [T32].

While there are more efficient proofs of local duality, the argument given
here has the merit that it immediately adapts to schemes.

Definition 18.14. Let X be a scheme of dimension d over a field K. The
discussion in Remarks I8 T0 and IR Il carries over to the context of schemes:
for sheaves F and G, one has, for each integer n, pairings of K-vector spaces

Ext$ "(F,G) x H*(X,F) — HY(X,G).

Serre’s duality theorem for projective spaces then reads as follows; see
[T40]. Differential forms are defined later in this lecture.

Theorem 18.15. Let K be a field, X = IP’%, and F a coherent sheaf on X.
Let Q denote the sheaf of differential forms on X, and set w = AQ. Then
HYX,w) 2K, and for each integer n the pairing below is perfect:

Ext$ ™(F,w) x H(X,F) — H(X,w) 2 K. O

Compare this result to Theorem [XTI2 whose proof is modelled on
Serre’s proof of the theorem above. There is more to Serre’s theorem than
stated above: there is a canonical isomorphism

HYX,w) —K,

called the residue map, and this is crucial for the proof.

4. Global canonical modules

Let R be a Cohen-Macaulay ring of finite Krull dimension; this last assump-
tion is in line with the notion of Gorenstein rings adopted in Lecture [T}

Definition 18.16. A canonical module for R is a finitely generated R-
module w with the property that wy, is a canonical module for R, for each
maximal ideal m of R. It follows from Theorem [[T47 that if w is a canonical
module for R, then wy is a canonical module for R, for each p in Spec R.

When R is Gorenstein, any rank-one projective module, for example R
itself, is a canonical module. As in the local case, it turns out that a Cohen-
Macaulay ring R has a canonical module if and only if it is a quotient of a
Gorenstein ring; see Proposition [821 The following exercises lead to this.
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Exercise 18.17. When R is a Noetherian ring, prove that there exists an
isomorphism R & Ry X --- X R, where each Spec R; is connected.

Exercise 18.18. Let Ry,..., R, berings, and set R = R; X --- X R,,. Prove
the following statements:

(1) An R-module M is canonically isomorphic to M; @ --- @ M, where
M; is an R;-module for each 3.

(2) The ring R is Cohen-Macaulay if and only if each R; is as well.
(3) Suppose that R is Cohen-Macaulay. Let w be an R-module and write

W=w; D D wy, as in (1). Then w is a canonical module for R if
and only if for each i, the R;-module w; is canonical.

Exercise 18.19. Let R be a Noetherian ring. Then Spec R is connected if
and only if given minimal primes p and p’ in R, there is a sequence of ideals

/
p="Ppo, Mo, P1, M1, ..., Pn, My, Ppy1 =P,

where p1,...,p, are minimal primes, p;,p;11 C m; for 0 < ¢ < n, and the
ideals m; are proper; evidently, they may be chosen to be maximal.

The next result extends Theorem [[T341

Proposition 18.20. Let Q — R be a surjective homomorphism of Cohen-
Macaulay rings, where Spec R is connected. If wg is a canonical module for
Q, then Ext}é (R,wq), with h = dim Q —dim R, is a canonical module for R.

Proof. Let R = Q/a. We claim that height a,, = h for each maximal ideal
m of  containing a. Indeed, let p and p’ be minimal primes of a contained in
m. Then dim(Qn/pQwm) = dim(Qn/p'Qm) because Ry, is Cohen-Macaulay,
hence equidimensional. Moreover @y, is Cohen-Macaulay, hence catenary,
so height p = height p’. Since Spec R is connected, Exercise implies
that height p = height p’ for each pair of minimal primes p,p’ of a.

Set w = Extg(R,wQ); this is a finitely generated R-module. For each
maximal ideal m of ) containing a, since @y, is Cohen-Macaulay with canon-
ical module (wg)m and h = height a,, Theorem [[T34] implies that wy, is a
canonical module for Ry,. Thus, w is a canonical module for R. O

The following result is a global version of Corollary [T.43]

Proposition 18.21. Let R be a Cohen-Macaulay ring. Then R has a canon-
ical module if and only if it is a homomorphic image of a Gorenstein ring.

Proof. Let w be a canonical module for R and set Q = Rx w. For each p in
Spec R, the local ring @y, = Ry, X wy, is Gorenstein because wy, is a canonical
module for Ry; see Theorem Therefore, ) is Gorenstein, and the
canonical projection (Q — R exhibits R as a homomorphic image of Q.
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Let @ — R be a surjective homomorphism of rings with ) Gorenstein.
Set h = dim Q —dim R. As @ is a canonical module for itself, when Spec R is
connected Proposition implies that Extg (R, Q) is a canonical module
for R. In general, by Exercise 817 one has an isomorphism R & Ry X - - - X
R4 where each Spec R; is connected. Since R is a quotient of a Gorenstein
ring, so is each R;. Hence R; has a canonical module w;. Now w; @ -+ @ wy
is a canonical module for R by Exercise O

The preceding result settles the question of the existence of canonical
modules. The one below deals with uniqueness. One could not have expected
a stronger result since over a Gorenstein ring any rank-one projective module
is a canonical module. The proof is a straightforward localization argument
using Lemma and Theorem [[T.39, and is left to the reader.

Proposition 18.22. Let R be a Cohen-Macaulay ring and w a canonical
R-module. The following statements hold.

(1) If P is a rank-one projective module, P ® p w is a canonical module.
(2) If ' is a canonical module, then Homp(w',w) is a rank-one projective

module, and the evaluation homomorphism below is bijective:

Homp(w',w) @pw’ — w. a

Proposition is the best one can do for general rings, in that there
is no canonical choice of a canonical module; this is a problem when one
wants to work with schemes. Fortunately, this problem has a solution for
schemes that arise in (classical!) algebraic geometry. This leads us to the
notion of smoothness.

Definition 18.23. Let R be a ring essentially of finite type over a field
K, i.e., a localization of a finitely generated K-algebra. The K-algebra R is
smooth if for each field L D K, the ring L. ®k R is regular.

As the K-algebra R is essentially of finite type, the L-algebra L @k R
is essentially of finite type, and hence Noetherian. Moreover, the following
conditions are equivalent:

(1) R is a smooth K-algebra;
(2) L ®k R is regular for each finite purely inseparable extension L of K;
(3) L ®k R is regular for the algebraic closure L of K.

In particular, when K has characteristic zero or is a perfect field, the
K-algebra R is smooth if and only if the ring R is regular.

Example 18.24. Polynomial rings K[z1,...,z,| are smooth over K, as are
localizations of polynomial rings.
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Exercise 18.25. Let K be a field and set
R=Klr,y)/ (y° — @ — 1)@ —2)) .

Prove that R is smooth over K if and only if the characteristic of K is not 2.

Evidently, when R is smooth, it is regular. The converse does not hold:

Example 18.26. Let K be a field of characteristic p. Assume that K is not
perfect, so that there exists an element a € K~ KP. Set R = K[x]/(2P — a).
The ring R is a field, and, in particular, it is regular. However, for L = R,
the ring L. ®k R is not reduced. Thus, R is not smooth.

More generally, for a finite field extension K C L, the K-algebra L is
smooth if and only if IL is separable over K; see [114, Theorem 62].

Our objective is to construct canonical modules over smooth algebras.
This calls for more definitions.

Definition 18.27. Let R be a commutative K-algebra; for now, we do
not assume that K is a field. A K-derivation of R with coefficients in an
R-module M, is a K-linear map §: R — M satisfying the Leibniz rule:

0(rs) =6(r)s+rdé(s) forallr,seR.
The K-linearity of § implies that §(1) = 0.

Definition 18.28. A module of Kdhler differentials of the K-algebra R is
an R-module ) equipped with a K-derivation d: R — §2 with the following
universal property: each K-derivation §: R — M extends to a unique
homomorphism of R-modules §: 2 — M, that is to say, the diagram

R—d>
v/
v/
5l 7
2

commutes. Standard arguments show that a module of Kéhler differentials,
if it exists, is unique up to a unique isomorphism. We denote it Qgg; the
associated derivation d: R — Qg is the universal derivation of R over K.

The module of Kéahler differentials exists, and can be constructed as
follows. It illustrates yet another use of the diagonal homomorphism.

Construction 18.29. Let R be a K-algebra. The tensor product R Qg R
is again a commutative K-algebra, with product given by

(res)-(res)=(ross).
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In the following paragraphs, we view R ®gk R as an R-module, with product
induced by the left-hand factor: ' - (r ® s) = r'r @ s. The map

u: RQg R — R where pu(r®s) =rs

is a homomorphism of rings, since R is commutative. Set a = ker u; it
inherits an R-module structure from R®g R. As an R-module, a is spanned
by {s®1—1® s | s € R}. Moreover, if the K-algebra R is generated by
S1,-..,8n, then the ideal a is generated by the elements

$i®R1—-—1®s; for1<i<n.

Since a = ker y, the action of R ®k R on a/a? factors through R, and
hence a/a? has a canonical R-module structure. The action of r € R on the
residue class of s ® 1 — 1 ® s in a/a? is given by

r(s®1-1®s)=rsl-res.

Thus, this action coincides with the R-module structure induced by the
action of R on a. It is easy to check that this is also the action induced by
R acting on R ®k R from the right.

Theorem 18.30. The R-module a/a? is the module of Kdihler differentials of
R over K, with universal derivation d: R — a/a® where d(s) = s®@1—-1®s.

Proof. First we verify that d is a K-derivation. Consider the K-linear maps

t1: R— Rk R where s — s® 1,
to: R— Rk R where s — —1® s.

One has then a diagram of K-modules
R —=- RoR “%2, (RexR)®(R®x R) —— R®g R,

where A(s) = (s,s) and m(y @ 2,y ®2') =y®@z+y ® 2. Let gdeno’ie the
composed map; this is again K-linear and a direct check shows that ud = 0,
so d(R) C a. The map d is the composition

R—%a a/a?,
and hence a well-defined homomorphism of K-modules. For elements r, s of
R, one has, in a/a?, the equation

0=rel-19r)(s®l—-11s)
=rs@l—sr—-res+1rs
=s(r®el-—10r)+r(s®1-1®s)—(rs@l—-1®rs).
Thus, d(rs) = d(r)s + rd(s), that is to say, d is a derivation.
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It remains to prove that d: R — a/a? has the required universal prop-
erty. Let 6: R — M be a K-derivation. If there exists an R-linear homo-
morphism 5 a/a? — M with Sod = 6, then it must be unique; this is
because d: R — a/a? maps onto the R-module generators of a/a?.

As to the existence of g, the map d induces an R-module homomorphism
R®xd: Rk R — M, where r @ s — 10(s) .
Restriction yields an R-linear map &': a — M. For r, s in R, one has

F((reol-10r(s®l-—1®s))=08(rs®l—s®@r—r®s+1ers)
= —sd(r) —rdé(s) + 6(rs)
=0,
where the second equality holds because §(1) = 0, and the third equality
holds because 4 is a derivation. Thus, §(a?) = 0, so ¢’ induces a homomor-

phism of R-modules 4 : a/a? — M. Tt is clear that dod =0, as desired.
This completes the proof. O

Example 18.31. Let R = K[z, ..., z,]| be a polynomial ring with variables
T1,...,Zy. The module of Kahler differentials is free on a basis dx;:

Qpk = é Rdz;,
i=1

and the universal derivation is given by
df:;g—;da:i for f e R.
Thus, d is the usual gradient.

The next example follows from Example [831] and basic properties of
modules of differentials; see [T14), Theorem 58].

Example 18.32. Let R = K(x1,...,2,]/(f1,- .., fc). The module of Kéhler
differentials is given by a presentation

(0fi/0x;)
—_——

Rc Rn—>QR|K—>0

The matrix (0f;/0x;) is called the Jacobian matriz of R.

The proof of the following lemma is straightforward: one checks that
the module U_lQQ‘K satisfies the desired universal properties. Combining
this result with the previous example, one can write down the module of
differentials of any K-algebra essentially of finite type.
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Lemma 18.33. If R = U~'Q, where Q is a K-algebra and U a multiplica-
tively closed subset of Q, then there is a canonical isomorphism of R-modules

U™ ' Qo = Qg - a

The next result addresses the question raised after Proposition
For a proof, see [I15, §29].

Theorem 18.34. Let K be a field and R a K-algebra essentially of finite
type. If R is smooth, then Qg is a finitely generated projective R-module.

When, in addition, R is a domain, for d = rankg Qpgyg, the R-module
/\dQR|K 1 a rank-one projective, and hence a canonical module. O

If R is a domain finitely generated over K, then rankp Qg = dim R.

The Jacobian criterion gives a converse to Theorem R34t if K has
characteristic zero and Qg is projective, then R is a smooth K-algebra.
There is a version of the criterion in positive characteristic, but the statement
is more delicate; see [32, Theorem 16.19]

The following result is taken from [71].
Theorem 18.35. Let K be a field, and R a K-algebra essentially of finite

type. If R is a d-dimensional Cohen-Macaulay domain and the non-smooth
locus of R has codimension at least two, then
Hom g(Homp(A“Qpix, R), R)

is a canonical module for R. O

Example 18.36. Let X = (z;;) be an n x (n+ 1) matrix of indeterminates,
where n > 2. Set R = K[X]/I,(X), where I,,(X) is the ideal generated by
the size n minors of X. Then wpg is isomorphic to the ideal of size n — 1
minors of any fixed n — 1 columns of the matrix X; see [20, Theorem 7.3.6].






Lecture 19

De Rham Cohomology

In this lecture we use ideas from calculus to link local cohomology of complex
varieties in C" to de Rham and singular cohomology of their complements;
this is the content of the last section. In the first three sections we discuss
de Rham cohomology in the real, complex, and algebraic cases, respectively.
The proofs of the results are only sketched.

Let K be a field and R = K[zq,...,x,]| a polynomial ring. The module
Qpx of K-linear Kéhler differentials on R is @; | Rdx; and the universal
derivation d: R — Qpgx is the gradient map; see Example [8311

The modules QtR‘K = Al Qpjk for t = 0 are the higher order differentials;
note that Q%IK = R and QJIQUK = Qpk- The K-linear maps

1
dt: QI}%UK — QHK where
(fd.%'“ VANEIERIVAY dl‘zt) |—>df/\dxi1 VANRIERIVAY dl’it,

satisfy d* o d®~! = 0. One thus obtains the de Rham complex Q;B‘K of R:
0— R — Qpg — Qfx — Qpx —

Such a construction can be carried out for any K-algebra R [54] §16.6].
Using Lemma [[833] one can show that for each f € R there is a natural
isomorphism of complexes Q;%f‘K = Ry Qr Q;%‘K. For a variety X over K,
this procedure can be carried out on affine open subsets to obtain a complex
Q;QK of sheaves called the algebraic de Rham compler of X

0 — Ox —>QX|K—’Q§(\K—>Q§(|K—"”
Going a step further, this construction applies to ringed spaces over K.

191
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1. The real case: de Rham’s theorem

In this section, all differentials are taken relative to the real numbers and
we omit the subscript R. For a smooth manifold M, we write Qf, for the
complex of sheaves of smooth differential forms. The complex of its global
sections, Q°*(M), is the de Rham complex of M.

We start with a discussion of Green’s theorem.

Theorem 19.1. Let f,g: R2 — R be smooth functions with fy = s
There then exists a smooth function h: R? — R with h, = f and hy =g.

Sketch of proof. Set h(zg,yo) f( 20.40) (f dx + gdy) where the integral
is taken along an arbitrary smooth path for each piecewise-smooth loop A,
one needs to verify that |[ y fdx + gdy = 0. Such a loop can be uniformly
approximated by piecewise-linear paths parallel to the coordinate axes, so it
suffices to treat the case where A is the boundary of a rectangle with corners
(0,0) and (g,¢’). In this case

€/

/fdw+gdy—/€(f(w0) fe, '>>dw+/<g<sy> 9(0,)) dy

// fyxydydx+/ /gxxydwdy,

which is zero since fy(x,y) = g.(x,y). Note that dh = f dx + g dy. O

The hypothesis f, = g, is necessary in the theorem since hgy = hy,.
Suppose the domain of definition of f, = g, is an open set U C R2. The
proof shows that the path integral along a loop depends only on the number
of times it winds around the holes of U. The integral vanishes along all
loops in U if and only if [ fdx + gdy is path-independent.

Example 19.2. On R? \ {0}, consider the functions
T
f(z,y) = T2t 2+

Verify that f, = g, and that |, \fde=m= | \ 9 dy for any circle A centered
at the origin. Thus there can be no function h as in Green’s theorem.

and  g(z,y) =

Let p be a point in an open set U C R? and (U, p) the fundamental
group of U based at p. The space of smooth differentials on U is

ONU)={fdx+gdy| f.ge CP(U)}.
Since U is open, each element of 71 (U, p) has a smooth representative. In-
tegration along a smooth path gives a linear map from Q'(U) to R, which
we restrict to QY(U) = {fdx + gdy | f, = g.}. For fixed w € Q}(U),
integrals on smooth contractible loops are zero, so one obtains a pairing
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(U, p) x Q(U) — R. Moreover, the induced map 71 (U,p) — R is a
homomorphism of groups, hence it factors through the singular homology
group H;(U,Z). Extending coefficients to R, one obtains a pairing

/ © Hi(U,R) x Q}(U) — R.

The gradient of a differential form f dz+gdy is (g, — f,) dx Ady, so the form
is in Q}(U) if and only if the gradient is zero, i.e., if it is closed. The form
is ezact if it arises as a gradient dh = hy dx + hy dy for some h € Q(U).
Since an exact differential gives a zero integral on all loops, the pairing above
descends to an R-linear pairing

/ . Hi(U,R) x H{(Q*(U)) — R.

If the pairing vanishes identically on a closed form w, then, arguing as in the
proof of Theorem [[37] one sees that w is exact. Thus, the pairing is faithful
in the second argument. One can also show, using Example [Q2 that it
is faithful in the first argument. Therefore, H!(Q°*(U)) is dual to Hy(U,R)
and hence isomorphic to singular cohomology, H'(U,R). Remarkably, there
is a vast generalization of this observation; see Theorem T34l

Definition 19.3. Let M be a smooth manifold. The de Rham cohomology
groups of M are the cohomology groups

Hig (M) = HY(Q*(M)) forteZ.
The cycles in Q°*(M) are the closed forms; the boundaries the ezact forms.

Let M be a smooth manifold, and Sy(M) the R-vector space spanned
by smooth maps from the standard t-simplex to M. Consider the pairing

/: Si(M) x Q" (M) — R with (0,w)»—>/w,
where 01 Ay — M is a smooth t-simplex and [ w = [, o*(w) for o*(w)
the pullback of w along o.

Theorem 19.4 (de Rham’s theorem). Let M be a smooth manifold. The
pairing above induces a perfect R-linear pairing

Hy(M,R) x Hig(M) — R.

This yields isomorphisms Hig (M) = Homp(H;(M,R),R) =~ H'(M,R),
where HY(M,R) is the sheaf cohomology of the constant sheaf R of R.

The pairing returns periods fg w which, typically, are transcendental.
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Example 19.5. One has H°(S},R) = R = H(S},R). De Rham’s theorem
rediscovers two facts from Lecture First, H3(S') consists of constant
functions, since these are the closed functions. The 0-form 1 is dual to any
singular O-chain in S' that sends the 0-simplex (a point) to a point in S!.
Second, H éR(Sl) is generated by the 1-chain that traverses S! precisely once.
Its dual 1-form is w = dt/2m, since 1-forms are closed and [ w = 1.

Example 19.6. On M = R3 one has H°(M,R) = R and H>°(M,R) = 0.
By Theorem 34 all closed forms of order ¢t > 1 are exact on M. For t =1
this is Stokes’ theorem: if the curl of a global smooth vector field is zero,
then the vector field is a gradient. When t = 2, this is Gauss’ theorem: if
a global smooth vector field has zero divergence, then it is equal to the curl
of a vector field. Finally, every 3-form w = fdx A dy A dz is a divergence.

As in the plane, the theorems of Stokes and Gauss may fail for forms
not defined on all of R3. For example, the 1-form (22 + y?)~(z dx — y dy)
is closed, but not exact. The reason is the same as in Example the
domain of definition is not simply-connected. Similarly, the 2-form

1
w= xdydz +ydzde + zdx d
(22 + 42 + 22)3/2 (z dy Y Y)
is closed, and the integral of w over the 2-sphere is 27, so w cannot be a
gradient. The point is that w has a singularity at the origin.

Sketch of proof of Theorem 9.4l For t > 1, each global ¢-form on R"
is closed precisely when it is exact; this is proved by an explicit calculation
akin to the one in the proof of Green’s theorem. It follows that the complex
of sheaves (1}, is a resolution of R as in Example

The sheaves 2}, are locally free, and hence allow for partitions of unity;
compare Example Using this, one shows that H>°(M,Qf,) = 0 for
each t, so €1}, is an acyclic resolution of R; see Example It follows
from Theorem that H'y (M) agrees with H'(M,R).

The sheaf cohomology groups H®(—,R) satisfy the Eilenberg-Steenrod
azioms which characterize singular cohomology; see [22, B3]. Therefore
de Rham cohomology, cohomology of the sheaf R, and singular cohomology
with R-coefficients, all agree for the manifold M. It follows that H!(M,R)
is the dual of singular homology H;(M,R).

A calculation similar to the one in the proof of Green’s theorem shows
that integrating a closed form over a boundary gives zero, so |, PBES fg dw.
It follows that integration gives a pairing between H\ (M) and Hy(M,R).
For f: X — Y smooth, one has
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so the pairing is functorial. Manifolds can be covered by copies of R™ and
integration gives the right pairing on these copies. To verify that this is
the pairing on all of M, one uses the Mayer-Vietoris sequence for de Rham
cohomology and induction on open sets [110]. O

2. Complex manifolds

In this section, M is a complex analytic manifold, and the complex €23, con-
sists of sheaves of holomorphic differential forms. The complex of its global
sections, Q°*(M), is the holomorphic de Rham complex of M. Theorem [[3.4]
does not carry over directly to complex manifolds: IP’%: has no second order
complex differential forms, yet H*(PL, C) # 0.

A crucial difference between the real and the complex case is that holo-
morphic functions can be locally represented by convergent power series.
Hence there are no partitions of unity over C, and sheaves of holomorphic
functions, and of higher holomorphic differentials, may not be acyclic. We
provide some examples below; these make use of a useful principle:

Remark 19.7. Let X be a smooth subvariety of P, defined by the van-
ishing of homogeneous polynomials fi, ..., f.. These same polynomials also
define a complex analytic submanifold X" of P, with the usual Hausdorff
topology. A theorem of Serre [T41] implies that, for each ¢, the cohomology
of the sheaf Q% can be identified with the cohomology of Q%an.

Example 19.8. Let E C P? be an elliptic curve, defined by an irreducible
homogeneous cubic polynomial f € R = C[z,y, z]. The exact sequence

0— R(—3) L R— R/(f) — 0
of R-modules induces an exact sequence of sheaves
0 — Op2(—3) — Op2 — O — 0.
Taking cohomology yields an exact sequence
HY(E,05) — HX(P, 0p(—3)) -1 H2(P2, 0p2).
Theorem [[325 implies that H?(P2?, Op2(—3)) is the rank-one vector space

(=
(=
H{gy oy (R)_y = C-[1/(wy2)]

which, evidently, maps to zero in the exact sequence. Hence H'(E, Og) # 0.
By Remark [97 the sheaf of holomorphic functions on E** is not acyclic.

Even when the structure sheaf is acyclic, the sheaf of higher order holo-
morphic differential forms may not be; this is the point of the next example.
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Example 19.9. Let X be the projective line, ProjC|zg, z1]; then X" is
the analytic projective complex line. Remark [3.7and Theorem [[328] imply
that Oxen is acyclic; we verify that H* (X", Qk..) = H*(X, Q%) is nonzero.

We use a Cech complex on the cover Spec C[z1/zo] and Spec Clzo/z1]
to compute the cohomology of QL. Setting y = 1/, this complex is

0
0 —— Clyldy ® Clydly™") —— Cly,y"|dy —— 0.
As d°(y™1) = —y~2dy, one gets H*(X, QL) =0 and H(X,Q%) = Cy~'dy.

Remark 19.10. Suppose M is biholomorphic to C". The holomorphic
de Rham complex Q°(M) then has a unique nonzero cohomology group,
HY(Q*(M)) = C. This globalizes to the corresponding statement on sheaves:
(13, is a resolution of C, the constant sheaf corresponding to C. However,
the sheaves of differential forms need not be cohomologically trivial, as seen
in the examples above. In particular, Theorem does not apply.

The concept below clarifies the relationship between H®(M,C) and the
cohomology of €19,, for a general complex analytic manifold M.

Definition 19.11. An analytic manifold S is a Stein manifold if each co-
herent analytic sheaf F on S is acyclic, i.e., H'(S,F) =0 for t > 1.

A smooth complex affine variety is Stein; see |59, Proposition VI.3.1].
In the literature, a Stein space is sometimes defined as the zero set of a
collection of analytic functions on C". Our definition is more inclusive: a
Stein space in our sense may not be embeddable as a whole in any C™, but
for any compact subset K C S one can find open neighborhoods of K that
embed in C", for some n. The distinction has no impact on our story as we
are interested in algebraic varieties, where the two concepts agree.

Let S be a Stein manifold. The sheaves in {0y are coherent, and it is
an acyclic resolution of the constant sheaf C on S. Using Theorem one
obtains the following result; see [138), 139].

Theorem 19.12. On a Stein manifold S, singular and sheaf cohomology
with coefficients in C are determined by the holomorphic de Rham complex:

H'(S,C) = H'(S,C) = H'(Q*(S)). 0

Remark 19.13. Suppose S has complex dimension n. The theorem implies
that the singular cohomology of S vanishes beyond n because QL = 0 for
t > n. Since the real dimension of S is 2n, it thus has only half as much
cohomology as one might expect. While every non-compact manifold fails
Poincaré dualityﬂ Stein manifolds fail in particularly grand style.

LUnless one uses compactly supported cochains.
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Using Morse theory, one can prove that S is homotopy equivalent to a
CW-complex of real dimension at most n; see [120].

Let f = 0 be a hypersurface on the analytic manifold M = (C™)%". Its
complement Uy can be identified with the submanifold of M x C defined
by the vanishing of 1 — ¢t f, where t is the coordinate function on C, so it is
Stein. Hence the complex Q°*(M) 7 computes the singular cohomology of Uy.
When f is a polynomial, this has been used to give algorithms for computing
cohomology; see [124), 125, [T58].

Let M be a complex analytic manifold. We want to relate singular
cohomology to de Rham cohomology. Let F be a sheaf on M. If there is a
cover Y of M as in Theorem 226 then H®*(M,F) can be computed using
the Cech complex on any open cover that is acyclic for F. This extends to
a complex of sheaves; we outline the idea in an example. First a definition:

A Stein cover of M is a cover by Stein spaces {S;} for which finite
intersections St = (),c; S are Stein as well.

Example 19.14. Let M be as in Example T2 and set Uy = Spec Clz1 /)
and Uy = Spec C[xg/x1]. The cover M = U;UUs is Stein, as each U; is Stein,
and so is their intersection Uy 2. By Theorem [9.T2), one has:

H'(U1,C) = H'(C{y} — C{y}dy),

Ht(U27(c) = Ht((c{y_l} I (C{y_l} d(y_l)) )

Ht(Ul,Qv(C) = Ht((c{y7y_1} - C{y7y_1}dy) ;

where C{y}, C{y~ '}, and C{y,y '} are the global holomorphic functions
on P!\ {oo}, P! \ {0}, and P! \ {0, 00} respectively. One has a diagram

Clyydye C{y '}d(y™) —— C{y,y '}dy

dT Td
C{yyeC{y™ "} — C{y,y ™}

where the lower row is a Cech complex computing the cohomology of Oys;
the upper is the one for Q},. The column on the left is Q*(U;) & Q°®(Uz) and
the one on the right is Q°*(U;2). With a suitable choice of signs, one gets
the holomorphic Cech-de Rham complex of M relative to the chosen cover.

The general construction is the following.

Definition 19.15. The holomorphic Cech-de Rham complexr Q%,(&) of an
open cover S = {Si}icr of M is a double complex where the ¢-th row is
the Cech complex of f,, with differential multiplied by (—1)¢, and the k-th
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column is a product of holomorphic de Rham complexes:

| |

[1Q4(S) —— [19Y(SinS;) — -
iel 1<j

| [

[1OS) —— [1O(SinS;) — -

icl i<j
The following is the complex analytic version of de Rham’s theorem.

Theorem 19.16. Let M be a complex manifold, and & a Stein cover. There
are natural isomorphisms:

H'(M,C) = H'(Q3,(8)),
for Q3%,(8) the total complex of the holomorphic Cech-de Rham complez.

Sketch of proof. Replace each of the groups []; Q(S;) by the correspond-
ing sheaves []; QgJ. One gets a double complex of sheaves whose global
sections form the holomorphic Cech-de Rham complex. Each column is a
resolution of the corresponding constant sheaf [[;Cg,. Therefore the total
complex is a resolution of C. It is an acyclic resolution since each S is
Stein. Hence, computing global sections gives the sheaf cohomology of C on
M, which agrees with singular cohomology. O

The total complex of the Cech-de Rham complex in Example T34 is

Cly} o Cly™'} — Clyydy ® C{y™}d(y™ ) @ C{y,y ™'} — Cly,y~ 'y
Evidently, the cohomology in degree zero is spanned by (1, 1), and there is
no cohomology in degree one. In degree two, the cohomology is spanned by
y~'dy. These computations agree with the preconceptions one has about
the singular cohomology of ]P’%: =S2.

We close this section with an example that shows that not all Zariski-
open subsets of C™ are Stein: complements of divisors are special.

Example 19.17. The space M = C2~ {0} is homotopy equivalent to S3, so
H3(M,C) = C. As M is a 2-dimensional complex manifold, it does not have
nonzero differentials of order 3. Hence M is not Stein; see Theorem

3. The algebraic case

We investigate the extent to which results on complex analytic manifolds
remain true for complex smooth varieties with the Zariski topology.
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Exercise 19.18. Consider the algebraic de Rham complex of R = Cl[z, y]:
0 — R— Rdx® Rdy — Rdx Ndy — 0.
Prove that H°(Q%) = C and H>%(Q%) = 0. Thus, H*(C?,C) = H'(Q%).

Let X be a smooth algebraic variety over C. There is an associated
complex analytic manifold X%, as in Remark [[@7 and a natural continuous
map X — X. Using the pullback functor, we view (% as a complex on
X there is an induced embedding Q% —— Q%a... A natural question is
whether this map is a quasi-isomorphism. A positive answer is of interest
for Q0% is smaller than Q5%...

We first look at the case where X is affine, for then X" is Stein.

Example 19.19. Set X = SpecC[z,z7!]. The form dx/z is not a global
derivative since the branches of the local integral logx do not patch to a
global function. The same problem carries over to the algebraic case. In the
analytic situation, X has an open cover by simply connected sets on which
log x has a well-defined branch. Proper open sets in the Zariski topology are
complements of finitely many points, and are far from simply connected. It
follows that the algebraic de Rham complex has a nontrivial first cohomology
group on each Zariski open subset of X.

At this point we record a miracle: singular cohomology can be expressed
in terms of purely algebraic data; see [52, 60]. It is also surprising that while
the complex of shaves )5 is typically not a resolution of the constant sheaf,
its cohomology coincides with that of the constant sheaf.

Theorem 19.20 (Grothendieck’s comparison theorem). Let X = Spec R
be a smooth variety over C. The singular cohomology of X" is naturally
isomorphic to the cohomology of the algebraic de Rham complex of R:

HY(X" C) = H'(Q%). O
For example, for X = Spec C[z, z7!] the algebraic de Rham complex is
0 — Clz,27!] — Clz,z ') dz — 0.
Its cohomology is precisely the singular cohomology of X%,

Exercise 19.21. Compute the singular cohomology of the affine open sets:
(1) C* < {0,1}.
(2)
(3)
(4)
(5)

5) The complement of Var(z(x — 1), zy) in C2.

C? with coordinate axes removed.
The complement of Var(zy(z — 1)) in C2.
The complement of Var(zy(z —y)) in C2.
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If you found this exercise hard, see what Macaulay 2 can do for you.

Exercise 19.22. Show that Grothendieck’s theorem does not extend to
varieties over R. Hint: Take the hyperbola zy = 1.

Remark 19.23. Grothendieck’s comparison theorem extends to schemes.
This requires hypercohomology, which is analogous to derived functors for
complexes of modules.

Let G®* be a finite complex of sheaves. One can construct a quasi-
isomorphism G* — F* of complexes of sheaves where F* consists of flasque
sheaves; see [22], 47]. The t-th hypercohomology of the complex G®, denoted
H'(X,G*), is H'(F*(X)). For a sheaf G, one has H'(X,G) = H (X, G).

The following result, which is an algebraic analogue of Theorem [[I.T6],
extends Theorem

Theorem 19.24. Let X be a smooth scheme over C and i an open affine
cover of X. There are natural isomorphisms:

H(X™, ) 2 H' (2% () = H'(X, %)
for Q% (L) the total complex of the holomorphic Cech-de Rham complex. [

This result mirrors the theme indicated before: one may either replace
the given sheaf (or complex of sheaves) by acyclic ones and compute coho-
mology, or use Cech cohomology. See [60] for the case of singular varieties,
and [124), 158, 159] for algorithmic aspects.

4. Local and de Rham cohomology

In this section we use the Cech-de Rham complex to obtain an upper bound
on the index of the top singular cohomology group of a Zariski open set
C" \ X in terms of the local cohomological dimension of X. We then apply
this bound in a familiar example.

Theorem 19.25. Let R = Clzy,...,z,] and let a be an ideal generated by
elements gi,...,gr. Set U = C" \ Var(a).

The singular cohomology groups H' (U, C) vanish for i > cdr(a) + n.

Sketch of a proof. The most transparent proof is via a spectral sequence
arising from double complexes, [22], and it goes as follows.

The open cover {C™ \ Var(g;)} is a Stein cover of U. For t > cdg(a)
we have H!(M) = 0 for all R-modules M, so the rows of the correspond-
ing holomorphic Cech-de Rham complex are exact beyond the cdg(a) — 1
column. Since the double complex is zero beyond row n, it follows that the
cohomology of the associated total complex is zero beyond cohomological
degree n + cdr(a) — 1. Now use Theorem O
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We revisit Example [

Example 19.26. Let R be the ring associated to a generic 2 x 3 matrix
over a field K, and a the ideal of 2 x 2 minors. Then a has height 2 and is
3-generated, so H{(R) = 0 for t # 2,3. When K is of positive characteristic,
H3(R) = 0; see Example ZT311

Suppose K has characteristic zero; we prove that H3(R) # 0. By a base
change argument, we may assume that K = C. By Theorem 328 it suffices
to prove that H3 (U, C) # 0, where U = C% \ Var(a).

We claim that, as a topological space, U is homotopy equivalent to the
space V of 2 x 3 matrices with orthogonal rows of unit length. Indeed, each
matrix in U has rank 2. Scale the first row, varying continuously, until it is
of unit length. Next, subtract a multiple of the first row from the second,
continuously varying the multiplier, until the rows are orthogonal. Lastly,
scale the second row such that it has unit length.

Since U and V' are homotopy equivalent, one has H*(U,C) = H*(V,C).
Consider the map from V to C? = RS sending a matrix to its first row. Its
image is evidently S°, and the fibers of the map V' — S® are vectors of
unit length in C? = R*, and hence are identified with S?. Thus, V is an
8-dimensional real compact manifold.

As S? and S® are orientable, and the fibration is locally trivial, one can
combine the two orientations to a local orientation of V. This gives a well-
defined orientation on V: for any loop in V' along which the orientation is
locally constant, orientations at the start and finish coincide, because S? is
simply-connected. Since V is an 8-dimensional compact orientable manifold,
one has H%(V,C) = C, and so H3x(U,C) = C.

Remark 19.27. For any algebraically closed field K, and a prime num-
ber ¢ different from the characteristic of K, the étale cohomology groups

(=, Z/¢Z) satisfy many of the properties one is accustomed to, such as
functoriality, Poincaré duality, Mayer-Vietoris sequences, and a Kiinneth
formula; see [42, M19]. Using these, one can show that HS,(U,Z/{Z) # 0
where U = A% \ Var(a) for a as in the previous example. It follows that in
all characteristics the arithmetic rank of a is 3.

Exercise 19.28. Consider the algebraic set in C"*("*1) consisting of com-
plex n x (n+ 1)-matrices of rank less than n. Find the minimum number of
polynomials needed to define this set.






Lecture 20

Local Cohomology over
Semigroup Rings

Semigroup rings are rings generated over a field by monomials. Geometri-
cally, they give rise to toric varieties. Their combinatorial polyhedral na-
ture makes semigroup rings perhaps the easiest reasonably broad class of
algebras over which to compute local cohomology explicitly. On the other
hand, the singularities of semigroup rings are sufficiently general for their
local cohomology to exhibit a wide range of interesting—and sometimes
surprising—phenomena. The purpose of this lecture is to introduce some
of the Z%graded techniques used to do homological algebra over semigroup
rings, including applications to quintessential examples. The key idea is to
resolve modules by polyhedral subsets of Z¢.

1. Semigroup rings

Definition 20.1. An affine semigroup ring is a subring of a Laurent poly-
nomial ring generated by finitely many monomials.

Most of the affine semigroup rings in these lecture are pointed (see Def-
inition EOTAl), which is equivalent to their being subrings of honest polyno-
mial rings instead of Laurent polynomial rings. The simplest example is a
polynomial ring itself, but we have seen many other semigroup rings:

Example 20.2. The example from Section [Hl is an affine semigroup ring.
It appears also in Example as a ring of invariants. This is not a
coincidence; see [T18, Chapter 10]. In Example [926] local cohomology is
taken with support on its defining ideal.

203
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Example 20.3. The ring K[s*, 53¢, st3,¢4] is an affine semigroup ring by
definition. It has appeared in Examples [T T2, and MI.T9, which illus-
trate different ways to see the failure of the Cohen-Macaulay property; see
Example for yet another.

Example 20.4. The ring K[w, z,y, z|/(wz—yz), whose localization appears
in Exercise [[20 is isomorphic to the affine semigroup ring K[r, rst,rs,rt] C
K[r, s,t]. Certain local cohomology modules of this ring behave quite badly;
in Section [, we will compute one explicitly.

By virtue of being generated by monomials, semigroup rings carry a lot
of extra structure. Let us start by writing the monomials in a semigroup
ring R using variables t = t1,...,ty. Thus t* for b € Z% is shorthand for the
Laurent monomial tlil e tzd. The set

Q={bez' |t e R}

is a subset of Z? that is closed under addition and contains 0 € Z%; hence
Q is, by definition, a commutative semz’groupﬂ Given the extra condition
that @ is generated (under addition) by finitely many vectors—namely, the
exponents on the generators of R—the semigroup @ is an affine semigroup.

Exercise 20.5. Find a subsemigroup of N? containing 0 that is not finitely
generated. Find uncountably many examples.

An affine semigroup @ C Z? generates a subgroup (Q) under addition
and subtraction. In general, (()) might be a proper subgroup of 7%, and
there are many reasons for wanting to allow (Q) # Z?. Often in natural
situations, the rank of (@) can even be less than d; see [I51), Chapter 1], for
example, where the connection with solving linear diophantine equations is
detailed (in terms of local cohomology, using techniques based on those in
this lecture!). That being said, we adopt the following convention:

Notation 20.6. For the purposes of studying the intrinsic properties of a
semigroup ring R, we can and do assume for simplicity that (Q) = Z<.

Basic properties of R can be read directly off the semigroup Q. The
reason is that
R=K[Q = PK-t
be@
is a K-vector space, with basis consisting of the monomials in .

IThe correct term here is monoid, meaning “semigroup with unit element.” An affine semigroup is
defined to be a monoid; thus, when we say “Q is generated by a set A,” we mean that every element
in Q is a sum—perhaps with repeated terms and perhaps empty—of elements of A. Allowing the
empty sum, which equals the identity element, requires us to generate Q@ as a monoid, not just as
a semigroup.
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Lemma 20.7. If (Q) = Z% then the semigroup ring K|[Q] has dimension d.

Proof. The dimension can be computed as the transcendence degree of the
fraction field of K[Q] over K. Inverting the monomials that generate R, we
reduce to the Laurent polynomial ring K[Z%] which, by a similar argument,
has the same dimension as the polynomial ring K[N%). O

The extra structure induced by the decomposition of R into rank-one
vector spaces is a fine grading, as opposed to the coarse grading by Z.

Exercise 20.8. Fix a semigroup ring R = K[t*,...,t% ] and take new
variables * = x1,...,2,. Prove that the kernel of the map K[z] — R
sending z; —— t% is the ideal

Ip=(z"—2"| Au = Av),

where A is the d X n matrix with columns a1,...,a, and u,v € Z" are
column vectors of size n. The ideal I4 is called the toric ideal for A; find
all examples of this notion in these twenty-four lectures.

Hint: Use the Z%grading and mimic Exercises and

2. Cones from semigroups

Suppose that @ is an affine semigroup with (Q) = Z%. Taking nonnegative
real combinations of elements of ) instead of nonnegative integer combina-
tions yields a rational polyhedral cone Cg = R>0(). The adjective ‘rational’
means that Cg is generated as a cone by integer vectors, while ‘polyhedral’
means that Cg equals the intersection of finitely many closed halfspaces.

Example 20.9. Consider the semigroup K[s*, s3t, st3, t*] of Example
By our convention from Notation PILH, the lattice (Q) = Z? is not the
standard lattice in R?; instead, (Q) is generated as an Abelian group by,
for instance, (4,0) and (—1,1). Under the isomorphism of (Q) with Z?
sending these two generators to the two basis vectors, @) is isomorphic to
the semigroup generated by

{(17 0)7 (17 1)7 (17 3)7 (17 4)} °
The real cone Cg in this latter representation consists of all (real) points

above the horizontal axis and below the line of slope 4 through the origin.

Example 20.10. The ring K[r, rst,rs,rt] from Example is K[Q] for
the affine semigroup @Q generated by

{(1,0,0), (1,1,1), (1,1,0), (1,0,1)}.

These four vectors are the vertices of a unit square in R3, and Cg is the real
cone over this square from the origin; see Figure The lattice points
in Cg constitute @ itself.
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an

)

(1,1,0)

(1,0,0)
Figure 20.1. The cone over a square in Example

Theorem 20.11. The ring K[Q] is normal if and only if Q@ = Cg N Z4.

Proof. Suppose first that Q = Cg N 7%, and write Cqo = ﬂHj as an
intersection of closed halfspaces. Then @ =) (H n Zd) is an intersection
of semigroups, each of the form H*™ N Z? Hence K[Q] is an intersection
of semigroup rings K[H* N Z%) inside the Laurent polynomial ring K[Z4].
Each of these subrings is isomorphic to K[ty,. .., t4, t2_1, .. ,t;l]; note that
t1 has not been inverted. This localization of a polynomial ring is normal,
and therefore so is K[Q)].

Next let us assume that Q C CpNZ?. Exercise implies that there
is a monomial t* in K[Z9] such that (t*)™ € K[Q] but t* ¢ K[Q]. This
monomial is a root of the monic polynomial y™ — %™, O

Exercise 20.12. Show that if a € Cg NZ<%, then m-a € Q for all sufficiently
large integers m.

Example 20.13. The semigroup ring from Examples and is not
normal, since s%t? ¢ K[s%, s3¢, st3, 4] but
2 5t st? 2,212 4 3; 43 44
st = —— and (s°t°)° € K[s", s°t, st°, t7].
s3t
Example 20.14. The semigroup ring from Example is normal by the
last sentence of Example

Any rational polyhedral cone C has a unique smallest face (the definition
of face is unchanged from the notion for polytopes as in Lecture [[@). This
smallest face clearly contains the origin, but it also contains any vector
v € C such that —v also lies in C. The cone C is called pointed if 0 is the
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only vector in C' whose negative also lies in C'. Geometrically, there is a
hyperplane H such that C' lies on one side of H and intersects H only at 0.
Thus C “comes to a point” at the origin.

Thinking of @ instead of Cg, any vector a € @ such that —a € @
corresponds to a monomial t* € K[Q] whose inverse also lies in K[Q]; that
is, t% is a unit in K[@Q]. Such a monomial can’t lie in any proper ideal of K[Q].
On the other hand, the ideal generated by all nonunit monomials is a proper
ideal, the mazimal monomial ideal. It is the largest ideal of K[Q)] that is
Z%-graded, but it need not be a maximal ideal.

Exercise 20.15. For an affine semigroup @, the following are equivalent.

(1) The maximal monomial ideal of K[Q)] is a maximal ideal.
(2) The real cone Cg is pointed.
(3) @ has no nonzero units; that is, a € @ and —a € @ implies a = 0.

Definition 20.16. If the conditions of Exercise hold, Q is pointed.

A cone C' is pointed when there is a hyperplane H intersecting it in
exactly one point. Intersecting a (positively translated) parallel hyperplane
with C yields a transverse section of C, which is a polytope P. The geometry
of P can depend on the support hyperplane H, but the combinatorics of P is
intrinsic to @: the poset of faces of P is the same as the poset of faces of Q).

Example 20.17. The square in Example BO.T0, namely the convex hull of
the four generators of @, is a transverse section of the cone Cy.

In the coming sections, we will see how the homological properties of a
semigroup ring K[Q] are governed by the combinatorics of Cq.

3. Maximal support: the Ishida complex

Let @ be a pointed affine semigroup with associated real cone Cg, and Fg a
transverse section. The polytope Py is a cell complex, so, choosing relative
orientations for its faces, it has algebraic chain and cochain complexes.

Example 20.18. Let @ be as in Example P2ILT7 and let Py be the square
there. The reduced cochain complex of Py with coefficients in K is

0 2
0 K —* K: 2, K S, K — 0.

1% vertices edges all of Pg

The map ¢° takes the @-basis vector to the sum of the basis vectors in K*.
The map ¢! takes the basis vector corresponding to a vertex v to the signed
sum of all edges with v as an endpoint; the signs are determined by an
(arbitrary) orientation: positive if the edge ends at v, negative if the edge
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begins at v. Since Py is convex—and hence contractible—the cohomology
of the above complex is identically zero.

In the same way that the cochain complex of a simplex gives rise to the
Cech complex over the polynomial ring, the cochain complex of Py gives
rise to a complex of localizations of any pointed affine semigroup ring K[Q].
Describing this complex precisely and presenting its role in local cohomology
is the goal of this section. Let us first describe the localizations.

Recall that a face of the real cone Cg is by definition the intersection
of Cg with a support hyperplane. Since Cg is finitely generated as a cone,
it has finitely many faces, just as the transverse section polytope Pg does,
although most of the faces of Cg are unbounded, being themselves cones.

Definition 20.19. The intersection of @) with a face of Cg is a face of Q.

Lemma 20.20. Let F C Q be a face. The set of monomials {t’ | b ¢ F} is
a prime ideal pr of K[Q].

Proof. To check that pr is an ideal it is enough, in view of the ambient
Z%-grading, to check that it is closed under multiplication by monomials
from K[Q]. Let v be a normal vector to a support hyperplane for F' such
that v(Q) > 0. Thus v(f) = 0 for some f € @ if and only if f € F. Assume
that t € pr and t* € K[Q]. Then v(a + b) > v(b) > 0, whence the product
ot =t lies in pp.

The ideal pp is prime because the quotient K[Q]/pF is isomorphic to the
affine semigroup ring K[F], which is an integral domain. O

Notation 20.21. Let F be a face of Q. Write K[Q]r for the localization of
K[Q] by the set of monomials tf for f € F.

Exercise 20.22. The localization K[Q]r is the semigroup ring K[Q — F]
for the affine semigroup

Q-F={q—flqeQand f€F}.
Note that Q — F' is non-pointed as long as F' is nonempty.
Here now is the main definition of this lecture.

Definition 20.23. The Ishida complex Uy, of the semigroup @, or of the
semigroup ring K[Q], is the complex

0—KIQ — P KQr—- P KQr-- @ KQr—KZ) -0,
rays F' i-faces F facets F

where an i-face is a face F' of @ such that dim K[F] = i; a ray is a 1-face and
a facet is a (d—1)-face. The differential  is composed of natural localization
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maps K[Q]r — K[Q]c with signs as in the algebraic cochain complex of
the transverse section Pg. The terms K[Q] and K[Z%] sit in cohomological
degrees 0 and d respectively.

Exercise 20.24. Write down explicitly the Ishida complex for the cone over
the square—the semigroup ring from Example BOT0using Example

Note that when @ = N, the Ishida complex is precisely the Cech com-
plex on the variables t1,...,ts. In general, we still have the following.

Theorem 20.25. Let K[Q)] be a pointed affine semigroup ring with maximal
monomial ideal m. The local cohomology of any K[Q]-module M supported
at m is the cohomology of the Ishida complex tensored with M, i.e.,

Hi (M) = H' (M ®Uy). 0

The proof of Theorem would take an extra lecture (well, probably
less than that); it is mostly straightforward homological algebra. To give
you an idea, it begins with the following.

Exercise 20.26. Check that H(M ® U) = Hy(M).

What’s left is to check that H(M ® 0g) is zero when M is injective
and i > 0, for then H'(— ® UZ)) agrees with the derived functors of I'y,.
The polyhedral nature of UZ), in particular the contractibility of certain
subcomplexes of Pg, enters into the proof of higher vanishing for injectives;
see |20, Theorem 6.2.5] and its proof.

The natural maps between localizations in the Ishida complex are Z%
graded of degree zero, so the local cohomology of a Z%graded module is
naturally Z%graded (we could have seen this much from the Cech complex).
Sometimes it is the Z?-graded degrees of the nonzero local cohomology that
are interesting, rather than the cohomological degrees or the module struc-
ture; see Lecture In any case, the finely graded structure makes local
cohomology computations over semigroup rings much more tractable, since
they can be done degree-by-degree.

We could have computed the local cohomology in Theorem using
a Cech complex, but there is no natural choice of elements on which to build
one. In contrast, the Ishida complex is based entirely on the polyhedral na-
ture of Q. Combining this with the Z%grading provides the truly polyhedral
description of the maximal support local cohomology in Corollary

Notation 20.27. Write (Ub)b for the complex of K-vector spaces consti-
tuting the Z%graded degree b piece of 0g- In addition, let Py (b) be the
set of faces of Py corresponding to faces F' of @ with (K[Q]r), = 0, or
equivalently, b & Q — F.
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Exercise 20.28. Let (Q be a pointed affine semigroup.

(1) Prove that Pg(b) is a cellular subcomplex of the cell complex Pg.

(2) Show that (Ug)), is the relative cochain complex for Pg(b) C Py, up
to shifting the cohomological degrees by 1.

Corollary 20.29. Let (Q be a pointed affine semigroup. The degree b part
of the local cohomology of K[Q] is isomorphic to the relative cohomology of
the pair Pg(b) C Pg with coefficients in K, that is,

HL(K[Q)), = H ™! (P, Po(b); K) . O

Example 20.30. We know that the ring K[s%, s3t, st3,#%] is not Cohen-
Macaulay. Let us see it yet again, this time by way of its local cohomology.
Set b = (2,2). Then K[Q], = 0, so @ is a face of Py(b), but every other local-
ization of K[Q] appearing in the Ishida complex 0g, is nonzero in degree b.
Thus the complex (Ub)b of K-vector spaces is the complex

C*(Pg,9;K) : 0 —KpK —K.

The cohomology is K in cohomological degree 1 and zero elsewhere. Hence
H}(K[Q]) is nonzero, so K[Q] is not Cohen-Macaulay.

The Ishida complex in Example turns out to be a Cech complex,
as is typical of two-dimensional pointed affine semigroup rings. For higher-
dimensional examples, Cech complexes are almost always bigger and less
natural than Ishida complexes.

Exercise 20.31. In which Z3-graded degrees and cohomological degrees is
the local cohomology with maximal support of the pointed affine semigroup
ring K[Q] nonzero, if @ is generated by the columns of

013 01
0001 1|7
11111

Hint: These five vectors have equal last coordinates; plot the first two co-
ordinates of each in the plane. Try also drawing the intersection of () with
the coordinate plane in R?® spanned by (1,0,0) and (0,0,1). Which lattice
points are “missing”?

The local cohomology of normal affine semigroup rings behaves so uni-
formly that we can treat them all at once. The following exercise outlines
a proof that normal affine semigroup rings are Cohen-Macaulay. This was
proved by Hochster [67].

Exercise 20.32 (Hochster’s theorem). Let K[Q] be a normal affine semi-
group ring.
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(1) Show that if Pg(b) equals the boundary of Py, consisting of all proper
faces of Pp, then the complex (Ué)b has K in cohomological degree d
and zeros elsewhere.

(2) Prove that if Pg(b) is properly contained in the boundary of Py, then
Pg(b) is contractible. Hint: It has a convex homeomorphic projection.

3) Deduce that the complex U7, has nonzero cohomology only in coho-
Q
mological degree d.

(4) Conclude that K[Q)] is Cohen-Macaulay and find its canonical module.

You will need to use normality, of course: by Theorem BILTIl checking
whether a Z?graded degree b lies in Q (or in Q — F for some face F)
amounts to checking that b satisfies a collection of linear inequalities coming
from the facets of the real cone Cg. A detailed solution can be found in
[I18 §12.2], although the arguments there have to be Matlis-dualized to
agree precisely with the situation here.

Exercise 20.33. Given an affine semigroup ring R, exhibit a finitely gen-
erated maximal Cohen-Macaulay R-module.

The intrinsic polyhedral nature of the Ishida complex makes the line of
reasoning in the above proof of Hochster’s theorem transparent. It would
be more difficult to carry out using a Cech complex.

4. Monomial support: Z%graded injectives

In the category of Z%graded modules over an affine semigroup ring, the in-
jective objects are particularly uncomplicated. In this section we exploit the
polyhedral nature of Z%graded injectives to calculate local cohomology sup-
ported on monomial ideals. As the motivating example, we will discover the
polyhedral nature of Hartshorne’s famous local cohomology module whose
socle is not finitely generated.

Notation 20.34. Given a subset S C Z%, write K{S} for the Z%graded
vector space with basis S, and let —S = {—b|b e S}.

Example 20.35. Let Q be a pointed affine semigroup.
(1) As a graded vector space, K[Q)] itself is expressed as K{Q}.
(2) The injective hull Eg g of K as a K[@Q]-module is K{-Q}.
(3) By Exercise 222 the localization of K[Q)] along a face F'is K{Q—F'}.
(4) The vector space K{F — Q} is the Z%-graded injective hull of K[F].

By F — @ we mean —(Q — F'). The justification for the statement in (2
and the nomenclature in (@) are essentially Matlis duality in the Z%graded
category; see [I18] §11.2].
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Exercise 20.36. Show that K{F —@Q} has a natural K[Q]-module structure
in which multiplication by the monomial ¢/ is bijective for all f € F.

The module structure you just found makes K{F — @} injective in the
category of Z?-graded modules. This statement is not difficult [TT8], Propo-
sition 11.24]; it is more or less equivalent to the statement that the local-
ization K[@Q — F] is flat. As a consequence of injectivity, derived functors of
left-exact functors on Z%-graded modules can be computed using resolutions
by such modules. Let us be more precise.

Definition 20.37. Let Q be an affine semigroup. An indecomposable Z.%-
graded injective is a Z%-graded translate of K{F — Q} for a face F of Q. A
Z%-graded injective resolution of a Z%graded K[Q]-module M is a complex

0—1°"—T1"—7r7—...
of Z%-graded modules and homomorphisms such that each I7 is a Z?-graded

injective, H(I®) = M, and H’(I*) =0 for j > 1.

The right derived functors that interest us are, of course, local cohomol-
ogy. In order to return a Z%graded module, the support must be Z%-graded.

Theorem 20.38. Let a C K[Q] be a monomial ideal. The local cohomology
of a Z4-graded module M supported at a can be calculated as

Ho(M) =Tq(I*),
where I® is any Z%-graded injective resolution of M. O

This theorem is useful because of the polyhedral nature of Z?-graded
injectives, in analogy with the polyhedral nature of the Ishida complex,
combined with the following characterization of I'y on Z%graded injectives.

Exercise 20.39. The module I'(K{F — Q} equals K{F — Q} if the prime
ideal pp (in the notation of Lemma PILZ0) contains a, and is zero otherwise.

Next we consider the Z®-graded Matlis dual of the Ishida complex.

Definition 20.40. Let @ be a pointed affine semigroup. The dualizing
complex €22, of the semigroup ring K[Q] is

0— Kz - P KF-Q -~ P KIF-Q*= K- -0,

facets F' i-faces F'

where w is composed of natural surjections K[F' — Q] — K[G — @] with
signs as in the algebraic chain complex of the transverse section Pg. The
terms K[Z%] and K[—@Q] sit in cohomological degrees 0 and d respectively.
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The reader seeing the Z%graded point of view for the first time should
make sure to understand the following exercise before continuing.

Exercise 20.41. The complex of K-vector spaces in the Z%graded degree b
piece of the dualizing complex is the K-dual of the complex in Z?graded
degree —b of the Ishida complex, up to a cohomological degree shift by d:

(Q)sld] = ((Ug)—p)* for all b € Z2.

Remark 20.42. For readers familiar with dualizing complexes as in [56],
Ishida proved that the complex in Definition really is one [8T], 82].
The “normalized” dualizing complex would place K[Z9] in cohomological
degree —d and K[—@Q)] in cohomological degree 0.

Exercise combined with Hochster’s theorem implies the following.

Corollary 20.43. If the affine semigroup ring K[Q] is Cohen-Macaulay,
then its dualizing complex Qb is a Z%-graded injective resolution of a mod-
ule wg. By local duality, it follows that wq is the canonical module wi|q-

As a first application, one can compute the Hilbert series of the local
cohomology of the canonical module when K[Q] is normal. The next exercise
proves a result of Yanagawa; see [163] or [I18, Theorem 13.14]. Compare
with Theorem [[627, where the support is maximal but the module is the
quotient by an arbitrary monomial ideal.

Exercise 20.44. Let K[Q] be a normal affine semigroup ring, and a C K[Q)]
a monomial ideal.

(1) Associate a polyhedral subcomplex A C Py to (the radical of) a.

(2) For b € Z4, write a polyhedral homological expression in terms of A

and Py for the vector space dimension of the graded piece Hg(wk(q)),-
Exercise 20.45. Let A be the simplicial complex consisting of the isolated
point z and the line segment (z,y). Find Ia, H7, (K[z,y, 2]), and Hg(K[A]).

5. Hartshorne’s example

Our final example is the main example in [58], although the methods here are
different, since they rely on the Z%grading. Prior to Hartshorne’s example,
Grothendieck had conjectured that the socle of a local cohomology module
should always have finite dimension as a vector space over K.

Let Q be the cone-over-the-square semigroup in Examples O] and EILT0)
Retain the notation from those two examples.
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The ideal a = (rst,rt) is the prime ideal pg for the 2-dimensional facet F'
of @ generated by (1,0,0) and (1,1,0) and hence lying flat in the horizon-
tal plane. Let us compute the local cohomology modules H:(wg) of the
canonical module using the dualizing complex.

Exercise 20.46. Prove that, ignoring the grading, K[Q] = wg, so the re-
sults below really hold for the local cohomology modules HE(K[Q]) of the
semigroup ring itself.

Let A and B be the rays of @) forming the boundary of F', with A along
the axis spanned by (1,0,0) and B cutting diagonally through the horizontal
plane. The only monomial prime ideals containing a are a itself, the ideals
p4 and ppg, and the maximal monomial ideal m. By Exercise 2039, applying
I'y to the dualizing complex therefore yields the complex I'oJ® below:

0 —K{F-Q} —-K{A-Q}oK{B-Q} — K{-Q} — 0.

For lack of a better term, we call each of the four indecomposable Z3-graded
injectives a summand.

Consider the nonzero contributions of the four summands to a Z3-graded
degree b = (o, 3,7). If v > 0, then none of the four summands contribute,
because then K{G — Q}, = 0 whenever G is one of the faces F', A, B, or
{0} of Q. However, the halfspace beneath the horizontal plane, consisting of
vectors b with v < 0, is partitioned into five sectors. For degrees b in a single
sector, the subset of the four summands contributing a nonzero vector space
to degree b remains constant. The summands contributing to each sector
are listed in Figure B2l which depicts the intersections of the sectors with
the plane v = —m as the five regions.

P K{F-Q}

P K{F-Q}, K{A-Q}

(K{F-Q}, K{B-Q}
FK{F-Q}, K{A-Q}, K{B-Q}
CK{F-Q}, K{A-Q}, K{B-Q},K{-Q}

T W N~

Figure 20.2. Intersections of sectors with a horizontal plane

Only in sectors 1 and 4 does I'qI® have any cohomology. The cone of
integer points in sector 1 and the cohomology of I';I® there are as follows:

sector 1 : y<O0anda>pF>0 <+ H;(wQ)b:K.
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For sector 4, we get the cone of integer points and cohomology as follows:
sector 4 : 0=208>2a>y <<— Hg(wQ)b:K.

We claim that sector 4 has infinitely many degrees with socle elements of
H2(wg): they occupy all degrees (0,0,—m) for m > 0. This conclusion is
forced by the polyhedral geometry. To see why, keep in mind that sector 4 is
not just the triangle depicted in Figure (which sits in a horizontal plane
below the origin), but the cone from the origin over that triangle. Consider
any element h € H2(wg) of degree (0,0, —m). Multiplication by any nonunit
monomial of K[Q)] takes h to an element whose Z3-graded degree lies outside
of sector 4 (this is the polyhedral geometry at work!). Since H2(wq) is zero
in degrees outside of sector 4, we conclude that A must be annihilated by
every nonunit monomial of K[Q)].

Exercise 20.47. What is the annihilator of H}(wg)? What elements of
this module have annihilator equal to a prime ideal of K[Q]? Is H}(wg)
finitely generated? In what Z3-graded degrees do its generators lie?

Hartshorne’s example raises the following open problem.

Problem 20.48. Characterize the normal affine semigroup rings K[Q],
monomial ideals a C K[Q], and cohomological degrees i such that H(K[Q])
has infinite-dimensional socle.

All we know at present is that K[Q] has a monomial ideal a and a finitely
generated Z%-graded module M with soc(H:(M)) of infinite dimension for
some ¢, if and only if Py is not a simplex [64].






Lecture 21

The Frobenius
Endomorphism

In this lecture, p is a prime number and R a commutative Noetherian ring.
We describe various methods by which the Frobenius homomorphism has
been used to study local cohomology for rings of characteristic p.

Definition 21.1. When R has characteristic p, the Frobenius endomorphism
of R is the map

v:R— R where p(r) =17
Since R has characteristic p, the binomial formula yields (r + s)P = 7P + sP
for elements r,s in R. It follows that ¢ is a homomorphism of rings, and
hence so are its iterates ¢, for each integer e > 0. Evidently, ©°(r) = rP°.

1. Homological properties

A homomorphism of rings ¢: R — S is said to be flat if S is flat when
viewed as an R-module via . The following theorem of Kunz [94] exempli-
fies the general principle that properties of the Frobenius endomorphism of
a ring entail properties of the ring itself. Recent work of Avramov, Iyengar,
C. Miller, Sather-Wagstaff and others reveals that this principle applies to
a much larger class of endomorphisms; see [7l, 85].

Theorem 21.2. Let R be a Noetherian ring of characteristic p, and @ the
Frobenius endomorphism of R. The following conditions are equivalent:
(1) The ring R is regular;
1;
1.

(2) The homomorphism ¢ is flat for each integer e >
(3) The homomorphism ¢ is flat for some integer e >

217
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Observe also the similarity between this result and Theorem We
prove (1) = (2) for only this is used in the sequel. Our proof is based on
the result below due to André [4, Lemma I1.58]. The reader may refer to
[94] for the original argument, and for other implications; see Theorem ETI0
and [7] for different perspectives.

Theorem 21.3. Let (R, m,K) — S be a local homomorphism of local rings,
and N a finitely generated S-module. If Tor®(K, N) = 0 for eachi > 1, then
N is a flat R-module.

Proof. It suffices to prove that Torl(M, N) = 0 for each finitely generated
R-module M, and ¢ > 1. This we achieve by an induction on dim M.

When dim M = 0, we further induce on the length of M. If {r(M) =1,
then M = K, so the desired result is the hypothesis. When (r(M) > 2,
one can get an exact sequence of R-modules 0 — K — M — M’ — 0.
Applying — ®p N yields an exact sequence

Torf (K, N) — Torf(M, N) — Torf(M',N).
Since {r(M') = ¢r(M) — 1, the induction hypothesis yields the vanishing.
Let d > 1 be an integer such that for i > 1 the functor Torf'(—, N)
vanishes on finitely generated R-modules of dimension up to d — 1. Let

M Dbe a finitely generated R-module of dimension d. Consider the exact
sequence of R-modules

0—TwM)—M-—M —0,

and the induced exact sequence on Tor?(—, N). Since £5(T'n(M)) is finite,
it suffices to verify the vanishing for M’. Thus, replacing M by M’, one
may assume depthp M > 1. Let z in R be an M-regular element; then
dim(M/zM) = dim M — 1. In view of the induction hypothesis, the exact
sequence 0 — M —» M — M /xM — 0 induces an exact sequence

Tor(M,N) —"— Tor®(M,N) —— TorF(M/xM,N) =0

for ¢ > 1. As an S-module, TorZR(M ,N) is finitely generated: compute it
using a resolution of M by finitely generated free R-modules. Since xS is in
the maximal ideal of S, the exact sequence above implies Torf%(M ,N)=0
by Nakayama’s lemma. This completes the induction step. O

It should be clear from the proof that there are versions of the preceding
result for any half-decent half-exact functor; this is André’s original context.
The exercise below leads to a global version of André’s theorem.

Exercise 21.4. Let ¢: R — S be a homomorphism of Noetherian rings.
Prove that ¢ is flat if and only if for each prime ideal g in S, the local
homomorphism ¢4: R, — Sy, where p = ¢~ 1(q), is flat.
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Definition 21.5. Let R be a ring of characteristic p, and M an R-module.
We write ¢“M for the Abelian group underlying M with R-module structure
defined via ¢°: R — R. Thus, for r € R and m € "M, one has

r-m = (r)m =1r""m.

In particular, ¥°R denotes R viewed as an R-module via ¢°.

Proof of (1) = (2) in Theorem It suffices to prove that ¢ is flat,
since a composition of flat maps is flat. For each prime ideal q in R, it is
easy to check that ¢~ !(q) = q and that the induced map ©q: Rg — Ry is
again the Frobenius endomorphism. By Exercise BT4], it is thus enough to
consider the case where (R, m,K) is a local ring.

Let z1,...,24 be a minimal generating set for the ideal m. The ring R
is regular, hence the sequence x is regular. Therefore the Koszul complex
K*(x; R) is a free resolution of R/(x) = K, so one has isomorphisms

Torf(K,¥R) = H™!(x;“R) for each .

Observe that the sequence x is regular on R as p(z) = aP. Corollary
thus yields Tor!*(K,¥R) = 0 for i # 0. Now apply Theorem O

Exercise 21.6. Verify that the Frobenius endomorphism is not flat for the
ring ]F2 [3:27 ry, y2]

Exercise 21.7. Find a ring R of characteristic p with the property that its
Frobenius homomorphism ¢: R — R is not flat, but R is flat over ¢(R).

Given a homomorphism of rings R — S, restriction of scalars is a
functor from S-modules to R-modules, while base change is a functor from
R-modules to S-modules. For the Frobenius endomorphism the first functor
is described explicitly in Definition BET.AI We now discuss the second functor.

Definition 21.8. Let R be a commutative ring containing a field of char-
acteristic p. The assignment

M|—>F(M):¢R®RM

is a functor on the category of R-modules, called the Frobenius functor. For
each integer e > 1, one has F¢(M) = ¥R ®r M. Given a complex P,, the
complex obtained by applying F is denoted F¢(P,).

Evidently, F*(R) = "R ®z R = R as R-modules. If §: R® — R! is
given by a matrix (a;;) with respect to some choice of bases for R* and R,
then F¢(f): R®* — R! is given by the matrix (af;). This implies that if M
is finitely generated, then so is F¢(M).

Next we prove the Lemme d’acyclicité of Peskine and Szpiro [128], 1.1.8].
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Lemma 21.9. Let R be a local ring and 0 — C, — -+ — Cyg — 0 a
complez of R-modules with nonzero homology. Set s = max{i | H;(C,) # 0}.

Ifdepthy C; > i for each i > 1, then either s = 0 or depthp Hs(Co) > 1.

Proof. Assume s > 1 and depthp Hs(C,) = 0. Set Z; = ker(Cy — Cs_1)
and B; = image(C;+1 — C;) for i > s. One has exact sequences

0 — By — Zs — Hy(Co) — 0,
0— Bjy1 — Cip1 — B; — 0 fori>s.

Since Zs; C Cs and depthp Cs > s > 1, one has depthp Zs > 1. Repeated
use of Lemma [R7 on the exact sequences above yields that for s <i <n—1
one has depthp B; =7 — s 4+ 1. It remains to note that B,_; = (), so that
depthy €}, = n — s < n — 1, which contradicts the hypotheses. O

Peskine and Szpiro [128] used the acyclicity lemma to prove the result
below. It generalizes the implication (1) = (2) in Theorem

Theorem 21.10. Let R be a local ring of characteristic p and M« finitely
generated R-module of finite projective dimension. If P, is a minimal free
resolution of M, then F¢(P,) is a minimal free resolution of F¢(M).

Proof. Set s = max{i | Tor®(¥"R, M) # 0}. Tt suffices to prove that s = 0,
for then F¢(F,) is a minimal free resolution of Hy(F*°(P,)) = F'¢(M).

Suppose s > 1. Pick a prime p associated to Torf(¢eR, M). Let P, be a
minimal free resolution of M, over R, and set Cq = F°(P,). Observe that

H;(C,) = Tor (¥R, M), for each i > 0.

The choice of p ensures that depthp Hs(Ce) = 0, while H;(C,) = 0 for
i > s+1. Since P, is a minimal resolution of M, the Auslander-Buchsbaum
formula implies P; = 0 for ¢« > depth Rp. It is now easy to check that the
complex C, of Ry-modules contradicts Lemma O

Here is one consequence of the preceding theorem:

Corollary 21.11. Let R be a Noetherian ring of characteristic p and M a
finitely generated R-module of finite projective dimension. For each integer
e >0, one has that pdg F¢(M) = pdr M and Ass F¢(M) = Ass M.

Proof. We may assume that the ring is local, and then the result on projec-
tive dimensions is contained in Theorem The claim about associated
primes reduces to proving that over a local ring R, the maximal ideal m is
associated to M if and only if it is associated to F¢(M). Since M has finite
projective dimension, the Auslander-Buchsbaum formula implies that m is
in Ass M if and only if pdp M = depth R; likewise for F¢(M). The result
now follows from the result on projective dimension. O
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Finiteness of projective dimension is necessary in Corollary PETTIL

Example 21.12. Let R = Fy[z,y]/(z% 2y). The R-module M = R/Rx
satisfies F'(M) = R. It is not hard to check that

pdp M = o0 and depthp M =1,
pdp F(M) =0 and depthp F(M) =0.

Theorem PTT0, which is reformulated as (1) = (2) in the statement
below, has a converse due to Herzog [65]:

Theorem 21.13. Let R be a Noetherian ring of characteristic p and M a
finitely generated R-module. The following conditions are equivalent:

(1) pdg M < oo;
(2) Torf'(M,%'R) =0 for each i
(3) Torf'(M,¥'R) = 0 for each i

1 and each e > 1;
1 and infinitely many e > 1. O

VoWV

The implication (3) == (1) of this result implies the corresponding
implication in Theorem if ¥R is flat for some integer e > 1, it follows
that ¥R is flat for infinitely many e > 1, because a composition of flat maps
is flat. For all such e, one has that Tor®(K,¥'R) = 0 for i > 1, and hence
pdp K < oo by the result above. Theorem implies that R is regular.

2. Frobenius action on local cohomology modules

Next we bring local cohomology into the picture.

Definition 21.14. Let a = (z1,...,2,) be an ideal of R and p: R — S a
homomorphism of rings. Recall that the local cohomology modules HE(R)
can be computed as the cohomology modules of the Cech complex C'® (z; R).
Tensoring with S provides a morphism of complexes

C*(z; R) — S @g C*(x; R) = C*(p(); 5) .

Taking homology gives, for each integer ¢, a homomorphism of R-modules
H{(R) — H;(Q)S(S), where R acts on the target via ¢.

Now specialize to the case where R is a ring of characteristic p and ¢ is
the Frobenius endomorphism of R. One has then an induced map

fi Hy(R) — Hypp(R) = Hy(R),

which is the Frobenius action on H:(R); note that ¢(a)R = (2f,...,2%) so
rad p(a)R =rada. For r € R and n € H:(R) one has

flr-m)=w(r)f(n) =r"f(n).

In particular, f is not an endomorphism of R-modules.
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Example 21.15. Let K be a field of characteristic p. Let R = Klz1, ..., z4]
be a polynomial ring and set a = (z1,...,24). As noted in Example [[T6,
one has Hi(R) = 0 for i # d, and HZ(R) has a K-basis consisting of elements

1
[mi] where each n; > 1.
xy

nq
Ty

The Frobenius action f on H ff(R) preserves addition and is given by

_— H _—
ni ng pni pnq
xl PEEErY xd xl PEEEY ':Ud

for A in K. Evidently f is injective, and it is K-linear only when K = F,; it

is not R-linear. Setting degz; = 1 imposes a Z-grading on H?(R), and
FH(R);) € H{(R),;

where HZ(R) ; is the degree j graded component of H 4(R). Observe that

the module H%(R) is supported in degrees j < —d.

Example 21.16. Let K be a field of characteristic p. Let R = K[zo, ..., x4],
with deg z; = 1, and let & be a homogeneous polynomial of degree n > d—+2.
Set S = R/Rh; thus dimS = d. We prove that the Frobenius action on
HY(S), where a = (x0,...,24), is not injective.

The exact sequence of graded R-modules
0 —— R(—n) —— R S 0

induces an exact sequence of graded modules:

0 —— HI(S) —— HY(R)(-n) —"— HI(R) —— 0.
Examining the graded pieces of this exact sequence, one obtains that
HY(S),_ g1 #0 and  HY(S)s, 4=0.
Since n > d + 2, one has p(n —d — 1) > (n — d), and it follows that
f: Hg(s)n—d—l - Hg(s)p(n—d—l) =0

must be the zero map.

Exercise 21.17. Let K be a field, S = K[z,y]/(zy), and set a = (z,y).
Determine a K-vector space basis for H}(S). When K has characteristic p,
describe the Frobenius action on H}(S).

Exercise 21.18. Let K be a field of characteristic p > 3, and set
R=Klz,yl/(z* +y°) and  S=Kz,yl/(z" +9°).

Prove that the Frobenius acts injectively on H (1m y)(R), but not on H (190 W) (S).

The proof of the next result illustrates a typical use of the Frobenius
action on local cohomology modules.
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Theorem 21.19. Let R be a local ring of characteristic p. If x1,...,24 is
a system of parameters for R, then for each t > 0 one has that

(21 - --a:d)t ¢ (a:'-i“, ... ,xifrl)R.

Proof. Suppose there exist elements r; € R and an integer ¢ > 0 such that

t+1 t+1
(1 zg) =rmai™ + gl

Set a = (z) and compute H%(R) as the cohomology of the Cech complex on
x. The equation above implies that

1 d T
N R i
n_[xl--'xd} [Z(azl---@----azd)t“

i=1

=0

in H4(R), so ¢¢(n) = 0 for e > 1. Each element of H4(R) can be written as

o
(Z’l"'xd)pe LR,
for a in R and e > 1. Thus H4(R) = 0, which contradicts Theorem I3 [

Remark 21.20. Let R be a local ring, and 1, ...,z a system of parame-
ters. Hochster’s monomial conjecture states that for each ¢ > 0, one has

(21 - --a:d)t ¢ (a:'-i“, ... ,xffl)R.

Theorem proves it when R is of characteristic p; Hochster [70] proved
it for rings containing a field. Work of Heitmann [63] settles it in the affir-
mative for rings of dimension at most three. The general case remains open;
it is equivalent to the direct summand conjecture, the canonical element
conjecture, and the improved new intersection conjecture; see [30} [70].

Let R be a local ring. A big Cohen-Macaulay module is an R-module
on which a system of parameters for R is regular; the module need not be
finitely generated. Hochster [68] proved that they exist when R contains
a field. In [73] Hochster and Huneke proved that each excellent local ring
containing a field has a big Cohen-Macaulay algebra; see also the work of
Huneke and Lyubeznik [79].

Exercise 21.21. If z4,...,z4 is a regular sequence on an R-module, prove
that (z1---z4)" ¢ (20 ,xifrl) for each ¢t > 0.

Let R be a local ring, or an N-graded ring with Ry a field. Hartshorne
asked whether there exist maximal Cohen-Macaulay modules, that is to say,
finitely generated modules with depth equal to dim R; they should be graded
when R is graded.
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Example 21.22. When R is a one-dimensional local ring, the R-module
R/rad(0) is maximal Cohen-Macaulay. Compare with Exercise

Suppose R is an excellent local ring, for example, an algebra essentially
of finite type over a field. Let p be a prime ideal with dim R/p = dim R. The
integral closure R’ of R/p is a finitely generated R-module. Since dim R’ =
dim R and depth R" > min{dim R, 2}, when R has dimension two the R-
module R’ is maximal Cohen-Macaulay.

Little is known in higher dimensions. The next result was discovered
independently by Hartshorne, Hochster, and Peskine and Szpiro.

Theorem 21.23. Let K be a perfect field of characteristic p, and let R be
an N-graded ring finitely generated over Ry = K, with dim R > 3.

Then there exists a finitely generated R-module M with depth M > 3.
When dim R = 3, the module M is mazimal Cohen-Macaulay.

We first establish an intermediate step.

Proposition 21.24. Let (R,m) be a local domain which is a homomorphic
image of a Gorenstein ring, and let M be a finitely generated R-module.

If, for each p in Spec R~ {m}, the Ry-module M, is a mazimal Cohen-
Macaulay, then the R-module HL (M) has finite length for i < dim R — 1.

Proof. Let @) be a Gorenstein ring mapping onto R. The local duality
Theorem provides an isomorphism

HL(M) = Exty™ ™ (M, Q)" .

It thus suffices to prove that the R-module Extgm Q_i(M , Q) has finite length
for relevant ¢. Since the module is finitely generated, this is equivalent to
proving that for each p in the punctured spectrum, the Ry-module

di . -~ di .
EXthmQ Z(Ma Q)p = EXth:nQ Z(MWQCI)

is zero; here g is the preimage of p in (). Another application of local duality,
now over ()g, yields an isomorphism

dim Q—1 ~ prdim Qq—dim Q+1i
EXth 9 (Mp, Qq)" = Hqu ! (M) .
The vanishing of the local cohomology module follows from the fact that
dim Qg —dim Q + ¢ = dim Ry — dim R + 4 < dim R, = dim M,

where the first equality holds because @) is catenary and R is a domain, and
the second holds because M), is maximal Cohen-Macaulay. O
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Proof of Theorem Replacing R by the integral closure of R/p for
p a minimal prime with dim R/p = dim R, we assume that R is a normal
domain. Then HY(R) = 0 = H}(R) where m is the homogeneous maximal
ideal of R. By Proposition ELZ4, the length of H2(R) is finite.

Since K is perfect, for each nonnegative integer e the R-module ¥R is
finitely generated. Moreover, the length of the R-module

PHyo(R) = Hy,(*

€

R)
does not depend on e. Note that for m in [?°R],, and r in R;, one has

r-m=r"me [“DGR]jpe+n .

Hence, for each e, the R-module ¥R is a direct sum of the p¢ modules
Mei = R; + Rpeyi + Ropeyi + Rapeyi+ -+,
where 0 < 7 < p® — 1. Consequently, one has
H3y(¥R) = Hy(Me) ® Hy(Men) & -+ & Ha(Megpe 1)

The length of this R-module is independent of e, so for e > 0 there exists
M, ; # 0 with H%(Mm) = 0. Therefore, depthp M, ; > 3. O

Exercise 21.25. Let R be an N-graded domain, finitely generated over a
perfect field Ry = K of characteristic p. Let M be a finitely generated
graded R-module such that the Ry,-module M, is maximal Cohen-Macaulay
for each p € Spec®R. Prove that R has a maximal Cohen-Macaulay module.

3. A vanishing theorem

In this section we present yet another result of Peskine and Szpiro, this one
on the vanishing of certain local cohomology modules.

Definition 21.26. Let a = (x1,...,2,) be an ideal of a ring R of charac-
teristic p. For each nonnegative integer e, set

alPl = (22 2PR.
These ideals are called the Frobenius powers of a.

Exercise 21.27. Check that the ideals al?") do not depend on the choice of
generators for the ideal a.

Remark 21.28. If a is generated by n elements, then a™ C alP’l C o?°. It
follows from Remark that for each i one has isomorphisms:

H{(M) 2 lim Extfy(R/alP, M) |
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The Frobenius powers of a can be expressed in terms of the Frobenius functor
from Definition ET& if a = (x1,...,2,), then R/a has a presentation

[Z1 .. Tn]

R" R R/a 0.
Applying F¢(—), the right-exactness of tensor gives us the exact sequence
[ .. 2]

R R F¢(R/a) —— 0,
which shows that F¢(R/a) = R/alP").

The next result is due to Peskine and Szpiro [128l Proposition II11.4.1].
See Theorem 2T for an interesting extension due to Lyubeznik.

Theorem 21.29. Let R be a regular domain of characteristic p. If a C R
is an ideal such that R/a is Cohen-Macaulay, then

H{(R)=0  fori# heighta.

Proof. Since R is regular, height a = depthp(a, R); see Remark [[2 Hence
Theorem [ yields H:(R) = 0 for i < height a. For the rest of the proof we
may assume, with no loss of generality, that (R, m) is a regular local ring.
Recall that R/al?l = F¢(R/a) from Remark Using Corollary ET.TT],
the Auslander-Buchsbaum formula, and the assumption that R/a is Cohen-
Macaulay, one obtains the equalities

PdR(R/ﬂ[pe}) =pdg R/a
= dim R — depth R/a
=dimR —dim R/a
= height a.
Thus Extb(R/alPl, R) = 0 for i > height a + 1, and hence
Hi(R) = lim Ext(R/a"), R) = 0. O
Exercise 21.30. Let R be a Noetherian ring of characteristic p and a an
ideal such that pd(R/a) is finite. Prove that
H{(R)=0 for each i > depth R — depth R/a.
The following example shows that the assertion of Theorem does

not hold over regular rings of characteristic zero. This was constructed
independently by Hartshorne-Speiser [62, page 75] and Hochster.

Example 21.31. Let R = K[u, v, w, z,y, z] be a polynomial ring over a field
K, and a the ideal generated by the 2 x 2 minors of the matrix

X:[uvw}‘
T Yy z
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Hence a = (A1, Ag, A3) where

Ay =vz—wy, As=wx—uz, A3=uy—ovr.
Note that depthp(a, R) = 2, so H2(R) # 0, and R/a is Cohen-Macaulay.
Thus, when K has positive characteristic, Theorem ETZ%implies H3(R) = 0.

Suppose the characteristic of K is zero. In Example we saw that
H3(R) # 0; here is an alternative argument. The group G = SLy(K)
acts on the ring R as in Example [[L3T1 The ring of invariants for this
action is R® = K[A1, Ay, A3], a polynomial ring of dimension three, since
the minors are algebraically independent over K. Thus, H2(RY) is nonzero
where n = (Al,Ag,Ag)RG is the homogeneous maximal ideal of R®. As
K has characteristic zero, G is linearly reductive, and hence R is a direct
summand of R, that is to say, R = RS @ M for an RS-module M. Therefore

H(R) = Hy(R) = HJ(RY) & H(M) # 0.
In terms of cohomological dimensions this discussion amounts to:

dn(a) 3 if K has characteristic 0,
C =
" 2 if K has characteristic p > 0.

See Example for a more striking example of this phenomenon.






Lecture 22

Curious Examples

In Example P31 we saw that local cohomology may depend on the charac-
teristic. In this lecture we present more striking examples of such behavior,
and also discuss finiteness properties of local cohomology modules.

1. Dependence on characteristic

The following theorem of Lyubeznik [T08, Theorem 1.1] may be viewed as
a generalization of Theorem See Definition ETT4 for the Frobenius
action on local cohomology modules.

Theorem 22.1. Let (R, m) be a regular local ring of positive characteristic
and a an ideal. Then H.(R) = 0 if and only if the e-th Frobenius iteration

o Hy ' (R/a) — H ™' (R/a)
is zero for all e > 0, where d = dim R.

Sketch of proof. Recall that for each ¢ one has
H(R) = lim Extly(R/al"") R) = lim F°( Ext}(R/a, R)),
where the isomorphism holds because the Frobenius endomorphism is flat.
Therefore H(R) = 0 if and only if there exists an integer e such that
Exth(R/a, R) — F°(Exty(R/a, R))
is the zero map. Taking Matlis duals, this is equivalent to the map
F(Hy ' (R/a)) = ¥ Reg Hy '(R/a) — Hy '(R/a)

being zero. The map above sends r ®n to rf¢(n), so it is zero precisely when
f€(n) = 0 for each n € HE(R/a); see [T08] for details. O

229
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Exercise 22.2. For a field K of characteristic p, take R = K[w, z,y, z] and

3

a= (2% —w?y, 2%z — wy?, vy — wz,y> — x2?).

Note that R/a = K[s?, s3¢, st3,t%] as in Example Use Theorem 2211
to prove that H2(R) = 0.

We summarize some facts about Segre embeddings:

Definition 22.3. Let A and B be N-graded rings over a field Ag = K = By.
The Segre product of A and B is the ring

A#B = ) A, @k By,
n>0

which is a subring—in fact a direct summand—of the tensor product ARy B.
The Segre product has a natural N-grading with [A#B], = A, ®k B,. If
U CP" and V C P® are projective varieties with homogeneous coordinate
rings A and B respectively, then A#B is a homogeneous coordinate ring for
the Segre embedding of U x V in P"st7+s,

Given Z-graded modules M and N over A and B respectively, their
Segre product is the Z-graded A#B-module
M#Nz@Mn Rk N, with [M#N],, = M,, @k N, .
nez

Remark 22.4. Let A and B be normal N-graded rings over K. For reflexive
Z-graded modules M and N over A and B respectively, there is a Kiinneth
formula for local cohomology due to Goto-Watanabe [48], Theorem 4.1.5]:

HE | (M#N) = (M#HE (N)) @ (HE (M)#N)

Ma#p
® EB (H&A(M)#H&B(N)) for each £ > 0.
itj=k+1
IfdimA=7>1and dimB = s> 1, then dimA#B =r + s — 1.
Example 22.5. This example is due to Hartshorne-Speiser [62, page 75],

though we present a different argument, based on Theorem EZTl Let K be
a field of prime characteristic p # 3, and S the Segre product of

A=Kla,b,d/(a®>+b>+¢*) and B=K|rs].

Then S is the K-subalgebra of K[a,b,c,r,s]/(a® + b3 + ¢®) generated by
ar, br,cr,as, bs, cs; see also Example Note that ProjS = E x P!
where E = Proj A is an elliptic curve.

Consider the polynomial ring R = K[u, v, w, z,y, z] mapping onto S with
ur—ar, v br, w+—cr,

r+——as, yr——bs, zr—cs.
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The kernel a of this surjection is generated by
ud + v + wg, ulz + vzy + wzz, uz? + vy2 + wzz, 3+ y3 + z3,
vZ — Wy, wr — Uz, uy — vr.
We compute H,%IS(S ) using the Kiinneth formula. The Cech complex
0—A— A, DA, — Ay — 0

shows that HZ ,(A), is a 1-dimensional K-vector space spanned by

62 c Aab
ab A, + A '

The Kiinneth formula shows that the only nonzero component of H2 S(9) is

0

H?ns(s)(] = HI’2I’IA (A)O#BO )

which is the vector space spanned by [c?/ab] ® 1. In particular, S is not
Cohen-Macaulay; it is a normal domain since it is a direct summand of the
normal domain A ®g B. Since Hz(S) is a 1-dimensional vector space, an
iteration f¢ of the Frobenius map

fr HA(S) — H2 (S)

is nonzero if and only if f is nonzero, and this is equivalent to the condition

AT\ [ . Aap
f%b—{w}#o oA

If ¢?P/aPbP is in A, + Ay, then there exist o, 3 € A and n >> 0 such that
2p o
e
0 c¢?(ab)" P € (a™,b™)A. Since A is Cohen-Macaulay, this is equivalent to
P € (aP,DP)A.
We determine the primes p for which the above holds. If p = 3k + 2, then
P = Sk — (g3 1 BB ¢ (o3R8 B3R EBY A C (P, BP)A.
On the other hand, if p = 3k + 1 then the binomial expansion of

P = S22 4 p3)2k

when considered modulo (a?,bP) has a nonzero term

2k 2k
< . >c2a3kb3k _ < . >czap—1bp—1 7



232 22. Curious Examples

which shows that ¢ ¢ (a?,b”)A. We conclude that f: Hg, (S) — Hz (S5)
is the zero map if p = 2 mod 3, and is nonzero if p = 1 mod 3. Using
Theorem P21, it follows that

HYR)#0 ifp=1mod3, HYR)=0 ifp=2mod3.

Exercise 22.6. Let K be a field, and consider homogeneous polynomials
g € Klzg,...,x] and h € K|y, ..., y,] where m,n > 1. Let

A =Klzg,...,xm|/(g) and B =K[yo,...,yn]/(h).
Prove that A#B is Cohen-Macaulay if and only if degg < m and degh < n.

Remark 22.7. Let E be a smooth elliptic curve over a field K of charac-
teristic p > 0. There is a Frobenius action

I HI(E,OE) — HI(E, Og)

on the 1-dimensional cohomology group H'(E,Of). If E = Proj A, then
the map f above is precisely the action of the Frobenius on

HY(E,0p) = HA(A),.

The elliptic curve E is supersingular if f is zero, and is ordinary otherwise.
For example, the cubic polynomial a®+4b%+¢? defines a smooth elliptic curve
FE in any characteristic p # 3. Our computation in Example says that
FE is supersingular for primes p = 2 mod 3, and is ordinary if p = 1 mod 3.

Let g € Z[a,b,c] be a cubic polynomial defining a smooth elliptic curve
Eg C Pé. Then the Jacobian ideal of g in Q|a, b, ¢| is primary to the maximal
ideal (a,b,c). After inverting a nonzero integer in Za, b, c|, the Jacobian
ideal contains a power of (a,b,c). Consequently, for all but finitely many
primes p, the polynomial g mod p defines a smooth elliptic curve FE, C IP’IQFP.
If the elliptic curve E¢ C ]P’(zC has complex multiplication, then it is a classical
result that the density of the supersingular prime integers p, i.e.,

i ‘{p prime | p < n and E, is Supersingular}‘
im ;
n—oo |{p prime | p < n}|

is 1/2, and that this density is 0 if E¢ does not have complex multiplication.
Even when E¢ does not have complex multiplication, the set of supersingular
primes is infinite [33]. It is conjectured that if Ec does not have complex
multiplication, then the number of supersingular primes less than n grows
asymptotically like C'y/n/logn, where C' is a positive constant.

Example 22.8. Let E C IE% be a smooth elliptic curve, and a an ideal of
R = Z[xg,...,x3,42] defining the Segre embedding £ x P"* C P3"*+2. Then
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cdr(a, R/pR) > height a = 2n 4 1. Imitating the methods in Example EZT]
we shall see that

2n+1 if E, is supersingular,

dr(a, R/pR) =
cdr(a, R/pR) {371—1—1 if £, is ordinary.

The ring R/(a + pR) may be identified with A#B where
A:Fp[a7 bv C]/(g) and B :Fp[y(])"'ayn]-
Let p be a prime for which F), is smooth. The Kiinneth formula shows that
. F, ifi=2
HL(R/(a+pR) =4 " ’
n(ft/(at+pR)) {0 if3<i<n+l.

The Frobenius action on H2(R/(a+ pR)) can be identified with
H'(Ey. OF,) = H'(E},Op,)

which is the zero map precisely when E), is supersingular. Consequently
every element of H2(R/(a+ pR)) is killed by the Frobenius action (equiva-
lently, by an iteration of the action) if and only if E, is supersingular. The
assertion now follows from Theorem EZTl

Exercise 22.9. Let R = Fp[z,y,2]/(2 + zy* + 23) and
22 R,y
== e—%_=H2R).

For which primes p is f(n) = 0, i.e., for which p is the elliptic curve Proj R
supersingular? Hint: Consider p mod 6.

2. Associated primes of local cohomology modules

While local cohomology modules may not be finitely generated, they some-
times possess useful finiteness properties. For example, for a local ring
(R,m), the modules H: (R) are Artinian. This implies that the socle
Homp (R/m, H,(R))
has finite length for each i > 0. Grothendieck [55, Exposé XIII, page 173]
conjectured that for each a C R, the module
Homp (R/a, Hi(R))

is finitely generated; in particular, the socle of H(R) has finite length.
Hartshorne [58] gave a counterexample to this, as we saw in Section
A related question was raised by Huneke [77]:

Question 22.10. Is the number of associated prime ideals of a local coho-
mology module H:(R) finite?
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This issue was discussed briefly in Lecture @l The first general results
were obtained by Huneke and Sharp [80), Corollary 2.3]:

Theorem 22.11. Let R be a reqular ring of positive characteristic, and
a C R an ideal. Then

Ass HY(R) C AssExth:(R/a, R)
for each i > 0. In particular, Ass Hi(R) is a finite set.
Proof. Let p denote the characteristic of R. Suppose p € Ass H.(R). After

localizing at p, we can assume that R is local with maximal ideal p. Then
p € Ass H(R) implies that the socle of H:(R) is nonzero. By Remark

Hi(R) = limExt}(R/al"], R)

so, for some integer e, the module Ext,(R/ alP’l] R) has a nonzero socle. But
then p is an associated prime of Ext%(R/alP‘l, R). Since R is regular,

F° (Ext(R/a, R)) = Exthy(R/aP) R).
Corollary ELTT completes the proof since
Ass Exth(R/aPl R) = AssExty(R/a, R) . O

Remark 22.12. The proof of the Huneke-Sharp theorem uses the flatness
of the Frobenius endomorphism, Theorem PZT.2] which characterizes regular
rings of positive characteristic. The containment

Ass HY(R) C AssExth(R/a, R)

fails for regular rings of characteristic zero: consider a C R as in Exam-
ple BI.3T, where R is a polynomial ring over a field of characteristic zero.
Then Ext%(R/a, R) = 0 since pdg R/a = 2. However H2(R) is nonzero.

Question PZT0 has an affirmative answer for unramified regular local
rings, obtained by combining Theorem PZTT] with the following results of
Lyubeznik, [104, Corollary 3.6 (c)] and [I07, Theorem 1].

Theorem 22.13. Let a be an ideal in a reqular ring R containing a field of
characteristic zero. For every mazimal ideal m of R, the set of associated
primes of Hi(R) contained in m is finite. If R is finitely generated over a
field of characteristic zero, then Ass Hi(R) is a finite set. O

The case where R is a polynomial ring is treated in Corollary

Theorem 22.14. Let a be an ideal of an unramified reqular local ring R of
mized characteristic. Then Ass H.(R) is finite for each i. O
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Lyubeznik [T04, Remark 3.7] conjectured that for R regular and a an
ideal, Hi(R) has finitely many associated primes. This conjecture is unre-
solved for ramified regular local rings of mixed characteristic, and also for
regular rings such as Z[z1, ..., z4]; see [I45] for some observations.

For a finitely generated R-module M, the submodule HO(M) is finitely
generated, and so Ass H(M) is finite. If  is the smallest integer for which
HE(M) is not finitely generated, then Ass Hi(M) is also finite; see [17], 90]
and Remark Other positive answers to Question include the
following result of Marley [I12], Corollary 2.7].

Theorem 22.15. Let R be a local ring and M a finitely generated R-module
of dimension at most three. Then Ass Hi(M) is finite for all ideals a. O

The following example is taken from [144) §4].

Example 22.16. Consider the hypersurface
R =Zu,v,w,z,y, z]/(ux + vy + wz)

and ideal a = (z,y,z)R. We show that for every prime integer p, the local
cohomology module H2(R) has a p-torsion element; it follows that H2(R)
has infinitely many associated prime ideals.

Using the Cech complex on z,y, z to compute H {(R), we have
Ry
Ry, + R.p + Ry
For a prime integer p, the fraction
(uz)? + (vy)? + (wz)?
p

can be written as a polynomial with integer coefficients, and is therefore an
element of R. We claim that

Ap 3
= € H)(R
= |ty | € HER)
is nonzero and p-torsion. Note that
PAp ] [ uP oP w?
D Mp =Ty = + +

. [(wyZ)p (yz)p  (za)p  (zy)P
so all that remains to be checked is that 7, is nonzero. If 77, = 0, then there
exist ¢; € R and an integer n > 0 such that

H3(R) =

Ap =

=0,

)\p C1 (&) C3

+ + .
(zyz)?  (yz)"  (zz)*  (@y)"
Clearing denominators, this gives the equation

Ap(zyz)" P = c1a” + coy" + 32" .



236 22. Curious Examples

We prescribe a Z*-grading on R as follows:

deg:ﬂ: (1707070)7 degu:(_1707071)7
degy = (07 17 070) ’ degv = (07 _17 07 1) )
deg z = (0,0,1,0), degw = (0,0,—1,1).

With this grading, A, is a homogeneous element of degree (0,0,0,p), and
there is no loss of generality in assuming that the ¢; are homogeneous. Com-
paring degrees, we see that deg(ci;) = (—p,n — p,n — p,p), i.e., c; must be
an integer multiple of the monomial uPy™~P2z"~P. Similarly ¢, is an integer
multiple of vP2"Px" P and c3 of wPx™Py" P. Consequently

Ap(zyz)" P € (xyz)""P(uPaP, vPyP wP2P )R,
50 Ap € (uPaP, vPyP wPzP)R. Specializing u, v, w —— 1, this implies

2y (1P

p

which is easily seen to be false.

€ (p,a?,yP)ZLlx,y],

Katzman [89] constructed the first example where Ass Hi(R) is infinite
for R containing a field:
Example 22.17. Let K be an arbitrary field, and consider the hypersurface

R =Kl[s,t,u,v,z,y]/(sv’2® — (s + thozuy + tu’y?) .

We will see that H (290 y
example, one may localize at the homogeneous maximal ideal (s, t,u,v,z,y).

For n € N, let 7, = s" 4+ s" 't +--- 4+ t" and set

| szy” Ry o
Zn = |:U/Un :| € Ru +Rv - H(u,v)(R) .

Exercises BZISHZZ 2T below show that ann(z,) = (u,v,z,y, 7,)R. It follows
that H? )(R) has an associated prime p,, of height 4 with

(ui/U

)(R) has infinitely many associated primes. For a local

(u,v,2,y,7) C pn S (s,t,u,v,2,y).
The set {p, }nen is infinite by Exercise ZZZIl completing the argument.
In the following four exercises, we use the notation of Example BZTT7
Exercise 22.18. Show that (u,v,z,y) C ann(zy).

Exercise 22.19. Let A C R be the K-algebra generated by a = vz, b = uy,
s, t. For g € K[s,t], show that gz, = 0 if and only if gab” € (™!, b"+1)A.

Hint: You may find the following N3-grading useful.
degsz (07070)7 degu: (1707 1)7 degx: (17070)7
degt = (0,0,0), degv = (0,1,1), degy = (0,1,0).
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Exercise 22.20. Let A = K[s,t,a,b]/(sa® — (s +t)ab+ tb?). Show that
(@™ 0" A K(s, ] ab”

is the ideal of K[s, t] generated by 7,,. This exercise completes the proof that

ann(z,) = (u,v,x,y,7,)R.
Exercise 22.21. Let K[s,?] be a polynomial ring over K and
Tn=8"4+s""4 " forn € N.

For relatively prime integers m and n, show that
rad(Tm—1,Tn—1) = (,1).

Remark 22.22. The defining equation of the hypersurface factors as

sv?z? — (s 4 t)vzuy + tuy? = (svz — tuy)(ve — uy),

so the ring in Example BZTT is not an integral domain. In [146] there
are extensions of Katzman’s construction to obtain examples such as the
following. Let K be an arbitrary field, and consider the hypersurface

K[r7 87 t? u? U? w7 ‘TJ y7 Z]

T= .
(su?a? + svy? + tuzvy + rw?z?)
Then T is a unique factorization domain for which H ?x 4,2) (T") has infinitely

many associated primes. This is preserved if we replace T' by the localization
at its homogeneous maximal ideal. The ring 7" has rational singularities if K
has characteristic zero and is F-regular in the case of positive characteristic.






Lecture 23

Algorithmic Aspects of
Local Cohomology

In this lecture we present applications of D-modules to local cohomology.
Local cohomology modules are hard to compute, as they are typically not
finitely generated over the base ring. The situation is somewhat better
for polynomial rings over fields, and we describe methods to detect their
vanishing, and in characteristic zero also the module structure, over such
rings. In characteristic zero this involves the Weyl algebra, while in positive
characteristics the key ingredient is the Frobenius morphism.

Except in the last section, K is a field of characteristic zero and R the
ring of polynomials in x4, ..., x, over K. We write D for the corresponding
Weyl algebra; it is the ring of K-linear differential operators on R. As in
Lecture [ we write B for the Bernstein filtration on D. It induces an
increasing, exhaustive filtration on each D-module; see Exercise

1. Holonomicity of localization

Recall that R is a left D-module. For each element f € R, the localization
Ry has a natural D-module structure defined by

g 1 Og kg Of

T e P on

g _ g
T
We prove that Ry is a holonomic D-module, and that it is cyclic. This fact
is at the basis of applications of D-module theory to local cohomology. We

begin with a result from [T2l, Theorem 1.5.4]. Note that, a priori, we do not
assume that M is finitely generated.

and 0;

Ty

239
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Lemma 23.1. Let M be a D-module with an increasing exhaustive filtration
G compatible with the Bernstein filtration on D.

If there exists an integer ¢ such that
rankg Gy < ct™ + (lower order terms in t),

then the D-module M is finitely generated and holonomic.

Proof. Let My be a finitely generated D-submodule of M, and consider a
filtration F' on M induced by the Bernstein filtration on D. Theorem
gives an integer s such that F; C G;+s N My for each i. It follows that
dimp(My) < n and that eg(Mp) < nle. Thus, any finitely generated sub-
module of M is holonomic of bounded multiplicity. Therefore Theorem .29
implies that any chain of finitely generated submodules of M stabilizes.
Hence M itself is finitely generated and holonomic. O

Theorem 23.2. For each f € R, the D-module Ry is holonomic.

Proof. Consider the filtration on R; with ¢-th level

{g9f7" | degg < t(1+deg )},
and verify that this satisfies the hypotheses of the lemma. O

Let M be a D-module. The product rule endows a natural D-module
structure on M; extending the one on M.

Exercise 23.3. Prove that if M is holonomic, so is My. Hint: take the
induced filtrations F' and G on Ry and M, and filter M by the submodules

t
ZFi®KGt—i7 forteZ.
i=0

There are algorithms to compute presentations for Ry. In the following
example, Macaulay 2 computes a presentation for Ry where f = 2 4+ 92,
il : load "D-modules.m2";
i2 : D=QQ[x,y,dx,dy, WeylAlgebra=>{x=>dx, y=>dyl}];
i3 : f=x"2+y"2;
i4 : L=Dlocalize(D"1/ideal(dx,dy), f)

04 = cokernel | ydx-xdy xdx+ydy+4 x2dy+y2dy+4y |

1
04 : D-module, quotient of D

i5 : isHolonomic L

o5 = true
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2. Local cohomology as a D-module

Let f be a finite set of generators for a, and M a D-module. The modules in
the Cech complex C*(f; M) are direct sums of modules of the form M ¢ Itis
clear that its differential is D-linear, so C'*(f; M) is a complex of D-modules.
Thus, its cohomology modules, Hi(M), are also D-modules.

The following theorem of Lyubeznik [104] is at the heart of many ap-
plications of D-modules to local cohomology.

Theorem 23.4. Let M be a holonomic D-module and a an ideal of R. The
following statements hold.
(1) The set of associated primes of M as an R-module is finite.
(2) Each H(M) is a holonomic D-module, and hence finitely generated.
(3) For each integer i, the set of associated primes of Hi(M) is finite.

Proof. (1) The length of M as a D-module is finite by Theorem We
induce on length, the statement being clear for length 0. If p € Spec R is
an associated prime of M, then I'y(M), the p-torsion submodule of M, is
a nonzero D-submodule of M; verify this. Thus, I'y(M) and M /T',(M) are
holonomic and of length less than that of M. It remains to note that

Ass(M) C Ass(I'y(M)) U Ass(M/T'y(M)) .

Part (2) follows from Exercise and Remark [728, and part (3) is a
consequence of (2) and (1). O

The corollary below is the characteristic zero analogue of Theorem 22111

Corollary 23.5. Let a be an ideal of R. Then, for each integer i, the set
of associated primes of H(R) is finite. O

Remark 23.6. Theorem implies that the D-module Ry is cyclic, and
hence generated by f* for some integer a. To obtain explicit presentations
for Hi(R), it is critical to pin down the value of a. This is accomplished via
Bernstein-Sato polynomials, which is the subject of the next section. As an
added bonus, one gets an alternative proof that R; is a cyclic D-module;
see Corollary

The D-module structure on local cohomology modules has indeed been
exploited to obtain effective computational algorithms; see [125], 157]. Here
is Example revisited using Macaulay 2:

il : load "D-modules.m2"

i2 : D=QQ[x_1..x_6, dx_1..dx_86,
WeylAlgebra => toList(1..6)/(i -> x_i => dx_i)];

i3 : a=minors(2,matrix{{x_1,x_2,x_3}, {x_4,x_5,x_6}});
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03 : Ideal of D

i4 : LC=localCohom(3,a,D"~1/ideal{dx_1,dx_2,dx_3,dx_4,dx_5,dx_6},
Strategy=>Walther,LocStrategy=>0aku) ;

i5 : pruneLocalCohom LC
o5 = HashTable{3 => | x_4dx_4+x_bdx_5b+x_6dx_6+6 x_1dx_4+...
05 : HashTable

This reconfirms the fact that H2(Rg) # 0, established in Example [T.26

3. Bernstein-Sato polynomials

Let s be a new indeterminate and set D[s] = K[s] ®k D; in this ring, s is a
central element. The following theorem is due to Bernstein [II]. There are
similar results for rings of convergent power series and for rings of formal
power series; see [12].

Theorem 23.7. For each polynomial f in R, there exist elements b(s) in
K[s] and A(s) in D[s] such that for each integer a one has

b(a)f* = A(a) e f*F1.

Sketch of proof. Let M be the free K[s, z]-module P, K[s, z]e; modulo
the submodule generated by elements fe; — e;jq1, for j € Z. This has a
structure of a D[s]-module with action defined by

;@ (gej) = (0i @ g)ej + g(s + ) (0 @ flej-1
for g € K[s,z]. As a K[s]-module, M is free. Set
M(s) = K(s) ®@xps) M and D(s) =K(s)®k D.

The action of D[s] on M extends to an action of D(s) on M(s); we use o to
denote these actions. Note that D(s) is a Weyl algebra over K(s).

The crucial point is that M (s) is a holonomic D(s)-module. To see this,
consider the filtration of M(s) given by

Gy ={ge_¢ | degg < t(1 +deg f)} fort e N.

Verify that this filtration is increasing, exhaustive, compatible with the Bern-
stein filtration on D(s), and that it satisfies the equality

n+t(1 + deg f))

ranky ;) Gy = < "

Lemma 23] implies the holonomicity of M(s).
Observe that one has a sequence of D(s)-submodules of M (s):

- D D(s)ej—1 2 D(s)e; 2 D(s)ejp1 2 -+ .
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This sequence stabilizes as M (s) has finite length. Hence there exists an

integer d and an element # € D(s) such that e; = 6 @ e4.1. Clearing

denominators in 0 yields b'(s) € K[s] such that A’(s) = b/(s)6 is in D[s] and
b (s)eq = Al(s) @ eqi

in M(s), and hence in M, since M is a subset of M(s).

Set b(s) = V(s —d) and A(s) = A'(s —d). Fix a € Z and consider
the homomorphism of rings D[s] — D induced by s — a — d. The map
M — Ry induced by e; — o7 is equivariant with respect to the ring
homomorphism. Thus, the equality above translates to

b(a)f* = A(a) e fo*
which is the desired result. (]

It is customary to view the equality in Theorem 3.7 as defining a formal
functional equation

b(s)f*=Ae fstL.

Definition 23.8. Fix f € R. Polynomials b(s) as in Theorem P37 form an
ideal in K[s]. The unique monic generator of this ideal is the Bernstein-Sato
polynomial, or the b-function, of f and is denoted bs(s).

Corollary 23.9. For each polynomial f in R there exists an integer a such
that the D-module Ry is generated by f¢.

Proof. We may assume that f is not a unit. Take a € Z to be the smallest
integer root of bs(s); there is one such by the exercise below. For any integer
i < a, Theorem 231 shows that fi=! = A e f* for some A € D. O

Exercise 23.10. When f is not a unit, prove that (s + 1) divides bs(s).

Let us look at a few examples.

Example 23.11. Consider R = K[z] and f = . Since (s+1)z° = 0, -z,
Exercise implies that b;(s) = s+ 1.

A polynomial f € R is regular if f, aa—gl, 2L generate the unit ideal.

Y Oz,

Theorem 23.12. A polynomial f is reqular if and only if by(s) = s + 1.

Proof. If f is regular, there exist ¢; € R such that

_ of of
1—C()f+618—x1+“’+cna—xn.

One can easily verify that the following equality holds:
(s+1)f°*=(cols + 1)+ c101 4+ ¢,0p) @ L

The converse is less trivial; see [I5] Proposition 2.6]. O
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Example 23.13. Let f =27+ -+ 22 € R. Then

s+1
8({;% = 2(s+1)z; f?,
a2fs+1
2~ 4(s + 1)z 571+ 2(s + 1) f°.

(2

Setting A = 9% +--- + 02, one has

Ae f5H = d(s+1)sf* +2n(s+1)f° = 4(s +1)(s + g)fs'

Since f is not regular, Theorem E3 T2 implies that b¢(s) is a proper multiple
of s + 1. It follows that bs(s) = (s +1)(s +n/2).

A number of interesting computations of Bernstein-Sato polynomials are
carried out in [164]; the case of generic hyperplane arrangements is studied
in [T60]. Oaku [123] gave an algorithm for computing b-functions.

Let R be an N-graded polynomial ring over K, and f a homogeneous
element in R. Set a; = degx;/ deg f. One then has

;azl}% :f.

1
The following theorem is proved in [T64].

Theorem 23.14. Let R be an N-graded polynomial ring, and f a homoge-
neous element such that R/ fR is reqular on the punctured spectrum.

Set v = > a;x;0; where a; = degx;/deg f and let {\1,..., ¢} be the
eigenvalues of v on R/(0f/0x1,...,0f/0xy). Then

be(s) =(s+1) lcm(8+/\j—|—2ai|1<j<t). O
i=1

Example 23.15. Let f = 27" + --- 4z}, where each m; > 2. Then
{z%|0< a; <m; —2}

is a basis of eigenvectors for Y (1/m;)x;0;, and the corresponding eigenvalues
are y_ a;/m;. The preceding theorem then yields

n

br(s) = (s+1) lem(s+ Z —),

i=1

where the lem runs over n-tuples (81, ..., 0,) with 1 < 3; <m; — 1.
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For example, let f = a:‘i’ + x%. Then v = %xlﬁl + %Jfgag and

bp(s) = (+D(s+5+ s +5+2)s+5+2)
2 1 2 2 2 3
X(S+§+Z)(S+§+Z)(S+§+Z)
_ (s+1)(s+%)<s+%)(w%)(w%)(w%)(w%).

Macaulay 2 confirms the last calculation:
il : load "D-modules.m2"
i2 : D=QQ[x_1,x_2,dx_1,dx_2, WeylAlgebra=>{x_1=>dx_1,x_2=>dx_2}];

i3 : factorBFunction globalBFunction(x_173+x_2"4)
5 17 13 7 7 11
03=(@s+)@s+ D@+ )@ +-)@s+-D@B@s + H($s + )
6 12 12 12 6 12

03 : Product

Remark 23.16. Differential operators localize, therefore the equation in
Theorem 237 may be interpreted over the ring of K-linear differential oper-
ators on Ry, for m the maximal ideal corresponding to a point p € K™. Once
again, the ideal of polynomials that satisfy such an equation is nonzero and
principal, and hence generated by a divisor by ,(s) of b¢(s), called the local
b-function of f at p. The polynomial bs(s) is the least common multiple of
the by p(s), almost all of which equal 1.

Exercise 23.17. Compute bs(s) for f equal to zy, 2% + y3, and 23 + zy.
Exercise 23.18. Let f ="+ --- 4+ 2" € Q[z1,...,xy,). Prove that
liminf{a | bf(a) =0} = —n.
m—>00

Quite generally, if f is a polynomial in n variables, then —n is a lower
bound for roots of bs(s); see [T56].

We record a striking property of Bernstein-Sato polynomials, proved by
Malgrange [I11] for isolated singularities, and by Kashiwara [88] in the
general case. For other properties, see [I3, Chapter VI] and [92] §10].

Theorem 23.19. For each nonzero polynomial f € R, the roots of bg(s) are
negative rational numbers. In particular, by(s) has rational coefficients. [

The following theorem is due to Lyubeznik [T06].

Theorem 23.20. For each d € N, the set {bs | f € R, deg f < d} is finite.
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Sketch of proof. Consider g = Z| al<d aqx®, a generic polynomial of de-
gree d, i.e., where the coefficients a, are indeterminates. Viewed as an
element of K(a)[x], the polynomial g has a b-function b4(s) which satisfies

be(s)g® = A egst! for some A € D(K(a))[s].

Let E € K[a] be the least common denominator of the coefficients of A.
Consider f =}, <q o with cq € K. If E(c) # 0 then by(s) divides by(s),
since the specialization a — ¢ produces a functional equation for f. Since
the number of the monic divisors of by(s) is finite, it remains to show that
the algebraic set E(c) = 0 gives rise to a finite number of Bernstein-Sato
polynomials. For this, we refer the reader to [106]. O

Consider specializations @ — ¢ in AY. As proved in [97], the subset of
A" corresponding to a fixed Bernstein-Sato polynomial is constructible.

4. Computing with the Frobenius morphism

Let R be a regular ring of characteristic p > 0, and a an ideal. Lyubeznik
[105], Remark 2.4] gave the following algorithm to determine whether H(R)
is zero: Remark yields that

Hy(R) = lim Ext(R/a?], R),

where the maps on Ext are induced by the surjections R/ a'l — R JalP?l,
Compositions of these maps give homomorphisms of R-modules

B.: Exth(R/a, R) — Ext(R/aPl R).

Since R is Noetherian, the sequence ker 51 C ker 83 C ker 83 C - - - stabilizes.
Let r be the least integer with ker By = ker Br41. Then H:(R) is zero if and
only if ker 5, = Ext’z(R/a, R); confer Theorem 2211

Remark 23.21. We end this lecture by mentioning some of the differences
between D-modules in characteristic zero and characteristic p > 0. Let R
be the polynomial ring in z1,...,z, over a field K.

When K has characteristic p > 0, the Weyl algebra does not equal the
ring of K-linear differential operators on R. Indeed, the differential operators

1 o
— fort e N
(tp)! oxF
are not in the Weyl algebra. In fact, D(R;K) is generated by the Weyl
algebra and these operators [54] §16.11]; thus D(R;K) is not Noetherian.
If K is of characteristic zero and c is the smallest integer root of bf(s),
the D-module Ry is generated by f¢ but not by fetl; see [I60, Lemma 1.3].

In contrast, when K has positive characteristic, R is generated by 1/f as a
D(R; K)-module; this is a theorem of Blickle, Lyubeznik, and Montaner [3].



Lecture 24

Holonomic Rank and
Hypergeometric
Systems

In previous lectures, we have seen applications of D-modules to the theory
of local cohomology. In this lecture, we shall see an application of local co-
homology to certain D-modules. Specifically, associated to any affine semi-
group ring is a family of holonomic D-modules, and the Z%graded local co-
homology of the semigroup ring indicates how the ranks of these D-modules
behave in the family. Substantial parts of this lecture are based on [116].

1. GKZ A-hypergeometric systems

One of the main branches of Mathematics which interacts with
D-module theory is doubtlessly the study of hypergeometric func-
tions, both in its classical and generalized senses, in its algebraic,
geometric and combinatorial aspects.

— Workshop on D-modules and hypergeometric functions,
Lisbon, Portugal, 11-14 July, 2005.

Generally speaking, hypergeometric functions are power series solutions
to certain systems of differential equations. Classical univariate hypergeo-
metric functions go back at least to Gauss, and by now there are various
multivariate generalizations. One class was introduced in the late 1980s by
Gelfand, Graev, and Zelevinskii [44]. These systems, now called GKZ sys-
tems or A-hypergeometric systems, are closely related to affine semigroup
rings and toric varieties. They are constructed as follows.

247
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For the rest of this lecture, fix a d x n integer matrix A = (a;;) of rank d.
We do not assume that the columns aq,...,a, of A lie in an affine hyper-
plane, but we do assume that A is pointed, i.e., that the affine semigroup

n
QA:{Z’W&Z'|717""77LGN}
=1

generated by the column vectors ay,...,a, is pointed. To get the appro-
priate interaction with D-modules, we express the semigroup ring C[Q 4] as
the quotient C[0,...,0,]/14, where

Ip=0" =0 |pveZ"A-n=A-v)
is the toric ideal of A as in Exercise Note that C[Q4] and C[J] are
naturally Z?-graded by deg(0;) = —aj, the negative of the j-th column of A.

Our choice of signs in the Z%grading of C[Q 4] is compatible with a Z?-
grading on the Weyl algebra D in which deg(z;) = a; and deg(9;) = —a;.
Under this Z%grading, the i-th Euler operator

n
E;, = Zaijxj(‘)j eD
j=1
is homogeneous of degree 0 for ¢ = 1,...,d. The terminology arises from
the case where A has a row of 1’s, in which case the corresponding Euler
operator is 101 + -+ + ,0,. When applied to a homogeneous polyno-

mial f(x1,...,x,) of total degree A, this operator returns A - f(x1,...,2,).
Therefore, power series solutions f to
(El_/gl)’f:07 ey (Ed_ﬂd)fzo

can be thought of as being homogeneous of multidegree 5 € C4.

Definition 24.1. Given a parameter vector 5 € C¢, write E — (3 for the se-
quence E1—f1,...,E;—B4. The A-hypergeometric system with parameter 3
is the left ideal of the Weyl algebra D given by

Ha(B)=D-(Is,E—p).
The A-hypergeometric D-module with parameter (3 is
Mj =D/Ha(B).

Example 24.2. Letting d = 2 and n = 4, consider the 2 x 4 matrix

1111
A_[0134]'

The semigroup ring associated to A is then C[Q4] = Cls, st, st, st*], which
is isomorphic to the semigroup ring C[s*, s3t, st3, t4] from Example B30 via
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the isomorphism in Example BLA As we have seen in Example [0.19, in
different notation, the toric ideal for A is

I = (3205 — 9104, 0205 — 03, 9,02 — B3, 0,92 — 020y)

these generators corresponding to the equations

0 1 2 0 0 0 1 0
1 0 0 3 1 0 0 2
All=4lol: AlLl=4l0l" Algl =45 Ay =4]]
0 1 0 0 2 0 0 1

Given 8 = (1, (2), the homogeneities from A are the classical Euler operator
2101 + 2202 + 303 + 404 — (1
and the “0134 equation”
2909 + 3w303 + 4404 — B2 .
The left ideal H4(f3) is generated by I4 and the above two homogeneities.

Definition 24.3. Let H be a left ideal of D with D/H holonomic. The rank
of the C-vector space of analytic solutions of the system H of differential
equations in a neighborhood of a general point of C" is independent of the
point; see [T36, Theorem 1.4.19]; this is the holonomic rank of D/H.

The first fundamental results about the systems H4 (), regarding holo-
nomicity and rank, were proved by Gelfand, Graev, Kapranov, and Zelevin-
skil (whence the ‘K’ in ‘GKZ’). These results concern the case where C[Q 4]
is Cohen-Macaulay and standard Z-graded [44), 45]. Subsequently, the
Cohen-Macaulay and standard Z-graded assumptions were relaxed. Results
of [T, 45, [76), 136] imply the following nontrivial statement.

Theorem 24.4. The module Mg is holonomic of nonzero rank. O

This result is what motivates the story here.

Question 24.5. For fixed A, what is the holonomic rank of the module Mé
as a function of 37

As we shall see, when C[@ 4] is Cohen-Macaulay or when the parameter (3
is generic, this rank is an easily described constant. The qualitative change
in rank as [ varies is partially understood; however, we know little about
the quantitative behavior.

Remark 24.6. The solutions of A-hypergeometric systems appear as toric
residues [24], and special cases are mirror transforms of generating func-
tions for intersection numbers on moduli spaces of curves [27]. In the latter
case, the A-hypergeometric systems are Picard-Fuchs equations governing
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the variation of Hodge structures for Calabi-Yau toric hypersurfaces. In gen-
eral, A-hypergeometric systems constitute an important class of D-modules,
playing a role similar to that of toric varieties in algebraic geometry and
semigroup rings in commutative algebra: they possess enough combinatorial
underpinning to make calculations feasible, but enough diversity of behavior
to make them interesting as a test class for conjectures and computations.

2. Rank vs. volume

In Question 225 one might wonder what role the integer matrix A plays in
determining the rank. The answer is pleasantly combinatorial—well, poly-
hedral. It requires a simple lemma and definition.

Lemma 24.7. Fiz a lattice L of full rank d in R%. Among all simplices of
dimension d having lattice points for vertices, there is one with minimum
Euclidean volume.

Proof. After translating, assume that the origin is a vertex. The volume
of any d-simplex in R? (with nonrational vertices allowed) is 1/d! times the
absolute value of the determinant of the remaining d vertices. The minimal
absolute value for the determinant is attained on any basis of L. O

A polytope with its vertices at lattice points is called a lattice polytope;
if the polytope is a simplex, then it is a lattice simplex.

Definition 24.8. Fix a lattice L C R? of rank d, and let P be a polytope.
The normalized volume of P is the ratio voly(P) between the Euclidean
volume of P and the smallest volume of a lattice simplex.

Example 24.9. When L = Z¢, the normalized volume volyq(P) of a lattice
polytope P is simply d! times the usual volume of P, since the smallest
Euclidean volume of a lattice simplex is 1/d!.

Notation 24.10. We write vol(P) = volz(P). Given a d X n integer
matrix A, set vol(A4) equal to the normalized volume of the convex hull of
the columns of A and the origin 0 € Z¢.

The following result is from [44), 45].

Theorem 24.11. If the affine semigroup ring C[Q4] is Cohen-Macaulay
and admits a standard grading, then the A-hypergeometric D-module Mé
has holonomic rank vol(A). O

The remarkable fact here is that the rank formula holds independent of
the parameter 3. What if C[@Q 4] is not Cohen-Macaulay, or not Z-graded?
Adolphson [1] further proved that for generic 3 the characterization of rank
through volume in Theorem is still correct.
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Theorem 24.12. The rank of ./\/lé equals vol(A) as long as [ lies out-
side of a certain closed locally finite arrangement of countably many “semi-
resonant” affine hyperplanes. If the ring C[Q4] is Cohen-Macaulay then

rank(./\/lé) = vol(A) for all 3. O

Adolphson made no claim concerning the parameters § lying in the semi-
resonant hyperplanes; he did not, in particular, produce a parameter 3 where
the rank did not equal vol(A). It seemed natural enough to conjecture that
perhaps the rank is actually always constant. It came as quite a surprise
when an example was given by Sturmfels and Takayama [I52] showing that
if C[Q4] is not Cohen-Macaulay, then not all parameters 3 give the same
rank [I52]. Which example did they give? Why, 0134, of course!

Example 24.13. Let A be as in Example and set 5 = (1,2). Then
rank(./\/lé) = b, whereas vol(A) = 4, the latter because the convex hull of A

and the origin is a triangle with base length 4 and height 1 in R2.

Sturmfels and Takayama produced five linearly independent series so-
lutions when 8 = (1,2). They also showed that rank(/\/lé) = vol(A) for
B # (1,2), so that 8 = (1,2) is the only exceptional parameter where the
rank changes from its generic value. Around the same time, the case of pro-
jective toric curves, the 2 x n case with first row (1,...,1), was settled by
Cattani, D’Andrea, and Dickenstein [23]: the set of exceptional parameters
is finite in this case, and empty precisely when C[Q 4] is Cohen-Macaulay;
moreover, at each exceptional parameter (3, the rank exceeds the volume
by 1. These observations led Sturmfels to the following reasonable surmise.

Conjecture 24.14. Mé has rank vol(A) for all 8 € C¢ precisely when
C[Q 4] is Cohen-Macaulay.

This turns out to be true; see Corollary 24361

3. Euler-Koszul homology

What is it about a parameter 3 € C? where the rank jumps that breaks the
Cohen-Macaulay condition for C[@ 4]?7 Stepping back from hypergeometric
systems for a little while, what is it about vectors in C?% in general that
witness the failure of the Cohen-Macaulay condition for C[Q 4]?

These being lectures on local cohomology, you can guess where the an-
swer lies. Recall from Lecture B that the local cohomology of C[Q4] is
Z%-graded, since the columns of A lie in Z%.

Definition 24.15. Let L’ = {a € Z¢ | H.(C[QaA]), # 0} be the set of ZI-
graded degrees where the i-th local cohomology of C[Q 4] is nonzero. The
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exceptional set of A is

d—1
Eq= U —L'.
=0

Write €4 for the Zariski closure of £4.

Try not to be confused about the minus sign on L? in the definition of 4.
Keep in mind that the degree of J; is the negative of the j-th column of A,
and our convention in this lecture is that C[Q4] is graded by —@Q 4 rather
than the usual Q4. These sign conventions are set up so that the Z?-grading
on the Weyl algebra looks right. The simplest way to think of the sign on the
exceptional set is to pretend that C[Q 4] is graded by Q 4, not —@ 4; with this
pretend convention, a € £4 if and only if H: (C[Q4]), # 0 for some i < d.
In particular, the Z?graded degrees of nonvanishing local cohomology in
Lecture Bl are exceptional degrees; no minus signs need to be introduced.

Example 24.16. For A as in Example BZ2, L° = @ and
~L'={(1,2)} =Es1=Ex.

This is the “hole” in the semigroup Q4 generated by the columns of A; see
Example BO.30 where a different grading was used.

Any time &4 contains infinitely many lattice points along a line, the
Zariski closure £4 contains the entire (complex) line through them.

Exercise 24.17. Calculate the exceptional set €4 for the matrix A displayed
in Exercise

Hint: the Zariski closure of L? is a line; which line is it?

Exercise 24.18. What conditions on a set of points in £4 lying in a plane
guarantee that the Zariski closure £4 contains the entire (complexified) plane
in which they lie?

Exercise 24.19. To get a feel for what the Zariski closure means in this
context, prove that €4 is a finite union of affine subspaces in C%, each of
which is parallel to one of the faces of Q4 (or of Cg,).

Hint: Use local duality to show that the only associated primes of the
Matlis dual HE (C[Q4])Y come from faces of Q4.

Lemma 24.20. Definition associates to the matriz A a finite affine

subspace arrangement 4 in C? that is empty if and only if the ring C[Q 4]
is Cohen-Macaulay.

Proof. Exercise says that the Zariski closure &4 is a finite subspace
arrangement. It is empty if and only if £4 is itself empty, and this occurs pre-
cisely when H{ (C[Q4]) = 0 for i < d. By Theorem 3] and Theorem .36
this condition is equivalent to the Cohen-Macaulay property for C[Q4]. O
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We were after rank jumps, but took a detour to define an affine subspace
arrangement from local cohomology. How does it relate to D-modules?

The Weyl algebra contains a commutative polynomial ring C[©] where
©=0,...,0, and 0;=u1;0;.
Each of the Euler operators E; lies in C[©], as do the constants. Therefore
E; — ; € C[O] for all 7.

Consequently, the Weyl algebra has a commutative subalgebra C[E— ] C D.
The linear independence of the rows of A (we assumed from the outset that
the d x n matrix A has full rank d) implies that C[FE — /] is isomorphic to
a polynomial ring in d variables.

Recall the Z%grading of D from Section [l Suppose N is a Z%-graded
left D-module. If y € N is a homogeneous element, let deg;(y) be the i-th
component in the degree of ¥, so

deg(y) = (deg(y), ..., degy(y)) € Z°.

The Z%-grading allows us to define a nonstandard action of C[E — (] on N.

Notation 24.21. Let N be a Z%graded left D-module. For each nonzero
homogeneous element y € N, set

(B;i — B;) oy = (E; — B; — deg;(y))y,
where the left-hand side uses the left D-module structure.

The funny o action is defined on each Z?-graded piece of N, so N is really
just a direct sum of C[E — (]-modules, one for each graded piece of N.

Definition 24.22. Fix a Z%graded C[0]-module M. Then D ®clg M is a
Z4%-graded left D-module. The Fuler-Koszul complez is the Koszul complex

Ke(E = 3; M) = Ko(E — ;D ®c[g) M)

over C[E — fj] using the sequence E — 3 under the o action on D Qcpa) M.
The i-th Euler-Koszul homology of M is

Hi( — B85 M) = Hi(Ko(E — B M))

Why the curly K instead of the usual Koszul complex K7 First of all,
we have done more to M than simply placed it in a Koszul complex: we
have tensored it with D first. But more importantly, we want to stress that
the Euler-Koszul complex is not just a big direct sum (over Z¢) of Koszul
complexes in each degree.
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Exercise 24.23. Prove that K(E — 3;—) constitutes a functor from Z9-
graded C[9]-modules to complexes of D-modules. In particular, prove that
the maps in Definition are homomorphisms of D-modules.

Hint: See [I16, Lemma 4.3].

In a special form, Euler-Koszul homology was known to Gelfand, Kapra-
nov, and Zelevinskii, as well as to Adolphson, who exploited it in their proofs.
In the remainder of this lecture, we shall see why Euler-Koszul homology
has been so effective for dealing with ranks of hypergeometric systems. A
first indication is the following:

Exercise 24.24. For the Z%graded C[d]-module C[d]/14, prove that
Ho(E — 3; C[Qa]) = Mj

The next indication of the utility of Euler-Koszul homology is that it
knows about local cohomology. This result explains why we bothered to
take the Zariski closure of the exceptional degrees in Definition

Theorem 24.25. The Euler-Koszul homology H;(E — 3; C[Q4]) is nonzero
for some i > 1 if and only if 3 € Ex. (]

A more general statement, in which C[@ 4] is replaced by an arbitrary
finitely generated Z?-graded C[Q 4]-module, appears in [T16, Theorem 6.6].
The proof involves a spectral sequence combining holonomic duality and
local duality; it relies on little—if anything—beyond what is covered in
these twenty-four lectures.

Corollary 24.26. FEuler-Koszul homology detects Cohen-Macaulay rings:
the ring C[Q 4] is Cohen-Macaulay if and only if

Hi(E — 3;C[Qa]) =0 for alli>1 and all B € C?.

Proof. The vanishing of higher Euler-Koszul homology is equivalent to
&4 = @ by Theorem On the other hand, £4 = @ if and only if
C[Q 4] is Cohen-Macaulay by Lemma O

The content of this section is that we have a hypergeometric D-module
criterion for the failure of the Cohen-Macaulay condition for semigroup rings.
To complete the picture, we need to see what this criterion has to do with
changes in the holonomic ranks of hypergeometric systems as [ varies.

4. Holonomic families

Recall that D is the Weyl algebra, C(x1,...,2y,01,...,0,). For any D-
module M, we set M(z) = M ®c[y C(x).
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The connection between Euler-Koszul homology and rank defects of hy-
pergeometric systems proceeds by characterizing rank defects in general fam-
ilies of holonomic modules. This, in turn, begins with Kashiwara’s charac-
terization of holonomic rank; see [I36, Theorem 1.4.19 and Corollary 1.4.14].

Theorem 24.27. If M is holonomic, then rank M = rankc,) M (z). (]

Now suppose that M is an algebraic family of D-modules over C?. By
definition, this means that M is a finitely generated left D[b]-module, where
b=b1,...,bq is a collection of commuting variables.

Definition 24.28. M is a holonomic family if

(1) the fiber Mg = M/(b— 3)M is a holonomic D-module for all 3 € C%,
where b — 3 is the sequence by — 31, ...,bg — B4 in D[b]; and

(2) M(z) is a finitely generated module over C[b](z).

Condition (2) here is a subtle coherence requirement. It is quite obvious
that M(x) is finitely generated as a left module over D[b](z), and it follows
from condition (1) along with Theorem that the fibers of M(x) over
C? are finite-dimensional C(xz)-vector spaces, but this does not guarantee
that M (x) will be finitely generated over C[b](z).

Exercise 24.29. Take M = DI[b]/(bx0 — 1) where D = C(x,0). When
B # 0, the fiber Mg is the rank-one holonomic module corresponding to the
solution z'/8. But when 3 = 0, the fiber Mg is zero. Prove that M(x) is
not finitely generated as a module over C[b](x).

The point of looking at M () is that its fiber over 3 € C? is a C(z)-vector
space of dimension rank(Mg). Condition (2) in Definition BPZ28 implies that
constancy of holonomic rank in a neighborhood of 3 is detected by ordinary
Koszul homology.

Proposition 24.30. The rank function 3 — rank(Mypg) for any holonomic
family M is upper-semicontinuous on C%, and it is constant near 8 € C% if
and only if the Koszul homology H;(b — 3; M(x)) is zero for all i > 1.

Proof. Upper-semicontinuity follows from the coherence condition; details
are omitted. The fiber dimension of M(x) is constant near ( if and only
if (by the coherence condition again) M(x) is flat near 8 € C?, and this
occurs if and only if H;(b — ; M(z)) =0 for all i > 1. O

Upper-semicontinuity means that the holonomic ranks of the fibers in a
holonomic family can only jump up on closed sets. In particular, for any
holonomic family, there is a well-defined generic rank taken on by the fibers
over a Zariski open subset of C¢.
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Example 24.31. In Exercise 2229, the holonomic rank of Mg equals 1 if
B # 0, but the rank drops to zero when § = 0. This actually constitutes a
solution to Exercise BZ29] if one is willing to accept Proposition

Definition 24.32. Set M“ = D[b]/D[b](I4, E — b).

The definition of M# is obtained from that of Mé by replacing the
constants 0, ..., 04 € C? with the commuting variables by, ..., bg.

Proposition 24.33. M4 is a holonomic family whose fiber over each pa-
rameter vector 3 € C% is the A-hypergeometric D-module Mé. O

This result is proved in [I16]. The proof of the first part uses some
criteria for when an algebraic family of D-modules is a holonomic family. It
is not particularly difficult, but we will not go into it here. We leave it as
an easy exercise to check the second part: the fiber (M%)g is Mé.

Example 24.34. Proposition implies that the upper-semicontinuity
dictated by Proposition BZZ30 holds for the algebraic family M# constructed
from the matrix A in Example We have seen this in Example

We have a D-module homological theory, Euler-Koszul homology on
E — 3, for detecting the failure of the Cohen-Macaulay condition in hyper-
geometric systems, and a commutative algebraic homological theory, Koszul
homology on b— 3, for detecting jumps of holonomic ranks in hypergeometric
families. The final point is that they coincide; see [116].

Theorem 24.35. H;(b— 8; MA) = H;(E — 5;C[Qa]). O
As a corollary, we see that Conjecture is true:

Corollary 24.36. The equality rank(./\/lé) = vol(A) holds for all 3 € C? if
and only if C[Q 4] is Cohen-Macaulay. In general, rank(Mg) > vol(A), and

rank(M3) > vol(A) i and only if B € Ex.

Proof. The left side of Theorem detects when (3 yields rank(Mé) >
vol(A); the right side detects when [ violates the Cohen-Macaulayness
of C[Q 4], via the exceptional set (Theorem and Corollary P2246]). O

Example 24.37. For A as in Example BZ2] the coincidence of the jump in
rank of Mé at = (1,2) in Example BZT3 and the inclusion of 5 = (1,2) in
the exceptional set from Example is a consequence of Corollary

Exercise 24.38. Prove that the set of exceptional parameters for a GKZ
hypergeometric system Mé has codimension at least 2 in C.



Appendix

Injective Modules and
Matlis Duality

In this appendix R is a commutative ring. We discuss the theory of injective
modules; here is a summary:

(1) Each R-module M has an injective hull, denoted Er(M), which is an
injective module containing M with the property that any injective
containing M has Er(M) as a direct summand.

(2) An injective module over a Noetherian ring has a unique decomposi-
tion as a direct sum of indecomposable injectives.

(3) When R is Noetherian, the indecomposable injective R-modules are
of the form Er(R/p) for prime ideals p of R.

(4) Matlis duality. Let R be a complete local ring and E the injective
hull of the residue field. The functor (—)¥ = Hompg(—, E) has the
following properties:

(a) If M is Noetherian, then M" is Artinian.
(b) If M is Artinian, then MV is Noetherian.
(¢) If M is Noetherian or Artinian, then M"Y = M.

Matlis duality was developed in [TT3]; see also [20), §3] and [115], §18].

1. Essential extensions

Definition A.1. An R-module E is injective if the functor Homp(—, F) is
exact; equivalently, if it takes injective maps to surjective maps.

Theorem A.2 (Baer’s criterion). An R-module E is injective if and only
if each homomorphism a — E, where a is an ideal, extends to R — FE.

257
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Proof. One direction is obvious. For the other, if M C N are R-modules
and ¢: M — FE, we need to show that ¢ extends to a homomorphism
N — E. By Zorn’s lemma, there is a module N’ with M C N’ C N
maximal with respect to the property that ¢ extends to a homomorphism
¢ N' — E. Suppose there exists an element y in N ~. N’, and consider
the ideal a = (N’ :g y). By hypothesis, the composite homomorphism

oL N
extends to a homomorphism 1: R — E. Define ¢”: N' + Ry — FE by

"y +ry) = ¢'(y¥) + (r). This homomorphism is well-defined and its
existence contradicts the maximality of ¢’, so we must have N’ = N. U

Exercise A.3. Show that E®E’ is injective if and only if F, E’ are injective.
Exercise A.4. Let R be an integral domain. An R-module M is divisible if

rM = M for every nonzero element r € R. Verify the following statements.
(1) An injective R-module is divisible.

(2) When R is a principal ideal domain, an R-module is divisible if and
only if it is injective. Thus Q/dZ is an injective Z-module for d € Z.

(3) Every nonzero Abelian group has a nonzero homomorphism to Q/Z.
(4) Set (—)Y = Homgz(—,Q/Z). For each Z-module M, the natural map
M — MYV is injective.
Exercise A.5. Let R be an A-algebra. Prove the following statements.
(1) If E is an injective A-module and F a flat R-module, then Hom4 (F), E)
is an injective R-module. Hint: Use the adjointness of ® and Hom.

(2) Every R-module embeds in an injective R-module. Hint: Given an R-
module M, take an R-linear surjection F' —» Homgz (M, Q/Z) where
F is free, and apply Homy(—,Q/Z).

The proof of the following proposition is straightforward.
Proposition A.6. Let 0: M — N be an injective map of R-modules. The
following are equivalent:
(1) For any homomorphism e: N — Q, if € 0§ is injective, then so is €.
(2) Every nonzero submodule of N has a nonzero intersection with 0(M).
(3) Every nonzero element of N has a nonzero multiple in 6(M). O

Definition A.7. If 0: M «—— N satisfies the equivalent conditions of the
previous proposition, we say that N is an essential extension of M.

Example A.8. If U C R is a multiplicatively closed set of nonzerodivisors
in R, then U™'R is an essential extension of R.



1. Essential extensions 259

Example A.9. Let (R,m) be a local ring and N a module in which each
element is killed by a power of m. The submodule soc(N) = (0 :y m) is the
socle of N. The extension soc(N) C N is essential: if y € N is a nonzero
element and ¢ the smallest integer with m*y = 0, then m'~!y C soc(N).

Exercise A.10. Let I be an index set. Then M; C N; is essential for each
i in I if and only if @@, M; C @, N; is essential.

Exercise A.11. Let K be a field, R = K][[z]], and set N = R,/R. Prove
that soc(IN) C N is an essential extension but [[soc(N) C [[y N is not.

The proofs of (1) and (2) below are easy; for (3) use Zorn’s lemma.
Proposition A.12. Let L C M C N be nonzero R-modules.
(1) The extension L C N is essential if and only if the extensions L C M
and M C N are essential.
(2) Suppose M C N; C N with N = |J; N;. Then M C N is essential if
and only if each M C N; is essential.

(3) There exists a unique module N' with M C N’ C N mazimal with
respect to the property that M C N’ is an essential extension. O

Definition A.13. The module N’ in Proposition [AT2(3) is the mazimal
essential extension of M in N. If M C N is essential and N has no proper
essential extensions, we say that N is a mazimal essential extension of M.

Proposition A.14. Let M be an R-module. The following are equivalent:
(1) M is injective;
(2) every injective homomorphism M — N splits;

(3) M has no proper essential extensions.

Proof. We only prove (3) = (1); the others are left as an exercise. Pick
an embedding M —— FE where F is injective. By Zorn’s lemma, there exists
a submodule N C F maximal with respect to the property that NN M = 0.
So M — E/N is an essential extension, and hence an isomorphism. But
then £ = M + N implies ¥ = M & N. Since M is a direct summand of an
injective module, it must be injective. O

Proposition A.15. Let M be an R-module. If M C E with E injective,
then the mazimal essential extension of M in E is an injective module, hence
a direct summand of E. Mazimal essential extensions of M are isomorphic.

Proof. Let E’ be the maximal essential extension of M in E and let ' C Q
be an essential extension. Since F is injective, the inclusion ' — F lifts
to a homomorphism () — FE; this map is injective since () is an essential
extension of E/. One has M C E' C Q — F, and the maximality of
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E’" implies Q = E’. Hence E’ has no proper essential extensions, so it is
injective by Proposition [A_T4l

Let M C E' and M C E” be maximal essential extensions. Then E”
is injective by Proposition [AJ4] so M C E” extends to a homomorphism
p: B/ — E”. The inclusion M C E’ is essential, so ¢ is injective. But
then E' 2 o(E') is an injective module, and hence a direct summand of E”.
Since M C ¢(E’) C E” is an essential extension, p(E') = E". O

Definition A.16. The injective hull of an R-module M is the maximal
essential extension of M, denoted Er(M).

Verify that M is indecomposable if and only if Er(M) is indecomposable.

Definition A.17. Let M be an R-module. An injective resolution of M is
a complex of injective R-modules
80

ot 02

0 E° E! E?
with HY(E®) = M and H*(E®) = 0 for i > 1; it is minimal if E° = Er(M),
E' = Eg(E°/M), and E**! is the injective hull of coker &’ for each i > 1.

2. Noetherian rings

The following characterization of Noetherian rings is due to Bass [8].

Proposition A.18. A ring R is Noetherian if and only if every direct sum
of injective R-modules is injective.

Proof. Let R be a Noetherian ring and {E; };cs injective R-modules. For a
an ideal, the natural map Hompg(R, E;) — Hompg(a, E;) is surjective. This
induces the surjection in the bottom row of the following diagram:

Hompg (R, @, E;) —— Hompg(a, P, E;)

P, Homg(R, E;) —— P, Hompg(a, E;)
The vertical maps are isomorphisms as a is finitely generated. Thus, the top
map is surjective. Baer’s criterion implies that €, E; is injective.

For the converse, consider ideals a; C az C --- and set a = |J; a;. The
natural maps a — R —» R/a; — Egr(R/a;) give a homomorphism

a— [[ Er(R/ai).
€N
Verify that this map factors through the direct sum to give a homomorphism
a — €, Er(R/a;). By hypothesis, this extends to a homomorphism

v: R — EBER(R/CL,-).
1€EN
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In particular, ¢(1); = 0 for j > 0 so the composite map a — Er(R/a;) is
zero. Thus a = a; for j > 0. O

Definition A.19. Let a be an ideal of R. An R-module M is a-torsion if
every element of M is killed by a power of a.

Theorem A.20. Let p be a prime ideal of a Noetherian ring R, and set
k= Ryp/pRy, the fraction field of R/p. Let E = Egr(R/p).

(1) If z € R~ p, then E == E is an isomorphism, hence E = Ey;
(2) (05 9) = s

(3) kK C E is an essential extension of Ry-modules and E = Eg, (k);
(4) E is p-torsion and Ass(E) = {p};

(5) Hompg, (x, E) = k and Homg, (k, Er(R/q)p) = 0 for primes q # p.

Proof. (1) By Example the extension R/p C k is essential. Hence E
contains a copy of k; we may assume that R/p C x C E. Multiplication
by € R~ p is injective on k, and so also on its essential extension F.
The submodule xF = FE is injective, thus a direct summand of E. However
k C xFE C E are essential extensions, so F = FE.

(2) Part (1) implies that (0 :g p) = (0 :g pRy) is a k-vector space, so
the inclusion k C (0 :g p) splits. As k C F is essential, (0 :g p) = k.

(3) The containment x C E is an essential extension of R-modules, hence
also of Rp-modules. Let & C M be an essential extension of Ry-modules.
Each m € M has a nonzero multiple (r/s)m in E, where s € R \ p. But

then rm is a nonzero multiple of m in E, so £ C M is an essential extension
of R-modules and M = F.

(4) Let q € Ass(FE) and pick e € F with (0 :g e) = q. Since R/p C E is
essential, e has a nonzero multiple re in R/p. In particular, r ¢ q and
p=(0:gre)=((0:re):rr)=(q:r7)=7q.

If a is the annihilator of a nonzero element of F, then R/a —— E, and hence
p is the only associated prime of R/a, that is to say, rad a = p.

(5) The first assertion follows from
Homg, (k, £') = Homg, (Rp/pRp, E) = (0:5 pRy) = K.
The R-module E(R/q) is g-torsion, so Er(R/q), = 0if q € p. If ¢ C p, then
one has
Hompg, (&, Er(R/)p) = (0:2,(r/q), PRp) = (0 :Ex(5/) PR) -

If this is nonzero, then there is a nonzero element of Er(R/q) killed by p,
which forces q = p since Ass Eg(R/q) = {q}. O
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We now prove a structure theorem for injective modules.

Theorem A.21. Let E be an injective module over a Noetherian ring R.
Then there exists a direct sum decomposition

Ex P ErR/p)",
peSpec R

and the numbers py, are independent of the decomposition.

Proof. By Zorn’s lemma, there exists a maximal family {E;};cs of injective
submodules of E such that E; = Er(R/p;) and ) E; is a direct sum, say
E’. By Proposition [AZT8 the module E’ is injective and hence £ = E' & E".
Suppose E” is nonzero. Let p be an associated prime of E” and consider
an embedding R/p — E”. This gives a copy of Er(R/p) contained in E”,
which contradicts the maximality of {E;}. This proves the existence of a
decomposition. As to the uniqueness, Theorem [A20/(5) implies that puy is
the rank of the R,/pRy-vector space

The following proposition can be proved along the lines of Theorem [A-20

Proposition A.22. Let U C R be a multiplicative set.
(1) If E is an injective R-module, the U~ R-module U™'E is injective.
(2) If M C N is an essential extension (or a mazimal essential extension)
of R-modules, then the same is true for UM C U™'N over UT'R.
(3) The indecomposable injectives over UL R are the modules Er(R/p)
forp € SpecR withpNU = . O

Definition A.23. Let M be an R-module, and F*® its minimal injective
resolution. For each ¢, Theorem [AZ2]] gives a decomposition

E'= @ Er(R/py®M).
pESpec R
The number p;(p, M) is the i-th Bass number of M with respect to p. The

following theorem shows that it is well-defined.

Theorem A.24. Let R be a Noetherian ring and M an R-module. Let p
be a prime ideal, and set k = Ry /pRy,. Then

pi(p, M) = rank, Extﬁép (K, My) .
Proof. Let E*® be a minimal injective resolution of M. By Proposition [A22]

Ey is a minimal injective resolution of M), over Ry. Moreover, the number
of copies of Er(R/p) occurring in E' is the same as the number of copies of
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Er(R/p) in E}. By definition, Extﬁép (k, My) is the i-th cohomology module
of the complex

0 — Homg, (H,Eg) — Hompg, (H,E;) —
We claim that the maps in this complex are zero; equivalently for ¢ in
Homp, (x, Ey,) the composition
kP g0 i
is the zero map. If o(z) # 0, then the minimality of E* implies that ¢(x)
has a nonzero multiple in image(Ef,_l — E;,) Since « is a field,
(k) C image(E, ' — Ey),

and hence § o ¢ = 0. This completes the proof that the complex above has
zero differential. It remains to note that, by Theorem [A.20)5), one has

Homp, (, E;) o i (P M) O
A homomorphism ¢: (R,m) — (S, n) is local if p(m) C n.

Theorem A.25. Let ¢: (R,m,K) — (S,n,L) be a local homomorphism of
local rings. If S is module-finite over R, then Hompg(S, Er(K)) = Eg(L).

Proof. The S-module Hompg/(S, Er(K)) is injective and n-torsion, and hence
isomorphic to Eg(L)#. To determine p, consider the isomorphisms

Homg (L, Hompg (S, Er(K))) = Hompg(L, Er(K))
=~ Homg (L, Homg (K, Er(K)))
=~ Homg (L, K) .
Therefore L* = Homg (L, K) and hence p = 1. O
Remark A.26. Let (R,m,K) be a local ring. For each ideal a of R, the

theorem above implies that the injective hull of K over R/a is (0 :g, k) ).
In particular, since Er(K) is m-torsion, one has

Er(K) = | (0 5, m") = | Erjm (K).
teN teN

This motivates the study of Fr(K) for Artinian local rings.

3. Artinian rings

The length of a module M is the length of a maximal composition series for
M and is denoted ¢(M). Length is additive on exact sequences. Observe
that over a local ring R, the residue field K is the only simple module, so
the subquotients in any composition series are isomorphic to it.
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Lemma A.27. Let R be a local ring with residue field K and set (=) =
Hompg(—, Er(K)). Let M be an R-module. The following statements hold.

(1) The natural map M — MV is injective.
(2) (M) = £(M).
In particular, (—)V is faithful, i.e., MV =0 if and only if M = 0.

Proof. For nonzero x € M, set L = Rx C M, and consider the composed
map L — L/mL = K «— Eg(K). This map extends to a homomorphism
of R-modules ¢: M — Eg(K) with £(z) # 0. This justifies (1).

For (2), we assume first that ¢(M) is finite, and induce on length. If
(M) =1, then M =2 K, and the result follows since Hompg (K, Fr(K)) = K.
When ¢(M) > 2, the composition series of M gives an exact sequence

0—L—M-—K-—0.

Additivity of length on exact sequences yields ¢(L) = ¢(M) — 1. Since
Er(K) is an injective module, applying (—)V to the exact sequence above,
one obtains an exact sequence 0 — K — MY — LY — 0. Additivity
and the induction hypothesis give

(MY =ULY)+1=4L)+1=¢M).

When /(M) is infinite, part (1) and the already established case of (2)
imply that £(M") is infinite as well. O

Applying the preceding result with M = R yields:

Corollary A.28. One has an equality ((Er(K)) = ¢(R). Hence the length
of the R-module Er(K) is finite if and only if the local ring R is Artinian. O

Theorem A.29. Let R be a local ring. Then R is an injective as a module
over itself if and only if it is Artinian and rankg soc(R) = 1.

Proof. A local ring is indecomposable by Nakayama’s lemma. Thus, when
R is injective, it is isomorphic to Eg(R/p) for some p in Spec R. This implies
that R is p-torsion and the elements of R\ p are units, so p is the only prime
ideal of R. In particular, R is Artinian, with maximal ideal p, and soc(R)
is isomorphic to soc(Egr(p)), which is a rank-one vector space over R/p.
For the converse, note that when R is Artinian, it is an essential exten-

sion of its socle. Thus, since Er(K) is injective, when soc(R) = K, there is an
embedding R C Er(K), and then /(Er(K)) = ¢(R) implies Er(K) = R. O
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4. Matlis duality
The following results about completions can be found in [6].

Remark A.30. Let a be an ideal in a ring R, and let M be an R-module.
Consider the natural surjections

- — M/a*M — M/a®>M — M/aM — 0.

The a-adic completion of M, denoted M , is the inverse limit of this system:

lim (M /a’ M) = {(. -y, ) € [[M/a'M | mipy —m; € a"M} :

%

There is a canonical homomorphism of R-modules M — M. The salient
properties of this construction are summarized below:

(1) ker(M — M) = ;e a M;

(2) R is aring and R — R is a homomorphism;

(3) M is an R-module and M — M is compatible with these structures.
When the ring R is Noetherian and M is an R-module, one has in addition:

(4) The ring R is Noetherian;

(5) If (R, m) is local, then R is local with maximal ideal mR;

(6) When the R-module M is finitely generated, one has M =R®grM,

and hence M is a finitely generated R—module

(7) One has R/a R~ R/a® for each i. If M is a-torsion, it has a natural
R-module structure and the map M — R ®pg M is an isomorphism;

(8) If M and N are a-torsion, then Homp(M, N) = Hompg(M, N).

Theorem A.31. Let (R, m,K) be a local ring, R its m-adic completion, and
set B = Er(K). One then has E5(K) = E, and the following map is an

isomorphism of R-modules:

R — Homg(E, E), where 1 — (e — re).

Proof. The containment K C F is an essential extension of R-modules,
hence also of R-modules. Let E C M be an essential extension of E—modules;
it is easy to check that M is m-torsion. Thus Rm = Rm for each m € M ,
which implies that & C M 1is also an essential extension of R-modules.
Hence M = E, and we conclude that £ = F5(K).

Since Hompz(F, E) = Hompg(FE, E), for the rest of the proof we assume
that R is complete We first check that R — Hompg(F, E) is injective. If
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rE = 0 for some 7 in R, applying (—)" = Hompg(—, E) to the sequence

R—"-R R/TR —— 0
implies (R/rR)Y = RY. This gives the isomorphism in the diagram below:
R —— R/rR

l !

RWY —=— (R/rR)"

The vertical maps are injective by Lemma [AZ27, so we deduce that r = 0.
This justifies the injectivity.

When R is Artinian, the injectivity of the map R — Hompg(FE, F)
implies that it is bijective since ¢(R) = ¢(Hompg(E, E)); see Lemma
For each i > 1, set R; = R/m’. The R;-module E; = (0 :p m) is the injective
hull of K by Remark For each homomorphism ¢ in Hompg(FE, E),
one has ¢(E;) C E;, so ¢ restricts to an element of Hompg, (E;, E;) = R;
where the equality holds as R; is Artinian. Consequently ¢ restricted to
E; is multiplication by an element 7; € R; and r;41 — r; € m’. Thus ¢ is
multiplication by the element linl 5. O

Corollary A.32. For a local ring (R, m,K), the module Er(K) is Artinian.

Proof. Consider a chain of submodules Fr(K) 2 Fy O E3 O ---. Applying
the functor (—)Y = Hompg(—, Fr(K)) yields surjections

~

R EY Ey

The ideals ker(R — E') stabilize so EY — EY,, is an isomorphism for
i > 0. Since (—)V is faithful, it follows that E; = E; 1 for i > 0. O

Theorem A.33. Let (R,m,K) be a local ring and M an R-module. The
following conditions are equivalent:

(1) M is m-torsion and rankyg soc(M) is finite;
(2) M is an essential extension of a K-vector space of finite rank;
(3) M can be embedded in a finite direct sum of copies of Er(K);
(4)

4) M 1is Artinian.

Proof. The implications (1) = (2) = (3) = (4) are straightforward.
(4) = (1). For x € M, the descending chain Rz O mx O m?z D ---
stabilizes, so m*12 = m'z for some ¢, and then Nakayama’s lemma yields
m’z = 0. Therefore M is m-torsion. Finally, since soc(M) is Artinian and a
K-vector space, it must have finite rank. O
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Example A.34. Let (R,m,K) be a DVR with m = Rxz. For example,
R may be K[[z]] or the p-adic integers. We claim that Fr(K) = R,/R.

Indeed, it is easy to check that the R-module R,/R is divisible and
hence injective, by Exercise [A-4] and that the K-vector space soc(R,/R) is
generated by the image of 1/x.

The following theorem was proved by Matlis [T13].

Theorem A.35 (Matlis duality). Let (R,m,K) be a complete local ring,
and set (—)V = Hompg(—, Er(K)). Let M be an R-module.

(1) If M is Noetherian, respectively Artinian, then MY is Artinian, re-
spectively Noetherian.
(2) If M is Artinian or Noetherian, then the map M — MYV is an

isomorphism.
Proof. Let E = Ei(K). If M is Noetherian, consider a presentation
R — R'"— M —0.

Applying (—), we get an exact sequence 0 — MY — (R")Y — (R™)V.
By Theorem [A31] the module (R™)Y = E™ is Artinian, hence so is the
submodule MV. Applying (—)" again, we get the commutative diagram

R™ R" M 0

| ]

(Rm)vv s (Rn)\/v > M\/\/ —0

with exact rows, where the isomorphisms hold by Theorem [AZ31l It follows
that M — MVV is an isomorphism as well.

Using Theorem [AZ33] a similar argument works when M is Artinian. [
Remark A.36. Let M be a finitely generated module over a complete local
ring (R, m,K). One has isomorphisms

Hompg (K, M") = Homg(K ®r M, Er(K))
= Homp(M/mM, Er(K))
=~ Homg (M /mM,K).

Thus the number of generators of M as an R-module is rankg soc(M"); this
number is the type of M.
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