Math 615 LECTURE NOTES, WINTER, 2016

by Mel Hochster

Lecture of January 6

This course will deal with several topics in the theory of commutative Noetherian rings,
including the following;:

(1) The theory of Grobner bases and applications: a lot more about this momentarily.

(2) The structure theory of complete local rings. One strategy in studying problems over
Noetherian rings is to reduce first to the local case, and then to the complete local
case. The structure theory of complete local rings can then be applied. There are
even deep theorems that permit one to pass from the case of a complete local ring
to a finitely generated algebra over a field or complete discrete valuation ring. Other
techniques can be used to pass from a problem in such an algebra over a field of
characteristic 0 to a corresponding problem over a field, even a finite field, of positive
prime characteristic p.

(3) What can one do when a ring is not Cohen-Macaulay?

In particular, we will discuss the theory of Cohen-Macaulay rings, but will focus on
techniques that show that all local rings are, in some sense, close to being Cohen-Macaulay.

Although we shall discuss the subject in much greater detail later, we give a brief
discussion of Cohen-Macaulay rings here so that we can explain the sort of theorem we
want to prove.

Recall the a ring R is quasilocal if it has a unique maximal ideal m: in this case we
usually denote the residue class field R/m by K, and refer to the quasilocal ring (R, m, K).
We reserve the term local ring for a Noetherian quasilocal ring.

Let (R, m, K) be a local ring of Krull dimension d. This implies that there exist d
elements x1, ... ,zq € m such that if [ = (x1, ... ,z4)R, then Rad (I) = m. (One cannot
use fewer than d elements, by the Krull height theorem.) Such a sequence of elements
x1, ... ,xq is called a system of parameters. A d-tuple (r1, ... ,rq) is called a relation on

T1, ... ,2q if
d

Z r;x; = 0.

=1

The relations are easily seen to be an R-submodule of the free R-module R?. There are
some obvious relations: the element

(0,...,O,IEJ'?O,...,—IZ',O,...,O)
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where x; occurs in the i th spot and —x; occurs in the j th spot, is a relation. The elements
in the R-span of these (;l) relations are referred to as trivial relations.

A local ring is called Cohen-Macaulay if there is a system of parameters such that every
relation on the parameters is trivial. It then follows by a theorem that this is true for
every system of parameters. By a theorem, this property passes to localizations. One
then defines an arbitrary Noetherian ring to be Cohen-Macaulay if all of its localizations
at maximal ideals (equivalently, at prime ideals) are Cohen-Macaulay.

In certain graded cases one can give an alternative characterization as follows. Let K be
a field and R an N-graded algebra (i.e., R has a direct sum decomposition R = @, , Ry,
with 1 € Ry satisfying R,, R, C Ry,1, for all m,n € N) such that R is finitely generated
over Ry = K. In this case, it turns out that one can always choose forms Fy, ..., Fy of
positive degree in R (by raising the F}j to various powers one can even arrange that they
all have the same degree) such that Fy, ..., Fy are algebraically independent over K and
R is module-finite over A = K[F}, ..., Fy]. Of course, A is isomorphic with a polynomial
ring in d variables over K. In this situation, R is Cohen-Macaulay if and only if R is free
as an A-module.

In higher dimension, it is rare for modules over polynomial rings to be free. In fact,
relatively few rings are Cohen-Macaulay. In equal characteristic 0, one can start taking
module-finite extensions of a polynomial ring: if the dimension is 3 or higher, all sufficiently
large such extensions fail to be Cohen-Macaulay.

Examples. Let S = K|[z,y] be the polynomial ring in two variables over the field K. Let
R = K[z?,2y,4%] € S. One may take A = K[2?,4%?] C R. Then R is free over A on the
basis 1, zy, and so is Cohen-Macaulay.

On the other hand, let Ry = K[z?, 23, 7y,y] C S and let A; = K[22,y] C R;. Then R,
is module-finite over A; with minimal generators 1, 23, zy, but is not free over A;. One
has that y(z3) — 2%(zy) = 0. This relation on minimal generators shows that R is not
Aj-free and therefore not Cohen-Macaulay. Alternatively, in the local ring of Ry at its
homogeneous maximal ideal, 2, y is a system of parameters and (xy, —z3) is a non-trivial
relation on z2,y.

However, many of the rings that arise in natural geometric situations, such as complete
intersections and rings defined by the vanishing of minors of a matrix of indeterminates
are Cohen-Macaulay.

Many problems become easier in Cohen-Macaulay rings. One of the results we are
aiming to prove, stated in a very special case, helps to remedy the situation when the ring
is not Cohen-Macaulay:

Theorem. Let R be a complete local domain of prime characteristicp > 0. Let x1, ... ,xq
be a system of parameters for R, and let (ry, ... ,rq) be a relation on x1, ... ,xq. Then
there is a complete local module-finite extension domain S of R such that the relation
(ri, ... ,ra) becomes trivial over S.
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This result has been known for well over two decades: cf. [M. Hochster and C. Huneke,
Infinite integral extensions and big Cohen-Macaulay algebras, Annals of Math. 135 (1992),
53-89]. Recently there have been improvements: one can make all relations on all systems
of parameters become trivial after just one module-finite extension (but new relations may
be introduced). Beyond that, more recently, global versions of this theorem have been
proved. We shall discuss the situation in detail later in the course.

The Theorem above turns out to be false when R contains a field of characteristic 0.
Nonetheless, one can use the characteristic p results to prove important theorems in equal
characteristic 0.

We next want to begin our systematic treatment of the theory of Grobner bases. Before
doing so we shall review some facts about closed algebraic sets in K™ over an algebraically
closed field K.

Review of the behavior of closed algebraic sets
over an algebraically closed field

This section is meant as an overview of some basic results on closed algebraic sets over
an algebraically closed field. We give definitions and statements of some theorems, but
most proofs are omitted. For a detailed treatment of this material, the reader may consult
[R. Hartshorne, Algebraic Geometry, Springer-Verlag Graduate Texts in Mathematics 52,
New York e Berlin e Heidelberg, 1977], Chapter 1. There is also a complete discussion in
the Lecture Notes from Math 614, Fall 2015: see particularly the Lectures from October
9 through October 26.

Let K be an algebraically closed field, and let R = K|z1, ... ,x,] be a polynomial ring.
If W C R is any set,
VW)={ve K": f(v)=0for all f e W}.

It is easy to see that if I is the ideal generated by W, V(I) = V(W). Moreover, if
f € Rad (1), i.e., f¥ € I for some integer k > 1, then f also must vanish on V(I), and
so V(Rad (I)) = V(W) as well. If X = V(I) for some ideal I, we say the X is a closed
algebraic set in K™, or a Zariski closed set in K™. In fact, we have

(1) K™ =Y(0) and 0 = V(R) are closed algebraic sets.
(2) V(INJ)=VY()UV(J) for any two ideals I and J.
(3) V(O orea In) = Naea VUn) for any family of ideals {Ix}rea.

The conditions above show that the closed algebraic sets are, in fact, the closed sets of
a topology on K™: this is called the Zariski topology.

Suppose that we are given an arbitrary set of points P C K™ and we want to understand
the Zariski closure P of P. Since this will be the smallest closed set containinng P, we
want to find I as large as possible such that V(1) O P. But any element of I must vanish



on V(I), which we want to contain P. Therefore, the largest ideal we can 1 use is the ideal
of all functions in K[x1, ... ,x,] that vanish on P, and this ideal defines P.

Note that if n = 1, the closed sets in K are the finite sets and K itself. In K2 one gets
finite unions of points and/or curves defined by one equation, and K? itself.

Every closed algebraic set X C K™ inherits a Zariski topology, whose closed sets are
simply the closed algebraic sets in K™ that happen to be contained in X.

The fundamental result in this area is:

Hilbert’s Nullstellensatz. Let K be an algebraically closed field and R = K[x1, ... ,x,)]
a polynomial ring over K. There is a bijective, order-reversing correspondence between
closed algebraic sets in K™ and radical ideals of K[x1, ... ,xy,]. Under this correspondence,
the radical ideal J corresponds to V(J), and the algebraic set X corresponds to the ideal
I(X)={feR:foralveX, fv) =0}. In particular, the mazimal ideals of R are in
bijective correspondence with the points of K™: given a point v = (c1, ... ,¢,) € K™, the
corresponding maximal ideal consists of all polynomials that vanish at v. (It can also be
described in terms of generators as the mazximal ideal (x1 —c1, ..., Tp — Cn)R.)

It follows that polynomials in Kz, ... ,x,] have a common vanishing point if and
only if they do not generate the unit ideal, and that f € Rad (f1, ..., fmn) if and only
if f vanishes on V(fi, ..., fm). (Each of these statements is sometimes referred to as
“Hilbert’s Nullstellensatz.”)

When X = V(I) we shall say that I is a defining ideal for X. When, in addition, [
is radical we shall sometimes say that I is the defining ideal of X: it is now uniquely
determined by X.

We want to make the closed algebraic sets over K into a category. When we want to
emphasize that K™ is being thought of as an algebraic set, we use the notation A% for
K™. Given closed algebraic sets X C A2 and Y C A%, we define a K -regular map or K-
morphism from X to Y to be a function 6 : X — Y that is the restriction of a map A% —
A% that is given in terms of coordinates by polynomials. That is, there are n polynomials
fi, .o, fn € K[z, ... , 2] such that for every point v € X, 0(v) = (fl(v), e fn(v)).

Note that every K-regular map from X to Y is the restriction (where we restrict both
the domain and the target) of a K-regular map A% — A’. This may seem at first to
be an unreasonably strong requirement, but one should keep in mind that given closed
sets X C R™ and Y C R"™, every continuous function from X to Y is the restriction of
a continuous function from R™ — R™. To see this, one must show that the composition
X — Y C R"™ extends to a map on R™. The composition is given in coordinates by n
continuous maps X — R, and each of these can be extended to R™ by the Tietze extension
theorem.

The identity map X — X is K-regular, and the composition of two K-regular maps is
K-regular, so that the closed algebraic sets and K-regular maps form a category.

Given a closed algebraic set X C A%, the K-regular maps from X to A}, = K are
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simply the maps X — K arising from the restriction of a polynomial f € K[x1, ..., z,]
to X. This set of maps forms a K-algebra, denoted K[X], and called the coordinate ring
of X. We have a surjection K|z, ... ,z,] - K[X] induced by restriction. The kernel is
precisely the set of polynomials that vanish on X, or Z(X), and so

KX = Klzy, ... ,z,])/Z(X)

as K-algebras.

Recall that a ring is called reduced if every nilpotent element is 0. Then K[X] is a
reduced, finitely generated K-algebra. What is more, every reduced, finitely generated
K-algebra occurs, up to K-algebra isomorphism, as K[X]| for some closed algebraic set
X. For given such a K-algebra R, we may map K|z, ... ,x,] - R by choosing a finite
set of, say, n generators for R as a K-algebra and sending the the x; to these generators.
The kernel is a radical ideal J. By Hilbert’s Nullstellensatz, J = Z(X) for a unique closed
algebraic set X in A% . But then

R~ Klxy, ... ,xp]/J = K[z1, ... ,2,]/T(X) =2 K[X].

The map X +— K[X] is a contravariant functor from closed algebraic sets to reduced
finitely generated K-algebras. Given a K-regular map X — Y, one obtains a K-algebra
homomorphism K[Y] — K[X] in an obvious way by composition: an element of K[Y] is
precisely a K-regular map Y — AL and the composite map X — Y — AL is an element
of K[X].

The key result about this is:

Theorem. Let K be an algebraically closed field. The category of closed algebraic sets
over K and K -reqular maps is anti-equivalent to the category of reduced, finitely generated
K -algebras. The functor X — K[X]| provides the anti-equivalece.

We shall not give a complete argument here, but we do indicate how one gets a con-
travariant functor from finitely generated reduced K-algebras to closed algebraic sets over
K. The main point is that given a finitely generated reduced K-algebra R, one can give
the set X of K-homomorphisms R — K, which is in bijective correspondence with the
set of maximal ideals of R, the “structure” of a closed algebraic set, i.e., one can put
this set in bijective correspondence with the points of a closed algebraic set. Choices are
made in setting up this correspondence, but the different closed algebraic sets obtained
are canonically isomorphic in the category of closed algebraic sets.

Specifically, one simply maps a polynomial ring K[xy, ... ,x,] — R. Suppose that
R = Kz, ... ,z,]/J, where J will be radical. Each K-algebra homorphism R — K
gives a composite homomorphism K|[zi, ...,z,] - R — K, and this map corresponds
to a maximal ideal of Kz, ... ,z,] and, hence, to a point of A%.. The points obtained
are precisely the points of V(J), which is therefore a closed algebraic set in bijective
correspondence with X = Homg_ (R, K).



Some motivations for introducing Grobner bases

Grobner bases are a tool for doing explicit algorithmic calculations in a polynomial
ring over a field K (or in a homomorphic image of a polynomial ring over K). Whether
Grobner basis methods actually give an algorithm depends on whether one can perform
operations in K algorithmically. We shall not worry about this point. We simply assume
that arithmetic operations in K are understood, and seek methods to solve problems
in polynomial rings under the presumption that simple manipulations over the field can
handled.

In dealing with Grobner basis questions, unless otherwsie specified, K is always un-
derstood to be a field, and a given ring K[x1, ... ,x,] is meant to be assumed to be a
polynomial ring in variables z1, ... ,x, over K.

We want to mention right away that while Grobner bases are tools for calculation, they
can also be used to prove substantial theorems, such as the Hilbert basis theorem (ideals
in R are finitely generatded) and the Hilbert syzygy theorem (which is discussed further
below). There are also many instances in which Grébner basis techniques have been used
to prove that certain infinite classes of rings of a special form have good properties.

Moreover, not surprisingly, the systematic study of Grébner bases introduces a great
many new theoretical problems.

Among the questions we want to consider are the following.

(1) Given generators fi, ..., fm for an ideal of the polynomial ring R = Klz1, ... ,x,],
how do we tell whether a given element f € R of the polynomial ring is in the ideal?

This is equivalent to determining whether one can solve the equation

f=U0fi++Unfm
where the U; are unknown elements of R.

If one knows an a priori bound D for the degrees of the unknown polynomials U; in
terms of m, n, and the degrees of the f;, one can think of the U; as polynomials of degree
at most D with unknown coefficients. By working with coefficients, one gets a system of
linear equations over K in the unknown coefficients, and the problem becomes pure linear
algebra. The trouble with this idea is that while bounds for D are known, they are double
exponential, making the implementation of this idea unfeasible. The complexity of the
problem is double exponential in theory in worst cases, but the method of Grobner bases
often works in cases that arise in practice.

A similar problem arises in determining whether a given element is in the R-span of
finitely many specified elements in the free module R®*. We shall give a Grobner basis
method that can be used for both of these problems.

(2) If we have finitely many generators for an ideal

I CKlxy, ... ,xn] = R,



and 1 < s <n — 1, how can we find finitely many generators for I N K[zs11, ..., Zn] ?

Here, we might intersect with the polynomial subring generated by an arbitrary subset
of the variables, but by renumbering the indeterminates we might as well assume that the
generators of the subring are zs,1, ..., ;. This type of question is part of what is called
elimination theory: we are eliminating the variables x1, ... ,zs from the equations.

This sort of problem is intimately connected with the problem of solving explicitly
the equations obtained by setting the generators of the ideal equal to 0.

To make this connection, we discuss the situation where K is algebraically closed.

We first want to understand the geometric meaning of the intersection of the ideal
with the subring.

Proposition. Let K be algebraically closed and let I C K|xq, ... ,x,] be any ideal. Sup-
pose that1 <s<n—1andlet J=INK[zsy1, ..., xy]. Let m: Al — AY7° be projection
on the last n — s coordinates. Let X = V(I) C A%. Then V(J) is the Zariski closure of
the projection w(X).

Proof. Let f € K[xsy1, ..., x,]. By the discussion in the next to last paragraph on p. 3,
f is in the defining ideal of Zariski closure of 7(X) if and only if f vanishes on 7(X), i.e.,
f(m(X)) = 0. This says that f o, which is simply f thought of as a function on all of

K™ (even though it only involves xsi1, ..., @), vanishes on X, i.e., that f € I. Thus,
INK[xsq, ..., xy] is a defining ideal for the Zariski closure of 7(X). O
Now suppose that I = (f1, ..., fm) C Klz1, ... ,x,]. Note that the simultaneous

solutions of the system

{ fl(xl, ,ZEn) =0
fm(z1, .. y2n) =0

is the same as the set V(I). Assume that V(I) is a finite set. We next want to show if we
have an algorithmic method for doing elimination theory, then we also have an algorithmic
method for finding the solutions V(I), provided that we have a method for solving one
polynomial equation in one variable over K. The assumption that V' (I) is finite is not
essential: if V(I) is infinite, the method will show that.

The idea is very simple. One calculates INK|[x,]. This is a principal ideal, since K|[z,]
is a PID. Thus, one gets a single generator g(z,) € K|[xz,] for the intersection. By the
Proposition above, gR[z,] defines the Zariski closure of the projection of V(I) on A} = K
corresponding to the last coordinate. There are three cases.

First case. The intersection is the (0) ideal. This implies that the Zariski closure of the
projection is all of K, which means that the projection is an infinite set.



Second case. The intersection is the unit ideal, i.e., g is a nonzero constant. In this case,
the projection is empty, and this means that there are no solutions.

Third case. ¢ is a polynomial of positive degree. We are assuming that in this case we
can find the roots of g in K: call them Ay, ..., ;. This means that the closure of the
projection of V(I) is the set {A1, ..., Ax}. This implies that the projection is finite, and
since finite sets are closed, we must have that {1, ..., A} is the projection. This means
that the last coordinate of each point in V/(I) is one of A1, ..., A, and that every A;
occurs as the last coordinate of some point of V' (I). The problem of solving the original
system of equations now breaks up into k separate problems, one for every A;. To find the
points of V(I) whose last coordinate is A;, substitute \; for x,, in each of the equations.
This produces a new system of equations, but the number of variables is one smaller.
Proceeding recursively, we eventually find all solutions of the original system.

(3) Another use of Grébner bases is in solving the following kind of problem: given ele-
ments fi, ..., fs € K[x1, ... ,x,], find generators for all the relations on those ele-
ments, i.e., for the module of s-tuples of polynomials (g1, ... , gs) such that Z;“:l gif; =
0. In fact, one can require insteasd that the g; satisfy several equations like this, i.e.,
a system

S
Zgjfz',j =0, 1<i<r
j=1

This is equivalent to finding the relations on the s columns of the r x s matrix M = (f i,j)ﬂ

g1
i.e., to finding the all the column vectors g = | @ | such that
gs
Mg = 0.

Consider the R-submodule M of R® spanned by these columns. The module of rela-
tions on the columns is called a first module of syzygies of M. More generally, whenever
we have a short exact sequence of finitely generated R-modules 0 — M’ — R¥ — M — 0,
M’ is called a first module of syzygies of M. A first module of syzygies of a kth module
of syzygies is called a (k + 1) st module of syzygies: when N is an nth module of syzygies
of M there is an exact sequence

0—N—Rr»1 ... 5RO 5 M0
of finitely generated R-modules.
Grobner bases can be used to prove the famous Hilbert syzygy theorem, that every
finitely generated module over K|zq, ... ,x,] has an nth module of syzygies that is free.

(Equivalently, that every finitely generated R-module has a free resolution of length at
most n.) Beyond that, Grobner bases can be used to compute the resolution.



As a further application, Grobner basis methods can be used in the graded case
to calculate Hilbert functions. We shall discuss this in much greater detail, including a
review of what is needed from the theory of Hilbert functions, once we have dome some
basic Grobner basis theory.

Lecture of January 8

Monomial Ideals and Submodules

Let R = K[x1, ... ,z,]| be a polynomial ring over a field K. When a free R-module
F is given, it will typically be assumed to be finitely generated with an ordered free
basis by, ... ,b,. The ordered free basis provides an isomorphism with R™ under which
>, 1ib; corresponds to (71, ... ,ry,). Therefore, for the most part, in working with a free
module with ordered basis, we might as well assume that it is R™ with the standard basis
€1, ... ,en, where e; has 1 in the ¢th spot and 0 in the other spots. However, especially
when we are working with more than one free module, it may be inconvenient to identify
all of the modules with various R™.

By a monomial ;1 in R, we mean an element of the form x{* - - - %" where the a; € N,

the nonnegative integers. If a = (ay, ... ,a,) € N?, we write z® for z{*---z%. Thus,
there is a bijection betwen monomials of R and elements of N". We write M for the set

of monomials of R.

More generally, given a finitely generated free module F' with ordered basis, by a
monomial in F' we mean an element of the form ub;, where y € M and b; is in the ordered
basis. In particular, when F' = R*® with the standard basis, we mean an element of the
form pe; with p € M.

The monomials of F' form a K-vector space basis for F. Every element f € F' is
uniquely expressible as a K-linear combination of mutually distinct monomials (for 0, the
set of monomials occurring is the empty set). We refer to the monomials that occur as the
monomaals of f. We shall refer to the product of a nonzero element of K with a monomial
as a term. Thus, every element of F' is uniquely expressible as a sum of terms involving
mutually distinct monomials: these terms are referred to as the terms of f. In particular,
this terminolgy applies in the case where F' = R.

Proposition. Let R = Klxy, ... ,x,] be a polynomial ring over K. Let F = R® be a
free module with ordered basis. The following three conditions on a submodule M of F
(respectively, an ideal I of R) are equivalent:

(1) M (respectively, I) is generated by monomials.
(2) M (respectively, I) is the K-span of monomials.
(3) If f € M (respectively, I), the monomials of f are in M (respectively, I).
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Moreover, if M (respectively, I) is generated by monomials vy (the index set may be
infinite), then f € M if and only if every monomial in f is the product of a monomial
wE M and some vy.

Proof. 1t suffices to consider the module case. Suppose that G is a family of monomials in
F. The submodule generated by G must contain all the elements {uv : p € M, v € G}.
The K-span of this set of monomials is closed under multiplication by any element of R, by
the distributuve law. It follows that (1) = (2). This implies the final statement. Moreover,
(2) = (1) and (2) < (3) are obvious. [

Of course, it is not true that an arbitrary set of monomials spans a submodule: G
spans a submodule if and only if whenever v € G and p € M, we have that uv € G.

Consider a K-vector space with basis B, and let S be the set of K-vector subspaces
that are spanned by a subset of B. Then there is an order-preserving bijection between &
and the set of subsets of B. This bijection preserves intersection, even infinite intersection,
and takes sums, even infinite sums, to unions. Thus, for such a family of vector spaces,
intersection distributes over sum (even when the sum is infinite) and union distributes over
intersection (even if the intersection is infinite).

Since monomial ideals (respectively, monomial submodules) have K-bases consisting
of monomials, it follows that for monomial ideals and submodules, intersection distributes
over sums, including infinite sums, and sum distributes over intersections, even infinite
intersections.

Let a = (ay, ... ,a,) and let 8 = (by, ... ,b,). Let ¢; = min{a,, b;} for each i and
let d; = max{a;, b;) for each i. Let v = (¢1,...,¢,) and 6 = (dy, ... ,d,). We define
GCD(z%, 2”) = 27, and LCM(2®, 2”) = 2°. These definitions agree with the usual UFD
notions of greatest common divisor and least common multiple.

In particular, z*R Nz’ R = 2°R where 2° = LCM(z®, 2°). Now suppose that I is
generated by monomials % where 7 varies in some index set, and that J is generated by
monomials 2%, where j varies in some index set. Thus, I is the sum of the ideals %R
and J is the sum of the ideals 2% R. Since intersection distributes over sum for monomial
ideals, it follows that I N J is the sum of the ideals 27 R, where 7,;; = LCM(«;, §;), since
Y R = 2* RN 2P R for all choices of i and j.

Now let F' be a finitely generated free module with ordered basis B, ..., Bs. We can
extend these definitions to pairs of monomials of F' that involve the same basis element,
so that GCD(Mlb“ ,ugbz) = GCD(Ml, /Lg)bz and LCM(,ulb“ ,ugbz) = LCM(/Lh /Lg)bl

Lemma. If{a,}nen is an infinite sequence of nonnegative integers, then it has an infinite
subsequence that is either constant or strictly increasing. In particular, it has an infinite
subsequence that is non-decreasing.

Proof. If the sequence is bounded above, then only finitely many integers occur, and so
at least one of them must occur infinitely many times. If the sequence is not bounded,
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let n; = 1 and, recursively, let n;.; be the least integer strictly larger than n; such that
Qn,., > ap,. (If there is no such integer, then the sequence is bounded above.) Clearly,
{an, }:i is strictly inreasing. O

The Lemma above is quite easy, but it has an interesting consequence. Let F' be
a finitely generated free module with ordered basis over R = K|[x1, ... ,x,|. The set of
monomials of F' is partiallly ordered by vy, > 15 means that v, = pry for some u € M,
i.e., 15 is a multiple (necessarily by a monomial) of p;. Then:

Proposition. Let R and F be as above. Then there is no infinite subset of F' consisting of
mutually incomparable monomaials. Equivalently, given any infinite sequence of monomials
m F, one of them divides another. In particular, this holds when F = R.

Proof. Suppose that v, v, v3, ... is an infinite sequence of monomials in F'. Then some e;
must occur in infinitely many terms, and so we may pass to an infinite subsequence in which
each term has the form pu,e;. It therefore suffices to prove the result for an infinite sequence
W1, M2, p3, ... of monomials in R. Consider the exponents ay, as, as, ... occurring on the
variable z1 in this sequence. Then we may pass to an infinite subsequence such that these
exponents are non-decreasing, by the Lemma above. By the same reasoning we may pass
to a still smaller infinite subsequence such that the exponents by, by, bs, ... on x5 are also
non-decreasing. By a straightforward induction, we may repeat this step for each variable,
and the nth subsequence obtained will have the property that for all of the variables x;,
where 1 < ¢ < n, the sequence of exponents on z; is non-decreasing. But this means
that every monomial in the subsequence divides all monomials that come after it in the
subsequence. []

Corollary. Let R and F' be as above. Then every monomial submodule M of F is finitely
generated by the set of minimal monomaials in M under the partial ordering by divisibility.
In particular, this holds for monomial ideals in R.

Proof. Given any monomial in F', there are only finitely monomials in F' that are smaller
in the partial ordering, and so given any monomial in M, among the monomials in M
that divide it there must be a minimal one. Therefore, M is generated by the minimal
monomials in M. Since these are mutually incomparable, the preceding Proposition shows
that the set of minimal monomials in M is finite. [

The set of minimal monomials in a monomial submodule (or ideal) is also referred to
as the set of minimal monomial generators.

Grobner bases reduce a multitude of problems about ideals of R and about arbitrary
submodules of a free module F' to the monomial case! In particular we shall use them to
give a very simple proof of the Hilbert basis theorem. In order to define Grébner basis, we
need to introduce the idea of a monomial order.
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Monomial orders

Let R = K(x1, ... ,z,] and let M be the set of all monomials in R. A monomial
order on M is a total ordering > of M such that

(1) If g, poa, 2 € M and pg > pg then gy > pupis.
(2) The element 1 is the least element in M.

The second property implies that a monomial order refines the partial ordering by
divisibility: since 1 < ps for all o € M, we have that p; < pyps for all pq, pe € M By
renumbering the variables, we may assume that z; > x9 > --- > x,, and we shall always
assume this about any monomial order that we introduce.

By a monomial order on a finitely generated free module F' with ordered basis by, ... , bs
we mean a total ordering of the monomials in F' such that

(1) If p € M and vy, vy are monomials in F' with vy > vo, then puvy > pvs.
(2) For every i, the element b; is least among the elements of the form ub; for p in M.

Property (2) implies that if v € F' is a monomial and p # 1 is in M, then v < pv.
Evidently, this agrees with the first definition when F' = R with the ordered basis consisting
of 1.

Given a monomial order > on M we can construct a monomial order on F' by requiring
that pib; > pob; precisely when p11 > po or gy = po and i < j (so that by > by > - - by).
Unless otherwise specified, we shall always do this in working with monomial orders on
free modules.

To see that monomial orders on R exist, we give the example of lexicographic order,
frequently referred to simply as lex order. If & = (aq, ... ,a,) and B8 = (b1, ... ,by), the
definition is simply that 2® > x? precisely if there exists an integer j, where 1 < j < n,
such that a; = b; for i < j while a; > b;. It is very easy to see that this satisfies (1) and
(2) above. Note that it is true that x; > --- > x,, as well.

Suppose that x1, x2, x3 ... ,T9g are the letters of the Roman alphabet, A, B, C, ..., Z.
Suppose that given a monomial we write it out as a string of letters with letters occurring
in alphabetical order, so that z3zox2x5 would be written out as AAABCCDDDDD. The
order we have specified is the same order as these “words” would occur in a dictionary or
lexicon. This is the reason for the term “lexicographic order.”

We shall soon see that if R has two or more variables, there are uncountably many
monomial orders! However, we really only need to make use of two or three of them.

Lecture of January 11

The definition of lexicographic order is quite simple, but the totally ordered set that
one gets is not — even if there are only two variables one has
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l<mo<a3< - -<aB <-o-

<:z:1<x1x2<x1x§<--~<x1x§<~~

2 2 2,.2 2,.n

<aP < aPag < zPad < < aPal < -

Thus, there are abundantly many examples of infinite increasing sequences that have
an upper bound within the set. This ordered set is not order-isomorphic with N.

We will write i/ >1ox ¢ to indicate that we are using lexicographic order, although
the subscript may be omitted if it is clear from context which monomial order we mean.

In a way, it is simpler to consider a variant notion called homogeneous lexicographic
order. This order will be indicated by the subscript piex. The definition is simple: we
define p/ >pjex i to mean that either that deg(u’) > deg(u) or that deg(p') = deg(p) and
1 >1ex p- Thus, monomials of larger degree are always bigger in this order, while we use
lexicographic order to decided which is bigger of two monomials of the same degree. It is
quite easy to verify that this is also a monomial order. In K[z, z2] note that 21 > x%
but that w% >hlex 1. It is still the case that 1 > x9 > --- > x, in homogeneous
lexicographic order. The totally ordered set one gets is easily seen to be order isomorphic
with N for hlex order. Some authors use the term graded lexicographic order instead of
homogeneous lexicographic order, and use the subscript gex to indicate it.

Another monomial order of great important is reverse lexicographic order, indicated
by the subscript jeviex- Some authors use the adjectives “graded” or “homogeneous”
as well, and one may see the subscript greviex as an indicator, but, as we shall explain
below, in using this order one must make it homogeneous, so the adjective is redundant.
For reverse lexicographic order, given two monomials, the one of larger degree is always
bigger. The issue is how to order the monomials of a given degree. Here ones uses the
opposite of lexicographic order for the monomials numbered backward. Specifically, if
a=(a,...,a,)and B = (b, ... ,b,), then 2% > cyiex ° means that deg(z®) > deg(x?)
(i.e., that 337, a; > >0 | by) or that deg(a) = deg(5) and there exists an integer j with
1 < j < n such that a; = b; for ¢ > j while a; < b;.

There is a double reversal of sorts here, since one is using the opposite of what lex-
icographic order gives when the variables are numbered backwards. One still has that
Ty > x9 > -+ > x,, and in the two variable case hlex and revlex are the same. In the
three variable case one has that x123 >1ex :z:% while x% >Lovlex £123. For the latter, the
variable with the highest index for which the two monomials have different exponents is x3,
and the first monomial has the smaller exponent. The difference between the two condi-
tions might be paraphrased by saying that if two monomials have the same degree, for hlex
the greater involves more of the low index variables while for revlex the greater involves
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fewer of the high index variables. This statement is quite misleading, however, since it
is only the first spot (for hlex) and the last spot (for revlex) where the monomials have
differerent exponents that governs which monomial is greater. E.g., with 1000 variables,

10000000

10000000

000
for both hlex and revlex.

Note that if we simply reverse the order of the variables and take the opposite of
lexicographic order (without putting on the condition that monomials of higher degree are
always larger), we do not get a monomial order, even if there is only one variable. We
always have

I>x>a02 >,

if we reverse lexicographic order, even if we think of the variables numbered backwards, and
this is not a monomial order. This is what makes it unnecessary to specify homogeneous
or graded when discussing reverse lexicographic order.

We extend lex, hlex, and revlex to free modules by our standard rule. Thus, if
bi, ..., bs is the ordered free basis for F, for p, p' € M, pb; > p'b; means that p > p’ or
that © = p/ and i < j, no matter which of the three we are working with.

The ordered set is N for revlex as well as for hlex.

Experience has shown that revlex tends to shorten calculation times for certain ap-
plications. It is of some interest that reverse lexicographic order was first considered by
F. S. Macaulay in the early 1900s, long before the computer age.

Recall that a totally ordered set is well-ordered if, equivalently, either
(1) Every nonempty subset has a least element.
(2) Every non-increasing infinite sequence of elements is eventually constant.

If (1) fails and we have a nonempty subset with no least element, we can recursively
construct an infinite strictly decreasing sequence within the subset: choose any element to
be the first element of the subsequence. If we have chosen p; > --- > p, strictly decreasing
within the subset, we can choose p,4+1 with p,, > p,+1 because otherwise p,, would be the
least element in the subset. On the other hand, if (2) fails, by omitting repeated terms we
get an infinite strictly decreasing sequence, and the set of elements in it is a subset with no
least element. Note that condition (2) is often referred to as DCC or Artinian, especially
in reference to partially ordered sets.

The following is a critical property of monomial orders.
Theorem. Let R be a polynomial ring over K and F' be a finitely generated free R-module

with ordered basis. Then every monomial ordering on R or F is a well-ordering of the
monomaals.

Proof. 1t suffices to consider the case of F'. Let S be any nonempty subset of the monomials
in F. Give v € S, there are only finitely many monomials 11 in F' such that vy divides
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v, i.e., such that v = pry for some monomial 1 € M. Among these, at least one must
be a minimal element in the partial ordering by divisibility. Thus, every element of S
is a multiple of a minimal element of S. The set Sy of minimal elements of S consists
of mutually incomparable monomials: none of them divides any of the others. By the
Proposition on the top of p. 3 of the Lecture Notes of January 8, this set is finite. Some
element of the finite set Sy is minimum in the monomial order, since the monomial order
is a total order. This element is the least element of S for the monomial order, for given
any v € S, we can write v = pr; with v; minimal in S with respect to divisibility, and
then pury > v1 > 1y in the monomial order. [

Initial terms and the division algorithm

In this section, let R = KJz1, ... ,z,] be a polynomial ring over a field K, let F' be
a finitely generated free R-module with ordered basis, and assume that we have a fixed
monomial order > on F'. Of course, it may well be that F' = R.

We are going to make several definitions, such as “initial term” and “initial module.”
Each of these definitions is relative to a fixed monomial order.

First note that the total ordering of monomials also gives an ordering of terms in a
weak sense. Given two terms cv, v/, where ¢, ¢ € K — {0} are nonzero scalars and v,
v/ are monomials in F', we write cv < ¢/ to mean that v < v/ and we write cv < 'V’ to
mean v < 1. There relations are transitive. Given any two terms, they will be comparable.
However, if cv < ¢/v/ and v’ < cv, the conclusion that we can draw is that v = v/, and
not that the terms are equal.

This terminology will be very convenient, especially in discussing the terms occurring
in a given element f € F — {0}. By definition, these terms involve mutually distinct
monomials, and so the relation we have introudced on terms restricts to give a linear
ordering of the terms of the element f. In particular, f # 0 has a unique greatest term
under >, which is called the initial term of f and denoted in~ (f). However, if it is clear
from context which monomial order is being used, we may simply write in(f) for the initial
term of f.

When using lexicographic, homogeneous lexicographic, or reverse lexicographic order,
the respective notations injex(f), innlex(f), or iNyeviex(f), are used.

Let M C F be an arbitrary submodule. The submodule of F' spanned by the initial
terms of all elements of M is a monomial submodule: instead of using cv as a generator,
where ¢ € K—{0} and v is a monomial, we can use v itself. This submodule of F' is denoted
ins (M) or in(M) and is called the initial module of M. It is typically not contained in
M (unless M itself is a monomial module). If F' = R and I is an ideal, in(J) is called
the initial ideal of I. Just as in the case of individual elements, we may indicate that the
monomial order used is lexicographic, homogeneous lexicographic, or reverse lexicographic
order with the respective notations injex (M), inpjex (M), Or inyeyiex(M).

With these notations in place, we want to discuss an analogue of the division algorithm
for polynomial rings in one variable over a field. However, in our case, instead of dividing
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by one polynomial to get a quotient and remainder, we may be “dividing” by several.
Furthermore, instead of working with polynomials, we may be working with elements of
F'. However, for heuristic reasons, the reader may want to think at first only about the
case where F' = R.

Let f € Fand g1, ..., g € F, where the g; are assumed to be nonzero. By a standard
expression for f in terms of the g; we mean an expression of the form

= agi+h

=1

with every ¢; € R and h € F (technically, one should work with the (r + 1)-tuple
(g1, --- ,qr, h)) such that the following two conditions are satisfied:

(1) No term of h is divisible by any of the terms in(g;).
(2) For every i such that g;g; # 0, in(q;9;) < in(f).

The element h in a standard expression as above is called a remainder for f with
respect to g1, ... ,g,. (But, again, all of these definitions depend on fixing a monomial
order.)

Note that g; may occur with coefficient ¢; = 0, in which case ¢;g; = 0 and has no
initial term: condition (2) is phrased so that the possibility ¢;g; = 0 is allowed. In fact, if
f has no term that is divisible by any in(g;), we may take all the ¢; = 0 and h = f, and so
obtain a standard expression at once. It may well be that h = 0 in a standard expression.
Condition (2) is then satisfied vacuously because h has no terms.

Also note that (2) is equivalent to the following condition that, a priori, looks stronger:
(2°) For every i, every term of g;g; is < in(f).

When ¢;g; = 0, this condition is satisfied vacuously, and so we do not need to make a
separate statement about that case. If not, this condition follows at once from (2), because
in(q;g;) is the greatest term in ¢;g;.

We shall prove that there is always a standard expression for f in terms of the g;. In
fact, we shall prove that the following procedure always yields such an expression:

Deterministic division algorithm. Let >, f, and ¢4, ... , g, as above be given. Define
a finite sequence of elements f,, with fy = f, expressions

(#n) f = Z qingi + fn

=1

and monomials v, in F' (except that v, is not defined for the final value of n) as follows.
If n = 0 the expression is simply given by taking all ¢; o = 0. If f,, has no term divisible by
any of the in(g;) the procedure stops, and we have that (#,) is a standard expression for
f with remainder h = f,,. Otherwise, once f, and the corresponding expression (#,) are
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known, let ¢, v, be the largest term of f, that is a multiple of one or more of the elements
in(g;). (The procedure that we are describing will eventually terminate no matter which of
the g; with in(g;) dividing v we choose, but we want to make it deterministic.) Let i,, be the
least integer such that in(g;, ) divides ¢,vy,, and choose ¢, i, such that cv,, = ¢ p,in(g;,, ).
Finally, we let

Jns1 = fn— c;uungina

and then we may take
9jn+1 = 4jn

for j # 1,, while
Qi ,n+1 = Gi,n + C;L/Ln
A straightforward induction then shows the following:
(a) For every j, fj4+1 and f; have the same terms for monomials strictly larger than v;,
and f; has a v; term while fj;; does not. Hence, if j > k, the terms of f; and f
agree for monomials strictly larger than v;. Moreover, for every j, the terms of f;

strictly larger than v; are not divisible by any of the in(g;) (or they would have been
subtracted off at an earlier stage).

(b) The sequence
Vo >V >Vg >

is strictly decreasing. Hence, the procedure must stop, because the set of monomials
is well-ordered by the Theorem at the top of p. 3.

(c¢) Every expression (#,) satisfies the equivalent conditions (2) and (2°). If this is true
for (#y), it will continue to be true for (#,+1), because the initial term of

/

is
Cptnin(gi,) = caln

by construction, and v, < vy < in(f).

We have proved:

Theorem. Gien f, g1, ... ,9, € F, the deterministic division algorithm presented above
produces a standard expression for f in terms of the g1, ... ,q.. Therefore, a standard
expression for f in terms of the g1, ..., g, always exists. [J

In case F' = R = K|x], with r = 1, so that we are dividing f by ¢1 = ¢ in K][z],
the standard expression we get must be f = qg + h, where deg(h) < deg(g) or h = 0.
Here, if deg(g) = d, in(g) = cx? for some ¢ # 0 in K, and the condition that h has no
term divisible by in(g) is equivalent to the condition that deg(h) < deg(g) or h = 0. The
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individual steps in the algorithm are exactly the steps in the usual division algorithm for
polynomials in one variable.

In the general case, we do not have the uniqueness statements that hold for the case of
division of a polynomial in one variable by another. Of course, the determinstic algorithm
we gave produces a unique result, but it is not the only standard expression. There are
important cases where the remainder is unique: we return to this point soon.

Ezample. Let f = x129, g1 = 21 + 23, and g3 = x5 + x3. Suppose we use hlex. Then

fi=f—za(x1 + 23) = —2223

and
fo = —woxs + x3(x2 + 23) = 513%7

which is the remainder. The standard expression we get is
T129 = To(x1 + 23) — x3(T2 + 23) + 23,
with ¢; = 29 and g2 = —x3 while fo = h = :c§ However, we also have
r129 = (—x3) (21 + 23) + 21 (72 + 23) + 3,

a different standard expression, although the remainders are the same.

Lecture of January 13

Ezample. Now consider
f=mimoxs, g1 = T2 + 23, g2 = w123 + 25
in F'= R = K[, z2, x3] with hlex as the monomial order. On the one hand,
f=2391+0-g0 — 23
is a standard expression with remainder —x3, while
f=0-g1 43292 — 23

is a standard expression with remainder —x3. Therefore, even the remainder is not unique
in general, although it is in important cases that we shall soon discuss.
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Grobner bases

Before proceeding further, we want to comment on the use of the word “basis.” By
a basis for a module we simply mean a set of generators for the module. There is no
implication that these generators are linearly independent. If we are working with a free
module, the term free basis will mean basis of linearly independent elements. In the phrase
“free module with ordered basis” the basis is understood to be a free basis.

Over a field K, every module is free. We shall use the terms “vector space basis” and
“K-vector space basis” for a set of linearly independent generators in the field case.

Throughout this section R = K|[x1, ... ,x,| is a polynomial ring over a field K, M
denotes the set of monomials in R, F' is a finitely generated free R-module with ordered
basis, and > is a fixed monomial order on F'.

The following very easy result is, nonetheless, extraordinarily useful.

Theorem. Let M C F be a submodule. If N C M is a submodule such that in(N) =
in(M), then N = M.

Proof. We shall give two proofs. First, suppose N # M. Consider the set S of monomials
of F' that occur in the initial term of an element of M — N. If this set is non-empty, it has
a least element with respect to >, since monomial orders are well-orderings. Suppose that
f € M — N has initial term cv where v is the least element of S. Then v € in(M) = in(N)
occurs as the initial term of some element g € N, and then f — cg contains only terms
strictly smaller than v. But this element is still in M — N, and its initial term must be
smaller than v, contradicting the minimality of v. [J

Here is an alternative argument. We know that in(M) = in(V) is finitely gener-
ated, since it is a monomial module. We may therefore choose finitely many elements
g1, --- »gr € N whose initial terms generated in(M). Let f € M be given. By the division
algorithm, there is a regular expression

f=> 49;+h
j=1

for f in terms of the g;. Then h € M, but no term of h is divisible by any in(g;). This
implies that h = 0, for otherwise its initial term in(h) € in(M) and so must be divisible
by some in(g;). But this shows that f € N. O

We are immediately led to make the following definition. Let M C F' be any submod-
ule. Then gy, ... ,g, is called a Grébner basis for M if the elements in(gy), ... , in(g,) are
a basis for in(M). We know that since in(M) is monomial, it is finitely generated, and so
a Grobner basis for M always exists.
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Theorem. Fvery submodule M of F' has a Grébner basis. [
Theorem. A Grobner basis for M C F' is a basis for M.
Proof. This is immediate from the first Theorem on p. 1. [

Corollary (Hilbert basis theorem). FEvery submodule of F' is finitely generated. In
particular, every ideal of R = K[xy, ... ,xy,] is finitely generated.

Proof. The submodule or ideal has a (finite) Grébner basis, which is then a basis. [
We also have:

Theorem. Let M C F be a submodule. The monomials of F not inin(M) give a K -vector
space basis for F/M.

Proof. We first show that the set of monomials Q in F' and not in in(M) are linearly
independent over K. If we have a linear relation on these monomials, we find that a
nonzero linear combination of monomials in Q is an element f of M. But then the initial
term of f € M involves a monomial not in in(M), a contradiction.

Now let f € F be given, and let ¢, ... , g, be a Grobner basis for M. By the division
algorithm, we can write f = 22:1 gjg; + h, where h is in the K-span of Q. But then
f=hmod M. O

Corollary. Let M C F and let g1, ... ,g, be a Grobner basis for M. Then for all f € F,
the remainder h in any standard expression

F=> dagi+h
j=1

s unique, i.e., h is the same no matter what standard expression is chosen.

In particular, f € F is an element of M if and only if the remainder in any standard
expression for f in terms of the Grobner basis g1, ... , g, 1S 0.

Proof. The remainder h is a K-linear combination of monomials in Q, the set of monomials
of F' not in in(M). Any two remainders represent the same element of F'/M, and so the
result follows at once from the preceding Theorem.

The final statement is then obvious. O

Notice that if we can find a Grébner basis ¢1, ... , g, for M C F (or for I C R), the
result above gives an effective test for whether an element f € F' (respectively, R) is in M
(respectively, I): one simply uses the division algorithm to find a remainder for f in terms
of g1, ... ,gr, and f € M (respectively, I) if and only if the remainder is 0.
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However, at this point we do not have an effective method for finding a Grobner
basis for M given a set of generators of M. We shall develop such a method, called the
Buchberger algorithm, at which point we have a solution for the problem of giving an
effective test for membership in M or I when we know specific generators for M or I.

Before discussing the Buchberger algorithm, we want to discuss restrictions on a
Grobner basis for M (or I) that make it unique.

A Grobner basis g1, ... ,g, for M C F' is called minimal if the monomials occurring
inin(g1), ..., in(g,) are the minimal monomials in in(M). Evidently, every Grobner basis
for M has a subset that is a minimal Grobner basis. Notice that every minimal Grobner
basis for M has the same cardinality as the set of minimal monomials in(M). We shall say
that an ordered Grébner basis g1, ... , g, for M C F' is reduced if it satisfies the following
four conditions:

(1) g1, ...,y is minimal.

(2) in(g1) > in(g2) > --- > in(g,).

(3) Every in(g;) is a monomial, i.e., the coefficient in every initial term is 1.
(4) For all i # j, in(g;) does not divide any term in g;.

There is variation in the literature in the use of the term “reduced Grobner basis,”
but conditions (1) and (4) are always assumed. We have chosen the usage that makes a
reduced Grobner basis for M unique, as we shall see below.

As already noted, any Grobner basis has a subset that is minimal, and the elements
can then be ordered uniquely so that the sequence of initial terms is strictly decreasing.
Obviously, one can multiply each term by the reciprocal of the coefficient of the initial
term, and therefore conditions (1), (2), and (3) are readily achieved. Note that it is obvous
that the sequence of initial terms is then the same as the sequence of minimal monomial
generators of in(M), arranged in strictly decreasing order. We can guarantee condition (4)
as follows. Replace g; by its remainder in a standard expression with respect to division
by g2, ..., g-. Then replace g by its remainder in a standard exrpession with respect to
division by g3, ..., g.. Continue in this way for r — 1 steps. At the ¢th step, replace g;
by its remainder in a standard expression with respect to division by g;+1, ..., gr.

It is easy to see that the result satisfies all of the conditions (1) — (4). The first three
conditions are not disturbed. Given i < j, in(g;) is bigger than any term in g;, and so
cannot divide g;, while no term in g; is divisible by in(g;), because g; is the remainder in
a standard expression for division by elements one of which has the same initial term as
g;. Note that while the g, change, their initial terms do not change.

Since we can use the deterministic division algorithm at each step, we see that we
can pass algorithmically from a Grobner basis to a reduced Grobner basis. We have now
proved the first statement in the Theorem below.

Theorem. Let M C F (or I C R) be given. Then M (respectively, I) has a reduced
Grobner basis, and it is unique.
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Proof. It remains only to prove uniqueness and, as usual, it suffices to consider the case of
modules. We need only show that if ¢1, ..., ¢, and ¢}, ... ,g. are two reduced Grébner
bases for M, then g; = ¢ for all i. We know a priori that in(g;) = in(g,) for all I. We use
reverse induction on i. Apply the division algorithm to find a standard expression for g/
in terms of g1, ... ,g,. We know that the remainder will be 0. Moreover, at every stage,
the initial terms of g1, ... ,g,_1 are too large to be used. At the very first step in the
algorithm, we subtract g, from g/. to produce an element of M all of whose terms involve
only monomials < in(g,) = in(g..). Since this is the least monomial in in(M), it follows
that g, — g.. = 0. This gives the base step of the induction.

Now assume that ¢ < r and that g; = gg- for 5 > i. Perform the division algorithm
for g, with respect to g1, ..., gr. The terms g1, ..., g;—1 are all too large ever to be used.
At the first step, one gets g; — ¢;: the initial terms cancel, all remaining terms are strictly
smaller than in(g;) = in(g}), and none of them is divisible by in(g;) for j > ¢, since this is
true for all terms but the greatest in both g; and g¢;. Since the remainder must be 0, we
must have that g, — g, = 0, and so g; = g/, as required. [

Revisited example. Consider again the example on p. 1, in which g; = z179 + 23 and
go = x173 + 3. The elements g; and gs are certainly minimal generators for an ideal I
of K[z, o, x3]. They are not, however, a Grobner basis using hlex. The initial terms
of these two elements are xi1xo and xix3. Note that z397 — 292 = x% — 3 has initial
term —z3, which shows that in(g;) and in(g2) are not the only minimal elements of in(I).
In fact, we know this a priori, since remainders of division with respect to g1, g2 are not

unique.

Lecture of January 15

The notion of Grobner basis is non-trivial and of some interest even when there are
no indeterminates, i.e., when R = K is a field, and F' = K*.

Consider an r x s matrix A = (am) over a field K. The leftmost nonzero entry of a
nonzero row of A is called the leading or initial entry. Recall that A is said to be in reduced
row echelon form if it satisfies the following conditions:

(1) The nonzero rows precede the rows that are 0.
(2) The leading entry of every nonzero row is 1.

(3) If there are p nonzero rows, and if the leading entry of the ¢ th row in the j; th column,
then j; < jo <--- < jp.

(4) If the leading entry of the i th row occurs in the j; th column, then all other entries in
the j; th column are 0.

The key result from elementary linear algebra about reduced row echelon form is that
every r X s matrix over K has the same row space as a unique matrix in reduced row echelon
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form. Moreover, the given matrix can be put into reduced row echelon form by a sequence
of elementary row operations (i.e., multiplying a row by a nonzero scalar, permuting the
rows, and adding a multiple of one row to another). This gives a canonical basis for the
row space of the original matrix (but this canonical basis does depend on having made a
choice of basis for K*).

Suppose that A is in reduced row echelon form and call the nonzero rows fi, ..., f,.
The initial term of f; is e;,. Condition (4) guarantees that the initial term of f; does
not divide any term in any other f;. If we have any nonzero element ¢y f1 +--- + ¢, f, of
the row space, its initial term will be c;e;, for the smallest value of 7 such that ¢; # 0.
Consequently:

Proposition. Let the monomial order for K°® be such that e; > es > --- > es. An
r X s matriz over the field K is in reduced row echelon form if and only if its nonzero
rows precede its zero rows and its nonzero rows form a reduced Grobner basis for its row
space. [

Relations on monomials and terms

Let M C F = R® be any monomial submodule. Since M is generated by monomials
piej, it follows that
M:I161®-~-69[ses

where every I; is a monomial ideal of R. Understanding the relations on generators for
M is therefore equivalent to understanding the relations on generators for several separate
monomial ideals of R.

We therefore focus first on understanding generators for the module of relations on
a sequence [i1, ..., of monomials in the polynomial ring R = K|z, ... ,z,]. For each
pair of monomials p; and p; with 7 # j, we get one “obvious” minimal relation: it comes
from the trivial relation that corresponds to the equation

pjps = priphy =0

by dividing both coefficients p; and —p; by A;; = GCD(u;, p1;). (Trivial relatons are also
called Koszul relations, and the relation obtained by dividing by A is sometimes called a
divided Koszul relation.) Thus, if I = (1, ..., u.)R and we map R™ — R by the map
that sends e; — p;, the kernel will contain the elements

0, = Ki‘ei—gjj‘ejERr.
ij 1]

In fact, all relations on y; and 1 are multiples of 8;;. This is a consequence of the following:

Lemma. Letpuy and ps be any two nonzero elements of a UFD R, and let A = GCD(p1, p2),
so that p1 = f1A and and pe = foA, with GCD(f1, f2) = 1. Then (f2, —f1) generates
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the module of relations on py and ps. In other words, if gip1 + gap2 = 0, then (g1, g2) is
a multiple of (fa, —f1)-

Proof. Since g1 + gopo = 0, we have that g1 Af; + g2Afo = 0, and so g1 f1 + g2 f2 = 0.
Since fy divides g1 fi while GCD(f1, f2) = 1, we have that fo divides g1, say g1 = qfo.
Then qf2f1 + g2f2 = 0, and so g2 = —qf1, i.e., (g1, 92) = q(f2, —f1), as required. [
Example. If py = z223x3x4 and pp = w3327, then the trivial or Koszul relation on these
two monomials is given by (23232}, —x3z3xjzs), while 6 5 is the result of factoring out
the GCD, which is z3x3z4, i.e., 612 = (v123, —2323).

We next want to show that the 0;; generate all relations on the p;. We first discuss the
notion of an N"-grading, and more general gradings. Let H be a commutative semigroup
(which means that the operation is associative) with identity 0, and suppose that the binary
operation for H is written additively. An H-graded ring is a ring R with a direct sum
decomposition R = @heH R;, as an abelian group such that 1 € Ry and Ry Rp C Rp4pn
for all h, b’ € H. An H-graded module M over an H-graded ring R is then an R-module
M with a direct sum decomposition M = P, ., M, as an abelian group such that that
Ry My C My for all h, b’ € H. Note that this implies that every M}, is an Rp-module.
An element of R or M is called homogeneous or a form if it is in one of the Ry or M.

If f is in an H-graded ring or module, the direct sum decomposition provides a
decomposition of f into homogeneous components, one for every element of H, just as in
the N-graded case.

An ideal (respectively, a submodule) of an H-graded ring R (respectively, an H-
graded module M) is called a homogeneous or graded ideal (respectively, submodule) if the
following two equivalent conditions hold:

(1) It is generated by homogeneous elements.
(2) It contains all of the homogeneous components of all of its elements.

Suppose that we take H = N". Then it is easy to see that the polynomial ring R =
Kz, ... ,x,] is N"-graded, where, if « € N*, R, = Kz®. This is simply a consequence
of the fact that z®z® = 7. In this case, the homogeneous ideals (with respect to the
N"-grading) are precisely the monomial ideals. We can now prove:

Proposition. The relations 0;; generate all the relations on the monomials 1, ... , p,.

Proof. Suppose that we have a relation corresponding to

(*) > fim =0.
k=1

(Officially, the relation is 25:1 fje; € R".) Only finitely many degrees occur when we
expanded out all the products occurring in the summation: call these degrees aq, ..., as.
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Fix one of these degrees a; € N". For every i, the the sum of the terms of degree «;
occurring in (x) is 0. If the degree of p1; = §;, this sum can be represented as

r

(i) D fila—p s =0,

k=1

where [f;], denotes the degree v component of f;. The original relation is the sum of the
relations corresponding to the equations (x;). Therefore, it suffices to show that each of
the relations corresponding to one of the equations (*;) is an R-linear combination of the
6;;. Thus, we need only consider relations in which the degree of every product is z® for
some fixed a. These are homogeneous relations.

We may drop the terms with coefficient 0. After renumbering the monomials, we
may assume without loss of generality that for every j, f; is a nonzero term c; u} where
u9 p; = x%, and o is independent of j. The fact that

T

(o) D (eiuf)p; =0
j=1

is then simply the assertion that 22:1 cj=0,andso ¢, =—3 )

The given relation is therefore the sum of r — 1 relations corresponding to equations
of the form

(rox) g — Cjfipfir =0

where 1 < ¢ < r — 1. Since this equation corresponds to a relation on just two monomials,
namely, 1; and .., by the preceding Lemma the corresponding relation must be a multiple
of gjr- ]

FEzample. The 0;; are not necessarily a minimal set of generators for the relations on the
pj. For example, suppose that p; = xoxs, g2 = v123 and p3 = xr122. Then we have that
912 = (111'1, T2, O), 013 = (Z‘l, 0, —l’g), and 923 = (0, o, —(133). Since 913 = 912 + 023, we
only need two of these three relations in a minimal basis.

We want to extend this type of relation 6;; to terms ~; = c;pien, and v = cjpjen, in
a free module F’ with ordered basis provided that «; and v; involve the same ordered basis
element e,,. Here, ¢; and ¢; are nonzero scalars in K, while m; and p; are monomials in
R. In this case we let A;; = GCD(v;, 7;), which we define to be GCD(u;, pt)en,. We also
define v;/A;; to be ¢;p; /GCD(p;, p1;), which is a term in R. We still have

(vi/Aij) Aij = i

We can now define

Gij = XJBZ - ZJ:‘GJ' €R",
ij ij

just as in the case of monomials in R. We have at once:
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Lemma. if vy, ... ,v,. are terms in F, the module of relations on the elements vy, ...,y
is generated by the relations 0;; for those choices of i, j such that v; and ~y; involve the
same element of the ordered basis for F'. [

We shall later discuss a similar result that gives an entire finite free resolution for
monomial ideals and submodules. This resolution was discovered by Diana Taylor in the
1960s. However, it is not minimal. In fact, the minimal resolution of a monomial ideal
may depend on the characteristic of the field K.

The Buchberger criterion and algorithm

Let R = K|z, ... ,x,] be a polynomial ring over a field K, let F' be a finitely gener-
ated free module with ordered basis, and let M C F' be a submodule. Let ¢1, ... ,9, € M
be elements that generate M. The following theorem gives necessary and sufficient condi-
tions for the g; to be a Grobner basis for M. Once this result is known, one immediately
gets an algorithm for enlarging a given set of generators of M to a Grobner basis for M.

The idea underlying the criterion is to try to produce new elements of in(M) from the
given g; in an obvious way: first take an efficient monomial linear combination of g; and
g; that gets their initial terms to cancel. Divide the result with respect to the g1, ..., g,.
If the remainder is nonzero, its initial term cannot be in the R-span of the in(g,), and we
have taken a further step towards finding a Grobner basis. If all of the remainders are 0,
we hope that we already have a Grobner basis. This is true.

Here is a precise formulation. Let ¢y, ...,g, be generators for M C F and let
V1, ...,V be their respective initial terms. For every pair of indices ¢ # j such that
v; and v; involve the same element of the ordered basis for F', let
J Vi

G — Y

where A;; = GCD(v;, v;). Let h;; be a remainder for division of G;; with respect to
g1, - -+ ,gr (the remainder in any standard expression can be used: this need not be the
result of using the deterministic division algorithm).

Theorem (Buchberger Criterion). With notation as in the paragraph above, g1, ... , g,
is a Grobner basis for M if and only if all of the h;; = 0.

We postpone the proof of the sufficiency of the condition momentarily. When we do
give the proof, we shall establish a somewhat weaker sufficient condition.

The condition given above is clearly necessary: if the g1, ... , g, form a Grobner basis
for M, then since Gy; is clearly in M, our test for membership in M implies that the
remainder in any standard expression when we divide G;; with respect to the Grobner
basis g1, ... ,gr 18 0.
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We note that this gives an effective algorithm for finding a Grobner basis for M given
generators g1, ..., gr. We calculate values for the h;;. If one of these is nonzero, its initial
term cannot be in the span of in(g1),...,in(g,). (To make the process choice-free, we
can use the least value of ¢ for which h;; # 0, and, for that 4, the least value of j.) We
then enlarge the original set of generators by including this element h;;. The R-span of
the initial terms has increased. Since F' is Noetherian, the process must terminate, i.e.,
eventually we reach a set of generators for which all of the h;; are 0. The Buchberger
criterion now implies that we have a Grobner basis for M. This method is called the
Buchberger algorithm.

We do not, however, have an a priori estimate for how many steps will be needed to
find the Grobner basis. In worst cases, the number of steps is double exponential. However,
in practice, the method is useful in many of the examples that come up.

Lecture of January 20

We give one example of how one starts to calculate a Grobner basis in a specific
instance. Let g1 = a:%a;gm + x§ and go = .:z:lxg.r?l + .rji be generators for an ideal I in
R = K[z, x2, x3, x4] and suppose that we are using hlex as the monomial order. Then
v, = in(g1) = 23x224 and vy = in(ge) = z12377 are elements of in(I). To test whethre
this is a Grobner basis we calculate G1o and hia. Here, Ao = GCD(vy, v5) = 2124, and

SO
2 2
L13%y L1L2X4 2 4 2 4
= — g2 = w3xy(TiToxy + 23) — T1x2 (T 2327 + TY).

1
T1T4 T1X4

Note that the multiples of the two initial terms cancel. This simplifies to
Gio = 1324 — 112077,

and no term is a multiple of v or s, so that we may take G132 = his. We see that
xlxzxﬁ € in(I), and we now consider whether g1, g2, h12 might be a Grobner basis.

We have yet to prove that the Buchberger criterion stated last time gives a sufficient
condition for g1, ..., g, to be a Grobner basis. In fact, we shall prove a sharper result.
Before stating the new version, we want to observe:

Lemma. Let g1, ... ,g, be nonzero elements of F', with our usual notation conventions.
If g; and g; are such that all of their terms involve the same element e; of the ordered basis
for F (this condition is automatically satisfied if F = R), and if the initial terms v; of g;
and v; of g; are relatively prime (i.e., their GCD is e; ), then there is a standard expression
for G;; under division with respect to g1, ... ,gr such that the remainder h;; = 0.

The proof is left as an exercise: see Problem Set #1, Problem 6.

We now state our sharpened version of the Buchberger criterion. R = K[x1, ... , 2]
is a polynomial ring over a field K, and g1, ..., g, are nonzero generators of a module
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M C F, where F is a finitely generated free R-module with ordered basis. Let v; = in(g;)
for 1 < j <r. Consider any set of pairs of indices i) < j such that

(1) For every A, v;, and v;, involve the same basis element of F.

(2) The standard relations 6 generate the module of relations on the terms vy, ... ,v,.

SV
For every A, let

o vj _ Vi :
A GCD(ViAanA)gZ GCD(ViMVjA)gj.

G

For every A, let h;, ;, be the remainder in any standard expression for G, ;, divided by
g1, - -, gr- (One does not have to use the remainder that arises from the deterministic
division algorithm.)

Theorem (sharpened Buchberger criterion). Let notation be as in the preceding
paragraph. A necessary and sufficient condition for g1, ... ,g. to be a Grébner basis for
M is that every h;,;, = 0. If F = R, the condition is still sufficient if one only checks
those \ such that in(g;,) and in(g;,) are not relatively prime. (More generally, one can
omit the check for X whenever g;, and g;, have all terms involving the same element of
the ordered basis for F, and in(g;,) and in(g;,) are relatively prime.)

The original statement used all pairs v;, v; involving the same element of the ordered
basis in defining the h;;. We have cut down the number of pairs needed in two ways. First,
we only need to use enough pairs to get a basis for the relations on vy, ... ,v,.. It is often
the case that one can use far fewer pairs. Second, when F' = R, one can omit checking
whether the remainder is 0 for any pair such that the monomials in the initial terms are
relatively prime.

It is obvious that the condition in the sharpened Buchberger criterion is necessary.
Before giving the proof of sufficiency, we make the following observation. Given a monomial
order on F, for every element e; in the ordered basis we get a monomial order on the ring,
which we denote >;, defined by the rule u; > po precisely when pie; > poe;. In many
cases all of these monomial orders on R are the same, but this need not be true in general.
However, if f € R — {0}, g € F — {0}, and in(g) involves e;, then

(t) in(fg) = in,(f)in(g).

To see why this is true, consider what happens when we calculate fg by applying the
distributive law and taking all products of a term of f and a term of g. First consider
only those terms that involve e;. The specified term occurs, and it is clear that all other
terms occurring that involve e; are strictly smaller, so that it cannot be cancelled. Thus,
it suffices to show that any product of a term p; of f and a term poe; of g with j # t is
also <ins,(f)in(g) — the inequality must then be strict, because j # t. But use; <in(g),
and so

papize; < piin(g).
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Since p1 <; ins,(f) by definition of ins, (f), we have that

pin(g) < ins,(f)in(g),

as required. [

We are now ready to give the argument for sufficiency.

Proof of sufficiency for the sharpened Buchberger criterion. First, in the case where F' = R,
note that the omission of checking the remainder when the initial terms are relatively prime
is justified by the Lemma above: one can always choose a standard expression for which
the remainder is 0, and so checking those pairs is unnecessary.

Now suppose that all the h;, j, = 0. We must prove that g1, ... , g, is a Grobner basis.
We assume the contrary, and obtain a contradiction.

If the g1, ..., g, are not a Grobner basis, we can choose
F=>Y_ g
j=1

such that in(f) is not a multiple of any of the v;. We fix one such element f for the
remainder of the proof. Let ¢ denote the r-tuple (f1, ..., fr). Consider those terms on
the right such that f; # 0 and for these the ones such that the monomial v4 corresponding
to in(f;g;) is largest as j varies: there may be several values of j that give rise to the same
largest monomial v4. There are typically many ways to write f as a linear combination
of g1, ... ,9-. Choose such a representation in such a way that vy is minimum. This is
possible because the monomial ordering on F'is a well-ordering. We simply write v = vy.

We shall obtain a contradiction by proving that if in(f) is not a multiple of any v,
then we can find a different representation for f as a linear combination of the g; such
that the value of vy is strictly smaller.

After renumbering the g;, we may assume that a nonzero scalar multiple of v is the

initial term of f;g; for 1 <4 <k, and not for f;g; with j > k. Each of fyr1gx+1, ..., fror
only involves terms that are strictly smaller than v. To complete the argument, it will
suffice to show that f1g1 +- - -+ frgr can be rewritten as a linear combination of g1, ... , g,

so that the initial term of every product occurring in the sum is < v.

Suppose that v involves e;. Observe that by the discussion on p. 2 leading to the
displayed formula (), we know that for 1 < ¢ < k, in(f;9;) = pivi, where p; = ins, (f;).
Here, each p;v; is a scalar multiple of v. We consider two cases.

First case. Here, we assume that Zle wiv; # 0. In this case, the value of the sum is
a nonzero scalar multiple of v, and so the initial term of f is evidently a nonzero scalar
multiple of v as well. This is an immediate contradiction, because, up to multiplication
by a nonzero scalar, v is the same as p;v; for 1 < ¢ < k, and so is a multiple of v; for
1 <4 < k. But this contradicts the assumption that v is not a multiple of any v;.
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Second case. We assume that Zle wiv; = 0. We may write f; = u; + ﬁ for 1 <i <k,

and then we have
k k N T
F=> wgi+> figi+ > figi-
i=1 i=1 j=k+1

All terms occurring in the second and third sums are < v. Therefore, it will suffice to show
that the first term, Z,];:l [4;g;, can be rewritten as a linear combination Z;:1 ¢jg; in such
a way that every in(q;g;) < v: after combining terms, we will have a new representation
for f with a smaller v.

Since
k
> pivi =0,
i=1
we have that i
Z Hi€q
i=1
is a relation on vy, ... ,v,.. This relation has the same degree as v, in the sense that each

of the products has the same degree in N" as v. It follows that it can be written as a linear
combination of the 6;, ;,. Moreover, we may think of ¢ as having the same degree as
LCM((v;,, v;,). We therefore have an equation

K
(#) D piei =Y by,
i=1 \

where the sum is extended over the indices A that are needed (we do not include summands
with coefficient 0), and each () is a term such that

deg(Cy) + deg(gixjx) = deg(v).

We now apply to (#) the map R"” — R sending ey, ... ,e, to g1, ... , g, respectively. This

yields
k
(%) Zﬂz‘gi = Z SYEINTS
i=1 A

IxJx

Here,
Vijx Viy

X T GCD(ui, v5,) " GCD(w;,, v )

Here, the initial term of each summand on the right is the same

G

Vix Vix

“NGCD(ni,, 17)) 2 GCD(wiy, v3,)

which is the same up to a nonzero scalar multiple as LCM(v;, , v;, ). Since the initial terms
cancel, we have that
in(GiAjA) < LCM(VU ) ij)v
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and it follows that when we multiply by {\ we have that
in(C/\GiAjA) <.

By hypothesis, every G, j, has a standard expression of the form 2;21 qj’-\gj in which the
initial term of each product in the sum is < in(Gj,;, ). We now substitute into (x) above

to obtain i
-
> nigi =) 0}y
i=1

A j=1

and for all A and j we have
in(CAQ;\gj) < Ckin(Giu‘A) = in(CAGiAjA) <V,

exactly as required. [
Review of complexes and homology

By a complex over a ring A we mean a sequence of A-modules and A-module maps

dt d
(*) "'—>Gt+1i>Gt—t>Gt_1—>"'

indexed by Z such that for all ¢, d; o d;41 = 0. However, we shall frequently consider
complexes such that G; = 0 for all £ < 0, and when we talk about the complex

=G > G =Gy — - >G> G — 0

we mean to imply that all negative terms vanish. We refer to a complex in which G; =0
for © < 0 as a left complex. Likewise, when we talk about the complex

0—=Gr =Gy — - =G — -+

we mean to imply that G; = 0 for i > k. We frequently write (G,,ds) or simpy Ge to
described a complex as in (x). Note that the condition that d; o d;11 = 0 is equivalent to
the conditon that Im (d¢11) C Ker (d;). We define the ¢ th homology module of the complex
G, denoted Hy(G,), by

Ht(G.) = Ker (dt)/Im (dt+1)-

The module Ker (d;) is referred to as the module of cycles in G; (and its elements are
called cycles, and the module Im (d;11) is referred to as the module of boundaries in G
(and its elements are called boundaries). In a complex, every boundary is a cycle.

The complex G, is called exact at Gy or exact at the tth spot if, equivalently,
Im (diy1) = Ker(d;) or H(Ge) = 0. Thus, when we have exactness at Gy, every cy-
cle in G is a boundary (the converse statement always holds in a complex). A complex



32

is called ezxact if it is exact at every spot. Equivalently, a complex is exact if all of its
homology modules vanish. A left complex G, is called acyclic if H(Go) =0 for all ¢ > 1.
This leaves the possibility that Hy(Ge) # 0. In this Ho(G) = Go/Im (G1), and Hy(G,) is
sometimes referred to as the augmentation module for Go. The augmented complex

o5 G =5 G = Gy — Ho(Ge) — 0

is exact.

By a map ¢ = ¢ of complexes of A-modules Fy — G4 we mean a family of A-module
maps ¢, : Fy — G, such that the diagram

- — P Fy > By ———— -
¢t+1J/ ¢tl th—ll
- — Gt+1 > Gt Gt—l —_— -

commutes. In this case, for each ¢ there is a map of homology H;(F,) — Hi(G,): if z € F}
is a cycle representing an element [z] € Hy(F,), the value of the induced map on [z] is
[¢+(2)], which turns out to depend only on [z]. If all the ¢; are injective, F, is called a
subcomplex of G4, and if all the ¢; are surjective, G, is called a quotient complex of Fy,.

One says that
0= FEe = Foe —Gog —0

is a short exact sequence of complezes if for every t the sequence
0—=>E —-F —-G —0

is exact and, in this case, the Snake Lemma or Serpent Lemma asserts there is a long exact
sequence of homology

o= Hi1(Ge) = Hy(Ee) — Hy(Fy) — Hi(Ge) = Hi—1(Ee) — - -

The maps 0; : Hi(Gos) — Hi_1(F.) are referred to as the connecting homomorphisms.
If z € Gy is a cycle representing a homology class [z], we can choose an element z € F}
that maps to it. The image y of z in F;_; maps to 0 in GG;_1, and so there is an element
y € E;_1 that maps to y. It is easy to see that y is a cycle in F;_1, and one defines
0¢([2]) = [y]. The definition turns out to be independent of the choices made.

Whenever ¢o : Eq — F, is a subcomplex, we may form a quotient complex G4 by
letting G; = Coker (¢¢) = Fy/Im (E;). The differential is induced by the differential on F,.
Similarly, whenever Fy — G, is a quotient complex, we may let E; = Ker (¢;) C F}, and
FE, is a subcomplex under the restriction of the differential on F,. In both these cases, the
sequence 0 = F, — Fy — G4 — 0 is a short exact sequence of complexes.
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Some acyclic complexes and Diana Taylor’s resolution for monomial ideals

Let B be any commutative ring. Let k£ € N be fixed, and let G; denote the free
module B-module with free basis w;, ... ;,,, where 1 <i; <143 < -+ <iyy1 < k, so that
the generators of G, are in bijective correspondence with the ¢t 4+ 1 element subsets of
{1, 2, ..., k}. In fact, if 0 = {d1, ..., dgp1} with 1 <43 < .-+ < @311 < k, we shall also

write u, for w;, . i,

Ift>k—1ort <0 we define G; = 0. Then one forms a complex
0—=>Gir1—--—>Gyp—0

by defining the differential on G} as follows. Since G; is free, it suffices to specify the
differential d; on a typical generator, and if o is the set {i1,... 441} with

1§’i1<"'<it+1§k‘
then d;(u,) = Z;J:l(—l)jua_{ij}. It is easy to check that d;_; od; = 0. The point is that
after applying both maps, one gets a sum of terms Tl (i} aS ] # 7' run through all
pairs of distinct integers in the set {1, ..., ¢+ 1}. Each term occurs exactly twice, once
when ; is deleted first and then i;,, and a second time when ¢/ is deleted first and then

;. It easy to verify that the signs one gets on these two occurrences are opposite, so that
all terms cancel.

For those familiar with simplicial homology, we remark that this complex is precisely
the complex used to calculate the simplicial homology of a (k — 1)-simplex. It is therefore
well-known that:

Proposition. For all k > 1, the complex G4 described above is acyclic and Hyo(Go) = B.
Moreover, if we augment G by letting G_1 = Bugy, where the new differential maps every
u; to ug, the complex

0—=>Gp1— - —=>Gy—=G_1 =0

18 exact.

Proof. We shall give two elementary proofs of this. We leave it to the reader to check that
the first statement implies the second.

In the first proof proceed by induction on k. If k = 1, the complex is simply
0— Bu; — 0

and the result is clear. Suppse £ > 1. In the general case, note that the complex F,
corresponding to the set 1, 2, ...k — 1 is a subcomplex. The quotient complex has free
generators indexed by subsets of {1, 2, ..., k} such that k is an element of the subset.
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These are in bijective correspondence with the subsets of {1,...,k — 1} (including the
empty set), and this gives a complex isomorphic with the augmented complex of F' except
that degrees are shifted by 1. Thus, the quotient G4 /F, is not merely acyclic, but exact,
because it is augmented, and the result is now immediate from the Snake Lemma. [J

We can also prove acyclicty as follows. Let h; : Gy — G141 be the map that sends
uy — 0if 1 € o and to Uyqyy, otherwise. Then for every o,

dt+1 (ht(ug)) + ht—l (dt(ug)) = Uy

for ¢ > 1 (consider the cases where 1 € o and 1 ¢ o separately). Thus, d;y1hy + he—1d; is
the identity map on G;. Suppose that z € G; is a cycle, where ¢ > 1. Then

dt+1 (h(Z)) + ht—l(dt<z)> = Z.

Since di(z) = 0, di+1(h(2)) = 2, so that every cycle z is a boundary for ¢ > 1. It remains
to check that Hy(G.) = B, which we leave as an informal exercise. [

We next want to describe Diana Taylor’s resolution of a monomial ideal. We emphasize
that these resolutions are rarely minimal.

We can make use of an arbitrary base ring B. Let A = Blz1, ... ,z,] be a poly-
nomial ring and let pi, ..., pur be monomials in A. We shall describe the resolution as
an N™-graded complex: the generators of the free modules will typically have degrees in
N™. The free basis of the tth free module will consist of elements U;, . ;,., indexed by
sequences 1 < 47 < -+ < 9441 < k, just as before. We give this generator the same
degree as LCM(j4;,, ... , fti,,,). Then F}; is spanned as a free B-module by the elements
pUi, ... issr» Where pis a monomial in A, and this element will have the same degree
as uLCM(ptiy, -+ - s phiyy,).- I o = {i1,... i1}, it will be convenient to write U, for
Ui,,... i,s1» and to define

LCM(MU) - LCM(/UJH’ SR :uit+1>'
We can now define the differential on F, by the rule
t+1
j LCM(UU)
di(Us) = ) (=1) Us—{is}
Note that this formula preserves degrees. Let I = (uq, ... , ux)A, and augment the complex

F, by the map Fy — I such that U; — pu; for 1 < i < k. Note that the maps d; preserve
degree.

Theorem (Diana Taylor). Let A = Blxy, ... ,%n], p1, .-, bk, I, and Fy be as above.
Then
0= Fypq1—-—Fyp—0
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is an acyclic complex that gives a free resolution of I, i.e., the augmented complex
0—=Fy 17— —=F—=>1—-0

18 exact.

Lecture of January 22

Proof. Because the maps are degree preserving, it suffices to prove that the complex is
exact in each degree a. In fact, the full complex

0—=Fy1—--—=Fp—=1—0
is the direct sum of the homogeneous subcomplexes
(*a) 0= [Fr-1]a — -+ [Fola = [I]a — 0.

It will therefore suffice to prove that each of the complexes (*,) is exact.

Note the following: the contribution to [F}], from AU, is 0 unless LCM(u,) divides
x®. In this case, there is a unique monomial v, such that v,LCM(uy) = x, so that [F],
is the free B-module generated by the elements v,U, such that LCM(u,) divides . Let
Wiy s -y Mg, With j1 < --- < j be the generators of I that divide c. Then LCM(u,)
divides z® iff p; divides z® for every i € o iff 0 C {j1, ..., jn}-

Therefore, if x® ¢ I, every [Fi], = 0 and [I], = 0, while if z* € I, and S, =
{1y, -, iy, } is the set of generators of I that divide x®, [Fi], is the free B-module on
the elements v,U, such that 0 C S, and o is a set with ¢ + 1 elements. The set S, is in
bijective correspondence with {1, ..., h}, with u;, corresponding to ¢, and for each ¢ + 1
element subset 7 of {1, ..., h} we may let u, denote the element v,U, € [F}|,, where o is
the ¢ 4+ 1 element subset of S, corresponding to 7. The complex [F}], is then isomorphic
to an augmented complex GG over B of the form described at the bottom of p. 6 and on
p. 7 of the Lecture Notes of January 20 (but with h replacing k), and so is exact by the
Proposition on p. 7 of those notes. [

Finding Hilbert-Poincaré series

Let M be a finitely generated module over K[zy, ... ,z,]. When we consider the N"
grading on R, we shall allow Z™-gradings on M. When we consider the N-grading on R,
we shall allow Z-gradings on M.

Note that, quite generally, when H C H’ is a subsemigroup of the additive semigroup
H’ and R is an H-graded ring, we can also view R as H’-graded by letting Ry, = 0 for
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h' € H' — H. Therefore, we can consider H'-graded modules M over the H-graded ring
R. In effect, the condition becomes that for h € H and h' € H', Ry My, C Mpyp.

In our cases H =N" and H' =7Z" or H =N and H = Z.

Because M is finitely generated over R = K|xq, ... ,x,], if —B is the smallest integer
such that some generator of M has a degree involving — B, then all nonzero homogeneous
elements of M have degree > —B in every coordinate: when we multiply by monomials in
R, degrees can only increase.

When M is Z-graded, this means that there only finitely many nonzero components
of M in negative degree.

If « € Z", we define M («) (sometimes called M twisted by « or the ath twist of M)
to be the Z"-graded module that is isomorphic to M as an R-module but with grading
shifted so that for all g € Z",

[M(a)]p = Mayp-

One reason for introducing these shifted gradings is that in considering free resolutions of
graded modules one often wants to use maps that preserve degree. In doing this, one may
need to shift gradings even when working with free modules.

Consider one of the simplest possible examples, where R = K|[z| and M = K|z|/xK|z],
which has the free resolution:

0— K[z] = Klz] = M —0

The element 1 € K|z] in the leftmost module maps to x in the copy of K|z| to the right.
If the map is to be degree-preserving, we need 1 € K|x] to have degree 1. If the right hand
copy of K[z] has the usual grading, this means that the leftmost copy should be twisted
by —1. The resolution is then

0—=R(-1) 5 R— M —0.
Note that [R(—1)]1 = [R]i4(—1) = [R]o = K, so that 1 has degree 1 in R(—1). Typically,
1 has degree t in R(—t) for all t € Z.

Also note that any finitely generated Z"-graded module M over R = K|z1, ..., zy,]
has a twist M («) with the property that [M(a)|s is a nonzero component only if 8 €
N”. If no generator involves a degree smaller than —B in any component, we may take

a = (—=B,...,—B). If 8 has any strictly negative entry, a +  has entry < —B, and
[M(a)]s = 0.

We next define the Hilbert-Poincaré series P, (21, ... , z,) of an N"-graded module
M over K[xy, ... ,x,| (here, the superscript p indicates that we are using the N"-graded

version) by the formula

Phr (a1, o z) = Phg(2) = Y dimpe([M]a)2",

aEL™
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which a priori is an element of

Zl[z1, ooy zn)](1) 21 20).

However, we shall soon prove that these series are actually rational functions of 21, ... , z,.

We first consider the case of R itself. Then

Phy(2) = Z zo‘:(1+21+Z%+"')(1+Z2+Z§+"')"'(1+Zn+2’,21+"')
aeN™

n

1 1
:Hl—zi T (=)

=1

Note that if we have a short exact sequence of Z"-graded finitely generated modules
and degree-preserving maps, say 0 — My — M; — My — 0, then we get a short exact
sequence of vector spaces

0 — [Ms]a — [Mi]a — [Mola — 0

for every a. It follows that

P, (2) = Bl (2) + B, (2)-
More generally, given a finite exact sequence
00— My —---—=My—0

of finitely generated N"-graded modules and degree preserving maps, we have that

h

> (B, (2) =0

1=0

This follows simply because the exact sequence of length h can be broken up into short
exact sequences. Diana Taylor’s resolution for monomial ideals now yields the following.

Theorem. Let I be a monomial ideal with generators pu; = x**, ..., up = % i R =
Klzy, ... ,xn]. Then ‘,B‘}"%/[(z) is a rational function of z1, ... ,z, whose numerator has
integer coefficients and whose denominator is at worst [, (1 — z;). More precisely, let

Yt denote the sum of the least common multiples of the monomials z**, ..., z%F taken t
at a time, for 0 <t <k, where X9 = 1. Then

Y=+ 8-+ (C1)FE,

ry1(2) = [T, (1— =)
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Proof. We can modify Diana Taylor’s resolution slightly by putting it together with the
short exact sequence 0 - I — R — R/I — 0 to give

0—>Fxq1—>—>F—R—R/I—0.

Consequently, we have

e
[
—_

(5) Pryr(2) =Prz) = ()P, (2).

s
I
o

F; is the direct sum of copies of R, one for each i+ 1 element subset o of {1, ..., k}, with
the generator of R in degree LCM(u,) = 2”>. The Hilbert-Poincare series of this cyclic
free module is 27 (2). It follows that the Hilbert-Poincaré series

P (2) = i1 Pr(2).
The result now follows from substituting this in (%) and noting that

B(s) — 1
P =gmaay "

Corollary. If F' = R? is free, for every monomial submodule M of F', F/M and M have
Hilbert-Poincaré series that are rational functions whose numerator is a polynomial with
integer coefficients and whose denominator is at worst [[_ (1 — z;).

Proof. The monomial submodule is a direct sum of monomial ideals, one in each Re;. [

We want to consider what happens when the generators of F' may have degrees shifted
by twisting. The key point is that for any finitely generate N"-graded module M and any
Q,

M(a) Z dimg ([M]aip)2® = 27 Z dim g ([M]ay )28 = 279K (2),

BeZ™ Bezn

since as 3 runs through all of Z", so does a + £5.

We now want use our monomial results to prove theorems about Hilbert-Poincaré
series in the N-graded case. As in the Z"-graded case,

Barn) (2) = 27" Pas(2).

Next note:
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Proposition. Let M be a finitely generated Z™ graded modules over K|x1, ... ,x,]. Then
Par(z) =Ph(z, 2. ..., 2) (i.e., z is substituted for every z;).
1

In particular, Pr(z) = . Hence, if M C F = R® (which includes the case

(1—2)"
I C R) is monomial then both Par(z) and Pr/a(z) are rational functions in which the

numerator is a polynomial in z with integer coefficients and the demominator is at worst
(1—2)".

In general, for any finitely geneated 2 -graded module M , Pps(z) is a rational function
of z whose numerator is a polynomial in z with integer coefficients and whose denominator
is, at worst, zP(1 — 2)™ for some B > 0.

Proof. If a = (aq, ... ,an) € Zy,, we write |a| for a3 + - -+ + a,. Then for every integer i,
[M]Z - @ [M]aa
|a|=1
and so

and the result follows at once from this observation. The remaining statements are imme-
diate. O

We can now obtain a result for arbitrary finitely generated modules in the graded
case.

Theorem. Let N be any finitely generated Z-graded module over R = Klxy, ..., xy,].
Suppose that uy, ... ,us are finitely many homogeneous generators of respective degrees
di, ... ,ds. Think of R® as @;_, R(—d;), and map R®* — N so that 1 € R(—d;), which
has degree d;, maps to u;. This map preserves degrees, and the kernel M is an N-graded

submodule of R®.

Refine the Z-grading on R® to a Z™-grading, and choose a monomial order. Then N
and F/in(M) have the same Hilbert-Poincaré series! Hence, the Hilbert-Poincaré series
of N is a rational function of z with numerator that is a polynomial in z with integer
coefficients and denominator at worst zP(1 — 2)™ for some B € N.

Proof. By the Theorem near the bottom of p. 2 of the Lecture of January 13, the monomials
of F' not in in(M) are a basis for F'//M, and they are clearly a basis of homogeneous
elements. Hence, the monomials of a given degree d are a K-vector space basis for [F/M]q,
and also for [F/in(M)]4, and so dimg ([F/M]4) = dimg ([F/in(M)]4) for all d. The first
conclusion follows at once, and the second then follows as well because we already know
the result in the monomial case. [
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Lecture of January 25
Hilbert functions

Let M be a finitely generated graded module over R = K|z1, ... ,x,], a polynomial
ring over a field. The Hilbert function Hilby; of M is defined by the formula

for all d € Z. Tt is always 0 for d < 0. This means that

P (z) =Y Hilbas(d)2?,
dez
so that the Hilbert function and the Hilbert-Poincaré series carry the same information.

Before going furrther, we consider what happens when M = R, in which case we know

that
1

Be) = g = 1-2)
We can evaluate the coefficients using Newton’s binomial theorem, which is just a special
case of Taylor’s formula. Then coefficient of z¢ is then

(—n)(-n—=1)(-n—=2)--- (—n — (d — 1)) (—1) = nn+1)---(n+d—1)
d! d!

n+d-1\ (d+n-1
()= (0
We can get the same formula from a purely combinatorial argument. Hilb(d) is the
number of monomials 2% where o = (a1, ... ,ay) where the a; € Nand ay + -+ a, = d.
Each such monomial can be represented by a string containing d blanks _ interspersed
with n — 1 slashes /, where there are first a; blanks, then a slash as a separator, then ay
blanks, then a slash as a separator, and so forth. The string will end with a slash, then
an—1 blanks, then a slash, and, finally a,, blanks. (For example, if n = 4 and d = 8, the

string corresponding to x3w3x} is

which is

This gives a bijection between monomials of degree d in 1, ... ,x, and strings of length
d+mn—1 consisting of d blanks and n — 1 slashes. The number of such strings is determined
by the choice of which positions are occupied by the slashes among the d4+n—1 possibilities,

and this is (d—}—n—l)'
n—1

d -1
In any case, we see that the Hilbert function of R agrees with ( n ] ) for all
n p—

sufficiently large d, and this is a polynomial in d of degree n — 1.

We can immediately derive the following result on Hilbert functions from the results
we have on Hilbert-Poincaré series.
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Theorem. With hypothesis as the first paragraph, the Hilbert function of a Z-graded
finitely generated R-module M agrees with a polynomial of degree at most n — 1 in d
for all d > 0.

Proof. By the last statement of the Theorem given at the bottom of p. 4 and the top of
p. 5 of the Lecture Notes of January 22, we know that the Hilbert-Poincaré series of By (z)

ZC
is a Z-linear combination of functions of the form ————— for ¢ € Z. By the discussion

(1-2)

d— —1
above, for such a function the Hilbert function is given by ( €t 7;
n —_—
this is a polynomial in d of degree n — 1. When we take a Z-linear combination of such

polynomials the highest degree terms may cancel, but the degree is still at most n—1. [

for d > 0, and

The polynomial that agrees with Hilbys(d) for d > 0 is called the Hilbert polynomial
of M. Note that if one has a short exact sequence of finitely generated Z-graded modules
and degree preserving maps, say

0— My — My — My — 0,

it follows that
Hilb(M;) = Hilb(Mj) + Hilb(M>),

just as in the case of Hilbert-Poincaré series. Obviously, the same holds for Hilbert polyno-
mials. Likewise, if one has a finite exact sequence of finitely generated Z-graded modules
and degree preserving maps, the alternating sum of the Hilbert functions is 0, and the
alternating sum of the Hilbert polynomials is likewise 0.

The module of relations on a Grobner basis: Schreyer’s method

Let R = K|z, ... ,x,] be a polynomial ring over a field K and let F' be a finitely
generated free R-module with ordered basis by, ... ,bs for which we have fixed a monomial
order.

Let M C F be a submodule of F' for which we have a Grobner basis g1, ..., g,.
Consider the module N of relations on ¢4, ... ,g., i.e.,

N={(f, - fr) €R ) fig; =0}
j=1

It turns out that there is an almost unbelievably simple method for finding a finite set
of generators for N: beyond that, for a suitably chosen monomial order on R", these
generators a Grobner basis for N. The method, which is due to Schreyer, is very closely
related to the Buchberger criterion.
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This means that once we have a Grobner basis for M, we immediately get a Grobner
basis for N, which is a first module of syzygies of M. We are then immediately ready to
find a module of syzygies of N, and we can continue in this way to get as many iterated
modules of syzygies as we wish.

We shall use eq, ... ,e,. as the ordered basis for R": it will be convenient to have a
notation that distinguishes it from the ordered basis for F' = R®. Let v; = in(g;) for
1 < j <r. We define a monomial order on R" as follows: if 4 and p/ are monomials in
R, then pe; > p'e; if and only if in(pg;) > in(p'g;) (which is equivalent to pv; > p'v;) or
in(pg;) = in(p'g;) and @ < j. It is quite straightforward to verify that this is a monomial
order on R".

The Buchberger criterion provides certain relations on g1, ... , g, which we shall refer
to as the standard relations. These arise as follows: for each choice of ¢ < j, we know that
when we take some choice of standard expression for

Vj V;

(}CJI)(Z/Z'7 Vj) i~ (}C])(Z/Z7 Vj) g]

with respect to division by g1, ... ,g,, we get remainder 0. This means that for each 7 < j
we have

g Vi .
(#l]) GCD(VZ',Vj)gZ GCD I/Z,V] qujkgk

where every
vj V;

ln(qugk) = ln( GCI)(V27 yj)gl GCD(V27 Vj)gj)

We obtain these relations because the remainders upon division must be 0. Note that, as
in the case of Buchberger’s criterion, it suffices to choose one standard expression: it need
not be the result of the deterministic division algorithm.

The equation displayed in (#;;) corresponds to a relation on the g;;, namely

- Vi .
Pis GCD(v;, v;) ‘- GCD(VZ, V] Z QigkCh-

It is the relations p;; that we refer to as the “standard” relations on g1, ... ,g,. They
are not really unique, since the standard expressions for dividing by ¢1, ..., g, are not
unique, but, as we have already indicated, the result below is correct when one makes just
one choice of standard expression for i < j. (Recall, however, that when one has a Grobner
basis g1, ..., gr, the remainder upon division by g1, ... , g, is unique, and will always be
zero if the element one is dividing is in the R-span of g1, ... ,g,.) Here is the punchline:

Theorem (Schreyer). Let notation be as above. Then the standard relations p;; generate
the module of relations on the Gréobner basis g1, ... ,g,. What is more, the relations p;;
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form a Grobner basis for the module of relations on the g1, ..., g, with respect to the
monomial order on R" defined above.

Proof. Of course, the second statement implies the first. We begin by studying

in(flel + -+ frer)

for an arbitrary relation on g1, ..., g,. All we need to do is show that each such initial term
is a multiple of one of the in(p;;). Each v; = in(g;) involves one element of the free basis
b1, ... ,bs for the original free module R: call this element b,(;. Then the monomial y in
fi that gives rise to the largest term of f;e; after multiplying out is the same monomial p
that gives the largest term in f;g;, and this is in> |, (fi)v; by the displayed formula (1) on
p- 2 of the Lecture Notes of January 20. It follows that the largest term in fe; isin> . e;.
Thus, in(f1e;1 + - - - fre,) may be described as follows. Consider the largest initial term for
any f;g;, call it v, and choose the smallest i such that v is in(f;g;), up to a nonzero scalar
multiple. Then in(fie; + -+ + fre,) is in(fie;) = in>, ., (fi)e; for this smallest value of i.

This is precisely the same use of v as in the proof of the Buchberger criterion in the
Lecture Notes of January 20.

We next want to understand in(p;;). In the equations (#;;) from which the p;; are
derived, the initial terms of the two products on the left hand side are the same, and
cancel, while the initial term of every g¢;;i fi is < the initial term on the left. Hence, the
initial term of every g;;x fi is strictly smaller than the initial terms of the two products on
the left hand side. When we replace the equation by p;;, there is no cancellation, because
gi; and g; on the left have been replaced by e; and e;. Thus, the initial term of p;; is

vy
GCD(Vi, l/j)

Since fig1+---+ frgr = 0, the initial terms of products f;g; that are, up to a nonzero
scalar multiple, equal to v must cancel. Suppose the products that have cv as initial term
for c € K — {0} are indexed by j1, ... ,jn where j1 < --- < jn. Let u; =in>, , (fj).

€;.

Then each p;,v;, has the form ¢;v for ¢; € K — {0}, where 1 <¢ < h, and the sum of
the ¢; is 0. With this notation, we have that

in(fier + -+ frer) = pj €5,

We also have the relation Z?Zl vy = 0. Exactly as in the proof of the Buchberger crite-
rion, this means that (p1, ..., uy) is a homogeneous linear combination, with coefficients
that are terms in R, of the relations 6;;: see the displayed line (#) near the top of p. 4 of
the Lecture Notes of January 20 and the preceding discussion. However, in fact, we only
need those 0;; such that ¢ = j, < j, = j. This means that p;, must be a multiple, by a
term in R, of the coefficient of e;, in some 6;,;, for ¢ > 1. But this also means precisely
that p;, €1 is a multiple of in(pj;, ;,) for some ¢t > 1. O
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Finding the relations on elements that are not a Grobner basis

We next want to address the problem of finding a basis for the relations on gy, ... , g,
when these elements are not necessarily a Grobner basis for their span in F'. The first step
is to enlarge this set of elements to a Grobner basis using the Buchberger algorithm. Note
that if another generator h;; is needed, it arises as a remainder for division of some

Vj V;

GCD(VZ', I/j) i~ GCD(VZ, I/j) gj

by g1, ... ,¢g,, and so we will have a formula

hij = g - qu
Y GCD(v;,vy)7" GCD ul,yj 997

so that we will be able to keep track of h;; as an R-linear combination of the original
g1, -+ ,9r. As we successively find new elements of the Grobner basis, each can be ex-
pressed as an R-linear combination of its predecessors, and then as an R-linear combination
of the original g1, ... , g:.

Suppose that the Grobner basis that we find is g1, ... , g4k, Where we might as well
assume that £ > 0, or we already have a method. Moreover, we may assume that for
1 < i < k we have a formula

(55)  Grgi = Z fi59i

We can now construct a surjective R-linear map from the module of relations on the
Grobner basis g1, ... , gr+r onto the module of relations on g;, ..., g,. This is really the
obvious thing to do: given the equation of a relation

ulgl_|_..._|_urg7,—|—’vlgr+1—|—"'+'Uk;g7’+k =0

we may substitute using the equations (x%;) to express ¢g,+1, ... , gr+k intermsof gy, ... , g,
and then collect terms to get a relation on g1, ..., g,:

(ur +orfir+ - Foefr)gr + -+ (U F o frr + -+ Ok frr)gr = 0.

Thus, our map sends the vector (ui, ... ,ur, v1, ... ,vx) to the vector whose jth entry
is u; + vif1; + - vk frj. This map is clearly linear. Moreover, (uj, ... ,u,, 0,0, ..., 0)
maps to (uq, ... ,u,), which shows that the map is surjective.

Thus, a basis for the relations on g1, ..., g,4+% maps onto a basis for the relations for
gis - ,Gr. Since g1, ..., g+ is a Grobner basis, we know how to find a basis for the
relations, and we can then apply the map to get a basis for the relations on g1, ..., g,.
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Finding generators for the intersection of two submodules of a free module

Suppose that we have generators g1, ... , g, for M C F, and generators gj, ... ,g. for
N C F. We want to find generators for M N N. Given any element of M N N, it can
be written as an R-linear combination of the elements g1, ... , g, and also as an R-linear
combination of the elements ¢}, ... ,g.. This leads to an equation

(#) figr+-+ frgr = figr + - + fige

so that (f1, ..., fr, =f1, ... ,—f.) is a relation on g1, ... ,9r, 91, - , g% (The original
element is the common value of the two sides of the equation (#).) Conversely, given a
relation, say (f1, ---, fras), O g1y -+ s Gry G5 - -+ , g%, We have that

flgl ++ frgr = (_fT—l-l)gi +oet (_fr—i-s)g;a

so that the left hand side represents an element of M N N. It follows that we have a
surjection from the module @ of relations on g1, ... ,¢r, g1, ... , g, onto M NN that sends
(f1, -+ fras) = fig1 +-- -+ frg.. Therefore, we can find a basis for ), which we already
know how to do, and apply the map to obtain a basis for M N N.

Lecture of January 27

Review of the theory of Krull dimension

We recall that the (Krull) dimension of a ring R, which need not be Noetherian, is the
supremum of lengths & of strictly increasing chains Py C P, C --- C Px_1 C P of chains
of prime ideals of R. The height of a prime ideal P is, equivalently, either the supremum of
lengths of strictly descending chains of primes whose first element is P, or the dimension
of the quasilocal ring Rp (a quasilocal ring is a ring with a unique maximal ideal).

We have:

Proposition. If J is an ideal of R consisting of nilpotent elements, then dim(R) =
dim(R/J). Hence, if I and I' are two ideals of R with the same radical, dim(R/I) =
dim(R/T").

Proof. There is an order preserving bijection between primes of R and primes of R/J:
every prime ideal P of R contains J, and we may let P correspond to P/J. The second
statement now follows because if J = Rad (I) = Rad (1), then R/.J is obtained from either
R/I or R/I' killing an ideal (J/I or J'/I) all of whose elements are nilpotent. [
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Theorem. If R C S is an integral extension of rings, then dim(R) = dim(S).

Proof. Given any finite strictly ascending chain of primes in R there is a chain of the same
length in S by the going up theorem. Hence, dim(R) < dim(.S). On the other hand, given
a strictly ascending chain of primes of S, we obtain a strictly ascending chain of primes in
R by intersecting its elements with R. The intersections with R of comparable but distinct
primes of S are distinct by the lying over theorem. [J

If R is Noetherian, every prime has finite height. In fact:

Krull Height Theorem. If R is Notherian and I C R is generated by n elements, the
height of any minimal prime P of R is at most n. Moreover, every prime ideal of height
n s a minimal prime of an ideal generated by n elements.

By a local ring (R, m, K) we mean a Noetherian ring with a unique maximal ideal m
such that K = R/m.

Corollary. If R is a local ring, the dimension of R (which is the same as the height
of m) is the least number n of elements x1, ... ,x, € m such that m is the radical of

(1, ... ,xn)R.

A set of n elements as described above is called a system of parameters for the local
ring R. When R is zero-dimensional, the system of parameters is empty.

Corollary. If f € m, where (R, m, K) is local, then dim (R/fR) > dim (R) — 1.

Proof. Choose a system of parameters for R/ f R that are the images of elements xo, ... , x4
in m, where s — 1 = dim (R/zR). Since m/fR is nilpotent on (x3, ..., xs), we have that
m is nilpotent on (f, x3, ... ,xs)R. Therefore, dim (R) < s =dim(R/fR)+ 1. O

Theorem. Let R be a domain finitely generated over a field K. The dimension n of R is
the transcendence degree of its fraction field over K. Every mazimal ideal of R has height
n, and for any two primes P C Q, a mazimal ascending chain of primes from P to @Q (also
called a saturated chain from P to Q) has length equal to height (Q)) — height (P).

When R is finitely generated over a field K, it is an integral extension of a polynomial

subring, by the Noether normalization theorem. This suggests why the statements in this
Theorem ought to be true, and a proof can be based on this idea.

Krull dimension for modules

If M is a finitely generated module over a Noetherian ring R, we define the (Krull)
dimension of M to be the Krull dimension of R/I, where I = Annz M is the annihilator of
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I. We make the convention that the Krull dimension of the 0 ring is —1, and this means
that the Krull dimension of the 0 module is also —1. Recall that the support of M, denoted
Supp (M) is

{P € Spec(R) : Mp # 0}.

Also recall:

Proposition. If M is a finitely generated module over a Noetherian ring R, Supp (M) =
V(I), the set of prime ideals containing I = Anng M.

Proof. Let uy, ... ,u generate M. Then the map R — M¥ that sends r — (ruy, ..., ru)
has kernel precisely I, which yields an injection R/I < M*. If I C P, then (R/I)p # 0
injects into (M*)p = (Mp)*, and so Mp # 0. Conversely, if f € I — P, then Mp is
localization of My, which is 0 since fM =0. [

Recall that a prime ideal is an associated prime of M if there is an injection f : R/P <
M. Tt is equivalent to assert that there is an element u € M such that Anngu = P. The
set of associated primes of M is denoted Ass (M ). By a theorem, Ass (M) is finite.

Proposition. Let R be a Noetherian ring and let M be a finitely generated R-module.

(a) The dimension of M is sup{dim (R/P) : P € Supp (M)}.

(b) The dimension of M is sup{dim (R/P) : P is a minimal prime of M }.

(¢) The dimension of M is sup{dim (R/P): P € Ass(M)}.
)

Let 0 - M — M — M"” — 0 be a short exact sequence. Then dim (M) =
max{dim (M"), dim (M")}.

() If 0 = My € My C --- C Mgy C My = M is a finite fliltration of M, then
dim (M) = sup{dim (M;+1/M; : 0 <i <k —1}.

Proof. (a) and (b). Since Supp (M) is V(I), the assertion comes down to the statement
that dim (R/I) = sup{dim (R/P) : I C P}. This is clear, since I has only finitely many
minimal primes Py, ..., P, and so dim (R/I) is the supremum of the integers dim (R/P;)
where 1 < 5 < h.

(¢) The minimal primes of M (equivalently, of the support of M) are the same as the
minimal primes P of I. As in the proof of the preceding Proposition we have R/I «— M¥,
and then

P c Ass(R/I) C Ass (M") = Ass (M),

so that every minimal prime of I is in Ass (/). On the other hand, if P € Ass (M) then
R/P — M and so [ kills R/P, i.e., I C P. Part (c) follows at once.

(d) Let I’, I, and I"” be the annihilators of M’ M, and M" respectively. Then I C I’
and I C I” sothat I CI'NI". If u € M, then I"u C M’ (since I’ kills M/M' = M"),
and so I’ kills I""u, i.e., I'I"u = 0. This implies that I’I"” C I. Now (I’ N 1")? is generated
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by products fg where f, g € I’ N I”. Think of f as in I’ and g as in I"”. It follows
that (I’ N I")2 C I'I" C I' N 1", so that Rad (I’ N I") = Rad (I'I"), and we have that
Rad (I) = Rad (I'I"”) as well. The result now follows from part (a) and the fact that
V'Y = V(I UV(I").

(e) We use induction on the length of the filtration. The case where k = 1 is ob-
vious, and part (d) gives the case where k = 2. If & > 2, we have that dim (M) =
max{dim (My_1, My/My_1) by part (d), and and

dim (My_1) = sup{dim (M;11/M; : 0 < i < k — 2}
by the induction hypotheis. [

Remark. Let M # 0 be a finitely generated module over an arbitrary ring R. Then M has
a filtration
O0=MyCM;C---C Mp_1C M

such that every factor M;,1/M;, where 0 < i < k — 1, is a cyclic module. In fact if
uy, ... ,ur generate M, we may take M; = Ruy +---+ Ru;, 0 < ¢ < k. If R is Noetherian,
we can find such a filtration such that every M;,;/M; is a prime cyclic module, i.e., has
the form R/P; for some prime ideal I of R. One first chooses u; such that Anngu; = P,
is prime in R. Let M; = Ruy; C M. Proceeding recursively, suppose that uq, ..., u;
have been chosen in M such that, with M; = Ruy + --- + Ru; for 1 < j < ¢, we have
that M;/M;_y = R/P; with P; prime. If M; = M we are done. If not we can choose
ui+1 € M such that the annihilator of its image in M /M, is a prime ideal P;y; of R. Then
M;11/M; = R/P;y;: in particular, the inclusion M; C M;, is strict. The process must
terminate, since M has ACC. This means that evenutally we reach M} such that M = M.
For this type of filtration, it follows from part (e) of the Proposition above that we have

dim (M) = sup{dim (R/F;) : 1 <i < k}.

The graded case

This section contains several results that are useful in studying dimension theory in
the graded case.

Proposition. Let M be an N-graded or Z-graded module over an N-graded or Z-graded
Noetherian ring S. Then every associated prime of M 1is homogeneous. Hence, every
minimal prime of the support of M is homogeneous and, in particular the associated (hence,
the minimal) primes of S are homogeneous.

Proof. Any associated prime P of M is the annihilator of some element u of M, and then
every nonzero multiple of u # 0 can be thought of as a nonzero element of S/P = Su C M,
and so has annihilator P as well. Replace u by a nonzero multiple with as few nonzero
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homogeneous components as possible. If u; is a nonzero homogeneous component of u of
degree i, its annihilator J; is easily seen to be a homogeneous ideal of S. If J, # J; we can
choose a form F' in one and not the other, and then F'u is nonzero with fewer homgeneous
components then u. Thus, the homogeneous ideals J; are all equal to, say, J, and clearly
J C P. Suppose that s € P — .J and subtract off all components of s that are in .J, so that
no nonzero component is in J. Let s, ¢ J be the lowest degree component of s and uy, be
the lowest degree component in u. Then s, up is the only term of degree a + b occurring
in su = 0, and so must be 0. But then s, € Anng u, = J, = J, a contradiction. [

Corollary. Let K be a field and let R be a finitely generated N-graded K-algebra with
Ry = K. Let M = @2, R; be the homogeneous mazimal ideal of R. Then dim (R) =
height (M) = dim (R).

Proof. The dimension of R will be equal to the dimension of R/P for one of the minimal
primes P of R. Since P is minimal, it is an associated prime and therefore is homogenous.
Hence, P C M. The domain R/P is finitely generated over K, and therefore its dimension
is equal to the height of every maximal ideal including, in particular, M/P. Thus,

dim (R) = dim (R/P) = dim ((R/P) pm) < dim Rpq < dim (R),
and so equality holds throughout, as required. [

Proposition (homogeneous prime avoidance). Let R be an N-graded algebra, and
let I be a homogeneous ideal of R whose homogeneous elements have positive degree. Let
Py, ..., P be prime ideals of R. Suppose that every homogeneous element f € I is in
Ule P;. Then I C P; for some j, 1 <j <k.

Proof. We have that the set H of homogeneous elements of I is contained in Ule Py, If
k =1 we can conclude that I C P;. We use induction on k. Without loss of generality,
we may assume that H is not contained in the union of any £ — 1 if the P;. Hence, for
every ¢ there is a homogeous element g; € I that is not in any of the P; for j # 7, and
so it must be in P;. We shall show that if £k > 1 we have a contradiction. By raising the
g; to suitable positive powers we may assume that they all have the same degree. Then
gf_l + g2+ gr € I is a homogeneous element of I that is not in any of the P;: g1 is not
in P; for 7 > 1 but is in P;, and g2 - -- g is in each of P, ... , P, but is not in P;. [

We can now connect the dimension of a module with the degree of its Hilbert poly-
nomial.

Theorem. Let R be a polynomial ring K[zy, ... ,x,] over a field K, and let M be a
finitely generated Z-graded module over R. If M has dimension 0, the Hilbert polynomial
of M is 0. If dim (M) > 0, the Hilbert polynomial of M has degree dim (M) — 1.

Proof. M has dimension 0 if and only if it is killed by a power of m = (z1, ... ,z,)R, in
which case [M]q = 0 for all d > 0. We use induction on dim (M).
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If dim (M) > 0, then exactly as in the Remark on p. 3 we may construct a finite
filtration of M in which all the factors are prime cyclic modules, but using the fact that
associated primes of graded modules are graded, we may assume that every R/P; occurring
is graded, i.e., that every P; is homogeneous. Then the dimension of M is the same as the
largest dimension of any R/P;, and the degree of the Hilbert polynomial is the same as
the largest degree of the Hilbert polynomial of any R/P;. (The Hilbert polynomial of M
is the sum of the Hilbert polynomials of the R/P;. Note that we cannot have cancellation
of leading coefficients in the highest degree because the leading coefficient of a Hilbert
polynomial is positive: it cannot be negative, since the vector dimension of the space of
forms [R/P;]q for d > 0 cannot be negative.)

We have therefore reduced to the case where M has the form R/P, and has positive
dimension. It follows that some x; is not in P, and so there is a form f of degree 1 that is
nonzero in the domain R/P. The dimension of N = M/ fM must be exactly dim (M) — 1:
the dimension must drop because we are killing a nonzero element in a domain, and it
cannot drop by more than one, because the rings R/P and R/(P + fR) have the same
dimension when localized at their maximal ideals, and we may apply the Corollary at the
top of p. 2.

We then have a short exact sequence of graded modules and degree preserving maps:
0— M(=1) L M — M/fM — 0,
so that if Hy; denotes the Hilbert polynmial of M we have so that
(*) Hum(d) — Hy(d—1) = Hyypn(d)

for all d. In general, if P(d) is a polynomial in d of degree k > 1 and with leading coefficient
a, the first difference P(d)— P(d—1) is a polynomial of degree k— 1 with leading coefficient
ka. Therefore, the degree of the left hand side is deg(Hys) — 1, while the right hand side,
by the induction hypothesis, is a polynomial of degree dim(M/fM) — 1 (if dim(M) > 1)
or is 0 (if dim(M) = 1). Since dim (M/fM) = dim (M) — 1, the result follows. [

We saw in the final Theorem of the Lecture Notes of January 22 that F//M and
F/in(M) have the same Hilbert-Poincaré series when M is a graded submodule of a finitely
generated free module over a polynomial ring R = K|z, ... ,x,]. Of course, this also
means that F/M and F/in(M) have the same Hilbert function and, hence, the same
Hilbert polynomial. We therefore can reduce the problem of finding the Krull dimension
of a module to the monomial case:

Theorem. Let N be any finitely generated Z-graded module over R = Klxy, ..., xy].
Suppose that uy, ... ,us are finitely many homogeneous generators of respective degrees
di, ... ,ds. Think of R® as @j_, R(—d;), and map R* — N so that 1 € R(—d;), which
has degree d;, maps to u;. This map preserves degrees, and the kernel M is an N-graded

submodule of R®.
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Refine the Z-grading on R® to a Z"-grading, and choose a monomial order. Then
dim (N) = dim (F/in(M)). O

Since a monomial submodule M of F is a direct sum I1e; @- - - I,es, where every I; is a
monomial ideal, we have that dim (F//M) = sup,;{dim (R/I;)}. We have therefore reduced
the problem of finding the dimension of a module M to that of finding the dimension of
R/I when I is a monomial ideal. We can make one more simplification: since R/Rad (I)
and R/I have the same dimension, it suffices to consider the case where [ is a radical ideal
generated by monomials. Since (z;, - - - 2;,)" is a multiple of z{! --- z{" (here, the a; are
positive integers) whenever k > sup; aj, the radical of an ideal generated by monomials
is generated by square-free monomials. (It is easy to check that any ideal generated by
square-free monomials in K[x1, ... ,x,] is, in fact, radical.)

Rings defined by killing square-free monomials and simplicial complexes

By a finite simplicial complex ¥ with vertices x1, ... ,z, we mean a set of subsets of
{z1, ...,z } such that

(1) For 1 <i<mn, {z;} € ¥.
(2) Every subset of a set in X is also in 3.

The sets o € ¥ are called the faces. The dimension of ¢ is one less than its cardinality:
the elements of ¥ of dimension ¢ are called i-simplices of o. The dimension of ¥ is the
largest dimension of any face. The maximal faces of ¥ are called facets and these determine
Y. a set is in X if and only if it is a subset of a facet of X.

If we think of =y, ... ,x, as the points ey, ... ,e, in R", where e; has 1 in the ith
spot and 0 elsewhere, we can define the geometric realization |X| of ¥ to be the topological
space

U convex hull(o)
cEXN

in R™. The dimension of ¥ then coincides with its dimension as a topological space.

Ezxample. If ¥ has three vertices x1, x9, x3 and facets {x1, x2}, {x1, x3}, and {z2, z3},
then |X| is the union of three line segments: it is a triangle, without the interior. On the
other hand, if ¥ has one facet, {x1, 2, 3}, then |X] is a triangle with interior.

Our reason for discussing simplicial complexes at this point is that there is a bijective
correspondence between the square-free monomial ideals in K|z, ... ,z,] that do not con-
tain any of the variables x1, ... ,z, and the simplicial complexes with vertices z1, ... ,x,.
One may let the ideal I correspond to the subsets of {z1, ... ,x,} whose product is not in
I. Notice that if a monomial ideal does contain one of the variables x;, the quotient R/I
may be thought of as a quotient of a polynomial ring in fewer variables (omitting x;) by
square-free monomials.
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The ring R/Ix corresponding to simplicial complex ¥ is called the face ring or Stanley-
Reisner ring of X over K. Here, Iy, is simply the ideal generated by all square-free mono-
mials such that the set of variables occurring is not a face of X.

We leave it as an exercise to verify the minimal primes of R/Is correspond bijectively
to the facets of ¥: each minimal prime () is generated by the images of the elements in
{z1, ... ,z,} — o for some facet o, the quotient by @ is the isomorphic to a polynomial
ring in the variables that occur in o. It then follows that dim (R/Ix) = dim (¥) + 1.

Elimination theory

We now return to the problem of finding the intersection of an ideal I C Kz, ..., zy,]
with K[zk41, ..., T,], which also gives an algorithm for solving a finite system of polyno-
mial equations over an algebraically closed field when there are only finitely many solutions.
The method is incredibly simple!

Theorem. If g1, ...,g, is a Grobner basis for I with respect to lexicographic order, then
the elements of this basis that lie in K[zgi1, ..., xn] are a Grobner basis for the ideal
J:IQK[.I']H_l, ,l‘n].

Proof. Let gp41, ... ,gr be the elements of the Grobner basis that lie in K[zg41, ..., ®,] (if
g1, --. ,gr are in order of the sizes of their initial terms, these elements will be consecutive
and at the end of the sequence).

Consider any element f € .J. Then there is a standard expression for f divided by
g1, --- ,gr, and the remainder will be zero. Say the expression is f = 23'121 q;95- Any g;
that involves one of x1, ... ,x; has initial term involving one of the variables x1, ..., zg,
and the initial term of g;g; will be too large to use in the standard expression unless
gj = 0. Therefore, we actually have f = Z?:h +19795- The same reasoning shows that
any g¢; for j > k involves only xy41, ..., ©,. The initial term of f must be the same,
up to a nonzero scalar multiple, as the intitial term of one of the ¢;g;, and so it is in the
Kxky1, -+ yxp)-span of gpy1, ... ,gr. O

Lecture of January 29

We next want to discuss the notion of a regular sequence in a ring or on a module. We
are aiming to discuss criteria, using revlex, for a sequence to be regular on F'/M. However,
we also want to discuss some theorems that we are aiming to prove eventually about the
Cohen-Macaulay property for N-graded algebras finitely generated over a field K.

A sequence of elements f1, ..., fx € R, where R is a ring, is said to a reqular sequence
on the R-module M (when M = R, one may refer to a reqular sequence on R or a a regular
sequence in R if
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(1) (fis oo f)M # M,
(2) f1 is not a zerodivisor on M, i.e., M M s injective.
(3) Foralli, 1 <i<k—1, fiy1 is not a zerodivisor on M/(f1, ..., fx)M.

These conditions can be expressed more concisely by allowing 7 = 0 in condition (1),
with the interpretation that (fi, ..., f;)M =0if i = 0.

The empty sequence is regular sequence on every nonzero module M.

Condition (1) is assumed in order to eliminate certain degerate situations. Without
it, the sequence 1, 1, ,1, ..., 1 (of any desired length) would be a regular sequence on the
0 module, for example.

Note that f1, ..., fn, fa+1, .-, fx is aregular sequence on M if and only if f1, ..., fn
is a regular sequence on M and fp,41, ..., fr is a regular sequence on M/(f1, ..., fn)M.

The term Rees sequence on M is also used, as well as the term R-sequence on M (where
“R” may be thought of as standing for “Rees” or “regular”). The term M -sequence is also
used. We shall always use the term “regular sequence,” however.

For example, if zq, ... ,x, are indeterminates, x1, ... ,x, is a regular sequence on
R = Klz1, ... ,z,) and on S = K[[z1, ... ,x,]], as well as on any free R-module or free
S-module. In fact, we will show that a finitely generated S-module (respectively, a finitely
generated Z-graded R-module) M is S-free (respectively, R-free) if and only if x4, ... ,x,
is a regular sequence on M.

It is worth noting that, in general, regular sequences are not permutable, even in very
well-behaved rings. For example, in the polynomial ring R = K|z, y, z], z, (1—x)y, (1—x)z
is a regular sequence, but (1—=z)y, (1—x)z, z is not. For the former, modulo xR, the latter
two elements become y and z in K[y, z]. For the second sequence, (1 —z)z is a zerodivisor
modulo (1 — z)yR: the image of y is not 0, but (1 — x)z kills the image of y. However,
we shall see that regular sequences are permutable in the local case when the module is
finitely generated, and in certain graded cases (a precise statement is given below).

Before considering properties of regular sequences further, we want to discuss the local
and graded versions of Nakayama’s Lemma.
Nakayama’s Lemma. Let R be a ring and let M be an R-module. Suppose that either
of the followng two conditions holds:

(1) R has a unique mazimal ideal m and M 1is finitely generated.

(2) R is N-graded, m C R consists entirely of elements whose homogeneous components
have positive degree, and M is Z-graded, but [M]_4 =0 for all d > 0.

If mM = M then M = 0.

Proof. In case (1) let uy, ... ,ux be a set of generators of M of smallest cardinality. If
k = 0 then M = 0 and we are done. If not, then uy € mM = m(Ruy + -+ + Rug) =
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muy + - -+ + muyg, and so ug = fiug + -+ + frug with every f; € m. Then (1 — fi)up =
fiur+- -+ fr_1ur_1, and 1 — f; ¢ m. It follows that 1— f; is a unit of R. If g = (1— f3) 1,
then ur = gfiur + -+ + gfx_1ur_1, and wuq, ... ,ur_1 generate M, contradicting the
minimality of k.

In case (2), let u € M be a nonzero homogeneous element of smallest possible degree.
Then v € mM implies that u is a sum of elements f;v; where the f; are homogeneous of
positive degree and the v; are homogeneous. Then u is the sum of those nonzero terms
fjv; such that deg(f;) + deg(v;) = deg(u). For those v; occurring, this implies that
deg(vj) = deg(u) — deg(f;) < deg(u), a contradiction. [

Corollary. Let R be a ring and let M be an R-module. Suppose that either of the followng
two conditions holds:

(1) R has a unique mazximal ideal m and M is finitely generated.

(2) R is N-graded, m C R consists entirely of elements whose homogeneous components
have positive degree, and M is Z-graded, but [M]_4 =0 for all d > 0.

If the images of the elements {ux}xen generate M /mM (and, in case (2), are homo-
geneous) then the elements {ux}xen generate M.

Proof. Let N be the R-span of {uy}rea. In case (2), N and M /N are homogeneous. Since
the images of the uy span M/mM , we have that N +mM = M, and consequently we also
have that (mM + N)/N = M/N, and this implies that m(M/N) = M/N. Thus, by the
appropriate case of Nakayama’s Lemma, M/N =0, and M = N. O

As a consequence of Nakayama’s Lemma, we can prove the permutability of regular
sequences in local and graded cases.

Proposition (permutability of regular sequences). Let R be a ring, let M be an
R-module, and let fq, ..., fr € R be a reqular sequence on M. Suppose that either of the
following two conditions holds:

(1) (R, m, K) is local, f1, ..., fx € m, and M s finitely generated.

(2) R is N-graded, M is Z-graded but [M]|_4 = 0 for all d > 0, and fi1, ..., fr are
homogeneous of positive degree.

For every permutation m of 1,2, ..., k, frq), fr@2)s -+ fx@) 15 a regqular sequence
on M.

Proof. Because the permutations on 1, 2, ..., k are generated by transpositions (i i + 1)
of consecutive integers, we need only consider the case where 7 is such a transposition.
We may replace M by M/(f1, ..., fi—1)M without affecting any relevant issues. Thus, we
may assume without loss of generality that we are simply transposing the first two terms
of the regular sequence. But once we have shown that fo, f1 is a regular sequence, the
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rest is automatic, since M/(f1, fo)M = M/(f2, f1)M. Therefore, we need only consider
the case where k = 2 and we are transposing the elements.

We first need to see that fs is not a zerodivisor on M. Let N C M be the annihilator
of fo. (In the graded case, N is graded.) If u € N, then fou = 0 certainly implies that
fou = fiv, and so u = frw for some w € M. But then 0 = fou = fofiw = fi1(fow), and
since f1 is not a zerodivisor on M, we have that fow = 0, so that w € N. But we have
now shown that if u € N, then u = fiw with w € N. Thus, N = f; N. By the appropriate
form of Nakayama’s Lemma, N = 0.

Now suppose that fiv = fou where v, u € M, so that f; kills the image of v in
M/ foM. Then, since fy is not a zerodivisor on M/ fi M, we have that u € fiM, say
u = frw. Then fiv = fofiw and fi1(v — faw) = 0. Since f; is not a zerodivisor on M,
v = fgw. ]

Regular local rings

A local ring (R, m, K) is called regular if the Krull dimension of R is equal to the
least number of generators of the maximal ideal m. The least number of generators of m
is the K-vector space dimension of m/m? by Nakayama’s Lemma: dimg (m/m?) is called
the embedding dimension of R. The Krull dimension is the least number of generators of
an ideal whose radical is m, and we always have dim (R) < dimg (m/m?).

If dim (R) = 0, R is regular if and only if R is a field.

If dim (R) = 1, then m is generated by one element x, which is not nilpotent. Every
nonzero element can be written as a unit times a power of z, since the intersection of
the powers of m is 0: simply factor out x as many times as possible. It follows that R
is a domain. Thus, the one dimensional regular local rings are precisely the Noetherian
discrete valuation rings: we refer to such a ring briefly as a DVR.

Higher dimensional examples include formal power series rings over a field or a DVR.

Note that if R is regular and x, ...,z have images that are linearly indepedent
in m/m?2, then R = R/(xy, ... ,7;)R is again regular. (Call the maximal ideal in the
quotient ring m. We can extend the sequence to z1, ... ,x,, where n = dim (R), and then
the images of the remaining elements zx1, ... , o, are linearly independent in 7m/m? and
are a system of parameters for R).

We have:

Theorem. A regular local ring (R, m, K) is a domain, and a local ring is regqular if and
only if its mazximal ideal m is generated by a reqular sequence.

Proof. We use induction on dim (R) to prove that R is a domain. Therefore, we may
assume that dim (R) > 2. Let x, y have linearly independent images in m/m?. It follows
that each of the elements = — y™ is prime, for R/(x — y™) is a regular, and is a domain by
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the induction hypothesis. It is easy to see that none of these elements divides any of the
others. If z — y" were a multiple of 2 — " then in R/(x — y") the images of  — y™ and
x — y" are both 0, and so y" = y". Since R/(x — y") is a domain, this forces y = 0 (y is
in the maximal ideal, and so no power of y can equal 1). But then (z — y")R contains y,
which is false even modulo m?. If uv = 0 in R, then either u is divisible by infinitely many
x —y"™ or v is. Suppose u is. But the intersection of ideals generated by prime elements,
none of which divides any of the others, is their product. This forces u into arbitrarily
high powers of m, and so u = 0.

It now follows that if x1, ... ,=z, generate m minimally, then R/(zy, ... ,xk) is a
domain for every k, and so x4 is not a zerodivisor modulo (z1, ... ,zx)R.

On the other hand, if m is generated by a regular sequence one sees at once that the
dimension and embedding dimension of R are the same. [J

We can now charactize when a module is free in terms of regular sequences in certain
cases. We need Nakayama’s Lemma to hold.

Theorem. Let R be a ring and M # 0 an R-module. Suppose that one of the following
conditions holds:

(1) (R, m, K) is reqular local, z1, ... ,x, is a reqular sequence generating m, and M is
finitely generated.

(2) R= K|z, ... ,xy] is a polynomial ring over a field K, and M is Z-graded such that
[M]_q = 0 for all d > 0. Then M is free if and only if x1, ...z, is a reqular
sequence on M.

Proof. In both cases, x1, ... ,x, form a regular sequence on R. If elements form a direct
sequence on each module in a family, then they form a regular sequence on the direct sum.
Hence, x1, ... ,z, is a regular sequence on any free module.

It remains to show that, under the hypothesis of the Theorem, if x1, ... ,z, form a
regular sequence on M then M is free. Choose elements {uy}rca in M whose images are
a K-vector space basis for M /(x1, ... ,z,)M. Moreover, in case (2) choose these elements
to be homogeneous. By the appropriate form of Nakayama’s Lemma, they span M. It is
therefore sufficient to prove that they are independent over R. We use induction on n. The
case n = 0 is clear. Assume that n > 1. It follows that M /x1 M is free on the images of the
uy over R/zqR. Consider h elements from this set of generators, say uy, ... ,up, and let
N C R" be the set of relations on these elements over R. (In the graded case, let u; have
degree s; and view Ry, as R(—s1) @ --- @ R(—sp).) In the graded case, N is graded. We
can complete the proof by showing that N = 0. Now consider any relation (fi, ..., fz) on
Ui, - .. ,Up, SO that fiug + -+ + frup = 0. Working modulo 21 M (and z1 R), we see that
we must have that every f; is divisible by x1, say f; = z1g;. Then z1(g1u1+-- - grnun) =0,
and z7 is not a zerodivisor on M. It follows that (g1, ... ,gn) € N. Thus, N = z1N. By
the appropriate form of Nakayama’s Lemma, N =0. [
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Discussion: homogeneous systems of parameters. Let R be a finitely generated N-graded
K-algebra, where Ry = K. Let m = @ . R4 be the homogeneous maximal ideal of R.
Since the minimal primes of R are homogeneous, if dim (R) > 0 we can choose a form
Fy € m such that F} is not in any minimal prime of R. Then dim (R/F1R) = dim (R) — 1.
Now suppose that forms F7i, ..., F; have been chosen such that dim (R/(Fl, e ,Fi)R) =
dim(R) —i. If i < n = dim(R), we can choose F;11 € m not in any minimal prime
(these are homogeneous) of (F, ..., F;)R, and it follows that dim (R/(Fy, ..., Fi41)) =
dim (R) — (¢ + 1). Thus, eventually we have a sequence of forms Fy, ..., F, of positive
degree such that dim (R/(F1, ..., F,)) = 0. Such a sequence of forms is called a homogeous
system of parameters for R.

Theorem. Let R be a finitely generated N-graded K-algebra with Ry = K such that
dim (R) = n. A homogeneous system of parameters Fy, ... , F, for R always exists. More-
over, if Fy, ..., F, is a sequence of homogeneous elements of positive degree, then the
following statements are equivalent.

(1) Fi, ..., F, is a homogeneous system of parameters.
(2) m is nilpotent modulo (Fy, ..., F,)R.
(3) R/(F1, ..., Fn)R is finite-dimensional as a K -vector space.
(4) R is module-finite over the subring K[Fy, ..., F,].
Moreover, when these conditions hold, Fy, ..., F, are algebraically independent over
K, so that K[F, ..., F,] is a polynomial ring.

Proof. We have already shown existence.

(1) = (2). If Fy,...,F, is a homogeneous system of parameters, we have that
dim (R/Fy, ... ,F,)) = 0. We then know that all prime ideals are maximal. But we
also know that the maximal ideals are also minimal primes, and so must be homogeneous.
Since there is only one homogenous maximal ideal, it must be m/(Fy, ..., F,)R, and so
m is nilpotent on (Fy, ..., F,)R.

(2) = (3). If m is nilpotent modulo (Fy, ..., F,)R, then the homogeneous maximal
ideal of R = R/(F1, ..., F,)R is nilpotent, and it follows that [R]q = 0 for all d > 0.
Since each Ry is a finite dimensional vector space over K, it follows that R itself is finite-

dimensional as a K-vector space.

(3) = (4). This is immediate from the homogeneous form of Nakayama’s Lemma:
a finite set of homogeneous elements of R whose images in R are a K-vector space basis
will span R over K[Fy, ..., F,], since the homogenous maximal ideal of K[F}, ..., F,] is
generated by Fi, ..., F,.

(4) = (1). If Ris module-finite over K[FY, ... , F},], thisis preserved mod (F1, ..., F},),
so that R/(F1, ..., F},) is module-finite over K, and therefore zero-dimensional as a ring.

Finally, when R is a module-finite extension of K[Fi, ..., F,], the two rings have the
same dimension. Since K[F1, ..., F,] has dimension n, the elements F}, ... , F,, must be
algebraically independent. [J
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Discussion: making a transition from one system of parameters to another. Let R be a
Noetherian ring of Krull dimension n, and assume that either

(1) (R, m, K) is local and fi, ..., f, and g1, ..., g, are two systems of parameters.

(2) R is finitely generated N-graded over Ry = K, a field, m is the homogeneous maximal
ideal, and f1, ..., f, and g1, ..., g, are two homogeneous systems of parameters for
R.

We want to observe that in this situation there is a finite sequence of systems of
parameters (respectively, homogeneous systems of parameters in case (2)) starting with
fi, ..., fn and ending with ¢;, ..., g, such that any two consecutive elements of the
sequence agree in all but one element (e.g., after reordering, only the i th terms are possibly
different for a single value of i, 1 < ¢ < n. We can see this by induction on n. If n =1
there is nothing to prove. If n > 1, first note that we can choose h (homogeneous of
positive degree in the graded case) so as to avoid all minimal primes of (fs, ..., f)R and
all minimal primes of (g2, ..., g,)R. Then it suffices to get a sequence from h, fo, ..., fn
to h, g2, ..., gn, since the former differs from f;, ..., f,, in only one term and the latter
differs from gi, ..., g, in only one term. But this problem can be solved by working in
R/hR and getting a sequence from the images of fo, ..., f, to the images of g3, ... , gn,
which we can do by the induction hypothesis. We lift all of the systems of parameters
back to R by taking, for each one, h and inverse images of the elements in the sequence in
R (taking a homogeneous inverse image in the graded case), and always taking the same
inverse image for each element of R/hR that occurs. [

Cohen-Macaulay rings were discussed in the first lecture. But we are now in a position
to prove several of the assertions made there.

Theorem. Let R be a finitely generated graded algebra over Ry = K. The following
conditions are equivalent.
(1) Some homogeneous system of parameters is a reqular sequence.

(2) Every homogeneous system of parameters is a reqular sequence.

(3) For some homogeneous system of parameters Fy, ..., F,, R is a free-module over
K[Fy, ... ,F,].

(4) For every homogeneous system of parameters Fy, ..., F,, R is a free-module over
K[Fy, ..., F,].

Proof. We first show that (1) and (2) are equivalent. We want to show that if one ho-
mogeneous system of parameters is a regular sequence, then every homogeneous system
of parameters is a regular sequence. By the Discussion above, we may assume that they
agree except possibly in one term. Since regular sequences are permutable (and systems
of parameters are obviously permutable), we may assume that they agree except possi-
bly for the last term. Call them Fy, ..., F, and Fi, ..., F,_1,G. The issue is whether
the last term is a nonzerodivisor modulo the earlier terms. Therefore, we may pass to
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R=R/(Fy,...,F,_ 1), which is one-dimensional. It follows that we may assume that R
is one-dimensional, and we need only show that if F'; G both generate ideals whose radical
is m and F' is a nonzerodivisor, then GG is a nonzerodivisor. But F' has a power in GR,
say F* = GH. If G is a zerodivisor, it follows that F* is as well, and then F' must be a
zerodivisor. This proves the equivalence of (1) and (2). The preceding Theorem yields the
equivalence of (1) and (3), as well as the equivalence of (2) and (4), immediately. [

As mentioned earlier, we shall say that R is Cohen-Macaulay of these equivalent
conditions hold. The same argument as given in the proof just above also shows:

Theorem. Let (R, m, K) be a local ring. Then one system of parameters is a regular
sequence if and only if every system of parameters is a reqular sequence. [

We shall say that the local ring R is Cohen-Macaulay if every system of parameters
is a regular sequence. Of course, regular rings are Cohen-Macaulay. We shall later show
that an N-graded ring over Ry = K is Cohen-Macaulay if and only if all of its local rings
are Cohen-Macaulay.

We shall eventually prove two substantial results about when rings are Cohen-Macaulay.
One of them is Reisner’s criterion for when the face ring of a finite simplicial complex is
Cohen-Macaulay. The other concerns the Cohen-Macaulay property for certain rings of
invariants of matrix groups acting on polynomial rings.

To state Reisner’s criterion, we need the notion of link in a simplicial complex . If
x is a vertex of X, we define the link of x in X to be the simplicial complex A such that
reAifandonlyif r€ ¥, x ¢ 7, and {z} UT € %.

For example, suppose that 3 corresponds to the triangulation of a convex pentagon
obtained by connecting an interior point to the vertices, and x is the interior point. If the
vertices on the perimeter are x1, ,xo, T3, T4, x5, then the facets of X are the five 2-simples
{z, x;,x;41}, for 1 < i < 5, where x;41 is to be interpreted as x; when ¢ = 5 (i.e., the
subscripts are read modulo 5). The link of x is the perimeter of the pentagon: its facets
are the five 1-simplices (or edges) {z;, x;11}, where 1 <i <5.

If we take ¥ to have facets {x1, x3}, {x2, x3}, and {x3, x4, x5} (the geometric re-
alization consists of a triangle with interior and two additional line segments jutting out
from one vertex), then the link of x3 has facets {z1}, {2}, and {x4, z5}: a line segment
with two additional isolated points.

Once one has a link, one can treat it as a new simplicial complex, and take the link
of one of its vertices. This may be iterated several times. But these iterated links can be
obtained in a single step as follows. If g € X, define the link of og € X as the simplical
complex {7 € ¥ : 7Nop=0and TUoy € £}. One gets the same simplicial complex by
iterating the operation of taking links of vertices, using all vetices in og: the iterated link
obtained is independent of the order in which one takes links of vertices.

We also recall that the reduced simplicial homology of ¥ over K is the the same as the
simplicial homology over K, except in dimension 0, where it has K-vector space dimension
one smaller. (Thus Hy(X; K) = 0 if and only if 3 is connected.)
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We can now state:

Theorem (Reisner). Let K be a field, let X be a finite simplical complex with vertices
X1y ... Xy, and let Iy be the ideal of R = Klzx1, ... ,z,] generated by the square free
monomials such that the set of variables that occur is not a face of ¥. Then R/Ix is
Cohen-Macaulay if and only if both of the following conditions hold:

(1) The reduced simplicial homology ﬁi(E; K) with coefficients in K vanishes, 0 < i <
dim (X) — 1.

(2) For every link A, the reduced simplicial homology H;(A; K) =0, 0 < i < dim (A) — 1.

We defer the proof. We also note that by a result of Munkres, Reisner’s condition is
actually a topological property of |X|.

Note that in dimension 0, every finite simplicial complex is Cohen-Macaulay. In
dimension 1, ¥ is Cohen-Macaulay if and only if it is connected.

In dimension 2, a triangulation of a sphere gives a Cohen-Macaulay ring, a triangu-
lation of a cylinder does not, while what happens with a triangulation of a real projective
plane depends on the characteristic. In characteristic 2, the first homology group of the
the real projective plane does not vanish, and the ring one gets is not Cohen-Macaulay. In
all other characteristics, the ring is Cohen-Macaulay.

Finally, we mention one more Theorem. Let G be a Zariski closed subgroup of
GL(n, K): thus, G is a group of matrices. Suppose that G is linearly reductive, by
which we mean that every (algebraic) representation is completely reducible. There are
many such groups in characteristic 0: the general and special linear groups, the orthogonal
group, and the symplectic group are examples, as well as finite groups, the multiplicative
group of the field, and products of the groups already mentioned In characteristic p > 0,
there are relatively few such groups: products of copies of the multiplicative group of the
field and finite groups whose order is not divisibile by p are the main examples .

Then G may be thought of as acting on the space of forms of degree 1 in K[z1, ... ,z,],
and the action extends to an action on the polynomial ring R itself. One may form the
ring of invariants R® = {f € R : y(f) = f for all ¥ € G}. When G is linearly reductive,
this group turns out to be finitely generated. Beyond that:

Theorem. With hypothesis as in the paragraph above, RC is a Cohen-Macaulay ring.
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Lecture of February 1

Invariant Theory

We want to present some examples from classical invariant theory to which one can
apply the Theorem on the Cohen-Macaulay property for rings of invariants stated at the
end of the Lecture Notes of January 29, as well as a strong form, stated below.

For simplicity, in this discussion we assume that we are working over an algebraically
closed field K when describing what is meant by a linear algebraic group and an action
of such a group: this minimizes prerequisites from algebraic geometry. However, the
statements identifying the rings of invariants of various group actions are all valid over
any infinite field, and the statements about rings being Cohen-Macaulay are valid over any
field. In fact, we note the following result:

Proposition. If R is a finitely generated graded K-algebra over a field K with Ry = K,
then R is Cohen-Macaulay if and only if L ®x R is Cohen-Macaulay.

The proof is left as an exercise: see problem 4(d). of Problem Set #2.

Next note that if X C A% is a closed algebraic set and f € K[X] is a regular function
on X, the open subset Xy = X —V/(f) has the structure of a closed algebraic set embedded
in AsH: if X = V(I), then X; is in bijective correspondence with V (I, fr.yq — 1) C

A3} The coordinate ring of X is easily shown to be K[X]f, and the inclusion X; C X
corresponds to the natural K-algebra homomorphism K[X]| — K[X];.

Therefore, if we identify n x n matrices over K with A™ and D denotes the determi-
nant function, GL(n, K') may be identified with A"[;, and so has the structure of a closed
algebraic set. For any finite-dimensional vector space V over K, by choosing a basis we
may identify the group GLg (V') of K-linear automorphisms of V' with GL(r, K), where
r = dim(V'), and so GL(V') acquires the structure of an algebraic set. Since conjugation
by a fixed invertible r X r matrix is an automorphism of GL(r, K) as an algebraic set, the
algebraic set structure on GL(V) is independent of the choice of the K-vector space basis
for V.

By a representation of the linear algebraic group G we mean a group homomorphism
G — GLK(V) that is also a K-regular map of closed algebraic sets. The representation
evidently gives an action of G on V, and may also be described by giving a K-regular
map G x V — V satisfying the conditions for a group action. A representation is called
wrreducible if no proper nonzero subspace W of V is stable under the action of V.

As was mentioned in the Lecture of January 29, G is called linearly reductive if every
representation is completely reducible, which means that it is a direct sum of irreducible
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representations. As was also mentioned in that lecture, the general linear group and the
special linear group are examples in characteristic 0. The multiplciative group of the field
is GL(1, K): finite products of copies of the multiplicative group of the field (such groups
are called algebraic tori) are examples in all characteristics.

In fact, one has the following more general statement:

Theorem. Let G be a linearly reductive linear algebraic group over K acting on the vector
space of forms of degree one in the polynomial ring R = K|x1, ... ,x,]. The action extends
uniquely to an action of G on R by degree-preserving K -algebra automorphisms. For this
action, the ring of invariants R is Cohen-Macaulay.

The proof is deferred for a while. One of the surprising aspects of this Theorem is that
the most interesting examples are in characteristic 0, but the first proof [M. Hochster and
J. L. Roberts, Rings of invariants of reductive groups acting on regular rings are Cohen-
Macaulay, Advances in Math. 13 (1974) 115-175] of the result and, by far, the simplest
proof [M. Hochster and C. Huneke, Tight closure, invariant theory, and the Briangon-Skoda
theorem, Amer. J. Math. 3 (1990) 31-116] use reduction to characteristic p > 0.

In classical invariant theory there were two fundamental problems. The first was to
determine generators for the ring of invariants of a group action. The second was to give
generators for the ideal of relations on these generating invariants. See [Hermann Weyl,
The Classical Groups, Princeton Univ. Press, Princeton, 1946] for the solution of several
important problems of this type. In the light of the Theorem above, the rings of invariants
studied classically provide many interesting examples of Cohen-Macaulay rings.

We want to consider some of these examples. We first introduce two notations. If X
is a matrix with entries in a K-algebra R, we denote by I;(X) the ideal of R generated by
the ¢ x t minors (determinants of ¢ x ¢ submatrices) of X, and by K[X] the K-subalgebra of
R generated by the entries of X. More generally, we denote by K[X/t] the K-subalgebra
of R generated by the ¢ x t minors of X.

In the three examples just below, the field is assumed to be infinite.
First example. Let G = K — {0} 2 GL(1, K) act on the polynomial ring

R=Klz1, ... ,Tm, Y1, -+, Yn]

in m + n variables so that if a € G, z; — z;a~! and y; — ay; for all i and j. It is easy to
verify that the ring of invariants is

(It is certainly clear that these elements are invariant: z;a 'ay; = z;y;.) If U = (u”)
is an m x n matrix of new indeterminates, we can map K[U] - R® = Kl[x;y; : i,7] as
K-algebras by sending u;; — x;y;. Note that

(Cﬂiyj)(xz"yj') = (l‘iyj')(xi'yj)a
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which shows that I5(U) is in the kernel. In fact, R® = K[U]/I5(U). This ring is Cohen-
Macaulay in all characteristics.

Second example. We can generalize the preceding example as follows. Let t, m, n be
positive integers with ¢t < min{m, n}, let X = (2:”) be an m x t matrix of indeterminates
over K, and let Y = (yjk) be a t x n matrix of indeterminates over K. Let G = GL(¢t, K)
act on K[X, Y] as follows: if A € G, A acts by sending the entries of X to the entries of
X A~! and the entries of Y to the entries of AY. The preceding example is the case where
t = 1. It is proved, for example, in Weyl’s book that the ring of invariants is generated
by the entries of the m x n product matrix XY . These entries are the scalar products of
the various rows of X with the various columns of Y. It is clear that then entries of XY
are invariant, because (XA71)(AY) = XY. Again, one can map K[U] - K[XY] = R®
as K-algebras, where U is an m X n matrix of new indetermnates, and it is easy to show
that the ideal generated by the (¢ 4+ 1) x (¢t + 1) size minors of U is in the kernel. It turns
out that, in fact, R = K[XY]| = K[U]/I;+1(U). The Theorem above then implies that
K[U]/I14+1(U) is Cohen-Macaulay in characteristic 0. (This is true in all characteristics:
see [M. Hochster and J. A. Eagon, Cohen-Macaulay rings, invariant theory, and the generic
perfection of determinantal loci, Amer. J. Math. 93 (1971) 1020-1058].)

Third example. Let X be an n x s matrix of indeterminates over the field K, where
1 <n <s,and let G = SL(n, K) act on on K[X] be sending the entries of X to the
corresponding entries of AX. Note that if C' denotes any column of X, the entries of C
are sent to the corresponding entries of AC. It follows that if Y is any n x k submatrix
of X (so that Y consists of a set of columns of X), then the entries of Y are sent to
the corresponding entries of AY. Consequently, if Y is any n x n submatrix of X, then
det(AY) = det(A) det(Y) = det(Y'), since the elements of SL(n, K) are precisely the n xn
matrics with determinant 1. In this case R® = K[X/n], the ring generated over K by the

n
are generated by certain standard quadratic relations called the Pliicker relations.

S
( ) n X n minors of X, the so-called mazimal minors of X. The relations on the minors

1

By the Theorem above, these rings K[X]¢ = K[X/n] are Cohen-Macaulay in char-
acteristic 0. (This is also true in characteristic p > 0: see for example, [M. Hochster,

IThese rings are well-known in algebraic geometry: the set of n-dimensional vector subspaces of K
has the structure of a projective algebraic variety, which can be embedded in a projective space over K of
dimension (i) — 1. The idea is that given a subspace V', one can choose an s X n matrix M whose rows are

a basis for V: the (Z) minors of this matrix do not all vanish, and satisfy the Pliicker relations. Therefore
they give a point in the algebraic set G defined by the Pliicker relations. G turns out to be irreducible. If
one changes the matrix, the new matrix can be gotten from M by multiplying on the left by an invertible
n X n matrix A: each of the n X n minors of AM is the product of det(A) with the corresponding minor of
M, and so one gets the same point in projective space no matter which matrix whose rows are a basis for
V is chosen. It can be shown that every point of GG can be obtained in this way from a unique subspace of
K? of dimension n, so that this gives a bijective correspondence between the projective variety G and the
set of n-dimensional vector subspaces of K®. The projective variety V is called the Grassmann variety or
Grassmannian.
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Grassmannians and their Schubert subvarieties are arithmetically Cohen-Macaulay, J. of
Algebra 25 (1973) 40-57]. They are also known to be unique factorization domains.

We shall also deduce from the Theorem stated above that an integrally closed ring
that is a subring of Kz, ... ,z,] generated by monomials is Cohen-Macaulay. In general,
normality is far from sufficient for the Cohen-Macaulay property. The proof we give will
depend on showing that any such ring is isomorphic with a ring of invariants of an algebraic
torus, i.e., a product of copies of GL(1, K), acting on a polynomial ring. Cf. [M. Hochster,
Rings of invariants of tori, Cohen-Macaulay rings generated by monomials, and polytopes,
Annals of Math. 96 (1972) 318-337].

Monomial submodules and the colon operation

Our next objective is to use revlex to give a criterion for when a sequence of indeter-
minates is a regular sequence on a module. We need some preliminaries concerning the
behavior of monomial submodules and the colon operation.

If M C F are any two R-modules and J is an ideal of R, we define
M:pJ={feM:Jf C M}

When J = uR is the principal, we may write M :p u instead of M :p uR.

When u is a nonzerodivisor (we shall typically be in this situation, for u will almost
always be a nonzero element of a polynomial ring in the sequel), we have the following:

1
(%) w(M:pu)=MnNuF andso M :p u=—(MNuF).
u

1

In fact, uf € M means precisely that f € M :p u, and then f = —uf is uniquely
u

determined.

We proved early that for monomial submodules and ideals, intersection distributes
over sum. Hence (x) yields:

Proposition. Let R = K[z, ... ,z,] be a polynomial ring over the field K, and F a
fintely generated free module. Let My, ..., My be monomial submodules of F', and let
1€ R be a monomial. Then

(My+-- 4+ M) pp=M rpp)+-+Mp:pp). O
This gives a very easy way of calculating M :p p when M is a monomial module. If

vje;, is a typical generator, M is the sum of the modules v;e;; R. Tt follows that M :p p
is the sum of the modules vje;, R :p p. Each of these is simply (v;R :g p)e;,. Thus, we
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have reduced to calculating ¥R :p p when v and p are monomials in R. Each of these is
a cyclic module generated by one monomial, namely v/GCD(u, v).

An alternative description is as follows: if a, b € N, let a ~b = max{a — b, 0}, and
if « = (a1, ...,a,) and g = (by, ... ,b,) € N" let v = (a3 ~b1, ..., ayp —by,). Then
2R : 2P = 27R.

It is quite easy to see that a monomial p is a nonzero divisor on F/M, where M is
monomial, if and only if the variables occurring in 1 do not occur in any minimal generator
of M. This implies that uq, ...,y is a regular sequence on F'/M if and only the variables
occurring in p; do not occur in any other p; nor in any minimal generator of M.

We shall next aim to show that for reverse lexicographic order on F', if M C F is

graded, 41, ..., 2, is a regular sequence on F'/M if and only if it is a regular sequence
on F/in(M).

Lecture of February 3
Regular sequences in the monomial case

We want to analyze what it means for a sequence of monomials p1, ... ,ur in R =
Kz, ... ,x,] to be a regular sequence on F'/M when F is a finitely generated free R-
module and M is a monomial submodule of F'.

First note that, quite generally, f € R is not a zerodivisor on @/N if and only if
N :q f = N. This says precisely that fu € N if and only if w € N. This yields:

Proposition. Let R = K|z, ... ,x,] and let py, ..., pux be a sequence of monomials
m R. Let M be a monomial submodule of the finitely generated free module F. Then
[1, - - 5 pg 08 a regular sequence on F'/M if and only if no variable that occurs in p; occurs

in another p;, nor in any of the minimal monomial generators of M.

Proof. Since M = I1e1®- - - I;e; where the I; are monomial ideals, we reduce at once to the
case where M = I is a monomial ideal: call the minimal monomial generators vy, ... , .
We use induction on k. If k£ = 1, note that if u; shares a variable x; with v; then v; :p g
is generated by a monomial that divides v; and has a smaller exponent on x; then v; does.
This element is not in I, by the minimality of v;, but is in I : p;. Hence the condition
that 1 not involve a variable occurring in any v; is necessary. On the other hand, if that
is true then v; :p u = ;R for every ¢, 1 <4 < h, and since colon distributes over sum we
have that

h h h
I ‘R M1 = (ZI/ZR) ‘R M1 = Z(I/ZR ‘R /vtl) = ZI/ZR = I,
i=1 i=1 i=1
as required. Moreover it is clear that vy, ... ,vp, p1 are minimal generators for I + u; R.

The inductive step is then an application of the case where £k =1. [
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Compatible orders and a sufficient condition for regularity of a sequence

Given a polynomial ring K[z1, ... ,z,]| over a field K and a monomial order > on a
finitely generated R-free module F' with ordered free basis ey, ... , e, recall that for every
t, 1 <t < s, there is a monomial order >; on R defined by the condition u > p’ precisely
if pey > p'e;. Moreover, if g € R — {0} and f € F — {0} are such that in(f) involves ey,
then

(t) in(gf) =ins,(g)in(f).

See the second page of the Lecture Notes of January 20. We shall say that a monomial
order >g on R is compatible with a given monomial order > on F if all of the orders >;
are the same, and agree with >pg. It follows at once that if > and > on F' are compatible,
then for all g € R — {0} and f € F — {0},

(t1) in(fg) = ins ,(g)in(f).

In fact, condition (1) is easily seen to be equivalent to compatibility. In working with
compatible monomial orders, we typically use the same symbol > for both.

If two of the >; are distinct, which can happen, there is no compatible order on R.
If there is a compatible order on R, it is unique. The standard method of extending a
monomial order on R to a monomial order on F' (i.e., pe; > p'e; if p > p’ or pp = ' and
i < j) always produces a monomial order on F' with which the original monomial order is
compatible. In particular, revlex on F'is compatible with revlex on R. In the sequel, when
F' is graded so that its generators do not necessarily all have degree 0, we give a slightly
different way of extending revlex to F' — but it is still compatible with revlex on R.

We next observe the following sufficient (but not necessary) condition for elements of
R to be a regular sequence on F'/M. Notice that we are not assuming that M is graded,
nor that > is revlex.

Theorem. Let R = Klz1, ... %y, fi,--.,fx € R and let M be any submodule of a
finitely generated free R-module F'. Suppose that we have compatible monomial orders on
R and F. If in(f1), ..., in(fr) form a regular sequence on M /in(M), then fi, ..., fx
is a regular sequence on F/M and, for 1 < i <k, in(M + (f1, ..., f;)F) = in(M) +

(in(fl), cee 1n(fl))F

Proof. We use induction on k, and we consequently can reduce at once to the case where
k = 1. We write f for fi, and we must show that if in(f) is a not a zerodivisor on F'/in(M)
then (1) f is not a zerodivisor on F/M and (2) in(M + fM) = in(M) + in(f)F.

If (1) fails we have fu € v € M with u ¢ M, and we can choose such an example with
in(u) minimum, since the monomial order on F' is a well-ordering. By the compatibility
of orders, in(fu) = in(f)in(u) = in(v) € in(M), and since in(f) is not a zerodivisor on
in(M), we have that in(u) € in(M), so that we can choose v’ € M with in(u) = in(u’).
Then fu and fu' are both in M, and so f(u — ') € M. But the initial terms of u and u’
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cancel, so that u = v’ or in(u — «') < in(u). The latter contradicts the minimality of the
choice of u, and the former shows that u € M.

To prove (2), note that in(M)+in(f)F C in(M + fF) is obvious, and so we need only
prove the opposite inclusion. If it fails, we can choose u + fv € M + fF where u € M,
v € F, such that in(u+ fv) ¢ in(M) +in(f)F, and, again, we can make this choice so that
in(v) is minimum (note that v cannot be 0). We consider two cases.

First case: in(fv) € in(M). Then in(f)in(v) € in(M) and, since in(f) is not a
zerodivisor on in(M), we have that in(v) € in(M) and we can choose v € M such that
in(v) =in(v’). Then u + fv = (u+ fv') + f(v — v’) still has initial form not in M + fV,
and we have u + fv’ € M while v — v has smaller initial form than v, a contradiction.

Second case: in(fv) ¢ in(M). In this case, in(fv) and in(u) € in(M) cannot cancel,
and so one of them must be in(u + fv). But then either in(u + fv) = in(u) € in(M) or
in(u+ fv) =in(fv) = in(f)in(v) € in(f)F, as required. O

Special properties of reverse lexicographic order and a converse result

Throughout this section, R = K[z, ... ,z,] is a polynomial ring over K considered
with reverse lexicographic order, F' is a finitely generated graded free R-module with
ordered free homogeneous basis e, ... , e, also with reverse lexicographic order, which we

define as follows. In the graded case we still want revlex to define total degree. Therfore,
we define pe; >yeviex f'€j to mean either that (1) deg(pe;) > deg(p'e;) or (2) deg(pe;) =
deg(p'e;) and p < p' in lexicographic order for the variables ordered so that

Ty > Tp—1 > "> Tg > X1,

or (3) deg(ue;) = deg(p'ej), p =/, and i < j.
Let M be a graded submodule of F'. We already noted at the end of the Lecture of

February 1 that xgy1, ..., z, is a regular sequence on F/M if and only if xgy1,..., @,
is a regular sequence on F'/in(M), which we know is equivalent to the condition that no
minimal monomial generator of in(M) invovles any of the variables zx11, ..., ©,. The

preceding Theorem already shows that the condition is sufficient. We next want to prove
that it is necessary as well. The following very easy result is a key fact about revlex that
we shall use repeatedly.

Lemma. Let notation be as above and let u € F' — {0} be a homogeneous element. Then
for every positive integer h, x! divides u if and only if " divides in(u).

Proof. “Only if” is obvious. The “if” part is immediate from the definition: since all terms
have the same degree, any term not divisible by x” is strictly larger than any term divisible
by 2. O
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Proposition. Let notation be as above, with M C F graded, and let g1, ..., be a
Grobner basis for M consisting of homogeneous elements. Let k be a positive integer.

(a) in(M + 2" F) =in(M) + 2" F, and g1, ... , gr, 2¥e1, ... ,2Fe, is a Grébner basis
for M + 2" F.

(b) in(M :p a) = in(M) :p 2. Moreover, if for 1 < j < r, t; denotes the greatest

integer in the interval [0, h] such that x*i|g; and h; = gj/mif, then hy, ..., h, is a Grébner
basis for M :p .
Proof. (a) Clearly, in(M) + 2" F C in(M + z")F. Now consider in(u + x” f) where u € U
and f € F. In revlex, the homogeneous component of an element of highest degree has the
same initial form as the element, and so we may assume that u + 2" f is homogeneous. If
the initial term is divisible by z” the result is proved. If not, it must be a term of u, and z,,
must occur with a strictly smaller exponent than h. All other terms of « must be smaller:
either they are not divisible by #” and persist in u+4z” f, or they are divisible by 2", which
forces them to be smaller than u in revlex, by the definitiion of revlex. The statement
about the Grébner basis is immediate, since the specified elements are in M + 2 F' and
their initial terms span in(M) + z" F.

(b) We have that a monomial v € in(M :p x?) iff and z"v € in(M) iff zhv = in(w)
with w € M homogeneous. But x” divides w if and only z” divides in(w), by the Lemma
above, and the result is immediate. We then have that in(M) is the span of the in(g;)R :
Fzx and these are the same as the in(gj/xz-j)R. Again, we are using that a power of z,

divides g; if and only if it divides in(g;). O
We can now prove:

Theorem. Let notation be as above, with M C F graded, and use revlex order on F and
R. Then xpy1, ..., Ty s a reqular sequence on F /M if and only if it is a reqular sequence

on F/in(M).

Proof. Since regular sequences are permutable in the graded case, we may show instead
13

the same result for x,, ..., xx41. We already know the “if” part. Now suppose that x,,
is not a zerodivisor on F/M. Then M :p x,, = M, and so

in(M) =in(M :p x,) =in(M) : Fx,, = in(M).
The proof is now completed by induction: when we work mod z,, R is replaced by
R/xnR = K|x1, ... ,24_1], F by F/x,F, and M by M/z, M — F/z,F, since x,, is not

a zerodivisor on M/x, M. The hypothesis is preserved because of the preceding Proposi-
tion. [J

Lecture of February 5
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Associated primes and primary decompostion for modules

Throughout this section R is a Noetherian ring and M an R-module. Recall that P
is an associated prime of M if, equivalently

(1) There is an injection R/P — M.
(2) There is an element u € M such that Anngu = P.

The set of associated primes of M is denoted Ass(M). Although we have made this
definition even when M need not be finitely generated, the rest of our study is restricted
to the case where M is Noetherian. Note that if M = 0, then Ass (M) = (). The converse
is also true, as we shall see below.

Proposition. Let M be a finitely generated R-module, where R is Noetherian

(a) If u # 0 is any element of M, one can choose s € R such that Anngsu is a prime
ideal P of R, and P € Ass (M). In particular, if M # 0, then Ass (M) is nonempty.

(b) If ru = 0 where r € R and uw € M — {0}, then one can choose s € R such that
Anngsu = P is prime. Note that r € P. Consequently, the set of elements of R that
are zerodivisors on M s the union of the set of associated primes of M.

(¢) If M # 0 it has a finite filtration 0 = My C My C --- C M,, = M in which all the
factors M;/M;_1 for 1 <i <n are prime cyclic modules, i.e., have the form R/P; for
some prime ideal P; of R.

(d) If N C M, then Ass(N) C Ass(M).
() If0 > M — M — M" — 0 is exact, then Ass(M) C Ass(M') U Ass (M").
(f) If0= My C My C--- C M, = M is a finite filtration of M, then

Ass (M) g O Ass (M’L/M’L—].)

=1

(g) If one has a prime cyclic filtration of M as in part (c¢), Ass(M) C{Py, ... ,P,}. In
particular, Ass (M) is finite.

(h) If W is a multiplicative system in R, Ass (W =1M) over W=LM is the set

{PW™'R:P e Ass(M)and PNW = (}.

Proof. (a) The family of ideals {Anngtu : t € R and tu # 0} is nonempty since we may
take ¢ = 1. Since R has ACC, it has a maximal element Anngsu = P. We claim that P
is prime. If ab € P, then abu = 0. If a ¢ P, we must have b € P, or else bu # 0 and has
annihilator containing P + aR strictly larger than P.
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(b) This is immediate from (a). Note that it is obvious that if P = Anngu with
u € M, then u # 0, and so every element of P is a zerodivisor on M.

(c) Choose a sequence of elements uy, ug, --- in M recursively as follows. Choose u; to
be any element of M such that Anngu, = P, is prime. If uq, ... ,u; have been chosen and
Ruqi+---+ Ru; = M, the seqeunce stops. If not, choose u;11 € M such that its image ;11
in M/(Ruy+- -+ Ru;) has annihilator P;;, that is prime. Let M; = Ruq +- - -+ Ru;. The
sequence must stop, since the M; are strictly increasing and M has ACC. By construction,
the factors are prime cyclic modules.

(d) This is obvious, since if R/P < N, we have a composite map R/P < N — M.

(e) Let w € M be such that Anngu = P, which means that Ru = R/P. If Ru meets
M'—{0}, say ru = v is a nonzero element of M’, then Anngv = P since v may be thought
of as a nonzero element of R/P, and P € Ass(M'). If Run M’ = 0, then the composite
map R/P = Ru C M — M" is injective, and so P € Ass (M").

(f) We use induction on n. By part (e),
Ass (M) C Ass (My,—1) U Ass (M /M,,_1)
and we may apply the induction hypothesis to 0 C M; C --- C M,,_;.
(g) This is immediate from part (f), since Ass (R/P;) = {F;}.

(h) If R/P — M and P does not meet W, then W—'R/PW 'R — W~'M. Con-
versely, suppose that u/wg € W™'M where u € M and wy € W has annihilator Q in
W~LR. The same is true for wo(u/wg) = u/1. We know that Q@ = PW 'R for some
prime P of R such that PN W = (). Choose w € W such that Anngwu is maximal.
If f € P, we know that fwu/1 is 0 in W~=1M, and so we can choose v € W such that
vfwu = 0. But Anng(vwu) = Anng(wu) by the maximality of Anng(wu), so that we
must have fwu = 0. On the other hand, if fwu = 0 for f € R, then f/1 € @, and so f
is in the contraction of @ to R, which is P. We have shown that P = Anng(wu), and so
PeAss(M). O

Remark. If M is nonzero module over a Noetherian domain R, then M is torsion-free over
R if and only if Ass (M) = {(0)}, since this says precisely that no nonzero element of R is
a zerodivisor on M.

Remark. There does not necessarily exist a filtration of M with prime cyclic factors in
which the only primes that occur are associated primes of M. For example, let R = K|z, y]
be the polynomial ring in two variables over a field K and let M = (z,y)R C R, which is an
ideal of R, but which we are viewing as a torsion-free R-module. Then Ass (M) = (0), but
there is no finite filtration of M in which every factor is R, since M needs two generators
but is rank one, and so is not free over R.

Recall that if M is finitely generated over a Noetherian ring R and I = Anng M, then
P € Supp (M), which means that Mp # 0, if and only if I C P. The minimal primes of
Supp (M) are the same as the minimal primes of I, and are called the minimal primes of

M.
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Proposition. Let M be a finitely generated module over a Noetherian ring R, and let
I =AnngpM.
(a) Bwvery associated prime of R/I is an associated prime of M.

(b) Ewvery associated prime of M contains a minimal prime of M. Every minimal prime
of M is an associated prime of M, and so the minimal primes of M are the same as
the minimal primes of Ass (M).

(c) Let m be a mazimal ideal of R. Then the following conditions on M are equivalent:
(1) Ass (M) = {m}.

(2) Supp (M) = {m}.

(3)

(4) M has a finite filtration in which all the factors are = R/m.

M s killed by a power of m.

Proof. (a) Let uy, ... ,uy, generate M. The map R — M" that sends r + (ruq, ..., rup)
has kernel I, yielding an injection R/I — M". Since M C M", Ass(M) C Ass(M").
Since M}, has a finite filtration 0 C M C M & M C --- C M"1 C M" in which all factors
are M, Ass (M") C Ass(M). Thus, Ass (R/I) C Ass(M") = Ass (M).

(b) Since R/P — M, we have that I kills R/P, and so I C P, so that P contains a
minimal prime of /. Every minimal prime of M is a minimal prime of R/I and, hence, an
associated prime of R/I. Therefore every minimal prime of M is an associated prime of
M by part (a). The final statement is now clear.

(c) (1) < (2) since in both cases m is the only minimal prime of M. This implies
that Rad (I) = m, and so m" C I for some h and (2) = (3). If m"M = 0, M has a finite
filtration 0 = m"M C mhr=1M C ... C m2M C mM C M and each factor miM/mi_lM
is killed by m, and so is a finite-dimensional vector space over K = R/m. Hence, this
filtration can be refined to one in which every factor is = R/m, since every m'M/m'~*M
has a finite filtration in which all factors are = R/m. Thus (3) = (4). Finally, (4) = (1)
by part (g) of the earlier Proposition. [J

If P is a prime ideal of R, M is called P-coprimary if, equivalently,

(1) Ass(M) = {P}.

(2) M # 0, for some h > 1, P"M = 0, and every element of R — P is a nonzerodivisor on
M.

(3) M — Mp is injective, and Mp has finite length over Rp.

We need to check that these three conditions are equivalent. (1) = (3), for if
Ass(M) = P all elements of R — P are nonzerodivisors on M and M <— Mp. But
since Ass (Mp) = {PRp} by part (h) of the Proposition on p. 1, and PRp is maximal in
Rp, this implies that Mp has finite length by the equivalence of (1) and (4) in part (c) of
the preceding Proposition.
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Assume (3). Then (PRp)" kills Mp for some h, and so P" kills M < Mp. Since the
elements of R — P act invertibly on Mp, they are not zerodvisors on M C Rp. This shows
that (3) = (2).

Finally, assume (2). Choose k as large as possible such that P*M # 0: we allow
k = 0. By hypothesis, ¥ < h — 1. Choose u # 0 in P*M. Then Pu C P**1 M = 0, while
no element of R — P kills u. It follows that P € Ass (M). Moreover P* C Ann(M) shows
that every associated prime contains of M contains P. But there cannot be an associated
prime strictly larger than P, since it would contain an element of R — P, and such an
element is a nonzerodivisor on R. Hence, (2) = (1), as required. [

Remark. When M = R/I with R a proper ideal of R, it is easy to see that M is P-
coprimary if and only if I is primary to P.

We shall say that a proper submodule N of M is irreducible if it is not the intersection
of two strictly larger submodules of M. It is easy to see that this is equivalent to the
condition that N not be the intersection of finitely many larger submodules of M. Note
that in each part of the Lemma below, we can replace M by M/N, N by 0, and each
submodule of M containing N by its image modulo N without affecting any relevant
issue.

Lemma. Let R be a Noetherian ring and let N C M be finitely generated R-modules,
where the inclusion s strict.

(a) N is a finite intersection of irreducible submodules of M (this includes the possibility
that N itself is irreducible).

(b) If N is irreducible, then M /N it is P-coprimary for some prime P.

(¢) If N1, ..., Ny are submodules such that each M/N; is P-coprimary to P for the same
prime P, then M/ ﬂ;?:l N; is also P-coprimary.

Proof. (a) Let N denote the set of proper submodules of M that are not finite intersections
of irreducible submodules. If A/ is nonempty, it has a maximal element N. Then N cannot
itself be irreducible. Suppose that N = N1 N Ny where N7 and N» are strictly larger. Then
each NV; is a finite intersection of strictly larger submodules, and, hence, so is Ny Ny = N,
a contradiction.

(b) We replace M by M/N and so assume that N = 0. If Ass(M) contains two or
more relevant primes, then we can choose u € M such that Anngu = P and v € M such
that Anngv = @), where P # (@) are distinct primes. Then RuN Rv must be 0: any nonzero
element of Rv has annihilator P, while any nonzero element of Ru has annihilator (). This
contradicts the irreducibility of 0.

(¢) The map M — H?Zl M/Nj that sends u — (u+ Ny, ---,u + Nj) has kernel
N = 0?21 Nj;, and so we have M/(ﬂf:1 N;) — H?Zl N; = @?:1(M/Nj) The latter has
a filtration by submodules M/N; & --- & M/N; with factors M /Ny, M/Ns, ..., M/N.
Hence, Ass (N) C U;.C:l Ass (M/Nj;) = {P}, as required. 0
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If N C M is a strict inclusion of finitely generated modules over a Noetherian ring R,
we shall say that N = N1 N ---N Ng is a primary decomposition for N in M if

(1) Each M/N; is P;-coprimary for some prime P; of R.

(3) The intersection is irredundant in the sense that if any NN; is omitted, the intersection
of the others is strictly larger than V.

Theorem (primary decomposition for modules). Let R be a Noetherian ring and
let N C M, where the inclusion is strict. Then N has a primary decomposition. In any
primary decomposition, the primes occurring are precisely the elements of Ass (M /N), and
the number of terms is the number of primes in Ass (M/N). If P; is a minimal prime
of M/N, then the corresponding P;-coprimary module N; in the primary decomposition is
uniquely determined and is, in fact, Ker(M — (M/N)p,).

Proof. To prove existence, first write N as a finite intersection of irreducibles Nj, by part
(a) of the preceding Lemma. For each prime P such that one of these is coprimary to P,
replace those IV; that are P-coprimary by their intersection. Thus, IV is an intersection of
P-coprimary modules such that the primes that occur are mutually distinct. If the inter-
section is not irredundant, we may successively omit terms until we reach an intersection
that is irredundant.

We now want to prove the uniqueness statement. We pass to M /N and so assume
that NV = 0. Suppose that 0 = Ny N---N Ny is a primary decomposition for 0 in M, where
M /Nj is Pj-coprimary. As in part the proof of part (c) of the preceding Lemma, we have an
injection M — @?:1(]\4 /N;), and it folows that Ass (M) is contained in the set of primes
{P1, ..., Py}. To see that P; € Ass (M), note that since the intersection is irredundant,
we can choose an element u € (), ,; Nj — N;. The image of v under M — ,_, M/Nj is
0 in every M/N; except M/N;, and is nonzero in M/N;. Hence,

Ass (Ru) C Ass (M/N;) = {P;},

and so Ass(Ru) = {P;}. But Ru C M, and so Ass(Ru) C Ass(M), i.e., P, € Ass(M).
The statement about the number of terms is now obvious.
Finally, suppose that P = P; is minimal among the associated primes. For every
P; # P,;, P; — P; is nonempty. It follows that (M/N;)p, =0, so that Mp, = (IV;)p,. Now,
Np, = (N1N---0ONg)p, = (N1)p, N0 (Ni)p, = (Ni) b,

so that (M/N)p, = (M/N;)p,. Hence, the kernel of M — (M/N)p, is the set of u € M
such that for some w € R — P;, wu € N;. Since M/N; is P;-coprimary, no element of
R — P; is a zerodivisor on M/N,, it follows that the kernel is N;. O

Depth
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We give a brief introduction to the theory of depth without using homological methods:
the homological proofs of certain results, such as the fact that maximal regular sequences
in I on a module M all have the same length, are very slick, but in some ways mask the
simplicity of what is going on.

We shall assume that R — S is a homomorphism of Noetherian rings, that I is an
ideal of R, and that M is a finitely generated S-module. By far the most important case
is the one where R = S, and the reader is encouraged to focus on this situation if this is a
first encounter with depth. The greater generality is very useful, however, in that one can
frequently choose regular sequences that arise from a “smaller” ring.

If IM = M, we define the depth of M on I to be +oo. If IM # M, it turns out
that all maximal regular sequences on M consisting of elements of I have the same length,
and we define this length to be the depth of M on I. This fact is proved below. Before
giving the proof, we want to characterize the “degenerate” situation in which IM = M in
a down-to-earth way.

Proposition. Let R — S be a homomorphism of Noetherian rings, let N be a finitely
generated R-module, and let M a finitely generated S-module. Let I be the annihilator of
N in R, and let J be the annihilator of M in S.

(a) The support of N @ M over S is V(IS + J) = {Q € Spec(S) : IS+ J C Q}. In
particular, N @r M = 0 if and only if IS+ J =S, the unit ideal.

(b) In particular, if N = R/I is cyclic, IM = M if and only if IS+ J = S.

Proof. (a) Since I kills N, IS kills N ® g M, and since J kills M, J kills N ® g M. Thus,
any prime in the support of N ® g M must contain 1.5+ .J. Now suppose that IS+ J C Q,
a prime of S, and the @ lies over P in R. It suffices to see that (N ®r M)qg # 0, and this
may be identified with Np ® g, Mq. Here, I C P, and so Np # 0. Let Rp/PRp = K. By
Nakayama’s Lemma, Np/PNp is a nonzero K-vector space, say K", h > 1, and, similarly,
Mg /QMg is a nonzero vector space over L = Sg/QSq, say L*. Then Np @r, Mg maps
onto K" @ LF = (K @5 L)' = L' £ 0, as required.

(b) This is immediate from part (a), since N @ g M = M /IM in this case. O
We will need the following;:

Lemma. Let R be a ring and let x1, ... ,x, be a reqular sequence on an R-module M.
Suppose that xo is not a zerodivisor on M. Then xo, x1,T3, Ta, .., Tp_1,Tn 1S a TEqUlAT
sequence on M.

Proof. It suffices to show that x; is a nonzerodivisor modulo x3M: since M /(x1, x2)M =
M/(xq, x1)M, the remaining conditions are unaffected by the interchange of zo and ;.
Suppose that ziu € xoM, say xiu = x9v. Since x1, xo is a regular sequence on M and
xov = 0 mod x1 M, we have that v € 1M, say v = zyw. Then zyu = zoxiw, and
x1(u — xow) = 0. Since z is not a zerodivisor on M, u € xoM, as required. [

We can now justify the definition we want to give for depth.
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Theorem. Let R — S be a homomorphism of Noetherian rings, let M be a finitely gen-
erated S-module, and let I C R be an ideal of R. Assume that IM # M.

(a) There is no infinite reqular sequence x1, T2, T3, ... on M consisting of elements of I.

(b) There is no zerodivisor on M in I if and only if I is contained in the contraction of
a prime in Ass (M) to R. Hence, there is a no nonzerodivisor on M in I if and only
if there is an element u € M — {0} such that Iu = 0.

(¢) Ewvery regular sequence in I on M (including the empty regular sequence) can be ex-
tended to a maximal reqular sequence in I on M, and this mazximal reqular sequence
15 always finite.

(d) All mazximal reqular sequences in I on M have the same length.

Proof. (a) Suppose we have such a sequence. Let I,, = (z1, ... ,z,)R. Since R is Noe-
therian, we eventually have I,, = I,,11. This means that x,,+1 € I,,, and so kills M /I, M.
Since x,41 is not a zerodivisor on M/I,, M, we must have M/I,M = 0, i.e., M = I, M.
But I,, C I and M # IM, a contradiction.

(b) Let 6 denote the map R — S. Note that the action of z € R on M is the same as
the action of 6(z). Hence, z € R is a zerodivisor on M if and only if §(z) is a zerodivisor
on M, and this means that 6(x) is in the union of the associated primes Q, ... ,Qj of
M in S. Let P; denote the contraction of (); to R. We then have that I consists entirely
of zerodivisors on M if and only if it is contained in the union of the P;. But then it is
contained in some P;. Choose u € M — {0} such that Anngu = @;. Then, since 6(I) C Q;,
Iu = 0, as required.

(c) Suppose that we have a regular sequence x1, ...,z and that Ij is the ideal
(1, ... ,x)R. If every element of I is a zerodivisor on M /I M, then we have constructed
the required maximal regular sequence on M in I. If not, we can enlarge the regular
sequence to x1, ... ,Tr+1 by taking zry1 to be an element of I that is not a zerodivisor
on M/I;;M. We can continue recursively in this way. The process must terminate by part

(a).

(d) Suppose that we have a counterexample. Since M has ACC, among all submodules
N of M such that M /N provides a counterexample, there is a maximal one. (The family
is nonempty, since it contains 0.) Therefore, we may assume the result holds for every
proper homomorphic image of M. If I consists entirely of zerodivisors on M, the empty
sequence is the unique maximal regular sequence on M.

Now suppose that x € I is a maximal regular sequence on M. Then [ consists entirely
of zerodivisors on M/xM, and by part (b), there exists an element u € M —xzM such that
Iu C M. Now let y € I be a nonzerodivisor. We want to show that it constitutes a
maximal regular sequence. Since Iu C zM, we can write yu = zv for v € M. First note
that v ¢ yM, for if v = yw, then yu = zyw. Since y is a nonzerodivisor, this implies,
u = xw, a contradiction. The argument in this case will therefore be complete if we can
show that Tv C yM. But if f € I, we have xfv = f(xv) = f(yu) = y(fu) = y(zw) for
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some w € M, since Tu C M. But then z(fv — yw) = 0, and since x is not a zerodivisor
on M, we have that fuv =yw € yM, as required.

Finally, suppose that we have two maximal regular sequences x1, ... ,xp and y1, ... , Yk
on M in I where h > 2 and k£ > 2. Then the contractions to R of the associated primes of
M /z1 M do not cover I (they miss x2), and the contractions to R of the associated primes
of M /y1 M do not cover I similarly. Likewise, the contractions of the associated primes of
M do not cover I (they miss z1). It follows that the union of all three sets of primes does
not cover I: if it did, I would be contained in one of these primes, a contradiction. We can
therefore pick z € I not in any of them. Then z;, 2z is a regular sequence on M, and can
be extended to a maximal regular sequence on M in I, say x1, z, 5, ..., «},. Similarly,
we can construct a maximal sequence on M in I of the form yi, 2, 5, ..., Yp-

But if two maximal regular sequence on I in M have the same first term, say x, then
the terms after the first form maximal regular sequences on M /x M, a proper quotient of M.
It follows that they have the same length, since we know the result for M/xM, and so the
original regular sequences have the same length. Thus, b’ = h and ¥’ = k. By the Lemma
above, z, x1, x4, ... , ) is also a regular sequence on M, and so is z, y1, y5, ... , Y. Since
these two have the same first term, we obtain that h = k. [

We are now justified, under the hypotheses of the Theorem above, in defining the
depth of M on I, which we shall denote depth; M, to be the length of any maximal regular
sequence on M whose terms are in I.

We also note:

Proposition. Let R be a finitely generated N-graded algebra with Ry = K, a field, let
m = @2, Ra be the homogeneous mazimal ideal, and let M be a finitely generated Z-
graded R-module. Then the depth of M on m is the same as the length of any maximal
reqular sequence on M consisting of forms of positive degree. Hence, R is Cohen-Macaulay
if and only if depth,, R = dim(R).

Proof. First note that if depth,,M > 0, then we can construct a nonzero form Fj of
positive degree that is not a zerodivisor on M, by homogeneous prime avoidance. We can
then proceed recursively to construct a maximal regular sequence of such forms on M: we
begin by passing to M /Fy M. The final statement is now obvious. O

Lecture of February 8

Remark. Let R — S be a homomorphism of Noetherian rings, I an ideal of R, and M a
finitely generated S-module such that IM # M. Let x1, ...,z € I be a regular sequence
on M. Let J = (z1, ... ,xx)R. Then depth; M/JM = depth,,—k, and depth;, ;M /JM =
depth; M — k, where in the second equality we have replaced R by R/J and S by S/JS.
The point is that if we extend xz1, ...,z to a maximal regular sequence =1, ... ,x, in [
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on M, then zyy1, ..., z, is very easily seen to be a maximal regular sequence in I on
M/JM, and its image in R/J is a maximal regular sequence in I/J on M /JM.

Remark. We next want to see that, with the same hypothesis as in the first sentence of
the previous remark, we have that depth; M = depth;gM. Let 8 : R — S be the map, and
let 21, ... ,x, be a maximal regular sequence in I on M. Clearly, 6(x1), 6(x2), ..., 0(z,)
is a regular sequence on M in IS because x; acts on M exactly the way that 6(z;) acts
on M. We need only see that it is maximal. Again, since the z; act on M exactly as the
O(x;) act on M, we have that

M/ (@1, .. )M = M/(8(z1), 6(2), .. , O(wn)) M.
Since x1, ... ,x, is a maximal regular sequence on M, there exists an element u €
M/(xy, ... ,xn)M — {0} that is killed by I. Since the annihilator of w is an ideal of
S, we must have that u is killed by I.S as well, which shows that 6(z1), 0(x2), ..., 0(x,)

is a maximal regular sequence in I.S on M, as required. [J

Remark. When (R, m, K) is local, depth(M), with no specification of an ideal, is under-
stood to be depth,, M.

Remark. When I is an ideal of R, depth; R is sometimes referred to as the depth of I as an
1deal. However, the phrase “as as ideal” is frequently omitted. This terminology is flawed,
since the two depths may be different. For example, if R = K[[z, y]] and I = (z,y)R, the
depth of I as an ideal is 2, since z, y is a regular sequence. However, if I is regarded as an
R-module, the depth of I on m = (z,y)R is only one: I/xI has depth 0, since the image
of z is killed by m = I, while x ¢ mI. However, the situtation is rarely confusing, because
when I is an ideal, “the depth of I” is almost always used for depth; R

Linear systems of parameters for standard graded algebras

We shall refer to a finitely generated N-graded algebra R over Ry = K, a field, such
that Ry, the vector space of linear forms, generates R, as a standard graded K-algebra.
The following fact gives a very strong form of avoidance of ideals, not just prime ideals,
and will enable us to prove the existence of regular sequences consisting of linear forms.

Proposition. Let K be an infinite field, V- C W be vector spaces, and let Vy, ..., V) be
vector subspaces of W such that V C U?Zl Vi. Then V CV; for some i.

Proof. 1f not, for each i choose v; € V — V;. We may replace V by the span of the v; and
so assume it is finite-dimensional of dimension d. We may replace V; by V; NV, so that we
may assume every V; C V. The result is clear when d = 1. When d = 2, we may assume
that V = K?, and the vectors (1,c), ¢ € K — {0} lie on infinitely many distinct lines. For
d > 2 we use induction. Since each subspace of V = K of dimension d — 1 is covered by
the V;, each is contained in some V;, and, hence, equal to some V;. Therefore it suffices to
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see that there are infinitely many subspaces of dimension d — 1. Write V = K2 @ W where
W = K92, The line L in K? yields a subspace L & W of dimension d — 1, and if L # L'/
then L& W and L' @ W are distinct subspaces. [

Theorem. Let R be a standard graded K -algebra, and let M be a Z-graded fnitely gener-
ated R-module. Let m = @, ,[R]q denote the homogeneous mazimal ideal of R.

(a) R has a homogeneous system of parameters consisting of linear forms.

(b) The depth of M on m is at least h if and only if there exists a reqular sequence on M
consisting of linear forms.

(¢) In particular, the depth of R on m is at least h if and only if there is a reqular sequence
on R of length h consisting of linear forms.

Proof. We construct the required sequence of linear forms for (a) and (b) recursively as
follows. If the union of minimal primes of R (respectively, the associated primes of M)
contains V' = [R];, then by the Lemma above, one of them contains V', and since V'
generates m, we have that m is a minimal prime of R (respectively, an associated prime
of M). In the case of (a), R has dimension 0. In the case of (b), the depth of M on m
is 0. In either case, the empty sequence satisfies the condition. If not, we can choose a
linear form F} that is not in the union of these primes. This gives the first element of a
system of parameters in (a), and the first element of a regular sequence in part (b). We can
construct the required sequence recursively by passing to R/Fi R for (a) and to M/Fy M
for (b). Part (c) is simply the case of (b) where M = R. O

Change of field

We want to make several comments about the effect of change of field on various
questions.

Discussion: change of field and Grébner bases. Let R = K[x1, ... ,x,], let F be a finitely
generated free R-module with ordered basis ey, ... , ez, let M C F be a submodule, and fix
a monomial order on F'. Let K C L be a field extension. We use L as a subscript to indicate
the result of applying L ® _ . Thus, Ry = L[y, ... ,z,], FL is a finitely generated free
R;-module with ordered basis 1 ®eq, ... ,1®e,, My C Fy, and the monomials in F, are
the images of the monomials in F' under the obvious injection F' < F, that sends f +— 1® f
for all f € F. We identify F' with its image. The monomial order on F' then immediately
gives a corresponding monomial order on F;, because the two sets of monomials have been
identified.

In this situation, let g1, ..., g, denote a Grobner basis for M. Then gq, ..., g, is
a Grobner basis for My as well. We can apply the Buchberger criterion to see this:
as we apply it, all the divisions can be carried out over K, and so we have standard
expressions with remainder 0, as required, independent of whether we think over K or
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over L. This implies that in(My) contains the same monomials as in(M), and we have
in(ML) = IH(M)L

In the graded case, the Hilbert functions of M and M} are the same. We know that
R and Ry, are both Cohen-Macaulay or not alike: this is problem 4(d). in Problem Set

42,

There are also many properties of rings which, if they hold for Ry, hold for R. If Ry,
is (1) reduced, or (2) a domain, or (3) normal, so is R. (1) and (2) hold simply because
R C Ry,. The third may be proved as follows: suppose that a/b is integral over R, where
a € R and b is a nonzerodivisor over R. Because Ry, is flat over R, b is a nonzerodivisor on
Ry, and a/b is certainly integral over Ry. It follows that a/b € Ry, and so a € bRy, N R.
When S is faithfully flat over R, for every ideal I of R, ISNR =1 (R/I — S/IS is still
faithfully flat, which implies injective). Hence, bRy, N R = bR, and we have that a € bR,
which implies that a/b € R.

However, Ry, can be a UFD even though R is not. For example, if R = R[X, Y](X?+
Y2—1), where X and Y are indeterminates, it turns out that R is not a UFD (the height one
prime ideal (X, Y —1)R can be shown not to be principal), but R¢ = C[X, Y]/(X2+Y?2-1)
is a UFD: one can use new variables U = X +¢Y, V = X —4Y, making a linear change of
coordinates over C, and then see that R¢ = C[U, V]|/(UV —1) =2 C[U, 1/U].

Generic linear combinations as regular sequences

We want to show that if an ideal contains a regular sequence on a module M, one can
use “generic” linear combinations of the generators of the ideal, i.e., linear combinations
with indeterminate coefficients, to produce such a regular sequence. We first observe:

Proposition. Let R be a Noetherian ring, and S = R[z1, ... ,zp] = R[z] a polynomial
ring over R. Let N C M be finitely generated R-modules. We write M|z] for R[z] @ g M.
(a) If P is prime in R, then PS is prime in S.

(b) If M is P-coprimary, then M|z] is PS-coprimary.

(¢) If N = NyN---N Ng is a primary decomposition of N in M, then we have that
N[z] = Ni[z] N -+ N Ni[z] is a primary decompostion of N|z| in M|z].

(d) Ass(M|z]) over S is {PS: P e Ass(M)}.

Proof. (a) There is an obvious surjetion R[z] — (R/P)[z]. The result follows because
(R/P)|z] is a domain, and the kernel is clearly PR|[z].

(b) We may localize at R— P, which consists of nonzerodivisors on both M and M]|z],
without affecting the issue, and so we may assume that (R, P, K) is local. Then M has
a finite filtration whose factors are copies of K, and since R|z] is R-flat, M|[z] has a finite
filtration by copies of K ® R[z] = K[z]. Since Ass (K|[z]) over S is clearly PR|[z], this is
also true for M|z].
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(c) We have that N[z] = Ni[z] N --- N Ng[z] since flat base change preserves finite
intersection. Suppose that N; is P;-coprimary. By part (b), N;[z] is P;S-coprimary. It
remains only to see that the intersection of the Nj[z], omitting N;[z], is not N[z]. This
follows from the fact that the intersetion of the N;, omitting N;, is not N, and the fact
that S is faithfully flat over R.

(d) This is immediate from the primary decomposition in part (¢). O

Corollary. Let R be a Noetherian ring, let I be an ideal of R with generators f1, ..., fn,
and let M be a finitely generated R-module with IM # M.

(a) Ifdepth;M > 1 and z1, ...,z are indeterminates over R, then g = z1f1+ -+ zn fn
is a nonzerodiwvisor on M|z] in IR|z].

(b) If depth; M = n, then for every set of indeterminates z over R, depth;R[z]M[z] = n.
Moreover, if we take z to include indeterminates z; ; where 1 <i <n and1<j <h
and we let g; = zi1fi + -+ zinfn for 1 < j < n, then g1, ... ,9, 15 a mazimal
regular sequence in IR[z] on M|z]. In particular, we may take M = R.

(c) Let R be a finitely generated K -algebra. Let notation be as in part (b). Let L = K(z),
the fraction field of K[z|, where the indeterminates z include z; j as in part (b). Let
the subscript L indicate the result of applying L&y . Then g1, ..., gy is a mazimal
reqular sequence in IRy, on My. In particular, if M = R, g1, ... ,gn 1S a mazximal
reqular sequence in Ry, .

Proof. (a) If g is a zerodivisor, it is in Ass (M [z]), and so it is in PR][z] for some associated
prime P of M. This implies that all coefficients occurring are in P, and so I C P, which
contradicts depth; M > 1.

Part (b) is simply the iterated use of (a). In part (c), it is clear that the ¢1, ..., 9n
will still be a regular sequence after localization, provided that we still have I My, # M.
This follows from the fact that L is free, and, hence, faithfully flat, over K. [

The Zariski topology on K" over an infinite field K

Let K be an infinite field. We consider the ring R = K|z1, ... ,x,] of polynomials as
a ring of functions on K. We note that if a polynomial is nonzero as an element of R, then
it yields a nonzero function. In fact, this is true if n = 1 because a nonzero polynomial
of degree at most n has at most n roots, and K is infinite. We may use induction on

n. A polynomial f(xq,...,x,) € K[z, ... ,x,] may be written as a polynomial in x,
with coefficients in K[z1, ... ,z,_1]. If it is nonzero, we can choose a nonzero coefficient
g(z1, ... ,xn—1), and by the induction hypothesis we can choose a point (c1, ... ,¢p—1) €
K™~ ! such that g(c1, ... ,cn_1) # 0. Then F(ci, ... ,cn_1, T,) is a nonzero polynomial

in K|[z,], and so by the one variable case we can choose ¢,, so that it does not vanish for
Tp = Cp.
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If S as any subset of R, we let
V(S)=A{(c1, ... ,cp) € K": forall feS8, f(c,...,cn) =0},

and we shall say that these sets are closed algebraic sets in K™. As in the case where K
is algebraically closed, V(S) is the same as V(I), where I is the ideal generated by S, and
it is also the same as V(Rad (I)). However, distinct radical ideals may define the same
closed algebraic set.

These sets are, likewise, the closed sets of a topology on K" called the Zariski topology.
We note that the complement of any proper closed set V(I) of K" is Zariski dense in K".
That is, every nonempty Zariski open set in K" is dense. To see this, note that we have
at least one nonzero polynomial f in I. If the complement of V(I) were a proper closed
set, it would be contained in V(g) for some nonzero polynomial g. But then the nonzero
polynomial fg vanishes everywhere, a contradiction.

We may view G = GL(n, K) as a Zariski open set in K. We may identify an n x n

matrix with a point of K ”2, and then G is the complement of the set where the deteminant
function vanishes. We note that, as in the case of an algebraically closed field, the open
subset X of an algebraic set X C K where a polynomial f does not vanish may be
viewed as closed algebraic set in KN *1: it is in bijective correspondence with the set

{(Cla 7CN+1) € Kn+1 : (Cl7 7CN) € X and CN+1 = l/f(cla 7Cn)}7

which is the closed set defined by the same polynomials in x1, ... ,zy that define X along
with the polynoial fxy41 — 1. The inherited Zariski topologies on X; C X and on the
corresponding set in KV*! are the same.

In particular, we have a Zariski topology on GL(n, K), and every nonempty open
subset is dense: such a subset is open in K ”2, and hence dense even in K™ .

We shall write BY for the subgroup of upper triangular invertible matrices in GL(n, K)
and BY for the subgroup of lower triangular invertible matrices. The subscript ,, will often
be ommitted.

Generic initial modules

Let R = K[z1, ... ,x,] where K is an infinite field, let F' be a finitely generated free
R-module with ordered basis, and fix a monomial order on F. Let M be a submodule of
F.

Let A € GL(n, K). Then A = (a; ;) acts on the vector space [R]; of forms of degree
1 by sending the form c¢yz1 + - - + ¢y, to the form cjay + - - - + ¢}, x,, where
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This means that the coefficients of A(x;) are given by the entries of the i th column of the
matrix, i.e., Az; = Y ., a; jz;. This is a left action of G = GL(n, K) on the vector space
of one-forms.

This action extends to an action of GL(n, K) on R by K-algebra automorphisms,
where A : f+— f(A(z1), ..., A(z,)). The action extends also to F' in an obvious way by
letting A(fie1+ -+~ + fses) = A(fi)er + -+ + A(fs)es.

We let A(M) denote the image of M under the action of F. We want to prove:

Theorem. There is a Zariski open subset U of GL(n, K) such that for all A € U, in(AM)
1s the same monomial module. Moreover, if Z = (Zi,j) 1s an nxXn matriz of indeterminates
over K, and L = K(z;; : 1,7), so that Z € GL(n, L), then in(ZML) gives a monomial
module containing the same monomials.

Proof. Let g1, ... ,g, be a Grobner basis for ZMj containing images for generators of
M under Z. We form a finite family of polynomials in K[Z] as follows. We include all
denominators of coefficients of the g,., and all numerators of the coefficients of their initial
terms. By the Buchberger criterion, for each 7,7 there is a standard expression

T
() Gij = ijkgn
=1

with remainder 0. We include in our family all denominators of coefficients of the g¢; ; »
and all numerators of the initial terms of the ¢; jrgr. Let f be the product of all the
polynomials in this family. The Grobner basis and all elements in the expressions ()
have coefficients in K[Z]¢. For any matrix A € GL(n, K)y, there is a K-homomorphism
K[Z]; — K that maps the entries of Z to the corresponding entries of A. This map
carries g1, ..., g, to a Grobner basis for AM: we may take the images of the expressions
in (%), and these show that we have a Grobner basis by the Buchberger criterion. The

monomial initial terms of g1, ... , g, therefore generate both in(ZMp) and every in(AM)
for Ae GL(n, K); =U. O

The common initial module that we have proved to exist is denoted Gin(M), and
called the generic initial module. Note that even when K is finite, we can still consider

the span in F' of the monomial terms in in(ZMy) as a generic initial module: it becomes
one after a base change to any infinite field.

Lecture of February 10
Elementary matrices and unipotent matrices

We shall write 1Y C BY for the subgroup consisting of upper triangular matrices such
that all diagonal entries are equal to 1. This is the group of upper triangular unipotent
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matrices. Similarly, Y C BL is the subgroup consisting of lower triangular matrices with
all diagonal entries equal to 1, the group of lower triangular unipotent matrices. The
subscript ,, will often be omitted.

If i # j are integers with 1 < ¢, j < n and ¢ € K, we denote by E;;(c) the matrix
obtained by adding ¢ times the j th row of the n x n identity matrix to the i th row. This
matrix has all diagonal entries equal to 1, and precisely one off-diagonal entry that may
be nonzero: the entry in the i th row and jth column is ¢. The field K and the value of n
should be clear from context. For any A € GL(n, K), E;;A is the matrix obtained from A
be adding c times the j th row of A to the i th row of A. If i < j, then E;;(c) € UY, while
if 1 > 7, then Eij(C) cur.

Every element A of BY is the product (on either side) of the diagonal matrix whose
diagonal entries are the same as those of A and an upper triangular unipotent matrix. The
upper triangular unipotent matrices are generated by the E;;(c) for i < j. Note that E;;(c)
and E;;(—c) are inverses. Given any upper triangular unipotent matrix, it can be “brought
to” the identity matrix by a finite sequence of elementary row operations corresponding
to left multiplication by matrices E;;(c) with ¢ < j. One subtracts multiples of the last
row from earlier rows to make all entries of the last column except the bottom entry equal
to 0. Then one subtracts multiples of the n — 1st row from the earlier rows to make all
entries in the n — 1 st column except the n — 1st equal to 0. Once the jth column has only
one nonzero entry, which is 1, in the jth spot for all j > ¢, one subtracts multiples of the
i th row from the earlier rows until all entries of the 7 th column are 0, except for the 7 th
entry, which is 1. One continues in this way until off-diagonal entries are 0. This means
that one can choose upper triangular matrices F1, ..., Enx such that

Exn---EiA=1.

But this in turn implies that
A:E;l...Eﬁl,

as required. It follows that BY is generated by the diagonal matrices and the matrices
Eij(c) for i < j.

In an exactly similar way (or simply by transposing) we have that every element A
of BL is the product (on either side) of the diagonal matrix whose diagonal entries are
the same as those of A and a lower triangular unipotent matrix. The lower triangular
unipotent matrices are generated by the Ej;(c) for i > j, and B" is generated by the
diagonal matrices and the matrices E;;(c) for i > j.

Lower triangular matrices preserve the initial form

Let R = K|y, ... ,x,] and let F' be a finitely generated free module with ordered
basis e1, ... ,es. We assume a monomial order on F' such that if ¢ < j, then z;e; > zje;
for 1 <t <s. This means that for any term v,

h h—d,_d
(#) xv >z "xjv

(3
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for 1 <d < h and i < j. Ignoring the scalar, v = ue;, and
x?yet = a:?_lz/:ciet > x?_luxjet = a:?_lxjuet

which is the case d = 1. But then, by induction on d, if d > 1 the last term is greater than
(h=1)=(d=1) d—1
x; x

; x;ve;, which yields the result.

Theorem. Let A € B“. For every nonzero element f € F, in(Af) = in(f). Hence, for
every submodule M C F, we have that in(AM) = in(M).

Proof. The second statement is clear from the first. Since A can be written as a product
of diagonal matrices and matrices E;;(c) with ¢ > j, it suffices to prove the first statement
for each of the two types. If A is diagonal, it is clear that the monomials occurring in
terms of Af are the same as the monomials occurring in terms of f: the action is such
that each term of f is multiplied by a nonzero scalar in the field, and no new terms are
introduced.

Therefore we may assume that A = Ej;(c) with j > i. We consider the effect of the
action of A on a typical term of f. Note that A sends x; — z; + cx; while fixing all the
other . The term can be written as z7v where v is a term not divisible by z;. Then A
maps this term to (z; + cx;)"v. When we expand we get z!'v and a sum of other terms,
which, if nonzero, have the form c’xf_dxgy where ¢/ € K — {0} and 1 < d < h. Thus,
the original term occurs, and the other terms are strictly smaller, by (#) displayed above.
It follows that if /v is the initial term of f, it still occurs in Af, and all other terms

occurring are strictly smaller, so that it remains the initial term. [

Corollary. IfU is a Zariski dense open subset of GL(n, K) such that in(AM) is Gin(M)
for all A € U, then BYU is a Zariski dense open set with the same property.

Proof. 1f in(AM) = Gin(M) and B € BY, then we have from the preceding Theorem that
in(B(AM)) = in(AM) = Gin(M), from which it follows that every matrix in B*U =
{BA: B € BY, A € U} consists entirely of matrices that map M to a module whose initial
module is Gin(M). Multiplication by B € GL(n, K) is an automorphism of GL(n, K) as
an algebraic set (not as a group), so that for all B € BY, BU = {BA : A € U} is again a
dense open set. Since BU is the union of the family {BU : B € B}, it is also a dense
open set. [

We next note:
Lemma. B'UY = {BA: B e BY, Ac U} is a Zariski dense open set in GL(n, K).

Proof. For 1 < k < n, let Dy be the polynomial function on GL(n, K) given by the
determinant of the k£ x k submatrix in the upper left corner. Let D be the product
DDy ---D,_;. We claim that B*UY = GL(n, K)p, the set of invertible n x n matrices
such that the nested minors in the upper left corner do not vanish. Evidently, 4" C
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GL(n, K)p. Next note that if A € GL(n, K)p and B is an invertible diagonal matrix,
then BA € GL(n, K)p (the relevant minors are each multiplied by a nonzero scalar) and
E;ij(c)B € GL(n, K)p for all i > j and ¢ € K (adding a multiple of an earlier row to later
row does not change any of the relevant minors). Hence, B“UY C GL(n, K)p.

It remains to prove the opposite inclusion. Now consider any matrix A € GL(n, K)p.
By the hypothesis on the nonvanishing of D, we have that D; does not vanish, i.e., the
entry in the upper left hand corner is not 0. Hence, we can subtract multiples of the
first row from lower rows to obtain a matrix in which the first column is 0 below the first
entry. In the course of this process, at each stage we are multiplying by a lower triangular
elementary matrix. We can proceed by, indiuction on j, to multiply by lower triangular
elementary matrices unitl we reach a matrix such that all entries below the main diagonal
in the first j columns are 0. At every stage, we continue to have a matrix in GL(n, K)p.
Suppose this has been done for all columns preceding the jth column. The hypothesis
that D does not vanish implies that D; does not vanish, and since the j x j submatrix
in the upper left corner is now upper triangular, this implies that the j, j entry on the
diagonal is nonzero. We can therefore subtract multiples of the jth row from lower rows
until the jth column contains only 0 entries below the main diagonal. In this way, we
eventually reach an upper triangular matrix. We have multiplied the original matrix A
on the left by a lower triangular unipotent matrix B in the process, thereby obtaining an
upper triangular matrix C. Since BA = C, we have A = B~!C, as required. [

Corollary. Let R = K[xy, ... ,x,] be a polynomial ring over an infinite field K, let F'
be a finitely generated free R-module with ordered basis ey, ... ,es, and suppose that we
have a monomial order on F' such that for all t and i < j, x;e; > xje,. Let M C F be
a submodule. Let U C GL(n, K) be such that B*U C U and in(AM) = Gin(M) for all
AcU. Then U has nonempty intersection with UY.

Proof. Since U and B"UY are Zariski dense open sets, their intersection is nonempty.
Choose A € U such that A = BC with B € B¥ and C € YV. Then C = B~ 'A € U, as
required. [

Ideals stable under the action of the group of invertible diagonal matrices

We want to show that when K is infinite, an ideal I of the polynomial ring R =
Kz, ... ,x,] over a field K is stable under the action of D,,, i.e., mapped into itself by
every element of D,,, if and only if it is a monomial ideal.

We shall prove some much stronger results. We first want to prove a result on the
invertibility of Van der Monde matrices.

Discussion: Van der Monde matrices. Let uy, ... ,up be elements of a commutative ring.
Let @ be the h x h matrix (ug_l), which is called a Van der Monde matrix. We want to
show that if the elements u; — u; are all invertible, then so is ). We give two proofs.
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(a) We shall show that the determinant of @ is J[;.;(u; —w;). Hence, @ is invertible
if u; — u; is a unit for 5 > 4. It suffices to prove the first statement when the u; are
indeterminates over Z. Call the determinant D. If we set u; = u;, then D vanishes
because two rows become equal. Thus, u; — u; divides D in Z[uy, ... ,up]. Since the
polynomial ring is a UFD and these are relatively prime in pairs, the product P of the
u; — u; divides D. But they both have degree 1 4+ 24 --- 4+ h — 1. Hence, D = cP for
some integer c¢. The monomial ugu3 - - -uzfl obtained from the main diagonal of matrix in
taking the determinant occurs with coefficient 1 in both P and D, so that c=1. [

(b) We can also show the invertibility of @ as follows: if the determinant is not a unit,
it is contained in a maximal ideal. We can kill the maximal ideal. We may therefore
assume that the ring is a field K, and the u; are mutually distinct elements of this field.
If the matrix is not invertible, there a nontrivial relation on the columns with coefficients
Co, - .. , Cn—1 in the field. This implies that the nonzero polynomial

ch_lxh_l + -+ c1xr+c
has h distinct roots, uq, ... ,up, in the field K, a contradiction. [J

Next note the following. Suppose that R is an N- or Z-graded algebra and that
u € Ry is a unit. The there is an automorphism 7, : R — R such that if f € [R]4, then

nu(f) = udf-

Proposition. Let R be an N- or Z-graded algebra such that Ry contains an infinite field
or, more generally, such that Ry contains infinitely many elements u; that are units and
such that for all © # j, the element u; — u; is a unit. Let I C R be any ideal that is stable
under all of the automorphism n,,, with notation as just above. Then I is a homogeneous
ideal of R.

Proof. Let fii1 + -+ fien = f be an element of I, where the interval [t + 1, ..., t + A]
includes all degrees in which the element has a nonzero homogeneous component, and f;
denotes the homogeneous component in degree j. Choose invertible elements uq, ... ,uy

in Ry such that u; — u; is invertible for 7 # j. By letting 7,, act we obtain an equation
(k) w ™ oo+ fopg o o =, (F) €1
We can multiply this equation by u;*~! and let g; = u; " 'n,,(f) € I to obtain
(k%) frp1 +oo0 + Ug_lftﬂ o u T o = g
for 1 <1 < h. In matrix form, these equations can be written as

f+1 g1
Q : =1 |,

Jt+n an
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where @) is the Van der Monde matrix discussed above, and so is invertible over R. We
then have
fr1 g1

ft+h 9h

and since Q™! has entries in R and the g; € I, it follows that all of the homogeneous
components of f are in I, as required. [

Corollary. Let R = K|x1, ... ,xy,] be a polynomial ring over an infinite field K, and let
I be an ideal of R that is stable under the action of the diagonal matrices D,, C GL(n, K).
Then I is a monomial ideal of R.

Proof. Let Sy be the polynomial ring in the remaining variables with zj omitted for
1 <k < n, so that R = Sg[zx]. Then R is N-graded thinking of it as a polynomial
ring in one variable over S, with [R]; = Ska:ﬁ for every d € N, and K C Ry = Sk. If
u € K — {0}, the automorphism 7, conincides with the action of the diagonal matrix
with u on the diagonal in the k, k spot and all other entries equal to 1 on R, and so [ is
stable with respect to this action. Hence, I is homogeneous with respect to each of the xy
gradings. Given an element f of I, it is a sum of z,,-homogeneous componets all of which
are in I: these have the form g, 2% where g, _1 € K[z1, ... ,2,_1]. Each of these is in
turn a sum of z,_i-homogeneous components, all of which are in I. These have the form
gn_ga:fl”_’lleb" where g,,—2 € K[z1, ... ,2,_2]. Continuing in this way, we see that every
monomial term of f is in I, as required. [J

Borel-fixed ideals

We shall show soon that in the graded case, generic initial monomial ideals are stable
under the action of BY. In this section we want to charactize the ideals of the polynomial
ring R = K[z, ... ,x,] that are stable under the action of BY.

We first prove an elementary fact about the behavior of binomial coefficients modulo
a prime integer p that we shall need to handle the characteristic p > 0 case.

k
In the Lemma below, the binomial coefficients ( h)’ where h, k € N, are defined to

|
be 0 if A > k. Otherwise, they have their usual meaning, ﬁ Note that (i) is

always nonzero if 0 < h < k: in particular, if h = 0 its value is 1, even if k£ = 0.
Lemma. Let h and k be nonnegative integers and let p be a positive prime integer. Let
h = hgp® + ha_1p"™" + -+ + ho

and
k= kap” + ka—1p® "+ + ko
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be expansions of h and k respectively in base p, so that 0 < h; <p—1and 0<k; <p—1
for alli. (The length d of the expansion is permitted to be longer than needed, so that, for
example, hq, or several of the initial h;, may be 0, and the same holds for k.) Then

0)= )6 - G

Hence, (i) %= 0 mod p if and only if h; < k; for all i.

Proof. Let z be an indeterminate over Z, = Z/pZ. Then
(L+2) = (A + ) (2P ) () )
and since we are in prime characteristic p > 0 we may rewrite this as
(14 2P a1 4 27" ka1 2P) R (1 4 2)Po,

If we expand each factor by the binomial theorem and then multiply out, using the gener-
alized distributive law, we obtain the sum of (kg 4+ 1)(kq—1 + 1) - (ko + 1) terms, one for
every choice of integers hg, ..., hg with 0 < h; < k;, namely:

kd ]{:d—l ]{:1 kO pd hq pd_l hqg_1 p\h1  ho _
() Gt ) = (o) G e gy =
<kd) (k‘d1) o <k:1) (k0>zhdpd+hd—1pd1+"'+hlp+ho'
hd hd,1 hl h()

Because the exponents are distinct expansions of nonnegative integers in base p, they are
all distinct, and there are no cancellations of terms. These coefficients are all nonzero,

k.
because p does not occur as factor in the formula for the binomial coefficient < Z) when
i

0 < h; < k; <p—1. There is no nononzero term involving z" if the expansion of h in
base p is such that h; > k; for some ¢, and the formula given remains correct in this case

because (zz> = 0 when h; > k;. The final statement is now clear. [J

For each integer p in the set {0, 2, 3, 5, ...} consisting of 0 and the positive prime
k
integers, if h,k € N we define h <, k to mean (h) does not vanish modulo p. If p =0

this is the usual total order on N, but if p > 0 it is a partial ordering because of the
characterization in the last statement of the Lemma just above.

Let R = K|z, ... ,x,] be a polynomial ring in n variables over a field. We define an
ideal of R to be Borel-fized if it is stable under the action of BY, the Borel subgroup of
GL(n, K) consisting of upper triangular matrices. Such an ideal is stable under the action
of D,,, and so it must be a monomial ideal. We have the following:
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Proposition. Let notation be as in the paragraph above, and let I C R. Then I is Borel-
fixed if and only if it is a monomial ideal and has a set of monomial generators p with the
following property:

(#) if p= x?u where x; [ v, then xhx?_hu €I for alli < j and all h such h <, k.

(3

If I is Borel-fized, condition (#) is satisfied by every monomial pu € I.

Proof. I is stable under the action D if and only if it is monomial, and a monomial ideal
I is Borel-fixed if and only if every E;;(c), c € K — {0} and ¢ < j, maps I into itself, since
the diagonal matrices together with the E;;(c) for i < j generate BY. It is sufficient that
every u in a set of monomial generators for I map into I, and it is necessary that every
p € I map into I. But given p, its image under the map that sends x; — cx; + x; while
the other variables are fixed is

k
(cxi +a5) v = Z (h>ckx,’fx?h1/,

0<h<,k

since the integers h satisfying 0 < h <, k are precisely the ones that yield a nonzero
binomial coefficient. The stated result is now immediate. [

Lecture of February 12

We next want to consider one example where the generic initial ideal depends on the
characteristic. The example also illustrates that, even when the given ideal is monomial,
the generic initial ideal can be rather different.

Consider I = (22,23) in R = K|[z1, 22] where K is infinite. Suppose that we use either

hlex or revlex as the monomial order. If A = (aij),

Gin(I) = in(((a11$1 + a21$2)27 (arpz1 + a22x2>2)R)

for ai1, ai2, as1, ase in sufficiently general position. In characteristic different from 2, we
get x2, as the initial term from either generator. The initial term of

a%g(au% + a21x2)2 — a§1(a12$1 + a22902)2

yields an z1xo term. In degree d > 3, I contains all monomials of degree d, and, hence,
so does AI. Tt follows that Gin(I) = (22, z122, 23). However, in characteristic two, both
squares are linear combinations of 7 and x3, and Gin(I) = (22, 23). This is consistent
with out characterization of Borel-fixed ideals because it is false that 1 <5 2: the binomial

2
coefficient <1) vanishes modulo 2.

The following result explains in part why generic initial ideals have great interest.
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Theorem. Let R = K|[xy, ... ,x,]| be a polynomial ring over a field K, and let I be a ho-
mogeneous ideal of R. Let m be the homogeneous maximal ideal of R. Then depth,, (R/I) =
k if and only if the minimal monomial generators of Gin(R/I) for revlex involve x,,_j but
not x; forj >n—k+ 1.

Proof. After the variables are placed in general position, say by a change of coordinates
using a matrix of indeterminates, there is a regular sequence of length k on R/I if and
only if the last k variables form such a sequence: see the Proposition on p. 3 of the Lecture
Notes of February 8. By our results on reverse lexicographic order, this is equivalent to
the absence of the last k variables from the initial ideal with respect to revlex: see the
final Theorem of the Lecture of February 3. [

Actions on vector spaces and exterior algebra

We are aiming to prove results concerning when the initial ideal is Borel-fixed. The
theorems we obtain can actually be viewed as results about actions on on finite-dimensional
K-vector subspaces of R.

We assume that R = K|z, ... ,2,], a polynomial ring over an infinite field K, and
we fix a monomial order on R such that 1 > x5 > --- > x,, as usual.

This gives an ordered basis for every subspace of R spanned by monomials. Recall
that when a vector space V has an ordered basis v; > vy -+ > vy, the theory of Grobner
bases applies directly to V: the base ring may be thought of as K, the polynomials in
0 variables over the field K. When V is a subspace of R, this gives us, a priori, two
notions of initial term. We write inye.(f) to indicate that we are taking the initial term
in a vector space sense. However, in practice, we shall frequently be considering a finite-
dimensional K-vector subspace of R spanned by monomials, with the order of the basis
elements obtained by restricting the monomial order on R. In this case, in(f) and inyec(f)
agree. However, iny..(W) is a K-vector subspace of V', not an ideal of R.

Recall that the exterior algebra A*(V) = @, oy A"(V) of a K-vector space V is an N-

graded associative algebra generated over K = A\°(V) by V = A'(V) with multiplication
denoted A satisfying precisely those relations implied by the condition that v Av = 0 for
every element v € V. Then

O=@w4+wANv+w)=vAv+vAw+wAv+wAw=vAw+wAwv,

so that
VAW =—wAv

for all v,w € V. This implies that if {v;};c7 is an ordered basis for V then the elements
vj, AVjy A -+ Avj, such that v, > v;, > -+ > v;, form a basis for A"(V). In particular,
it follows that if dim g (V) = k, then

dim x (\'(V)) = (’:) 0<i<k,
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while A\’(V) = 0 for i > dim (V).

Moreover, for any elements vy, ... ,vx € V, we have that for every permutation 7 of

1,..., k),

Vr(1) N AUy = sgn (m)(vr A=+ Awg),

where sgn (7) is the sign of the permutation 7. We also have that v; A --- Avg = 0 if and

only if vy, ... , v are linearly dependent over K. We know that if vy, ... , v is a basis for
V, then the single element vy A - A vy, is a basis for A"(V), which is a one-dimensional
space. If we consider k linear combinations of vy, ... , v, say

Wi = Cj1V1 + -+ CikUk
for 1 <17 <k, with the elements ¢;; € K, then
wy A - Awy = det(cj) ve A A g,

which will be another generator of A" (V) precisely when w1, ... ,wy, is a basis for V.

Note that forms of even degree in A*(V) are in the center, while if w, w’ are forms of
odd degree, w A w' = —w’ A w. Notice also that, by definition, A°(V) = K. An N-graded
associative algebra such that for any two nonzero forms w, w’ of degrees d, d’' respectively,
ww' = (—1)% w'w is called a skew-commutative graded algebra. (Some call such graded
algebras commutative, but we shall not do this.)

IfT:V — W is a K-linear map, it extends uniquely to a degree preserving K-
homomorphism of N-graded associative algebras A*(T) : A*(V) — A*(W). This makes
A°(_) into a covariant functor from K-vector spaces and K-linear maps to skew-commutative
graded K-algebras and degree-preserving K-algebra homomorphisms. In particular, we
have functorial maps A"(T) : A" (V) — A" (W) for every i € N. Observe also that

T(vr A+ ANvg) =T (v1) A= ANT(vg).

If W C V is a k-dimensional vector space, then A\"(W) C A¥(V) is a one-dimensional
subspace of /\k(V) This one dimensional subspace uniquely determines W, since if

A(W) =Kwthen W ={veV:wAv=0}.

Given an ordered basis for V', we introduce an order on the basis for /\k V' mentioned
above. A typical element of the basis for /\k V has the form vy A --- Avg where vy, ..., vk
are in the given ordered basis for V' and are such that v; > --- > vi. The ordering is given
by the following rule: if v; A--- Avg and wy A --- A wy are in this basis with vy > - -+ > v
and wy > ---wg, we define vy A -+ Avg > wi; A -+ A w, to mean that there exists i,
1 <1 <k, such that v; = w; for 7 < ¢ and v; > w;. This ordering resembles lexicographic
ordering of monomials.

Remark. Suppose that vy, ... , v are distinct elements of the ordered basis, not necessarily
in decreasing order, and that wq, ... ,wy are distinct elements of the ordered basis, also
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not necessarily in decreasing order. Suppose that for every ¢, (¥) wv; > w;. Then this
condition also holds when both sequences are arranged in decreasing order. The reason
is simply this: let v], ... ,v; and w], ... ,w}, denote the sequences arranged in decreasing
order. For every i, each of the elements w), ... ,w} is less than some element of vy, ... , vy
coming from the inequalities (x), where these i elements are mutually distinct. Then w;
is less than or equal to each of these ¢ distinct elements of the vy, ... ,vx. The smallest of
these i elements is evidently at most v]. [

We then have:

Proposition. Let V' be a vector space with ordered basis, and let W be a subspace of
dimension k. Then a reduced Grobner basis for W is a basis for W, and given such a basis
Wi, ... , Wk, we have that inyec(w1) A -+ A inyec(wy) is the initial term of a generator for

inyec (A*(W)).

Proof. Fix sufficiently many elements v; > --- > v, of the ordered basis for V' so that
W is contained in their span. We have already noted in the Lecture Notes of January 15
that the condition for wq, ... ,wx to be a reduced Grobner basis is that when each w; is
written in terms of vy, ... , vs, the coefficients used, formed into the rows of a k x s matrix,
produce a reduced row echelon matrix without any rows that are 0. (If any v; are not
actually used, they contribute columns that are entirely zero, and do not affect whether
the matrix one obtains is in reduced row echelon form.) The leading entries of the rows
correspond to the intial terms of the w;. It is now clear from the Remark above that when
we form wy A - -+ Awg, the initial term is obtained by forming the product, under A, of the
initial terms. [

We next observe that we can define a generic vector space of initial forms, Ginye. (W)
when W is a k-dimensional subspace of V.

Theorem. Fiz a monomial order on R = Klx1, ... ,x,]: this yields an ordered basis for
AF(R) for allk € N. Let W C R = Klxy, ... ,x,] be a given subspace of finite dimension.
There is a Zariski open dense subset U of GL(n, K) such that inye.(AW) is the same for
all A € U. U may chosen so that B2U = U. If g generates /\k(W) as a K-vector space,
then Ginyec(g) is the greatest term occurring in Ag for any A € GL(n, K).

Proof. Let Z = (Zm) be a matrix of new indeterminates. Exactly as in our earlier proof of
the existence of generic initial modules, we may consider ZW over K (Z) and construct the
reduced Grobner basis, in the K (Z)-vector space sense, there, keeping track of finitely many
polynomials in the z;; that are used in denominators and also finitely many polynomials in
the z;; that occur as numerators of coefficients of initial terms. We may form the product
P of these polynomials in the z;;, and then we may take the set where P does not vanish
as a choice of U. Applying a matrix in B“ does not change the initial term of an element,
and hence BLU is a larger dense open set for which every matrix yields the same initial
vector space. Finally, note that a term that occurs in some Ag will occur in Zg. Since
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the leading term of Zg gives Ginyec(g), and is greater than any other term in Zg, the final
statement follows. [J

We next want to characterize when a K-vector subspace of R is stable under the action
of the diagonal matrices D,,, and when such a subspace is stable under the action of the
BY. We first note that over an infinite field K, we have a graded vector space analogue of
the Proposition on p. 4 of the Lecture Notes of February 10.

First note that if V' is an N or Z-graded vector space over an infinite field K, then
we may define an automorphism 7, of V for each nonzero u € K such that each element
v € [V]y maps to uv.

Proposition. Let V' be an N- or Z-graded vector space over an infinite field K. Then
every subspace W of V' stable under all the n,, for u € K — {0} is graded.

Proof. The proof is identical with the proof given for the earlier Proposition: the van Der
Monde matrix ) now has entries in K, and W replaces the ideal I. [

Theorem. Let R be a polynomial ring K|x1, ... ,x,], where K is a field. Let W be a
K -vector subspace of R. Then W is stable under the action of D, if and only if W is
spanned by monomials.

Suppose that K has characteristic p (which may be 0). Then W is stable under the
action of BY if and only if it is spanned by monomials and for every monomial u € W, if
W= x?u, where x; does not divide pu, h <, k, and i < j then x?m?_hu ew.

Proof. The proof of the first statement is identical with the proof of the Corollary on p. 5
of the Lecture Notes of February 10, using the Proposition above, and the proof of the
second statement is identical with the proof of the Proposition on p. 7 of the Lecture Notes

of February 10. [

We refer to the subspaces of R stable under BY as Borel-fized.

We next note that there is a monomial grading of A*(R). If one has terms vy, ... , vy
involving mutually distinct monomials pq, ..., ux, we define the monomial degree of the
element vy A --- A vg to be the product pq - - - pg. If the p; are not mutually distinct, then
vi A Avg = 0. Let[A*(R)], denote the K-span of all basis elements whose monomial
degree is pu. Then we have a direct sum decomposition

N (R) = D A" (R,

where M is the set of monomials in R. Note that if R = K|x1, z2] and p = 2323, then
[A*(R)], contains z3x3, 23 A x123, and 2% A z122 A 23, as well as many other elements.

Remark. A critical observation is the following: if W is a k-dimensional K-vector subspace
of R and w generates A" (W), then the monomial degree of in(w) is strictly larger than the
monomial degree of any other term of w. Consider a Grobner basis for W' as a vector space:
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in each element, the initial monomial is strictly larger than any other monomial occurring.
The product of the initial monomials is therefore strictly larger than the product of any
other choice of monomials, one from each factor, from which the assertion follows.

The action of D,, on R induces an action on A\°*(R). Note that if 3 = (b, ... ,b,) €
(K —{0})™, and diag(b, ... ,b,) is the diagonal matrix with b; in the i, ¢ position on the
main diagonal for 1 < i < n, then for any element v € [A\*(R)],, we have that Bv = u(83)v,
where p(8) denotes the result of substituting z; = by, ..., £, = b, in p.

Theorem. Let W C R be any finite dimensional vector space. Let Then Ginye.(W) is
Borel-fixed.

Proof. First replace W by AW such that inye.(AW) = Gingec(W). Let w generate the
one-dimensional vector space /\k(W) It suffices to show that for every upper triangular
elementary matrix £ = E;;(c), E(inVec (w)) = inyec(w). The action of E' on a monomial
term produces a linear combination of monomial terms one of which is the original term,
while the others are strictly larger — if the term has the form va where v is a term not
divisible by x;, this this follows from the expansion

k
(cxi +a5)" v = Z (h>ckx,’fx?h1/,

0<h<,k

which was used in the proof of the Proposition on p. 7 of the Lecture Notes of February
10. It follows from the Remark on p. 3 that if E(invec(w)) # inyec(w), all of its nonzero
terms other than inye.(w) are larger than inye.(w). Pick one such term 7. It suffices to
show that 7 survives in EB(w) for some upper triangular matrix B = diag(by, ... ,by)
where 5 = (b1, ... ,b,) € (K — {0})". Let pu be the monomial degree of in(w). By the
Remark just above, the monomial degree of every other term in w is strictly smaller than

4, so that
Y
v<p
Then
EB(w) = E(Bin(w)) + Z E(B(wny) = p(B)E )+ Z E(wny).
v<p v<p

Consider the coefficient of 7 in the final expression on the right as a function of 5. The first
sumand makes a contribution p(3) to this coefficient. The other contributions to the sum
have the form c,v(f) for v < p. It follows that the coefficient of 7 is a nonzero polynomial
in 3, since the u(f) term cannot be canceled. Hence 7 occurs in EB(w) for some choice
of B, which contradicts the last statement in the Theorem stated on the bottom of p. 3
and the top of p. 4. [
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Lecture of February 15

We postpone further consideration of Grébner bases to study some results in invariant
theory.

To keep prerequisites from algebraic geometry to a minimum, in our study we will
take the ground field K to be an algebraically closed field. For the kinds of results that
we will be considering, this is no disadvantage: typically, one can deduce results over any
infinite field by passing to the algebraic closure.

Linear algebraic groups and their modules

We have seen that GL(n, K) has the structure of a closed algebraic set, and that
the same is true for the GL,(V), the group of K-automorphisms of a finite-dimensional
vector space V. See pages 1. and 2. of the Lecture of February 1. One gives GL, (V)
the structure of a closed algebraic set by choosing a basis for V. If dim (V) = n, this
gives an identification of V with GL(n, K). However, the structure of V' as an algebraic
set is independent of the choice of basis: if one takes a different basis, the identification
of GL(n, K) with V changes, but this is via an automorphism of GL(n, K) given by
conjugating by the change of basis matrix. This map is not only a group automorphism:
it is also an automorphism in the category of closed algebraic sets.

A linear algebraic group G is a Zariski closed subgroup of some GL(n, K). Thus, G
has the structure of closed algebraic set.

The product of two closed algebraic sets has the structure of a closed algebraic
set. If X = V(I) where I C Kz, ...,2Zp), so that X C A2, and Y = V(J) where
J = Kly1, ... ,Yn], so that Y C A} (the variables are taken to be m + n algebraically
independent elements) then X x Y may be identified with V/(IT + JT) C A", where
T=Kl[z1, ... ,Zm, Y1, --- ,Yn]-

It is easy to show that if GG is a linear algebraic group, then the map G x G — G that
corresponds to the group multiplication is regular, as well as the inverse map G — G this
follows from the fact that this is true when G = GL(n, K).

An action of a linear algebraic group G on a finite-dimensional vector space V' is then a
group action G XV — V such that the defining map is a morphism of closed algebraic sets,
i.e., a regular map over K. The image of (v, v) is denoted ~(v). Alternatively, it is given
by a homomorphism h : G — GLk(V): the action is recovered by the rule y(v) = h(y)(v).
We then say that V' is G-module (over K, but usually we do not mention the field K).

If W C V is a K-vector subspace such that W is stable under the action of G, the
restriction of the map G x V' — V gives W the structure of a G-module, and we shall say
that W is a G-submodule of V.

We extend the notion of G-module to infinite-dimensional K-vector spaces as follows:
an action of GG on an infinite-dimensional vector space V is allowed if V' is a directed union
of finite-dimensional spaces W such that the restricted action makes W into a G-module.
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The direct sum of G-modules becomes a G-module in an obvious way. A G-stable
subspace of an infinite-dimensional G-module is again a G-module. If V' is a G-module
and W C V| then V/W has the structure of G-module such that for all v € G and v € V,
Y4+ W) =v(v) + W.

A G-module map f :V — W is a K-linear map such that for all v € G and v € V,
f(7(v)) =~(f(v)). The inclusion of a G-submodule W C V is a G-module map, as is the
quotient map V' — V/W.

A nonzero G-module M is called irreducible or simple if it has no nonzero proper
submodule. If M is irreducible it is necessarily finite-dimensional, as it is a directed union
of finite-dimensional G-submodules.

A linear algebraic group is called linearly reductive if every finite-dimensional G-
module is a direct sum of irreducible G-modules. Over an field, the finite groups G such
that the order of G is invertible in the field are linearly reductive, and so is an algebraic
torus, i.e., a finite product of copies of GL(1, K). In characteristic p > 0, these are the
main examples. But over C the semisimple groups are linearly reductive as well. We shall
comment further about this later.

Linearly reductive linear algebraic groups

Theorem. Let G be a linearly reductive linear algebraic group and let W C V be G-
modules. Then there is a family of irreducible submodules {Mx}xep in V' such that

V=W+) M,
AEA

and the sum is direct. Hence, if
WS,
then V=W @ W', so that W' is a G-module complement for W in V.

In particular, we may take W = 0, and so V itself is a direct sum of irreducible
submodules, even if it is infinite-dimensional.

Proof. Consider the set of families of irreducible submodues

{Mx}xen

of V such that the sum
VV'+—2£:.AJA
AEA
is direct, i.e., such that every module occurring has intersection 0 with the sum of the other
modules occurring. The empty set is such a family, and the union of chain of such families
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is such a family. Hence, there is a maximal such family, which we denote { M)} ca. We
claim that V = V’, where
Vi=W+ ) M.
AEA

If not, there is a finite-dimensional submodule V of V' that is not contained in V’. Vj is
a direct sum of irreducibles: one of these, call it M, must also fail to be contained in V.
Then My NV’ is a proper G-submodule of My, and so it is 0. But then the family can be
enlarged by including M, as a new member, a contradiction. [

If V is G-module, let V& be the subspace of invariants, i.e.,
VE ={veV: forallyeG,vyw)=uv}

Then V& is the largest G-submodule of V' on which G acts trivially, and it is a direct sum
(although not in a unique way) of one-dimensional G-modules on which G acts trivially.
Note that if M is an irreducible G-module on which G acts on non-trivially, then M¢ = 0,
for otherwise M% is a proper nonzero G-submodule of M.

Theorem. Let V be a G-module, where G is linearly reductive. Then VE has a unique
G-module complement Vg, which may also be characterized as the sum of all irreducible
submodules M of V' on which G acts non-trivially.

Proof. Let W be any G-module complement for V. Let M be any irreducible in G
on which G acts non-trivially. If M "W # 0, the M N W = M, and so M C W as
required. Otherwise M injects into V/W = V¢, which implies that G acts trivially on M,
a contradiction. Thus, every irreducible on which G acts nontrivially is contained in W.
But W is a direct sum of irreducibles, and G must act non-trivially on each of these, since
there are no invariants in W. Therefore, W is the sum of all irreducible submodules of G
on which G acts non-trivially, which proves that W is unique. [

We also have:

Proposition. If f : V — W is a map of G-modules, then f : VG — W i.e., f induces
a map of the respective G-invariant subspaces of V. and W by restriction. Moreover,
f: Vg — Wq. Thus, f preserves the direct sum decompositions V.= V& @ Vg and
W=Ww¢%aWs.

Proof. If v is invariant so that y(v) = v for all v € G, then y(f(v)) = f(y(v)) = f(v) for
all y € G. Thus, F(VY) C WE.

Now consider any irreducible M on which G acts non-trivially. The kernel of f inter-
sected with M is a G-submodule of M, and, hence, is 0 or M. If it is 0, then M injects into
W, and the image is an isomorphic copy of M, which means that f(M) is an irreducible
G-submodule of W on which G acts non-trivially. Hence, f(M) C W¢g. On the other
hand, if the kernel contains all of M, the image is 0 C Wg. O
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Dicussion. Let G be a linear algebraic group that is not necessarily lineaarly reductive.
Consider a short exact sequence of GG-modules

O—-W-—-=V->Y —0.

Clearly, W& C Y, and the kernel of the map V& — Y€ is, evidently, V& N W, which is
obviously W¢. Hence, for any linear algebraic group, we always have that

0—-W¢ Y% ve
is exact. In general, however, the map Y¢ — V& need not be onto. However:

Corollary. If G is linearly reductive and 0 - W —V —'Y — 0 is an exact sequence of
G-modules, then 0 - W& - V¢ 5 Y - 0 is exact.

Proof. The map V — Y is the direct sum of the maps V& — Y% and Vz — Yg. Hence, it
is surjective if and only if both V& — Y% and Vz — Yg are surjective, which, in particular,
shows that V¢ — Y© is surjective. O

When G is linearly reductive, we have a canonical G-module retraction py : V — V&
that is obtained by killing V5. This map is called the Reynolds operator. Note that if we
are given a short exact sequence of G-modules 0 - W — Y — V — 0, then we have a
commutative diagram:

The columns are split exact, and the rows are exact: the middle row is the direct sum of
the rows above and below it.

The property that when V' — W is a surjection of finite-dimensional G-modules then
V& — WE is surjective actually characterizes linearly reductive groups. To see this, first
note that if V and W are finite-dimensional GG-modules, we can put a G-module structure
on Hompg (V, W) (this is simply the vector space of all K-linear maps) as follows: for
all v € G and all f:V — W, v(f)(v) = v(f(y ). This is easily verified to give
Hompg (V, W) the structure of a G-module. Moreover:
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Lemma. Let V., W be finite-dimensional G-modules. Then Hompg (V, W)% is the K-
vector space of G-module maps from V to W.

Proof. Suppose that f:V — W. Then f is fixed by G if and only if for all v € G and for
allv eV, y(f(v 1)) = f(v), ie., f(y *v) =7 1 f(v). Since 77! takes on every value in
G as v varies, we have that f is fixed by G iff f is a G-module homomorphism. [

Theorem. Let G be a linear algebraic group. G is linearly reductive if and only if for every
surjective G-module map of finite-dimensional G-modules V. — W, the map VG — WE is
also surjective.

Proof. 1t suffices to show that every finite-dimensional G-module V' is a direct sum of
irreducible G-modules: if not, let V' be a counter-example of smallest possible vector space
dimension. Then V' is not irreducible, and we may choose a maximal proper G-submodule
M # 0, so that W = V/M is irreducible. It suffices to show that the exact sequence

(x) 0M—=VLw=o0

splits as a sequence of G-modules, since in that case we have that V =2 M & W and
dim g (M) < dim g (V). It is, of course, split as a sequence of K-vector spaces. Apply
Homyg (W, _ ), where this is simply Hom as K-vector spaces. Then

0 — Homg (W, M) — Homg (W, V) L% Homp (W, W) — 0

is exact (since the sequence (k) is split as a sequence of K-vector spaces), and the map f,
which sends g : W — V to f o g, is therefore surjective. This is a sequence of G-modules,

and so the map
Hom g (W, V)¢ — Homg (W, W)<

is surjective. That is, the set of G-module maps from W — V maps onto the set of
G-module maps from W — W. Hence, there is a G-module map g : W — V such that
f«(g) = fog is the identity map on W, and so (x) is split as a sequence of G-modules. [

Remark. The existence of a functorial Reynolds operator that retracts every finite-dimen-
sional G-module onto its invariant submodule and so, for every G-module map V" — W,
provides a commutative diagram:

v — s sw

v | [

Ve — we

already implies that when the top arrow is surjective, so is the bottom arrow. For if
w € WY we may choose an arbitrary element v € V such that f(v) = w, and then

flov(v) = pw (f(v)) = pa(w) = w,
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as required. Thus, the existence of a functorial retraction onto the modules of invariants
is also equivalent to the condition that G be linearly reductive.

Remark. If G is a finite group such that the order |G| of G is invertible in K, the Reynolds
operator is given by:
1
p) = o > g(v),
geG
i.e., averaging over the group G.

It turns out that linear reductive linear algebraic groups over the complex numbers C
are precisely those that have a Zariski dense compact real Lie subgroup H. Then H has
Haar measure, a translation-invariant measure p such that u(H) = 1, and the Reynolds
operator can be obtained by averaging over the group:

p(v) = /GH v(v) dp.

Early proofs of finite generation for rings of invariants of semisimple groups over C
made use of this idea. Purely algebraic proofs have been available for a long time: these
involve the study of modules over the Lie algebra. See, for example, [A. Borel, Linear
Algebraic Groups, Benjamin, New York, 1969].

Lecture of February 17

The additive group G = (K, +) of the field K may be identified with the group of
upper triangular 2 x 2 unipotent matrices

{((1) Cf) ta€ K},

D6 1)=6"")

for all a, b € K. This group is not linearly reductive. Let V = K2, thought of a column

vectors, and let G act in the obvious way, by left multiplication on column vectors. Let
1 . . . .

er=1q) Then V¢ = Ke; is a G-stable subspace of K2, i.e., e; is an eigenvectxor

of every matrix in GG corresponding to the eigenvalue 1. However, Ke; has no G-stable
complement in K?: such a complement would be one-dimensional and that would require

since

0 }) € G to have a second eigenvector. []

matrices such as (
The Reynolds operator for ring actions and finite generation of R®

We next want to study the situation where G is a linearly reductive linear algebraic
group acting on a K-algebra R by ring automorphisms.
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Theorem. Let G be a linearly reductive algebraic group and let R be a K-algebra that
18 a G-module such that G acts on R by K-algebra automorphisms. Then the Reynolds
operator R — R is RC -linear.

Proof. The Reynolds operator arises from the decomposition R = R® @ R¢. It suffices to
show that R¢ is an R%-module. Let M C R¢ be a typical irreducible G-submodule of R on
which G acts non-trivially. Let a € R®, and consider the map M —» aM that sends r — ar
for all € M. This is a map of G-modules, because for all v € G, y(ar) = v(a)y(r) = ay(r).
The kernel is therefore a G-submodule of M. If the kernel is M, then aM =0 C Rg. If
the kernel is 0, then M = aM as G-modules. It follows that G acts non-trivially on the
irreducible G-module aM, and so aM C Rq, as required. [

We have the following;:

Lemma. Let A C R be a ring extension such that A is a direct summand of R as an
A-module, i.e., there is an A-linear map R — A that restricts to the identity map on A.

(a) For every ideal I of A, IRNA=1.
(b) If R is Noetherian, then A is Noetherian.

(¢) If R is Noetherian and A is an N-graded algebra over Ag = K, a field, then A is a
finitely generated K -algebra.

Proof. (a) Suppose we have a = fir1 + -+ + fyri, where a € A, the f; € I C A, and
the r; € R. Then p(a) = a, and by the A-linearity of p, we have that a = p(a) =
fip(r1) + -+ fup(ry) € I, as required, since each p(r;) € A.

(b) Suppose that I; C Iy C I3 C --- is an infinite non-decreasing chain of ideals in A.
Since R is Noetherian, then chain I; R is eventually stable, and so for some k, I, R = I}, R
for all h > 0. Intersecting with A and applying (a), we have that I, = Iy4, for all h > 0,
as required.

(c) By part (b), A is Noetherian, and so its maximal ideal is finitely generated as
an ideal. We can take the generators to be forms of positive degree, say Fi, ..., F}.
Let B = K[Fy, ..., Fy] C A. Tt suffices to show that B = A. If not, we can choose a
homogeneous element F' € A — B of least degree. Since F' is in the maximal ideal of A, we
can write F' = Z?Zl G;F;, and by taking homogenous components we may assume that
if G; # 0, then deg(G;) = deg(F') — deg(F};) < deg(F), and so every G; € B by the fact
that F' has least degree in A — B. But then F' € B as well. [

Corollary. If G is a linearly reductive linear algebraic group acting by K-automorphisms
on a finitely generated K -algebra R, then RC is finitely generated.

Proof. If R is graded and the action preserves degree, this follows from part (c) of the
Lemma above. In the general case, we can choose a finite-dimensional vector space V C R
that is G-stable and contains generators of R. We may then form the symmetric algebra
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S of V over K, which is a polynomial ring over K whose space of forms of degree 1 is
is isomorphic with V. We may let G act on V using the G-module structure of GG, and
this action extends to the polynmial ring S. The map S — R that sends each element of
V = [S]1 to itself, but considered as an element of V' C R extends uniquely to a K-algebra
homomorphism S — R. Since V generates R, this map is surjective. It is easy to see
that this is also a map of G-modules. Hence, since we have a surjection S — R, we also
have a surjection S¢ — RE. SC is finitely generated over K by the graded case already
considered, and so R® is finitely generated over K. [

Hilbert’s fourteenth problem asks whether every ring of invariants of a linear algebraic
group acting on a polynomial ring is finitely generated. This turns out to be false: the
first counter-example was given by M. Nagata. It involved the action of the product of a
large number of copies of the additive group of the field. Finite generation does hold when
the group is linearly reductive and in some other important cases. We mention one here.

Theorem (Emmy Noether). Let G be a finite group acting on a finitely generated
K-algebra R. Then RS is a finitely generated K -algebra.

Proof. Let R = K|rq, ... ,rt]. Suppose that |G| = n, say G = {71, ...,V }. For each
r;, consider the elements 71 (7;), ... ,Vn(r;). The elementary symmetric functions of these
elements are invariant, and give coefficients for an equation of integral dependence of r;,
namely H?Zl (z—7;(r;)) = 0. Hence, if R is generated over K by the k sets of elementary
symmetric functions of elements v1(r;), ... ,yn(7i), 1 < i <k, then Ry is finitely generated
over K, and Ry C RY C R. Each r; is integral over Ry, and so R is integral and finitely
generated over Ry. Hence, R is module-finite over Ry, which is Noetherian. It follows that
R€ is module-finite over Ry and, hence, finitely generated over K. 0O

The Cohen-Macaulay property for certain rings of invariants

Our next main objective is to prove the following:

Theorem. Let G be a linearly reductive linear algebraic group over a field K, acting by
K -automorphisms on a polynomial ring R = Klz1, ... ,x,] by a degree-preserving action,
i.e., an action that extends an action of G on [R];. Then R® is a Cohen-Macaulay ring.

The proof will occupy us for a while. One of the subtle points is that a homogeneous
system of parameters of R, which will generate an ideal of height d = dim (R%) in RC,
typically generates an ideal of smaller height in R: in fact, it is hard to say anything special
about the expansion to R of the ideal generated by a homogeneous system of parameters
of RC.

The argument we give will depend on reduction to characteristic p > 0, which is odd,
because there are relatively few linearly reductive groups in positive characteristic. An-
other proof is known: cf. [J.-F. Boutot, Singularités rationelles par les groupes réductifs,
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Invent. Math. 88 (1987) 65-68]. However, that argument needs resolution of singulari-
ties, Grothendieck duality, and the Grauert-Riemenschneider vanishing theorem. The first
proof of this Theorem, which used reduction to prime characteristic p > 0, was given in
[M. Hochster and J. L. Roberts, Rings of invariants of reductive groups acting on regular
rings are Cohen-Macaulay, Adv. in Math. 13 (1974) 115-175], but the argument we give
here follows a line of thought introduced in [M. Hochster and C. Huneke, Tight closure,
invariant theory, and the Brian¢on-Skoda Theorem, J.A.M.S. 3 (1990) 31-116]. The The-
orem is actually true whenever A is a graded ring that is a direct summand over itself of a
polynomial ring K|z, ... ,x,]. In fact, whenever A is a direct summand of a regular ring
R as an A-module, if A contains a field it must be Cohen-Macaulay, but the argument for
the general case, which can be achieved along the same lines as the argument given here,
is much more technical.

Here is a sharper form of the Theorem:

Theorem. Let R be a polynomial ring over a field K, let A be a K-subalgebra of R
generated by forms, and let Fy, ..., Fy be a homogeneous system of parameters of A such
that for everyi, 1 <i<d—-1, (Fy, ... ,F;))RNA=(Fy,...,F;)A. Then A is a Cohen-
Macaulay ring.

If A= RC for a linearly reductive linear algebraic group G, then every ideal of A is
contracted from R, and so we have that the ideals (Fi, ..., F;)A are contracted from R.

We shall first prove the Theorem above in characteristic p > 0. The proof depends on
the following somewhat technical fact:

Theorem (colon-capturing). Let A be an N-graded domain finitely generated over a
field K of prime characteristic p > 0. Let Fy, ..., Fq be a homogeneous system of param-
eters for A. Suppose that one has a relation:

i1 Fipr =ui By + -+ By

for some i. Then there exists an element ¢ € A—{0} such that for all nonnegative integers
e>0,

e

(%) cul, € (FI, ..., FF)A.

(2
Before proving this fact, we want to make several comments. When working in prime

characteristic p > 0, it will be typographically convenient to use the letter ¢ to stand for
p¢, where e € N. Thus, the statement (x) can be expressed instead as

(#x) cup,, € (FY, ..., FHA.

(2

Consider an ideal J C A, where A is any ring of prime characteristic p > 0. Then we
shall use the notation J9 for the ideal (u? :u € A)A, i.e., the ideal generated by all ¢th
powers of elements of J. If J has generators u;, then J!% has generators ud, since

. . Ce . Y9 — 49 ,,4 . q ,4
(Tllull + + T'Lhulh) - Tilu’il + + Tihuih7



104

but J!¢ is independent of the choice of generators of J. Note that J4 C J¢, but, unless
J is principal, J? tends to be considerably larger: it contains all products of ¢ generators
of J, while J9 contains only ¢th powers of generators of .J.

The condition in (xx) for all ¢ > 0 with fixed ¢ # 0 may be construed, heuristically,
as asserting that the element u;4; is “almost” in the ideal generated by Fi, ..., F;. We
can make this thought somewhat less vague as follows: take gth roots of both sides in a
suitable integral extension of A (one must adjoing sufficieintly many ¢ th roots of elements
in A). From the equation

(#) cufyy = Flug + -+ Flu

one gets
(##) Ml = Flui/q +- 4 Fiu,lc/q.

As q — 00, 1/q approaches 0, and so one may think of ¢'/9 as approaching 1 in a vague
heuristic sense. Thus, elements getting “arbitrarily close to 1”7 are multiplying w;y; into

(Fy, ..., F;), although in a somewhat larger ring than A.
Proof of the Theorem on colon-capturing. A is module-finite over B = K[FY, ..., Fy]. Let
uy, ... ,up be a maximal sequence of elements of A that are linearly indpendent over B,

so that G = Buj + --- Buy, is a free B-module of rank h. Here, h will be the same as
the degree of the extension of fraction fields, [frac (A) : frac (B)]. Consequently, A/G is
a torsion-module over the domain B: we can see this as follows. If u € A — G, it must
have a nonzero multiple in G: otherwise uy, ... ,un, v are linearly independent over B,
contradicting the choice of h. Hence, each generator of A has a nonzero multiple in G. By
taking the product of the multipliers, we obtain a nonzero element ¢ € B C A such that
cA C G. It turns out that ¢ has the property we require.

Suppose that we have a relation
Fipiuipr = Frug + - - + Fow,
where the u; € A. Taking g th powers where ¢ = p® we have:

q .4 _ 14,4 q,.q
F'+1Ui+1—F1u1+"'+F¢uz‘>

(3

and multiplying by ¢ gives
(#) Fz'q+1(cug+1) = Ff(cui) + -+ + Ff(cu).

Since each of the elements chq € cA C G, we may think of (#) as a relation on

F{, ..., Fl, with coefficients in the free B-module G. Since FY, ..., F{, is a regu-

lar sequence on B, it is a regular sequence on G, and we can conclude that

cul , € (FY,..., F)G C (F{,..., F{)A,

(2

for all ¢ = p°®, as required. [J

We shall prove the following Lemma: we postpone giving the argument for a bit.
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Lemma. Let R be the polynomial ring K|z1, ... ,x,]. Let J be any ideal of R. Suppose
that there exists c € R — {0} and f € R such that cf? € JW9 for all ¢>> 0. Then f € J.

Assuming this result for the moment, we give the proof of the sharper form of the The-
orem on the Cohen-Macaulay proprerty for rings of invariants. The argument is amazingly
easy now!

Proof of the sharper theorem. We want to show that Fy, ..., Fy is a regular sequence in
A. Suppose that uF;1q € (Fy, ..., F;)A = 1. By the Theorem on colon-capturing above,
we have that there exists ¢ # 0 in A such that cu? € I'9 for all ¢ > 0. Then we may
expand I to R to obtain cu? € (IR)!4 for all ¢ > 0. By the Lemma above, we then have
u € IR, so that u e IRN A = I by hypothesis. [J

It remains to prove the Lemma.

Lecture of February 19

If R is a ring of prime characteristic p we write Fr : R — R for the Frobenius
endomorphism: Fr(r) =rP. If e € N, we write F§ for the composition of Fr with itself e
times, the iterated Frobenius endomorphism. Thus, FF,(r) = rP°. The subscript g is often
omitted.

Quite generally, if R is a regular Noetherian ring, ' : R — R is faithfully flat. We
shall not prove this fact in general at this point, but we do want to prove that when R
is a polynomial ring over a field K, F¢ : R — R makes the right hand copy of R into a
free R-module over the left hand copy of R. Note that F'° is an injective homomorphism,
since the polynomial ring has no nonzero nilpotents. The image of R under this map is
R = {r%:r € R}, where q = p°.

We first note the following:

Lemma. If T is free as S-algebra and S is free as an R-algebra, then T 1is free as an
R-algebra. In fact, if {t;};cs is a free basis for T over S and {s;}; c1 is a free basis for
S over R then the set of products {t;s; :j € J,i €L} is a free basis for T over R.

Proof. If t € T, we can write t = >_}'_, uit;,, where the u;, € S, and then we may express
every ui as an R-linear combination of finitely many of the elemnts s;. It follows that the
specified products span. If some R-linear combination of the products is 0, we may enlarge
the set so that it consists of elements s;,t;, for 1 <h<mand 1<k <n.If

Z rhksihtjk =0

1<h<m,1<k<n
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where the r,, € R. We can write this as

n m

Z(Z Thksih)tjk =0,

k=1 h=1

from which we first conclude that every Z;anl ThiSi, = 0 and then that every rp, =0. 0O

Proposition. If B is a free A-algebra, x4, ... ,x, are indeterminates, and k1, ... ,k, are
positive integers, then Blzy, ..., xy] is free over Alz¥, ... xk»].

Proof. By a straightforward induction, this reduces at once to the case where n = 1. We
let x = 1 and k = k. Then Blz] = Alz] ®4 B is free over Alz]. By the preceding
Lemma, it suffices to show that A[x] is free over A[z¥]. But it is quite easy to verify that
the elements z¢ for 0 < x < g — 1 are a free basis. 0O

Theorem. Let K be field and let R = K[x1, ... ,x,]| be a polynomial ring over K. Then
Fg : R — R makes the right hand copy of R into a free module over the left hand copy of
R.

Proof. The image of R under F¢is R? = K9z, ..., x%]. It suffices to show that R is free

over R?. Note that since K? is a field, K is free over K?. The result is now immediate
from the preceding Proposition. [

Lecture of February 22

We need the following:

Lemma. Let R — S be flat, and let I C R, J C R be ideals such that J = (f1, ..., fx)R
is finitely generated. Then (I :gp J)S =18 :5 JS.

Proof. Consider the map R — (R/I)®* that sends r — (fir, ..., frr) where u denotes
the image of u € R modulo I. The kernel of this map is precisely I :r J, i.e.,

0—1:rJ—R— (R/I)®*
is exact. Thus, this sequence remains exact when we apply S ®r _ to obtain:
0= (I:rJ)®rS— S — (S/19)%".
The kernel of ¢ : S — (S/I1S5)®* is therefore the image of (I :xr J) ®g S — S, which is

(I :r J)S. (The map is injective, so that (I :r J)®r S = (I :g J)S. In general, if R — S
is flat and 2 is an ideal of R, when S ®z _ is applied to the injection 0 — A — R it
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yields an isomorphism A ®p S = S.) But the definition of ¢ implies that the kernel is
1S:sJS. O

Remark. When ¢ : R — S and I is an ideal of R, IS is generated by the images of the
elements of I under ¢. Suppose that R is a ring of prime characteristic p > 0 and let

S = R, made into an R-algebra by means of the structural homomorphism F°: R — R.
Then for any ideal I of R, IS = Il9

Then:

Theorem. Let R be a polynomial ring K[xy, ... ,z,] over a field K of characteristic
p > 0. For any two ideals I, J C R, 19 :p Jl9 = (I :p J)ld.

Proof. Since F° : R — R is flat, this is immediate from the Remark just above and the
Lemma. [

The following result now completes, in the case of prime characteristic p > 0, the
proof of the sharper form of the Theorem on the Cohen-Macaulay property for rings of
invariants stated at the top of p. 4 of the Lecture Notes of February 17.

Theorem. Let R be a polynomial ring Klzy, ..., x,] over a field K of characteristic
p > 0. Let I be an ideal of R, let u € r, and let ¢ € R — {0}. Suppose that cud € Il9 for
all q=p°> 0. Then u € I.

Proof. The fact that cu? € I'9 for all ¢ > 0 may be restated as ¢ € I9 :g (uR)!? for all
q > 0. By the Theorem just above, this means that ¢ € (I :z uR) for all ¢ > 0. If
w ¢ I, then I :p uR is a proper ideal and is contain in some maximal ideal m of R. Then
for some gy we have

ce ﬂ (I :r Ru)ld C ﬂ mld C ﬂ (mRm)!9 C m (mR,)? =0,

q4>qo0 q2q0 q>qo a2q0

and so ¢ = 0, a contradiction. Hence, we must have u € I after all. [

Our next objective is to prove the Theorem for fields of characteristic 0 as well, by
reducing to the characteristic p case.

First step: moving towards characteristic p

We now suppose that we have a counter-example to the Theorem stated at the top of
p. 4 over a field K of equal characteristic 0. In the sequel, we want to replace K, insofar as
possible, by a finitely generated Z-subalgebra D C K. We then obtain a counterexample
by killing a maximal ideal p of D: it turns out that D/u must be a finite field.
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In order to carry our ideas through, we first need to prove some preliminary results.
One is the fact just stated about maximal ideals in finitely generated Z-algebras. However,
we also need results of the following kind: suppose that Ap C Rp are finitely generated
D-algebras. Then one can localize at one nonzero element d € D—{0} such that (Rp/Ap)a
is flat over D;. We shall prove one of the strongest known results of this type. This will
enable us to preserve an inclusion Ap C Rp while killing a maximal ideal of D. We shall
need to be able to do this and also preserve various other inclusions like this in order to
give the detailed argument.

We first review the Noether Normalization Theorem over a domain. We begin with:

Lemma. Let D be a domain and let f € D[z, ... ,x,]. Let N > 1 be an integer that
bounds all the exponents of the variables occurring in the terms of f. Let ¢ be the D-
automorphism of D]z, ... ,x,] such that z; — x; + xﬁy for i <n and such that x,, maps
to itself. Then the image of f under ¢, when viewed as a polynomial in x,, has leading
term dx)' for some integer m > 1, with d € D — {0}. Thus, over Dq, ¢(f) is a scalar in
Dy times a polynomaial in x,, that is monic.

Proof. Consider any nonzero term of f, which will have the form c,z{'x5? - - - 2%, where
a=(ay, ... ,a,) and ¢, is a nonzero element in D. The image of this term under ¢ is

Cal@r +2N) " (g + 2N )2 (2 + 2l )in1g0n,

and this contains a unique highest degree term: it is the product of the highest degree
terms coming from all the factors, and it is

711\7)111<xN2)a2 .. (xilvnil)anflx;;n — Cax2n+a1N+azN2+m+anf1N"*I.

Cca(T n

The exponents that one gets on x, in these largest degree terms coming from distinct
terms of f are all distinct, because of uniqueness of representation of integers in base V.
Thus, no two exponents are the same, and no two of these terms can cancel. Therefore,
the degree m of the image of f is the same as the largest of the numbers

Qp, +CL1N+CL2N2 +"'+an_1Nn_1

as a = (ay, ... ,ay) runs through n-tuples of exponents occurring in nonzero terms of f,
and for the choice g of a that yields m, cq 2] occurs in ¢(f), is the only term of degree
m, and and cannot be canceled. It follows that ¢(f) has the required form. [

Theorem (Noether normalization over a domain). Let T be a finitely generated
extension algebra of a Noetherian domain D. Then there is an element d € D — {0} such
that Ty is a module-finite extension of a polynomial ring Dg[z1, ... ,zp] over Dy.

Proof. We use induction on the number n of generators of T' over D. If n = 0 then T' = D.
We may take h = 0. Now suppose that n > 1 and that we know the result for algebras
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generated by n — 1 or fewer elements. Suppose that T = D[fy, ... ,0,] has n generators.
If the 6; are algebraically independent over K then we are done: we may take h = n
and z; = 6;, 1 < i < n. Therefore we may assume that we have a nonzero polynomial
f(z1, ... ,x,) € D[z1, ... ,xy,] such that f(61,...,0,) = 0. Instead of using the original
6; as generators of our K-algebra, note that we may use instead the elements

O, =0, — 0N, 0, =0,— 0N, ... 0 _ =0,_1—0N"" 0 =0,
where N is chosen for f as in the preceding Lemma. With ¢ as in that Lemma, we have
that these new algebra generators satisfy ¢(f) = f(z1 + 2V, ..., 2p_1 + 2", z,) which
we shall write as g. We replace D by Dg, where d is the coefficient of z]' in g. After
multiplying by 1/d, we have that ¢ is monic in z,, with coefficients in Dy[z1, ..., z,—1].
This means that ), is integral over Dy[f], ..., 0. 1] = Ty, and so Ty is module-finite
over Ty. Since Tjy has n — 1 generators over D , we have by the induction hypothesis that
(Th)a is module-finite over a polynomial ring Dgg (21, - .. , z4—1] C (Tp)4 for some nonzero
d' € D, and then T4 is module-finite over Dgg |21, ... , 2] as well. O

Theorem. Let k be a field that is a finitely generated Z-algebra. Then k is a finite field.

Hence, if p is any mazimal ideal of a finitely generated Z-algebra D, then D/ is a finite
field.

Proof. If Z injects into k (we shall see that this cannot happen) then x is a module-finite
extension of a polynomial ring Z[1/d][z1, ... ,zn] where d € Z — {0} (we need not localize
K at d, since d must already be invertible in the field ). If p is a prime not dividing d,
then p is not invertible in Z4, nor in the polynomial ring, and hence cannot be invertible
in a module-finite extension of the polynomial ring, a contradiction.

Hence, Z does not inject into x, which implies that x has characteristic p > 0 and
is finitely generated over Z/pZ for some prime p > 0. Then k is module-finite over a
polynomial ring (Z/pZ)[z1, ... ,xp]. Since k has dimension 0, we must have h = 0, i.e.,
that x is module-finite over Z/pZ, which implies that & is a finite field. O

Second step: generic freeness

Before proving a strong form of generic freeness, we need:
Lemma. Let D be any ring. let
0=MyCM C--CMpC---CM

be a non-decreasing possibly infinite sequence of submodules of the module M over D, and

suppose that Jrey My = M. If Myy1 /My, is free over D for all k > 0, then M is free.

Proof. Choose a free basis for every My 1/Mj and for every k > 0, let By be a set of
elements in My that maps onto the chosen free basis for My /Mj. In particular, By is
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a free basis for M7 = M; /0. We first claim that By U--- U By is a free basis for My for
every k > 0. We already have this for £ = 0, and we use induction. Thus, we may assume
that Bx_1 is a free basis for M, and we must show that By, is a free basis for My 1. This
is clear from the fact that the D-linear map My, 1 /My — M1 that sends each element
of the chosen free basis of My1/Mj, to the element of By that lifts it is a splitting of the

exact sequence
0— M, — Mk—i—l — Mk—|—1/Mk — 0.

It then follows at once that B = |J;—, By is a free basis for M: first, there can be no
non-trivial relations, for such a relation involves only finitely many basis elements and so
would give a non-trivial relation on the elements of some Bjy. Second, since B evidently
contains a set that spans M}, for every k and (Jr-; My = M, B spans M. O

Theorem (strong form of generic freeness). Let D be a Noetherian domain, and let
D=Ty—>T — Ty, = --- = T be a sequence of maps of finitely generated Ty-algebras.
Let M be a finitely generated Ts-module, and for every i, where 0 < i < s, let N; be a
T;-submodule of M. Let Q = M/(Ng + ---+ Ng). Then there exists a nonzero element d
in D such that Qg is Dg-free.

Proof. By inserting additional algebras in the chain, we may assume without loss of gen-
erality that every T}, is generated over the image of T; by one element. We use induction
on s. Note also that we can view @ as the quotient of M’ = M/N by the sum of the
images of Ny, ..., Ns_1, so that there is no loss of generality in assuming that Ny = 0.

If s = 0 we simply have a finitely generated D-module M. In this case, take a
maximal sequence of elements uy, ... ,up € M that are linearly independent over D, so
that G = Duy+- - -+ Duy, is free over D. (Such a sequence must be finite, or one would have
an infinite strictly ascending chain of submodules of M spanned by the initial segments of
the sequence uq, ug, us, ....) It follows that M /G is a torsion-module over D: for every
element u of M — G there must be a nonzero element of D that multiplies v into G, or
else we may take upy1 = u to get a longer sequence. Thus, there is an element d; of
D — {0} that multiplies each element v; of a finite set of generators for M into G. Let d
be a nonzero common multiple of these d;. Then My = Gy is free over Dy.

Now suppose that s > 1. Take a finite set S of generators for M that includes a
finite set of generators for each of the N;. Let N be the Ts_1 submodule of M generated
by all of these. By the induction hypothesis, we can choose d’ € D — {0} such that
N/(Ng + -+ 4+ Ng_1) becomes free when we localize at d’. If we can choose d such that
M/N becomes free, then localizing at dd’ solves the problem. Let 6 be an element of Ty
that generates T, over the image of Ts,_1. Let My =0 and let M; = N+0N +---+60"IN
for ¢ > 1, so that M; = N, My = N + 60N, M3z = N + 0N + 62N, and so forth. Let
W; = M;/M;_; for i > 1. We claim that there are surjections

N=W; > Wy Wy = -,

where the map W; — W, is induced by multiplication by 6, which takes M; — M;.
for every 7. The image of the map on numerators contains */N, which spans the quotient,
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so that these are all surjections. The kernels of the maps N — W; form an ascending
sequence of T,_i-submodules of N, and so the kernels are all eventually the same. This
implies that there exists k such that for all ¢ > k, W; &2 W},. By the induction hypothesis
for each of the modules W; we can choose d; € D — {0} such that (W;)y, is free over
Dy, . Let d be a common multiple of these d;. By the Lemma above, (M/N)y is free over
Dy. O

Third step: descent to a finitely generated algebra over the integers

The next step in our effort to prove the sharper form of the result on the Cohen-
Macaulay property for rings of invariants is to “replace” K by a finitely generated Z-
subalgebra D of K. The idea is to make D sufficiently large so that all of the salient
features of a counter-example can be discussed in D-algebras instead of K-algebras. We
then localize D at one element so as to make certain quotients free, using the Theorem on
generic freeness. Finally, we kill a maximal ideal of D and so produce a counter-example to
the characteristic p > 0 form of the Theorem. Since we have already proved the result in
positive characteristic, this is a contradiction, and will complete the proof of the Theorem.

We have a field K of chracteristic 0, a polynomial ring R = K(x1, ... ,x,], a K-
subalgebra A of R finitely generated over K by forms uq, ... ,us, and a homogeneous
system of parameters Fi, ..., Fy for A. We also know that for 1 <i <d—1,

(Fy, ..., F;))RNA=(F,...,F)A.
We want to prove that I, ..., F, is a regular sequence. Suppose not, and suppose that
() GFip1 =GP+ -+ GiF;

where G1, ... ,G;, G€ Aand G ¢ (F, ..., F;)A, where i < d—1. We want to show that
we can construct an example with the same properties in prime characteristic p > 0.

Since F1, ..., Fy; is a homogeneous system of parameters for A, every u; has a power
in the ideal generated by Fi, ..., Fy. Hence, for every j we can choose m; > 1 and an
equation

U/;ﬂj = wj,lFl +--+ wj,dFd;

where the w; € A. Moreover, every Fy, Gy, and G, as well as all the w;, can be
expressed as polynomials in wuq, ... ,us with coefficients in K, say Fy = Px(u1, ... ,us),
Gr = Qr(ur, ... ,us) for 1 <k <d, G=Q(u1, ... ,us), and wjr = H; p(u1, ... ,us). As
a first attempt at constructing the domain D, we take the Z-subalgebra of K generated by
all coefficients of the w; (as polynomials in z1, ... ,x,), the Py, the Qx, @, and the H; j.
However, we may (and shall) enlarge D further, specifically, by localizing at one nonzero
element.

Let Rp = Dlz1, ... ,xy,],and let Ap = D[uy, ... ,us] € Rp. The elements F};, G;, G,
and w; , are in Ap, and we still have the relation (1) holding in Ap. Moreover, every u; is
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in the radical of the ideal generated by (Fy, ..., Fy) in A4, and so Rad ((F}, ..., Fy)Ap)
is a homogeneous prime ideal of Ap, call it Qp. It is spanned over D by all forms of
positive degree. We have that Ap/Qp = D.

We are now ready for the dénouement, which involves applying the result on generic
freeness to preserve this situation while passing to positive characteristic.

Lecture of February 24
The final step: the application of generic freeness

We have the following;:

Lemma. If0 - N - M — G — 0 is an exact sequence of D-modules and G is D-free,
then the sequence is split, so that M = N ®G. In this case, for any D-module or D-algebra
Q, the sequence 0 - Q Xp N - Q @p M — Q ®p G — 0 is exact.

Proof. To construct a splitting f : G — M choose a free basis B for G and for every
element b € B, define f(b) to be an element of M that maps to b. Exactness is preserved
by Q ®p _ becaue tensor product commutes with direct sum. [

We are now ready to complete the proof.

There are several exact sequences that we are going to want to preserve while pass-
ing to characteristic p > 0. Since A has Krull dimension d and is module-finite over
K[Fy, ..., Fy4], we know that Fy, ..., Fy are algebraically independent over K and, hence,
over the smaller ring D. This yields

(1) O—)D[Fl,...,Fd]—>AD—>AD/D[F1,...,Fd]—>0

where D[F}, ..., Fy] is a polynomial ring over D. After localizing at one element of D—{0}
we may assume that all these modules are D-free, and, henceforth we assume this. We
shall make a number of further localizations like this, but only finitely many. Note that
localizing further preserves freeness. So long as there are only finitely many localizations
at one element, D remains a finitely generated Z-algebra.

Second, we have
(2) 0—>AD —>RD—>RD/AD%O.

We may assume that D has been localized at one more element so that the terms of
the exact sequence above are D-free.

For every j, the ideal (F}, ..., F;)A is contracted from R = Kz, ... ,x,]. This
implies that the map A/(F1, ..., F;)A — R/(Fi, ..., F;)R is injective. This map arises
from the map

(*) AD/(Fl, ,Fj)AD — RD/(Fl, ,FD)RD
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in two steps: we may tensor over D with the fraction field F of D, and then we may tensor
over F C K with K. After we tensor with K, we know that the map is injective. Since
K is faithfully flat (in fact, free) over its subfield F, () is injective once we tensor with
F. Therefore the kernel, if any, is torsion over D. Hence, if we localize at one element of
D — {0} so that Ap/(F1, ..., F;)Ap becomes D-free, the map (x) is injective. We may
also localize at one element of D — {0} so that the cokernel is free over D, and therefore
we have for every j an exact sequence

RD/(F17 7FD)RD

— 0
AD/(F17 7FJ)AD

(3) 0— Ap/(Fy, ... ,F;)Ap — Rp/(Fy, ... ,Fp)Rp —

consisting of free D-modules.

Finally, we have that G(A/(Fy, ..., F;)A) # 0. It follows that G(Ap/(Fi, ... , Fi)Ap)
is not a D-torsion module, since it is nonzero after we apply K ®p _ . Hence, after local-
izing further at one element of D — {0}, we may assume that

(4) 0— G(Ap/(Fy, ... ,F)Ap) = Ap/(F\, ... . F)Ap = Ap/(Fy, ... ,F;, G)Ap — 0

is an exact sequence of free D-modules such that the module G(Ap/(Fi, ..., F;)Ap) is
not zero.

We now choose a maximal ideal p of D. Then k = D/u is a finite field, and has
prime characteristic p > 0 for some p. We write A,; and R, for k ® p Ap = Ap/uAp and
k®p Rp = Rp/uRp = Kk[x1, ... ,x,], respectively. We use W to indicate the image 1 ® w
of win A, or R,. By the preceding Lemma, the sequences displayed in (1), (2), (3), and
(4) remain exact after applying k ®p _ .

From (1) we have an injection of k[F}, ... , Fy], which is a polynomial ring, into A.
This shows that the dimension of A, is at least d. Since the homogeneous maximal ideal
of A, is generated by the u; and these are nilpotent on the ideal (Fy, ..., Fg)A,, we
have that Fy, ..., Fy is a homogeneous system of parameters for A.. From (2) we have
an injection A, < R,. From (3), we have that (Fq, ... ,F]-)A,.i is contracted from R, for
every j. From (4), we have G is not in (Fy, ..., F;)A,, although we still have that

GFi1 =G Fi+-- +GiF;

in A,, so that A, is not Cohen-Macaulay. This contradicts the positive characteristic
version of the Theorem, which we have already proved. [J

Note: we have completed the proof of the sharper form of the result on the Cohen-
Macaulay property for rings of invariants stated on p. 4 of the Lecture Notes of February
17 in all characteristics now, and, consequently, we have completed as well the proof of the
Theorem stated in the middle of p. 3 of the Lecture Notes of February 17.

Remarks. It might seem more natural to prove the Theorem stated in the mdidle of p. 3 of
the Lecture Notes of February 17 by preserving the Reynolds operator, i.e., that the ring
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of invariants is a direct summand, while passing to characteristic p. It turns out that this
is not possible, as we shall see below. What we actually did was to preserve finitely many
specific consequences of the existence of the Reynolds operator, namely the contractedness
of the ideals (Fy, ... , F}j)A from R, while passing to characteristic p, and this was sufficient
to get the proof to work.

Consider the action of G = SL(2, K) on C[X], where X = (z;;) is a 2 x 3 matrix
of indeterminates that sends the entries of X to the corresponding entries of vX for all
v € G. We have already noted that the ring of invariants in this case is C[A, Ag, Ag],
where A; is the determinant of the submatrix of X obtained by deleting the jth column
of X: see the third Example on p. 3 of the Lecture Notes of February 1. In this case
A1, Ag, and Az are algebraically independent: this is true even if we special the entries of

the matrix X so as to obtain
1 1 (y—2z)/x
0 =z Y ’

where z, y, and z are indeterminates. It is easy to “descend” the inclusion A = R® =
C[A1, Ay, A3] C C[X] to an inclusion of finitely generated Z-algebras: one can take
D = Z, and consider the inclusion Z[A1, Ay, As] C Z[X]. However, this is not split after
we localize at one integer of Z — {0}, nor even if we localize at all positive prime integers
except a single prime p > 0. The Reynolds operator needs the presence of all prime
integers p # 0 in the denominators. Note that if the map were split after localizing at all
integers not divisible by p, we could then apply Z/pZ ®7z _ and get a splitting of the map
(Z/pZ)[A1, Aa, As] C (Z/pZ)[X]. But we shall see below that this map is not split.

At the same time, we want to note that in the Theorem on generic freeness, it is
important that the algebras T; are nested, with maps Ty — 177 — 15 — --- — T,. The
result is false if one kills a sum of submodules over mutually incomparable subalgebras, or
even a sum of such subalgebras.

Both our proof that (Z/pZ)[A1, As, Az] C (Z/pZ)[X] does not split and our example
of the fallure of generic freeness when the T; are incomparable are based on looking at the
same example.

Namely, we consider the module

L [X ]A1 AzAj

Z[X]A2A3 + Z[X]A1A3 + Z[X]A1A2

where X is the same 2x3 matrix of indeterminates discussed in the action of SL(2, C) above
and D = T, = Z. Note that the numerator and the three summands in the denominator
are all finitely generated Z-algebras. We shall see that Q ®z H is a nonzero vector space
over the rational numbers Q, and that H is a divisible abelian group, i.e., that nH = H
for every nonzero integer n. It follows that if we localizate at any nonzero integer n € Z,
H,, is nonzero, and is not free over Z,,. If it were free over Z,,, it could not be divisible by
p for any integer p that does not divide n, since it is simply a direct sum of copies of Z,,.

H =

It remains to prove the assertions that Q @ H # 0, that pH = H for every nonzero
prime integer p > 0, and that the map (Z/pZ)[A1, Ay As] — (Z/pZ)[X] is non-split for
every prime integer p > 0.
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We first note that if Z;, Z5, Z3 are indeterminates and B is any base ring, then

B[Zl, Za, ZS]Z1Z2Z3
B[Zy, Zs, Z3] 2,25 + BlZ1, Z2, Z3] 2,2, + B|Z1, Z2, Z3)z, z,

H(B, Z) =

is nonzero: in fact, the numerator is the free B-module spanned by all monomnials
Z1' 232 Z5® where aq, as, a3 € Z, and the denominator is the free B-module spanned
by all such monomials in which one of the integers aq, as, az is nonnegative. Hence, the
quotient may be identified with the free B-module spanned by all monomials Z7* Z5*Z5?
such that ai,as,a3 < 0. Since A, As, Ag are algebraically independent over C and,
hence, over Q, we have that H(Q, Ay, Ay, Ag) = H(Q, A) is a nonzero vector space over
Q. We have a comutative diagram:

H(C,A) ——  H(C, A) ®c[a) C[X]

T T

H(Q, A) —— H(Q, A) ®q|a,, Az, Ag] Q[X]

The top row may be thought of as obtained from the bottom row by applying C ®g _ .

We next observe that because ¢ : C[Aq, Ay, Ag] C C[X] is split by the Reynolds
operator for the action of SL(2, C), and the top row is obtained by tensoring this inclusion
over C[A1, A, As] with H(C, A), the top arrow is an injection. Since C is free and
therefore faithfully flat over Q, the arrow in the bottom row is also an injection. Thus,
H(Q, A) ®qja,, As, As] Q[X] is a nonzero vector space over Q, and this is the same as the
result of apply Q ®z _ to

ZIX|A A0,
ZIX]apns + ZX A ay + Z[X]A A,

H(Z, A) ®zia,, As, 0q] Z[X] =

which is the module H described earlier.

Finally, we shall show that H = pH for every prime integer p > 0, and from this
we deduce that (Z/pZ)[A1, As, As] — (Z/pZ)[X] is non-split for every prime integer
p > 0. Note that H/pH = (Z/pZ) ®z H. 1If (Z/pZ)[A1, As, As] — (Z/pZ)[X] splits over
(Z/pZ)[A1, Az, As] then by applying _ ®gz/,z H(Z/pZ, A) we obtain in injection

H(Z/pZ,A) — H/pH.

The lefthand term is not zero, and this will imply that H/pH # 0. Thus, by showing that
H/pH = 0, we also show that

(Z/pZ)[Ar, Ag, As) — (Z/pZ)[X]

does not split.

The final step involves some explicit use of local cohomology theory. We refer to to the
Lecture of December 8 from Math 711, Fall 2006, which contains a concise treatment of the
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material we need here as well as further references, but we give a brief description, including
one definition of the functor Ext. A detailed treatment of Ext is given in the Lecture Notes
from Math 615, Winter 2004. There is a discussion of homotopic maps of complexes in
the Lectures of February 2 and February 4: it is used to prove the independence of Ext
from the choice of projective resolution in the definition below. Ext itself is defined in the
Lecture of March 22 from the same set of Lecture Notes.

First recall that if M, N are modules over R, the modules Ext% (M, N) are defined
as follows. Choose a free (or projective) resolution of M, i.e., an exact complex

o= P> Py =M —=0

such that the P; are free (or projective). This complex will frequently be infinite. Let P,
be the complex obtained by replacing M by 0, i.e.,

o= Pp—= o= Py — 0.

Apply the contravariant functor Hompg(_, N) to this complex to obtain:

—

0 - Homp(Py, N) — --- — Homp(P;, N) — --- .

Then Ext’ (M, N) is the cohomology of the complex at the Homp(P;, N) spot (this is still
the kernel of the outgoing map at that spot modulo the image of the incoming map: it is
called cohomology because the maps increase the indices).

There are other definitions: one may use an injective resolution of N instead, for
example, and there are formulations of the theory where neither projectives nor injectives
are used. Ext‘(M, N) is independent of the choice of the projective resolution up to
canonical (choice-free) isomorphism. If M is held fixed, Ext% (M, N) is a covariant functor
of N. If N is held fixed, it is a contravariant functor of M. The functor Ext% (M, N) may
be identified canonically with Homg (M, N). The elements of Ext},(M, N) are in bijective
correspondence with isomorphism classes of short exact sequence 0 - N — W — M — 0:
the reason for the name “Ext” is that Extp (M, N) classifies such extensions.

There are two long exact sequences associated with Ext. If 0 - N; — Ny — N3 — 0
is a short exact sequence of R-modules, then there is a long exact sequence

0 — Hompg(M, Ny) — Hompg(M, Ny) — Hompg(M, N3) — Extp(M, Ny) — ---
— Extz (M, Ny) — Exth (M, Ny) — Extly (M, N3) — Ext'FH (M, Ny) — -
Similarly, if 0 — M7 — My — M3 — 0 is exact there is a long exact sequence
0 — Hompg(Ms, N) — Homp(My, N) — Hompg(M;, N) — Exti(Ms, N) — ---

— Exty(Ms, N) — Extly(Ma, N) — Extl%(M;, N) — Ext'' (M3, N) — -
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The module Ext% (M, N) is killed both by AnngM and AnnzgN. When R is Noe-
therian and M, N are finitely generated, one can calculate the modules Ext%(M , N) using
a free resolution of M by finitely generated free R-modules, and it follows that all of the
modules Ext’ (M, N) are finitely generated R-modules in this case.

If R is Noetherian, I = (f1, ..., fs) is an ideal of R, and M is any R-module, the i th
local cohomology module of M with support in [ is defined as

lim Ext‘(R/I;, M)

where I; runs through any sequence of ideals cofinal with the powers of I. In particular, we
may take I; = I* for all ¢, but, as we shall see below, other choices of I can be advantageous.
It follows that H%(M) depends only on the the radical of I and not on I itself.

The main result that we are going to assume without proof here is that H%(M) is also
the cohomology at the ith spot of the complex

(*) 0> M — @ Mfi_>"'_> @ ijlsz"'fji—>'”—>Mf1f2"'fs_>0'
1<j<s 1<j1<g2<-j4:<s

If we think of the ith term as a direct sum and the i + 1st term as a direct product, the
maps are determined by specifying maps My, ..f, — Mfkl“'fki+1’ where j; < -+ < 35
and k1 < -+ < k;11. The map is 0 unless, {j1, ..., ji} is obtained from {ky, ..., kj41}
by omitting one term, sayt k;, and then the map is (—1)*~!0 where 6 is the natural map
induced by localizing “further” at fy,.

By the description of local cohomology in (*) above, the module

(Z/pZ) [X]A1A2A3
(Z/pz)[X]AQA:’, + (Z/pz)[X]A1A3 + (Z/pz)[X]A1A2

is precisely the local cohomology module H} ((Z/pZ)[X]) where I = (Ay, As, A3)S, where
S = (Z/pZ)[X]. On the other hand, from the definition above this local cohomology
module is

H/pH =

lim Ext(S/I,, S),

where I; is any sequence of ideals cofinal with the powers of I. In our case, we use I; = I '],
The proof is completed by showing that for all ¢, there is a free resolution of R/I; over
R of length 2. Hence, every Ext?(S/I;, S) vanishes. For I = I itself, we leave it as an
exercise to show that

05228325 58/I—0

is such a resolution, where @ = (A1 — Ay Ag) and the matrix of 3 is the transpose of
X. The case of I; follows at once by applying S ®g _ , where the map S — S is the tth
iteration F* of the Frobenius endomorphism, to this complex. Since S is faithfully flat
over itself via this map, the new complex is exact, and provides a free resolution of S/I;

of length 2. [
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Lecture of February 26

We next want to prove that the algebraic torus GL(1, K)®, which we shall refer to
simply as a torus, is linearly reductive, as asserted earlier, over every algebraically closed
field K, regardless of characteristic. The notation Gy, is also used for the multiplicative
group of K viewed as a linear algebraic group via its isomorphism with GL(1, K).

Until further notice, K denotes an algebraically closed field. Let G be any linear
algebraic group over K. Let K[G] be its coordinate ring, whose elements may be thought
of as the regular maps of the closed algebraic set G to K. (This notation has some danger
of ambiguity, since K[G] is also used to denote the group ring of G over K, but we shall
only use this notation for the coordinate ring here.) The right action of G on itself by
multiplication (i.e., 7 acts so that n +— 77y) induces a (left) action of G on the K-vector
space K[G]. Thus, if f € K[G], 7(f) denotes the function whose value on n € G is f(n7y).
Since right multiplication by -y is a regular map of G — G, the composition with f : G — K
is also regular.

Discussion: regularity of the action of G on K[G]. We study the map
G x K[|G] — K[G]

and prove that it gives an action in our sense. Let f € K[G]. Let u be the multiplication
map G X G — G. The function (1, v) — f(n7y) is the composite f o u, and so is a regular
function on G x G. Therefore, it is an element of

K[G x G] = K[G] ®x K[C],

and consequently can be written in the form

k
Z 9i @ h;
i=1

where the g;, h; € K[G]. This means that for every fixed =,

k

() A =S he()gr-

t=1

Hence, all of the functions v(f) are in the K-span of the g;, and this is finite-dimensional.
It follows that K[G] is a union of finite-dimensional G-stable subspaces V. Let f1, ..., fn
be a basis for one such V. For every f; in the basis we have a formula like () of the form

() (i) =Y hit(7)gar-

t=1
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A priori, k may vary with ¢ but we can work with the largest value of k£ that occurs. Hence,
for ¢q, ... ,c, € K™ we have

n n

(%) ’V(Z cifi) =YY cihie(V)gir-

t=1 1

Let © be a K-vector space retraction of the K-span of the g;; to V. Since © fixes the
element on the left hand side, which is in V', applying © to both sides yields:

n k n
(#) ’Y(Z cifi) =Y cihin(7)O(gin).

t=1 i=1

Here, each ©(g;;) is a fixed linear combination of f1, ..., f,, and although we do not carry
this out explicitly, the right hand side can now be rewritten as a linear combination of
fi, - .-, fn such that coefficients occurring are polynomials in the regular functions h;; on
G and the coefficients cq, ... , ¢, parametrizing V = K™. It follows at once that the action
of G on V is regular for every such V. [J

We next note:

Theorem. Let G be a linear algebraic group over a field K, and let N be a fnite dimen-
sional G-module. Then N is isomorphic with a submodule of K[G]®" for some h.

Proof. Let § : N — K be an arbitary K-linear map. We define a K-linear map
0¥ : N — K[G]

which will turn out to be a map of G-modules as follows: if v € N, let 8V (v) denote the
function on G whose value on v € G is §((v)). Since the map G x N — N that gives the
action of G on N is a regular map, for fixed v € N the composite

G2Gx{v}CGxN-—>N

is a regular map from G — N whose composite with the linear functional 6 : N — K is
evidently regular as well. Hence, 6¥(v) € K[G]. This map is clearly linear in v, since 6
and the action of v on N are K-linear. Moreover, for any n € G and v € N, ¥ (n(v)) =
n(6Y(v)): the value of either one on v € G is, from the appropriate definition, (y(n(v))).

Choose a basis 01, ... ,0;, for Homg (N, K). Then the map N — K|[G]®" that sends
v 0Y (v) @ @0 (v) is a G-module injection of N into K[G]®". To see this, note that
if v # 0, it is part of a basis, and there is a linear functional whose value on v is not 0.
It follows that for some 7, 6;(v) # 0. But then 6 (v) # 0, since its value on the identity
element of G is 6;(v) #0. O
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Lemma. If M is G-module and is a direct sum of irreducibles {Nx}xen, then every G-
submodule N of M 1is isomorphic to the direct sum of the irreducibles in a subfamily of
{Nx}xea, and N has a complement that is the (internal) direct sum of a subfamily of the

{Nx}aea-

Proof. Let N be a given submodule of M. We first construct a complement N’ of the
specified form. By Zorn’s Lemma there is a maximal subfamily of { Ny} ca whose (direct)
sum N’ is disjoint from N. We claim that M = N & N’. We need only check that
M = N + N'. If not, some irreducible N), in the family is not contained in N + N’. But
then its intersection with N + N’ must be 0, and we can enlarge the subfamily by using

N, as well.

By the same argument, N’ has a complement N” in M that is a direct sum of a
subfamily of {Ny)}xca. Then since M = N & N’, N =2 M/N’, while since M = N”" & N’,
M/N" = N”. Thus, N =2 N” which shows that N is isomorphic with a direct sum of a
subfamily of the irreducibles as required. [

Corollary of the Theorem. If G is a linear algebraic group over K and K[G] is a direct
sum of irreducible G-modules {Nx}xen, then G is linearly reductive, and every G-module
15 1tsomorphic to a direct sum of irreducible G-modules in this family. In particular, up to
isomorphism, every irreducible G-module is in this family.

Proof. By the Theorem above, every finite-dimensional G-module N is a submodule of
K[G]®" for some h, and this module is evidently a direct sum of irreducibles from the
same family. The result now follows from the Lemma just above. [

We next want to apply this Corollary to the case where G = GL(1, K)? is a torus. Fix
an s-tuple of integers k1, ... , ks € Z°. One example of an action of G on a one-dimensional
vector space Kz is the action such that v = (71, ... ,7s) sends

P

for all v € G. Because the vector space is one-dimensional, this G-module is clearly irre-
ducible. We can now prove that for this G, every G-module is a direct sum of irreducibles
of this type.

Theorem. Let K be a field and let G = GL(1, K)® be a torus. Then G is linearly
reductive, and every G-module is a direct sum of one-dimensional G-modules of the type
described just above.

Proof. K[G] is the tensor product of s copies of the coordinate ring of GL(1, K), and

may be identified with K[z1, 27!, ..., x,, 7!]. The action of G on this ring is such that
v = (Y1, .- ,7s) sends z; — y;x;, 1 <1 < s. It follows at once that p = xlfl .- xks where
(k1, ... ,ks) € Z*, is mapped to 'yfl -k for every v = (v1, ... ,7s) € G, and so K[G]

is the direct sum of copies of G-modules as described just above, one for every monomial
. The result is now immediate from the Corollary of the Theorem. [J
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Discussion: degree-preserving actions of a torus on a polynomial ring. We keep the as-
sumption that K is an algebraically field, although we shall occasionally be able to relax
it in the statements of some results: this will always be made explicit. The last statement
in the Theorem below is an example.

Let G = GL(1, K)® act by degree-preserving K-algebra automorphisms on the poly-
nomial ring R in n variables over K so that R is a G-module. Giving such an action is the
same as making the one forms [R]; of R into a G-module: the action then extends uniquely
and automatically to R. Given such an action we may write [R]; as a direct sum of one-
dimensional irreducible G-modules as above. Therefore, we may choose a basis x1, ... ,x,
for [R]; over K so that for every j, Kx; is a G-stable submodule. It follows that for every
J we can choose integers k1 j, ... , ks j € Z such that for all v = (y1, ... ,7s) € G, 7y sends

k1,5 ks
xj|_>f)/1 ...f)/SS,J:L»j'

Thus, the action of G on R = K|[x1, ... ,x,] is completely determined by the s x n matrix
(k?z', j) of integers. Every action comes from such a matrix, and for every such matrix there
is a corresponding action.

Now consider any monomial p = x{*--- 28" of R. For all v = (y1, ... ,7s) € G, v

n
sends
S

pe (TG )

1=1

It is now easy to see that the ring of invariants is spanned over K by all monomials
x{t -zl such that the s homogeneous linear equations

n
n

E ]{?7;7]'0,3' =0
j=1

are satisfied.

We have proved:

Theorem. A ring generated by monomials arises as the ring of invariants of an action
of a torus as above if and only if the ring is spanned over K by the monomials x® where
a runs through the solutions in N™ of some family of s homogenous linear equations over
Z in n unknowns. Consequently, any such ring is Cohen-Macaulay, whether the field is
algebraically closed or not. [J

Of course, the Cohen-Macaulay property follows because of our result on rings of
invariants of linearly reductive linear algebraic groups acting on polynomial rings. If the
field K is not algebraically closed, we may use the fact that the Cohen-Macaulay property
is not affected when we tensor over K with its algebraic closure K: see problem 4(d) of
Problem Set #2 and its solution.
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Ezxample: the ring defined by the vanishing of the 2 x 2 minors of a generic matriz. Let
G =GL(1, K) acting on K[z1, ..., %, Y1, ... ,Ys], where 1, ... ,Zp, Y1, ... ,Ys aTr€e r+5
algebraically independent elements, so that if v € G, then x; — ~vx; for 1 < i < r and
y; — v 1y; for 1 <4 < s. Here, there is only one copy of the multiplicative group, and so
there is only one equation in the system:

al a b1 b
xl ...xrryl ...yss

is invariant if and only if
a1+ ---+a.—by—---—bs=0.

That is, the ring of invariants is spanned over K by all monomials p such that the total
degree of p in the variables z1, ... ,x,, which is a; + - - - a,, is equal to the total degre of
1 in the variables y1, ... ,ys, which is b; + - - - + bs.

Each such monomial can written as product of terms z;y;, usually not uniquely, by
pairing each of the z; occurring in the monomial with one of the y; occurring. It follows
that

RG:K[xiyjzlgigr,lgjgs].

Consider an 7 x s matrix of new indeterminates Z = (zi,j). There is a K-algebra surjection
K[Z]%K[xiyjzlgigr,lgjgs]:RG

that sends z; ; — x;y; for all ¢ and j. The ideal I5(Z) is easily checked to be in the
kernel, so that we have a surjection K[Z]/I5(Z) - RE. It is now easy to check that this
map is injective, given the result of problem 6. of Problem Set #3, namely, that I5(Z)
is prime. Assuming the result of problem 6, let F be the fraction field of the domain
D = K[Z]/15(Z), and let Z; ; be the image of z; ;. It is clear that z; ; has too small a
degree to be in I5(Z), and so Z1 1 # 0. Since the 2 x 2 minors of the image Z of Z vanish,
the matrix Z has rank 1 over F. It follows that the ith row of Z is Zi,1/Z1,1 times the
first row. Define a a K-algebra map K[z1, ...,y Y1, ... ,Ys] = F by x; — Z;1/Z11 for
1 <i<randandy; — Z;; for 1 <j <s. Then the restriction to R%isa K-algebra map
RY — K|[Z]/15(Z) that sends x;y; — %; ; for all i, j and so is an inverse for ¢. O

We can now conclude:

Theorem. Let Z be an rx s matriz of indeterminates over any field K. Then K[Z]/12(Z)
1s a Cohen-Macaulay domain. [J

We want to prove a somewhat more general result. Recall that a domain D is called
normal or integrally closed if every element of its fraction field that is integral over D is in

D.
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Theorem. Let x1, ... ,x, be indeterminates over the field K and let S be any finitely
generated normal subring of K[z, 1/x1, ..., x,, 1/z,] generated by monomials. Then S
1s Cohen-Macaulay.

Recall that if M is a semigroup under multiplication with identity 1, disjoint from the
ring B, the semigroup ring B(M) is the free B-module with basis M with multiplication
defined so that if b, b’ € B and p, p/ € M then (bu)(d'p’) = (bb')(up'). The general rule
for multiplication is then forced by the distributive law. More precisely,

S b Yt =3 Y bt
( J

Vo piph=v

where p, p' € M. Tt is understood that there are only finitely many nonzero terms in each
summation on the left hand side, and this forces the same to be true in the summation on
the right hand side.

We will prove the Theorem by showing that each such ring can be obtained from a
monomial ring which has the Cohen-Macaulay property by virtue of our Theorem on rings
of invariants of tori by adjoining variables and their inverses.

We shall therefore want to characterize the semigroups of exponent vectors in N”
corresponding to rings of invariants of tori. We already know that such a semigroup is the
set of solutions of a finite system of homogeneous linear equations with integer coefficients
(we could also say rational coefficients, since an equation can be replace by a nonzero
integer multiple to clear denominators). That is, such a semigroup is the intersection of a
vector subspace of Q" with N™. It also follows that H is a such a semigroup if and only if
it has the following two properties:

(1) fa, @’ € Hand f=a—«o € N" then € H.
(2) If B € N™ and kB € H for some integer k > 0, then 8 € H.

If H is the intersection of a Q-subspace of Q™ with N”, then it must be the intersection
of the subspace it spans with N. The abelian group that H spans is

H-H={a—d:a,d € H}.
Let Qt = {u € Q: u > 0}. The vector space that H spans is then
Q"(H-H)={uB:uecQ", pc H-H}.
In fact, this vector space is also
(H—H)

1
m
1

S (e

where

i(H—H):{%:ﬂeH—H}.

m
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The fact that H is the intersection of a Q-vector subspace of Q" with N" if and only if (1)
and (2) hold follows at once.

Lecture of March 7

We next want to consider when a K-subalgebra of S = Kz, 1/x1, ..., zp, 1/z,]
generated by monomials is normal. This is entirely a property of the semigroup of mono-
mials involved, and does not depend on the base field.

We shall typically work with the additive semigroup of exponent vectors, which is a
subsemigroup H of Z". If o = (ay, ... ,a,) € Z", we write ® for z{* --- 2% . Then the
K-subalgebras of S generated by monomials correspond bijectively to the subsemigroups
H of Z™: given H, the corresponding subalgebra is the K-span of {z®:a € H}.

If H is an additive (which we intend to imply commutative) semigroup such that
cancellation holds, i.e., if a,a/,8 € H and o + 8 = o/ + 8 then a = o, then there
is an essentially unique way to enlarge H to group that is generated by H. Define an
equivalence relation on H x H by the rule (o, ) ~ (¢/, ') precisely when a+ 3" = o/ + 3.
The equivalence classes form a semigroup such that

(a1, B1) + [(a2, B2)] = [(c1 + a2, B1 + B2)].

H embeds in this new semigroup by sending « — [(«, 0)]. The 0 element is represented
by (0, 0) and also by those elements of the form (o, o). There are now inverses since
(e, B)] + [(B,a)] = [(a+ B, o+ B)] = [(0,0)]. In particular, [(5,0)] has additive inverse
[(0,8)]. Thus, the new semigroup is a group, and if we identify o € H with its image, then
every element of this group has the form o« — 3 for choices of a, 5 € H. We denote this
group H — H. If we have any other injection of H into a semigroup G that is a group,
then the subgroup of G' generated by H is isomorphic with H — H.

In particular, when H is a subsemigroup of Z", the group H — H depends only on H,
not on its embedding in Z".

We define H C Z"™ to be normal if whenever «, o/ € H and there is a positive integer
k such that k(h — h') € H, then h — h/ € H.
Theorem. For every field K, R = K[z* : « € H| is normal if and only if H is normal.

Proof. First suppose that the subalgebra R is normal, and that k(o — o) € H, where k
is a positive integer. Then z%, z* € R, and f= xa/mo‘/ — 227 is an element of the
fraction field integral over R, since f* € R. Hence, f € R, and so a — o/ € H.

We next show that the condition that H be normal is sufficient for R to be normal.
Suppose that we can solve the problem when K is an infinite field, e.g., an algebraically

closed field. If K is finite, let L be an infinite field containing K. Then
R=Klzy, 1/x1, ..., xp, 1)z, N Lx* : « € H|,
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and since both the rings being intersected are normal, R is normal as well.

Therefore we may assume that K is infinite. The group of invertible diagonal matrices
D,, acts on S, and R is stable. The Theorem at the top of p. 5 of the Lecture Notes of
February 12, which asserts that, when K is infinite, vector subspaces of K|z1, ... ,z,] sta-
ble under D,, are spanned by monomials, extends at once to S: the preceding Proposition
from that Lecture is valid for Z-gradings as well as N-gradings. Thus, the integral closure
of R will be spanned by monomials as well. Consider the ring obtained by adjoining the
inverses of all monomials in R. This ring R; corresponds to H — H, which is isomorphic
with a free abelian group Z", and so R; is isomorphic with a localized polynomial ring
obtained by adjoining h algebraically independent elements and their inverses to K. Thus,
R is normal, and so any monomial in the normalization of R is in R;.

It follows that if R is not normal, then there is a monomial y = z¢ /xa/, where
a,a/ € H, that is integral over R and not in R. Choose a monic polynomial F(Z) with
coefficients in R of degree k satisfied by p. Assign Z the same monomial degree as . Then
the sum of the terms whose monomial degree is ©* must also vanish when we substitute
Z = u, and so we have an equation of integral dependence that is monomially graded.
Since R is a domain, there is no loss of generality in assuming that the constant term is
nonzero: if necessary, we may factor out a power of Z. We continue to call the degree k.
Then p* has the same monomial degree v as the constant term cv, where ¢ € K — {0},
and v is a monomial in R. This shows that k(oo — ') € H, and so « — o’ € H and p € R
after all. [

Ezxample. Let K be any field, let A > 0 be a real number, and let
Hy = {(a, b) e N?:a/b> A}

It is easy to see that if 0 < A\ < X\ then H), is strictly larger than Hy,. Morever, every
H) is a normal semigroup. Let Ry = K[z® : « € H),]. This gives an uncountable chain
{Rx}x>0 of normal subrings of K[z, z2]. None of the rings Ry is Noetherian: if Ry were
Noetherian, the fact that it is N-graded over K would imply that it is finitely generated
by elements

cPrabt, L xinal
with every a;/b; > A. Let s > A be the minimum of the rational numbers a1 /b1, ..., an/by.
Then
b n b
Klx{*zg!, ..., x{"xy"]

does not contain any monomial 2%y® with a/b < s, and so cannot be equal to Ry. [

The Example above shows that the condition of being normal is too weak to imply
that a semigroup is finitely generated. We next want to consider a much stronger condition
on subsemigroups of N which implies both normality and finite generation.

We say that a subsemigroup H C N™ is full if whenever o,/ € H and @ — o/ € N™
then o — o’ € N. We observed at the end of the previous lecture that the subsemigroups
obtained from rings of invariants of torus actions on polynomial rings are full.



126

It is obvious that full subsemigroups are normal, for if k(o —a’) € H, then k(a—d') €
N" and since k > 0, this implies that « — o’ € H. Something much stronger is true.

Theorem. Let H be a full subsemigroup of N*. Let R = K[z : o € H|, where K is any
field. Then R — Klxy, ... ,x,] is split. Hence:

(a) R is a finitely generated K -algebra, and so H is a finitely generated semigroup.
(b) R is Cohen-Macaulay.

Proof. Let W be the K-span of the monomials 2 for 8 € N*—H. Evidently, K[z, ... ,z,]
R ® W as K-vector spaces. To complete the proof that we have a splitting, it suffices to
show that W is an R-module. This comes down to the assertion that if o/ € H, so that
2 € R, and 8 € N* — H, so that z® € W, then 2% 2f € W. Suppose not. Then
o+ = 2%, where o € H. But this means that § = a« — o’ € N". By the definition of full
subsemigroup, f € H, a contradiction.

The first statement in part (a) follows from the Lemma at the top of p. 2 of the Lecture
Notes of February 17, and the second statement in part (a) is an Immediate consequence.
Part (b) the follows from the Theorem at the top of p. 4 of the Lecture Notes of February
17. O

We shall complete the proof that finitely generated normal K-subalgebras of S are
Cohen-Macaulay by proving the following

Theorem. Let H be a finitely generated normal subsemigroup of Z". Then H = 7ZF & H',
where H' is isomorphic to a full subsemigroup of N™.

It will then follow that K[z® : @ € H] is the polynomial ring in k variables with the
inverses of the variables adjoined over K|[z® : « € H']. Thus, the remaining work is in the
proof of the Theorem just above, most of which we postpone for a bit. However, we can
immediately give the part of the argument in which we split off Z*.

First part of the proof of the Theorem. First, replace Z™ by H—H C Z™. Since a subgroup
of Z™ will also be a finitely generated free abelian group, we may assume that H — H = Z"
(the property of being a normal semigroup is not affected). Let G be the set of all elements
of H with additive inverses in H. Then G contains 0 and is closed under addition. It follows
that G is a subgroup of Z", and so G = Z* for some k € N. We next claim that Z" /G is
torsion-free. Suppose € Z" = H — H and kB € G. Then k(—p) € G as well, and both
B and —f are in Z" = H — H. It follows that 8 and —f are both in H, and so 8 € G, as
required.

Thus, Z" /G is a finitely generated torsion-free abelian group, and it follows that it is
free. Thus,
0—-G—=72"—>72"/G—0

splits. Let G’ = Z" = 7" /G be a free complement for G in H. Every element 8 € H
can be expressed uniquely as o + o’ where o € G and o/ € G'. But —a € H, and so
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o € H. Thus, H = G ® H', where H = HN G’, and may also be viewed as the image
of H under the projection Z" = G G =2 G x G' — G'. It follows that H’ is a finitely
generated subsemigroup of G’. Evidently, H' does not contain the additive inverse of any
of its nonzero elements, since G N H' = 0. Moreover, H' is normal: if 5 € H — H' and
kB € H', then 8 € H, and may be written uniquely as a + o’ with o € G and o/ € H'.
Then ka + ko’ € H', and so ka = 0. It follows that o = 0, and 8 = o’ € H’, as required.
The proof of the Theorem above therefore reduces to establishing the following

Lemma. Let H be a finitely generated normal subsemigroup of Z™ such that there is
no nonzero element with an additive inverse in H. Then H 1is isomorphic with a full
subsemigroup of N° for some nonnegative integer s.

The proof of this Lemma will be carried through by studying a class of semigroups in
Q" that are closed under multiplication by elements of QT, the positive rational numbers.
What we need is an understanding of convex geometry over Q.

Geometry in vector spaces over the rational numbers

The results in this section are proved over QQ: the statements and proofs are valid with
no changes whatsoever if Q is replaced by any field between @Q and R, including R, or any
ordered field. The results are, in fact, more “standard” over R.

Let V be a vector space over Q. By a Q1 -subsemigroup C of V we mean a subsemi-
group that is closed under multiplication by elements of Q. (It would also be natural to
refer to C' as a convexr cone: it will be closed under taking all linear combinations with
nonnegative coefficients, and will be a union of “rays” emanating from the origin.) Hence-
forth, V' will be assumed finite-dimensional. We say that C' is finitely generated over QV
if it has finitely many elements o, ... ,a; such that every element of C is a QT-linear
combination of the elements a1, ... , . We write V* for the Q-vector space Homg(V, Q),
which is finite-dimensional of the same dimension as V. Its elements will be called linear
functionals on V.

If L is a nonzero linear functional on V, the set {o« € V : L(a) > 0} is called a
half-space. The set {a € V' : L(a) < 0} is also a half-space, since we may replace L by —L.
We can always choose a basis for V' consisting of n — 1 vectors eq, ... ,e,_1 in the kernel
of V and a vector e,, on which L has the value 1. If we identify V with Q" using this basis,
the half-space determined by L is is identified with {(q1, ... ,¢n) € Q" : ¢, > 0}: we refer
to this as the standard example of a half-space. A half-space is a QT-subsemigroup that
is finitely generated: it suffices to see this for the standard example. Then generators are
the vectors ey, ... ,e,_1, —€1, ... ,—€,_1, and e,.

We shall say that a Qt-subsemigroup C has no line or is a QT -subsemigroup with no
line if there is no nonzero vector in C whose additive inverse is in C" it is equivalent that
C does not contain a one-dimensional vector subspace of the ambient space.
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If C is a finitely generated QT -subsemigroup we may take any set of generators, and
choose a minimal subset with the property of generating C' over Q*. We shall call these
elements a minimal set of generators of C.

Lemma. Let V' be a finite-dimensional Q-vector space.
(a) Ewery finite intersection of half-spaces in V is a finitely generated QT -subsemigroup.

(b) Let C' be be any QT -subsemigroup in V. Let W be the subset of C consisting of
elements with an additive inverse in C'. Then W is a vector subspace of V', and if W’
is a vector space complement for W in V', then C = W & C’, where C' = CNW' is
also the projection of C on W'. C' is a finitely generated QT -subsemigroup with no

line.
(c) If C is a QT -subsemigroup with no line, a1, ... ,an € C, c1,...,cn € QF, and
crar + - +cpap =0, thenag =--- = ap = 0.

(d) Let C be a finitely generated Q% -subsemigroup with no line and let o, 3 be part of a
minimal set of generators for C. Then C1 = C' + Qa, which is the Q" -subsemigroup
generated by C' and —«, does not contain —[3.

Proof. For part (a) we use induction on the number of half-spaces. We have already proved
the result in the discussion above if there is just one half-space. Thus, we may assume that
the intersection of all but one of the half-spaces is a finitely generated QT-subsemigroup
C, and it suffices to show that the intersection of C' with remaining half-space is finitely
generated. After a change of basis, we may assume that the last half-space D is the
standard example. Let o, ... ,a; generate C, and let ¢; be the last coordinate of «j,
1 < j < h. We may multiply each a; by 1/|c;] if ¢; # 0 and so assume that every nonzero
¢j is 1 or —1. Then

h
j=1

It therefore suffices to show that
h
E={(q,....qn) € (@")":) gje; >0}
j=1

is finitely generated as a QT -subsemigroup, because we have a surjective map £ — C N D
sending
(q1, -+ yqn) = qroq + -+ + qrag.

This map will carry a finite set of generators for E to a finite set of generators for C' N D.
We may assume that coordinates have been permuted so that we have ¢y = --- = ¢, = 1,
Ca41 = -+ = Cqyp = —1, and the remaining c; are 0. It is easy to verify that the e; for
1<i<a,thee;+ejforl <i<aanda+1<j<b andtheeyfora+b+1<k<h
generate E over QT.
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Part (b) is entirely similar to the construction of the splitting H = G @ H' except
that it is much simpler in the present context, and the proof is left as an exercise.
For part (c), if some ¢; is not 0, say cp, then

1 Ch—1
—ap = —ai+---+
Ch, Cp,

ap—1,

contradicting the assumption that C' has no line.
Finally, for part (d), suppose
—B=n—ca,

where we may assume ¢ > 0 or else — € H. The element 7 can be written as a nonnegative
linear combination of «, £, and the other minimal generators, say

n=qo+rf+1,
where 77" does not involve o or 5. Then
—B=qa+rB+n —ca,

and so
(¢—cla+(r+1)8+n"=0.

If ¢ > ¢ this contradicts part (c). If ¢ < ¢, then

r+1 1
o = /8+ 77/7
c—dq c—4q

which means that « is not needed as a generator, a contradiction. [J

Proposition. Let V be a finite-dimensional vector space over Q and let C C V be a
finitely generated Q-subsemigroup. If C is proper, then C is contained in a half-space,
i.e., there is a nonzero linear functional that is nonnegative on C. If « € C' and —a ¢ C
then one can choose L nonnegative on C' so that L(a) > 0. If C' contains no line, one can
choose L so that it is positive on all nonzero elements of C.

Proof. We use induction on dimg(V'), and assume that all of the statements are true for
vector spaces of smaller dimension. We may replace V by C' — (', and so assume that C
spans V. If dim (V) = 1 then C is either {0}, a half-line, or all of V, and the result is
trivial.

In general, we have a decomposition C = W + C’ where W is a vector space as in part
(b) of the Lemma, and C' C W', a complement for W. If W # 0 then all of the statements
can now be deduced from the induction hypothesis applied to C’ C W’: one extends the
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functional on W' by letting it be 0 on W. Note that if « € C' and —« ¢ C then o = f+a/
where f € W and o € C’ — {0}, and has no additive inverse in C".

This means that we can assume without loss of generality that C' has no line, and we
may choose minimal generators aq, ... ,ap. We must have h > 2, or else dimg(V) < 1,
since C' spans V. It will suffice to construct a linear functional L; that is positive on «; and
nonnegative on C' for every ¢. The sum of these linear functionals will be positive on all of
C — {0}, since every element is nonnegative linear combination of the «;. Thus, it suffices
to construct such a functional that is nonnegative on, say, a;. Let o = as and 8 = ay.
We apply part (d) of the Lemma above, and replace C by C; = C + Qa. Then 3 does
not have an inverse, but C'; contains a line, and so we can construct a linear functional
nonnegative on C and positive on § = a1 by reducing to a lower-dimensional case, as in
the preceding paragraph. [J

Theorem. Let V be a finite-dimensional vector space over Q. Then C' C 'V is a finitely
generated QV -subsemigroup if and only if C is a finite-intersection of half-spaces.

Proof. The “if” part is part (a) of the Lemma. It remains to see that every QT -subsemigroup

is a finite intersection of half-spaces. Let aq, ... ,ap be a finite set of generators. The set
of linear functionals nonnegative on «; is a half-space H; in the dual vector space V*, and
so the intersection of the H; is a finitely generated QT-subsemigroup in V*. Let L1, ... , L

be generators. It suffices to show that C' is the intersection of the half-spaces determined
by the L;. Let 3 be any vector not in C. It will suffice to show that there exists a linear
functional that is nonnegative on C' and negative on 3, for this functional is a nonnegative
linear combination of the L;, and so at least one of the L; will have the same property.
Consider

C1=C+QF(-p),
the QT -subsemigroup generated by C and —f. If 8 € C; we have

f=a—cp
with @ € C and ¢ > 0 and then .

= — C

B 1+Ca€ :

a contradiction. Since 8 ¢ Cj, by the Proposition above there is a linear functional that
is positive on —( and nonnegative on C, and this has the required property. [

Lecture of March 9

We now have established the results that we need about convex geometry over the
rational numbers, and we are ready to prove the Lemma from the top of p. 4 of the
Lecture Notes of March 7, which will also complete the proof that normal subrings of
Klxy, 1/x1, ..., x4, 1/x,] generated by finitely many monomials are Cohen-Macaulay.
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Proof of the Lemma on embedding normal subsemigroups as full subsemigroups of N°. Let
H C 7" be a finitely generated normal subsemigroup that does not contain the additive
inverse of any of its nonzero elements. We want to show that H can be embedded as a full
subsemigroup in N* for some s. First note that H — H is a free abelian group, and so we
may replace Z" by H — H. Henceforth, we assume that H — H = Z". This does not affect
the condition that H be normal. Second, let C = Q% H be the Q"-subsemigroup generated
by H. It is generated over Q1 by the generators of H, and so is finitely generated as a
QT -subsemigroup of Q™. It contains no line, for if we had 8 and —f3 both in QT H, we
could choose a positive integer N such that Na, —Na € H, a contradiction.

Let ag, ... ,ap be nonzero generators of H, and, hence, of C. Let V = Q" and
V* = Homg(V, Q). Let C' C V* be the set of all linear functionals in V* that are
nonnegative on C'. Since all elements of C' are nonnegative rational linear combinations of
a1, ..., Qp,

C'=Gin---NGy,

where

Gj :{LGV*ZL((X]‘) ZO}

for 1 < j < h. We may think of o; as an element of (V*)* = V. Then every G, is
a half-space in V*, and so C’ is a fintely generated QT-subsemigroup in V*. Choose
Ly, ...,Ls € V* that generate C’ over QT. Each L;(a;) is nonnegative rational number.
We may therefore replace L; by a multiple by a suitable positive integer, and so assume
that for all ¢, j, the value of L;(c;) is in N. Since every element of H is a linear combination
of the o; with coefficients in N, it follows that all values of every L; on H are in N. We
therefore have a map
&= (Ly,...,Ls): H— N®

where
a (Li(a),..., Ly(a)).

To complete the proof, we shall show that this map is one-to-one and that its image
in N is a full subsemigroup of N°. First, suppose that «, 8 € H are distinct. Then o — (3
is nonzero, and so either a« — f ¢ H or § — « ¢ H. Suppose, say, that « — § ¢ H. The
a—f ¢ C as well: otherwise, k(oo — 3) € H for some integer k > 0, and, since H is normal,
we then have a — 8 € H, a contradiction. Hence, there is a linear functional nonnegative
on C and negaqtive on a — 3. This linear functional is in C’ and so is a nonnegative
rational linear combination of the L;. It follows that some L; is negative on o — 3. But
then L;(a) # L;(8). Thus, ® is injective.

Finally, we need to show that the image of H under & is a full subsemigroup of N¥.
Suppose that ®(a) — ®(a’) € N°. We want to show that « —a’ € H. But ®(a—a’) € N*,
and so L;(a — ') > 0 for al i. If @« — o' ¢ C, we know that there is a linear functional L
that is nonnegative on C' and negative on o — /. But then L € C’, and this is impossible
because every L; is nonnegative on o — o’. Thus, a — o/ € C. But then for some positive
integer k, we have that k(o — ') € H, and so « — o’ € H, since H is normal. [
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Tight closure

We have shown in a graded instance that a direct summand of a polynomial ring is
Cohen-Macaulay, and we have applied that result to show that finitely generated integrally
closed rings generated by monomials are also Cohen-Macaulay.

The idea of the proof can be used to establish the result in much greater generality.
In fact, it is known that if R is a Noetherian regular ring contain a field and A C R is a
direct summand of R as A-modules, then A is Cohen-Macaulay. This is an open question
if R does not contain a field (e.g., R might be a finitely generated extension of Z).

The tool that one needs to establish this result in characteristic p > 0 is called tight
closure theory. A similar theory, defined by reduction to positive characteristic, exists for
Noetherian rings containing the rationals. Whether there exists a comparable theory for
rings that need not contain a field is a very important open question.

We are going to develop part of the theory in positive characteristic, and explain how
the theory is extended to rings that contain Q without giving full details. We shall also
explain why having such a theory would solve many open problems in mixed characteristic.

We begin by defining tight closure for ideals in Noetherian rings of positive prime
characteristic p, and discussing some of its good properties. The notion was introduced
implicitly in the Theorem on colon-capturing, which is the second Theorem on p. 4 of the
Lecture Notes of February 17, but the explicit definition was not made at that point.

Definition: tight closure. Let R be a Noetherian ring of prime characteristic p > 0, let [
be an ideal of R, and let f € R. We say that f is in the tight closure of I if there exists an
element ¢ € R, not in any minimal prime of R, such that for all e > 0, ¢f?" € IP"]. The
set of elements in the tight closure of I is called the tight closure of I, and is denoted I*.

In the earlier Theorem on colon-capturing, R was a domain. Notice that when R is
a domain, the condition that ¢ not be in any minimal prime of R is simply the condition
that ¢ not be 0. We note some elementary properties of the tight closure operation. Until
further notice, R is a Noetherian ring of prime characteristic p > 0.

(1) I* is an ideal of R, and I C I*. If I C J C R are ideals, then I* C J*.

As we did earlier in this context, we use ¢ to stand for p¢. If ¢f9 € Il for all ¢ > 0,
then c(rf)? € Il9 for all ¢ > 0. If also /g9 € Il9 for all ¢ > 0, then (cc/)(f + ¢)? =
defl4cecg? € 19 for all ¢ > 0. If f € I then 1- f9 € Il9 for all ¢, which shows that
I C I*. The fact that I C J = I* C J* is obvious from the definition. [J

We shall use the notation R° for the set of elements of R not in any minimal prime of
R. The element ¢ used in checking whether a given element of v € R is in I* is allowed to
depend on u. However, there is a single element ¢ € R° that can be used for all elements
of I*: that is, if u € I*, then cu? € Il for all ¢ > 0. The point is that I* is finitely
generated: suppose that uy, ... ,uy are generators. Let ¢; € R° be such that cjug e 119 for
allg>0,1<j<h. Let c=cy---cp. Then since every u € [* is an R-linear combination
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of ui, ... ,up, we have that cu? € I'9 for all ¢ > 0. This implies that ¢(I*)l¢ C 19 for
all ¢ > 0.

One can use this to see that (I*)* = I'*. For suppose that u is such that ¢'u9 € (I*)l4
for all ¢ > 0. Then (cc)u? = c(cud) € c¢(I*)l4l C 119 for all ¢ > 0, and so u € I*. We
state this formally:

(2) If I is any ideal of R, (I*)* = I*.

We note that if R is a domain or if I is not contained in any minimal prime of R,
then u € I'* iff there exists ¢ € R° such that cu? € I'9 for all ¢. In the second case we can
choose ¢ € I — R°. If cud € Il9 for ¢ > qo, we can replace ¢ by ¢(¢/)%. In the domain case
we can use this idea unless I = (0). But then I* = (0), and we automatically have that
cud € 119 for all ¢ when v € I*, since u = 0.

We also note:

(3) If R C S are domains, and I C R is an ideal, I* C (IS)*, where I* is taken in R
and (IS)* in S.

This is immediate from the definition of tight closure, since nonzero elements of R
map to nonzero elements of S and I'? C (1S)l4l = 1l4lS. More generally, this holds when
R — S is a homomorphism such that R° maps into S°. In fact, under mild conditions on
the rings, for any map R — S (it need not be injective) the tight closure of every ideal
I C R maps into the tight closure of IS in S, but the proofs are difficult.

Note that Theorem on colon-capturing from p. 4 of the Lecture Notes of February 17
can now be re-stated as follows:

Theorem (colon-capturing). Let A be an N-graded domain finitely generated over a
field K of prime characteristic p > 0. Let Fy, ..., Fq be a homogeneous system of param-
eters for A. Then for 0 <i<d-—1, (F, ... ,F;)A:a Fi11 C (F1, ..., F)*. O

We shall see that there is a local version of this result. Mild conditions on the local
ring are needed: for the reader is familiar with the notion of “excellent” local ring, we note
that being excellent suffices. It is also sufficient if the ring is a homomorphic image of a
regular local ring or even of a Cohen-Macaulay local ring. Since we shall show that every
complete local ring is a homomorphic image of a regular local ring, the result is valid in
the complete case.

(4) If A is a local domain of characteristic p > 0 that is a homomorphic image of a
Cohen-Macaulay ring and f1, ... , fq is a system of parameters for A, then for 1 <1i < d—1,

(Fiy ooy f)A A fin € ((frs -, f)A)T
The proof is postponed.
We next note that the Lemma on p. 5 of the Lecture Notes of February 17 may now

be stated as follows:

Lemma. Every ideal of the polynomial ring K|x1, ... ,x,] over a field K of prime char-
acteristic p > 0 1s tightly closed. [
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We shall eventually show the following:

(5) If R is a regular Noetherian ring of characteristic p > 0, then every ideal of R is
tightly closed.

The key point in the proof is that the Frobenius endomorphism is flat for all regular
rings of characteristic p > 0. We shall prove this making use of the structure theory of
complete local rings.

We note that given a theory of tight closure satisfying conditions (1) — (5), one

immediately gets the following:

Theorem. Let R be a reqular ring of characteristic p > 0 and let A C R be a subring
such that A is a direct summand of R as A-modules. Then A is Cohen-Macaulay.

Sketch of proof, assuming (1) — (5). The issue is local on A. Assume that (A, m) is local.
One may replace A by its completion and R by its completion at mR. Thus, we may assume

that the Theorem on colon-capturing holds for A, i.e., that (4) holds. Let f1, ..., fq be a
system of parameters for A. Suppose ufi11 € (f1, ..., fi)A. Thenwu € ((f1, ... ,fi)A)* by
(4). By (3), we have that u € ((f1, ... ,fi)R)*. By (5), we have that u € (f1, ..., fi)RNA.
Since A is a direct summand of R, it follows that u € (f1, ..., fi)A. Thus, fi, ..., fsis a

regular sequence in A, and A is Cohen-Macaulay. [

Thus, the development of a sufficiently good tight closure theory in characteristic
p > 0 yields a proof that direct summands of regular rings are Cohen-Macaulay.

There is also a theory of tight closure for Noetherian rings containing QQ that has prop-
erties (1) — (5). It is defined in a convoluted way using reduction to positive characteristic
p. In consequence, it is known that direct summands of regular rings are Cohen-Macaulay
in equal characteristic 0. It remains an open question if the ring does not contain a field.

We shall also see that the existence of a good tight closure theory has many other
applications.

Lecture of March 11
Tight closure for modules

We want to extend tight closure theory to modules. Suppose we are given N C M,
finitely generated modules over a Noetherian ring R of prime characteristic p > 0. We can
define vP* for v € R" as follows: if v = (f1, ..., fa), then v?" = (f*°, ... f2°). If G C R"
we define GP* as the R-span of all the elements {v?* : v € G}. One gets the same module
if one takes only the R-span of the p©th powers of generators of G. This agrees with our

definition of Il when I C R is an ideal. If G C R", we define G, the tight closure of
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G in R" as the set of elements v € R" such that for some ¢ € R°, cv? € G4 for all ¢ > 0,
where q is p°©.

Given N C M where M is finitely generated over R, we define the tight closure Ny,
of N in M as follows. Map a free module R* — M, and let G be the inverse image of N
in R", so that we also have a surjection G — N. Let v be any element of R" that maps to
u. Then u € N* precisely if v € G7%,, as defined above. This is independent of the choice
of v mapping to u. It is also independent of the choice of surjection R" — M.

It is understood that the tight closure of an ideal is taken in R unless otherwise
specified.

Note that:

(0) u € Ny, if and only if the image u of w in M/N is in 03y

As in the ideal case:

(1) Ny, is a submodule of M and N C N;,. If N C Q C M then Nj;; C Q3.
(2) If N C M, then (N},)3; = Nij-

An example of tight closure

Let K be any field of characteristic p > 0 with p # 3. Let
R=K[X,Y, Z)) (X} +Y® + Z%) = K[z, y, 2].

This is a normal ring with an isolated singularity. It is Cohen-Macaulay. It is also a
standard graded K-algebra. (This ring is sometimes called a cubical cone. It is also the
homogeneous coordinate ring of an elliptic curve.)

We claim that 22 € (z, y)* — (z, y) in R. In fact, if we kill I = (z, y)R, we have
R/I = K[Z]/(Z?), and the image of Z? is not 0. Take ¢ = z (the choices ¢ = z and ¢ =y
also work). We need to check that

2(2%7) € (2%, y7)

for all ¢ > 0. Let p be the remainder when 2¢ + 1 is divided by 3, so that p =0 or p = 2.
We can write 2¢g + 1 = 3k + p. Then

0(22)q — Z2q—|—1 — z3k:—|—p — (ZS)kZp — (—l)k(:L‘S T y3)kzzp'

To conclude the proof that 22 € (z, y)*, it suffices to show that (2% +3%)* € (29, y?). But
otherwise we have i + 7 = k with ¢ > 0 and j > 0, and this implies that 3i < ¢ — 1 and
that 37 < g — 1. Adding these inequalities gives 3k =3i+3j < (¢— 1)+ (¢—1) =29 — 2,
so that 2qg + 1 — p < 2q — 2 which implies that p > 3, a contradiction. [
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This gives a non-trivial example where the tight closure of an ideal is larger than the
ideal.

Defining tight closure for Noetherian rings containing the rational numbers

We want to discuss very briefly how one extends the theory to all Noetherian rings
containing Q. For a detailed account see, [M. Hochster and C. Huneke, Tight closure in
equal characteristic zero, preprint| available at

http://www.math.lsa.umich.edu/~hochster/msr.html

— the notion discussed here corresponds to *¢4. There is also an exposition in [M. Hochster,
Tight closure in equal characteristic, big Cohen-Macaulay algebras, and solid closure, in
Commutative Algebra: Syzygies, Multiplicities and Birational Algebra, Contemp. Math.
159, Amer. Math. Soc., Providence, R. 1., 1994, 173-196].

We first define a notion of tight closure in finitely generated Q-algebras. In fact,
any finitely generated Q-algebra can be obtained as the tensor product over Z of Q with a
finitely generated Z-algebra. If our original Q algebrais R = Q[X1, ... , X,|/(F1, ... , Fmn),
note that one can choose a single integer d divisible by all denominators in the polynomials
Fy, ..., F,, and then

R=Q®zZ[1/d][X1, ..., Xpn]/(F1, ..., Fn).

We want to keep track of the behavior of this finitely generated Z-algebra as we localize
at finitely many nonzero integers: of course, this has the same effect as localizing Z at a
single nonzero integer. Therefore we shall think of our finitely generated Q-algebra R as
Q ®p Rp, where D = Z[1/d] is the localization of Z at a single nonzero integer. But we
shall allow that integer d to change so that it has more factors: in effect, as we localize
further, we exclude finitely many more prime integers from consideration. By localizing at
one element of Z — {0} € D we may assume that Rp is D-free, by the Theorem on generic
freeness. If B is D-algebra, which typically will be either Q or k = D/pD for some prime
integer p > 0 not invertible in D, we write Rp for B ®p Rp. Thus, R = Rg. Moreover, if
Mp is an Rp-module, we write Mg for B ®p Mp.

Given a finitely generated R-module M, we may think of it as the cokernel of a finite
matrix with entries in D. This matrix will have entries in Rp if we localize D sufficiently,
so that we have an Rp-module Mp such that Q ® p Mp = M. If D is large enough, we
can assume that a given element of M is in D. If N is a finitely generated submodule of
M, we may assume that D is large enough to contain a given finite set of generators of N
over R, and we consider the Rp-submodule Np of Mp generated by these elements. By
localizing D at one more nonzero integer, we may assume that all of the terms of

0—>ND—>MD—>MD/ND—)O
are D-free. It follows that

O%NB%MB%MB/NB—)O
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is exact for every D-algebra B. We then have that N C M arises from the inclusion
Np C Mp by applying Q ®p _ . Note that when M = R and N = I is an ideal of R, we
localize so that Rp/Ip is D-free.

Now suppose whether we want to test whether v € M is in the tight closure of N
in M in the affine Q-algebra sense. We choose Rp and Np C Mp as above, and take D
sufficiently large that w € Mp. We then define u € Ny, if the image of 1 ® u of u is in
N} C M, where k = D/pD = Z/pZ, for all but finitely many prime integers p > 0 that
are prime in D. This condition can be shown to be independent of the choice of D, Rp,
and Np C Mp. This turns out to give a very good notion of tight closure when the base
ring is a finitely generated QQ-algebra.

Example. Consider R = Q[X, Y, Z]/(X3? + Y3 + Z3) = Q[z, vy, 2]. Then in this ring we
have 22 € (z, y)*, just as we did in positive characterisitic p # 3. In fact, we can take
D =1Zand Rp = Z[X,Y, Z]/(X3 + Y3 + Z3). We can let Ip = (z, y)Rp. For every
p # 3, with k = Z/pZ, the image of 2% in R, = k[X, Y, Z]/(X3 + Y3 + Z3) is in the tight
closure, in the characteristic p > 0 sense, of I,, = (z,¥).

This notion can be extended to arbitrary Noetherian rings containing QQ as follows.
Let S be any such ring, let M be a finitely generated S-module and N C M a submodule.
Let w € M. Then we define uw € Ny, if for every map S — C, where C is a complete
local domain, there exists and affine Q-algebra Ry, a finitely generated Rp-module My, a
submodule Ny C My, an element ug € My, and a map Ry — C such that:

(1) C®p, My =C®s M.

(2) The image of C ®p, No in C ®pr, My = C ®g M is the same as the image of C ®g N
in C®g M.

(3) The image 1 ®ug of ug in C ®p, My = C ®s M is the same as the 1 ®u of u in C® M.
(4) The element uyg is in the tight closure of Ny in My in the affine Q-algebra sense.

That, is roughly speaking, u is in the tight closure of N C M if for every base change
to a complete local domain, the new u, N, M also arise by base change from an instance
of tight closure over an affine (Q-algebra.

This is a highly technical, convoluted definition, and working with it presents substan-
tial technical difficulties. Nonetheless, with the help of some very deep results about the
behavior of complete local rings, including a form of the Artin Approximation Theorem,
one can show that this notion satisfies the conditions (1) — (5) discussed in the Lecture
Notes for March 9 for a “good” tight closure theory. For the colon-capturing property (4)
it suffices if the local ring is an excellent domain: we shall not define the property of being
excellent here, but all rings that are localizations of finitely generated algebras over either
a complete local ring (fields are included) or over Z are excellent.

We shall not pursue these ideas further in this course, but this should give the reader
some feeling for how one extends the theory to all Noetherian rings containing Q in a
manner that ultimately rests on reduction to characteristic p > 0.
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Another use of tight closure:
contracted expansions from module-finite extension rings

Let R be a domain. Suppose that R C S is a module-finite extension. In general,
I C 1S C R, but ISN R may be larger than I. The main case is where S is also a domain.
For S has a minimal prime p disjoint from the multiplicative system R—{0}, and R injects
into S = S/p, which is a domain module-finite over R. Moreover, if r € R is in IS, then
the image of r in S/p is in IS.

Suppose that f € R, g € R—{0}, and f/g is integral over R but not in R, which means
that f ¢ gR. We may take S = R[f/g]. Then f € gS N R — gR, so that when R is not
normal even principal ideals fail to be contracted from module-finite extensions. But if R
is normal and contains Q, then every ideal is contracted from every module-finite extension
S. To see this, first note that it suffices to consider the case where S is a domain, by the
argument above. Let I and £ be the respective fraction fields of R and S. Multiplication
by an element of £ gives a map £ — £ which is K-linear. If we simply think of this map as
an endomorphism of the finite-dimensional K-vector space £, we may take its trace: i.e.,
pick a basis for £ over I, and take the sum of the diagonal entries of the matrix of the
multiplication map with respect to this basis. This is independent of the choice of basis.

This trace map Trz/ : £ — K is K-linear (hence, R-linear) and has value h on 1,
where h = [£ : K]. When R is a normal Noetherian ring, it turns out that the values
of this map on S are in R. (One can see this as follows. First, R is the intersection of
its localizations Rp at height one primes P. For if f, g € R, g # 0, and f/g is in the
fraction field of R but not in R, then f ¢ gR. The associated primes of gR have height
one, because R is normal. Using the primary decomposition of gR, we see that f ¢ 2 for
some ideal 2 primary to an associated P of gR of height one, and since elements of R — P
are not zerodivisors on 2, f ¢ ARp and so f & gRp, i.e., f/g ¢ Rp. If T'r;/x has a value
on S not in R, we may preserve this while localizing at a height one prime P of R. But
then we may replace R, S by Rp, Sp and assume that R = Rp is a Noetherian discrete
valuation ring. Since S is a torsion-free module over R, it is free, and has a free basis over
R, say si, ... ,sj, consisting of elements of S. This is also a basis for £ over K, and can
be used to calculate the trace of s. But now the matrix for multiplication by s has entries

in R: for every s; we have
h
§§; = E Tiij
j=1

with the r;; € R. But then the trace is Z?Zl r;; and is in R after all. The condition that
R be Noetherian is not really needed: for example, in the general case, an integrally closed
domain can be shown to be a directed union of Noetherian integrally closed domains, from
which the general case can be deduced. There are several other lines of argument.)

1
Finally, ETYL sk oS — R splits R < S as a map of R-modules: by R-linearity, the

fact that 1 maps to itself implies that the same holds for every element of R. Since we
have a splitting, it follows that every ideal of R is contracted from S.
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Although ideals are contracted from module finite-extensions of normal Noetherian
domains that contain Q, this is false in positive characteristic p.

Example. Let R = K[X, Y, Z]/(X3+Y3+ Z3) where K is a field of characteristic 2. Then
22 ¢ (z, y)R, as noted earlier. But if we make a module-finite domain extension S of R
that contains z'/2, y/2, and 2'/2, then since 2z® = 2% + 4> (we are in characteristic 2, so
that minus signs are not needed) we have z3/2 = 23/2 4 3/2 (since squaring commtutes
with addition and elements have at most one square root in domains of characteristic 2,
taking square roots also commutes with addition in domains of characteristic 2). But then

52— ,1/2,3/2 _ 21/2(1,1,1/2 —l—yy1/2) — U212 4 1/2,1/2 ¢ (z, y)SNR— R.

However, tight closure “captures” the contracted expansion to a module-finite exten-
sion, which gives another proof that 22 € (z,3)* in the Example just above.

Theorem. Let R be a Noetherian domain, and let S be any integral extension of R. Then
for every ideal I of R, ISN R C I*.

Proof. Suppose that f € R and

h
() =D fisi
i=1

where the f; € I and the s; € S. We may replace S by R[s1, ..., s3] C .S, and so assume
that S is module-finite over R. Second, we may kill a minimal prime of S disjoint from
R —{0} and so assume that S is a module-finite domain extension of R. Choose a maximal
set of R-linearly independent elements of S, say uq, ... ,ug, so that Ruj; + --- 4+ Ruy is
R-torsion. It follows that some nonzero element r € R, we have that

=rS C Ruy + -+ Ruy.

Thus, we have an embedding S < R*. Suppose that 1 € S has as its image in R* an
element whose ith coordinate is nonzero, so that the composite map S — R¥ =% R is
nonzero on the element 1 € S, where 7; is the ith coordinate projection of R¥ — R. This
gives an R-linear map 6 : S — R such that 6(1) = ¢ € R is nonzero. Now take g th powers
of both sides of (x), yielding

h
(xx) f9-1= Z st
i=1

Since 6 is R-linear and f, f1, ..., fn € R, this yields

h

F10(1) =" £10(s9),

i=1
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and so cf? € Il9 for all g. This implies that f € I*. O

Lecture of March 14
Open questions: tight closure, plus closure, and localization

We want to consider some open questions in tight closure theory, and some related
problems about when rings split from their module-finite extension algebras. After we do
this, we shall prove some specific results in the characteristic p theory. It will turn out
that to proceed further, we will need the structure theory of complete local rings, which
we will develop next.

One of the longest standing and most important questions about tight closure is when
tight closure commutes with localization. E.g., if R is Noetherian of prime characteristic
p > 0, I is an ideal of R, and W is a multiplicative system of R, when is W‘l(Ij’%) the
same as (W1)r, ;7 It is easy to prove that W=1(I},) € (W)}, .. This was an
open question for more than twenty years. It is known to be true in many cases, but false
in general, by a result of [H. Brenner and P. Monsky, See, for example, [I. Aberbach, M.
Hochster, and C. Huneke, Localization of tight closure and and modules of finite phantom
projective dimension, J. Reine Angew. Math. (Crelle’s Journal) 434 (1993), 67-114], and
[M. Hochster and C. Huneke, Test exponents and localization of tight closure, Michigan

Math. J. 48 (2000), 305-329] for a discussion of the problem.

We saw in the last Theorem of the Lecture Notes of March 11 that tight closure
“captures” contracted extension from module-finite and even integral extensions. We shall
add this as (6) to our list of desirable properties for a tight closure theory, which becomes
the following;:

(0) w € Ny, if and only if the image u of w in M/N is in 03y
) Ni; is a submodule of M and N C N;,. If N C Q C M then N;;, C Q3.
) If N C M, then (N%,)%, = Ni,.

(1
(2
(3) If R C S are domains, and I C R is an ideal, I* C (IS)*, where I'* is taken in R
and (IS)* in S.

(4) If A is a local domain then, under mild conditions on A (the class of rings allowed
should include local rings of a finitely generated algebra over a complete local ring or over
Z), and f1, ..., fq is a system of parameters for A, then for 1 <i <d—1, (f1, ..., fi)A:a

fisr € ((F1, -, f)A)"
(5) If R is regular, then I'* = I for every ideal I of R.
(6) For every module-finite extension ring R of S and every ideal I of R, ISNR C I*.

These are all properties of tight closure in prime characteristic p > 0, and also of the
theory of tight closure for Noetherian rings containing Q that we described in the Lecture



141

of March 11. In characteristic p > 0, (4) holds for homomorphic images of Cohen-Macaulay
rings, and for excellent local rings. If R O @Q, (4) holds if R is excellent. We will prove
that (4) holds in prime characteristic for homomorphic images of Cohen-Macaulay rings
quite soon. We have proved (5) in prime characteristic p > 0 for polynomial rings over a
field, but not yet for all regular rings. To give the proof for all regular rings we need to
prove that the Frobenius endomorphism is flat for all such rings, and we shall eventually
use the structure theory of complete local rings to do this.

An extremely important open question is whether there exists a closure theory satis-
fying (1) — (6) for Noetherian rings that need not contain a field.

The final Theorem of the Lecture of March 11 makes it natural to consider the fol-
lowing variant notion of closure. Let R be any integral domain. Let RT denote integral
closure of R in an algebraic closure K of its fraction field IC. We refer to this ring as the
absolute integral closure of R. R7T is unique up to non-unique isomorphism, just as the
algebraic closure of a field is. Any module-finite (or integral) extension domain S of R has
fraction field algebraic over C, and so S embeds in K. It follows that S embeds in RT,
since the elements of S are integral over R. Thus, Rt contains an R-subalgebra isomor-
phic to any other integral extension domain of R: it is a maximal extension domain with
respect to the property of being integral over R. RT is the directed union of its finitely
generated subrings, which are module-finite over R. R7 is also charactized as follows: it is
a domain that is an integral extension of R, and every monic polynomial with coefficients
in RT factors into monic linear polynomials over RT.

Given an ideal I C R, the following two conditions on f € R are equivalent:
(1) feIRTNR.
(2) For some module-finite extension S of R, f € ISNR.

The set of such elements, which is ITRT N R, is denoted I*, and is called the plus
closure of I. (The definition can be extended to modules N C M by defining NZ\J} to be
the kernel of the map M — RT ®@r (M/N).)

By the last Theorem of the Lecture Notes of March 11, which is property (6) above
in characteristic p > 0, we have that

Icrt-crr

in prime characteristic p > 0. Whether IT™ = I* in general under mild conditions for
Noetherian rings of prime characterisitc p > 0 is another very important open question.

It is not known to be true even in finitely generated algebras of Krull dimension 2 over a
field.

However, there are some substantial positive results. It is known that under the mild
conditions on the local domain R (e.g., when R is excellent), if I is generated by part of a
system of parameters for R, then It = I*. See [K. E. Smith, Tight closure of parameter
ideals, Inventiones Math. 115 (1994) 41-60]. Moreover, H. Brenner [H. Brenner, Tight
closure and plus closure in dimension two, Amer. J. Math. 128 (2006) 531-539] proved that
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if R is the homogeneous coordinate ring of a smooth projective curve over the algebraic
closure of Z/pZ for some prime integer p > 0, then I* = [T for homogeneous ideals
primary to the homogeneous maximal ideal. In [G. Dietz, Closure operations in positive
characteristic and big Cohen-Macaulay algebras, Thesis, Univ. of Michigan, 2005] the
condition that the ideal be homogeneous is removed: in fact, there is a corresponding
result for modules N C M when M /N has finite length. Brenner’s methods involve the
theory of semi-stable vector bundles over a smooth curve (in fact, one needs the notion
of a strongly semi-stable vector bundle, where “strongly” means that the bundle remains
semi-stable after pullback by the Frobenius map).

One reason for the great interest in whether plus closure commutes with tight closure is
that it is known that plus closure commutes with localization. Hence, if I* = I in general
(under mild conditions on the ring) one gets the result that tight closure commutes with
localization.

The notion of plus closure is of almost no help in understanding tight closure when
the ring contains the rationals. The reason for this is the result established on pp. 4-5 of
the Lecture Notes of March 11, which we restate formally here.

Theorem. Let R be a normal Noetherian domain with fraction field K and let S be a
module-finite extension domain with fraction field L. Let h = [L : K]. If Q C R, or, more

generally, if h has an inverse in R, then ETrL/,C gives an R-module retraction S — R. [

It follows that if @ C R and R is a normal domain, then I™ = I for every ideal I
of R. Many normal rings (in some sense most normal rings) that are essentially of finite
type over Q are not Cohen-Macaulay, and so contain parameter ideals that are not tightly
closed. This shows that plus closure is not a greatly useful notion in Noetherian domains
that contain Q.

Weakly F-regular rings and F-regular rings

We define a Noetherian ring R of prime characteristic p > 0 to be weakly F-regular if
every ideal is equal to its tight closure, i.e., every ideal is tightly closed. We define R to be
F-regular if all of its localizations are weakly F-regular. It is not known whether weakly
F-regular implies F-regular, even for domains finitely generated over a field. This would
follow if tight closure were known to commute with localization.

We have already proved that polynomial rings over a field of positive characteristic
are weakly F-regular, and we shall prove that every regular ring of positive characteristic
is F-regular. This is one reason for the terminology. The “F” suggest the involvement of
the Frobenius endomorphism.

We shall soon show that a weakly F-regular ring is normal, and, if it is a homomorphic
image of a Cohen-Macaulay ring, is itself Cohen-Macaulay.
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Theorem. A direct summand A of a weakly F-reqular domain is weakly F-regular, and a
direct summand of an F-reqular domain is F-reqular.

Proof. Assume that R is weakly F-regular. If f € I}, then f € (IR)*NA=IRNA=1.
Since the direct summand condition is preserved by localization on A, it follows that a
direct summand of an F-regular domain is F-regular. [

Ezxzamples of F-regular rings. Fix a field K of characteristic p > 0. Normal rings finitely
generated over K by monomials are direct summand of regular rings, and so are F-regular.
If X is an r x s matrix of indeterminates over K with 1 <t < r < s, then it is known
that K[X]/I;(X) is F-regular, and that the ring generated by the r x r minors of X over
K is F-regular (this is the homogeneous coordinate ring of the Grassmann variety). See
[M. Hochster and C. Huneke, Tight closure of parameter ideals and splitting in module-
finite extensions, J. of Algeraic Geometry 3 (1994) 599-670], Theorem (7.14). We have
already observed that these rings are direct summands of polynomial rings when K has
characteristic 0, but this is not true in any obvious way when the characteristic is positive.

Splitting from module-finite extension rings

It is natural to attempt to characterize the Noetherian domains R such that R is a
direct summand, as an R-module, of every module-finite extension ring S. We define a
Noetherian ring R with this property to be a splinter. We then have the following result,
which was actually proved in the preceding lecture, although it was not made explicit
there.

Theorem. Let R be a Noetherian domain.
(a) If R is a splinter, then every ideal of R is contracted from every integral extension.

(b) If R is a splinter, then R is normal.

(¢c) R is a splinter if and only if it is a direct summand of every module-finite domain
extension.

(d) If Q C R, then R is a splinter if and only if R is normal.

Proof. For part (a), suppose f, fi, ..., fn € Rand f = Z,’;:l fis; with the s; in S. Then
we have the same situation when S is replaced by R[s1, ... ,sy]. Hence, it suffices to show
that every ideal of R is contracted from every module-finite extension S. But then we have
an R-linear retraction ¢ : S — R, and the result is part (a) of the Lemma at the top of p.
2 of the Lecture of February 17.

Part (b) has already been established in the fourth paragraph on p. 4 of the Lecture
of March 11.

For part (c), we have already observed that S has a minimal prime p disjoint from
R — {0}, and it suffices to split the injection R < S/p.
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Finally, for part (d), the existence of the required splitting when S is a domain is
proved at the bottom of p. 4 and top of p. 5 of the Lecture Notes of March 11, using field
trace, and restated on p. 3 here. [

The example on p. 5 of the Lecture Notes of March 11 shows that in positive char-
acteristic p, a normal domain need not be a splinter. The property of being a splinter in
characteristic p is closely related to the property of being weakly F-regular.

We first note the following fact: we shall not give the proof in these lectures, but
refer the reader to [M. Hochster, Contracted ideals from integral extensions of regular
rings, Nagoya Math. J. 51 (1973) 25-43] and [M. Hochster, Cyclic purity versus purity in
excellent Noetherian rings, Trans. Amer. Math. Soc. 231 (1977) 463-488].

Theorem. Let R be a normal Noetherian domain. Then R is a direct summand of a
module-finite extension of S if and only if every ideal of R is contracted from S.

Of course, we know the “only if” part.

Corollary. Let R be a normal Noetherian domain of positive characteristic p. Then R is
a splinter if and only if for every ideal I C R, I = IT.

Corollary. If R is a normal Noetherian domain and R is weakly F-reqular, then R is a
splinter.

Proof. This is immediate from the preceding result, since IT C I*. 0O

We shall see quite soon that if R is weakly F-regular it is automatic that R is normal.
If plus closure is the same as tight closure, then it would follow that R is weakly F-regular
if and only if R is a splinter. This is an open question.

We have already observed that in characteristic p > 0, regular rings are weakly F-
regular, although we have not prove this. Assuming this for the moment we have:

Corollary. A regular ring that contains a field is a direct summand of every module-finite
extension Ting.

This was conjectured by the author in 1969, and has been open question for regular
rings that do not contain a field, such as polynomial rings over the integers, for 37 years.
The case of dimension 3 was recently settled affirmatively in [R. C. Heitmann, The direct

summand conjecture in dimension three, Annals of Math. (2) 156 (2002) 695-712]. The
case of dimension 4 remains open for regular rings that do not contain a field.

It is also a major open question whether there exists a tight closure theory satisfying
conditions (0) — (6) of p. 1 for Noetherian rings that need not contain a field. The existence
of such a theory would imply that direct summands of regular rings are Cohen-Macaulay in
general, and that regular rings are direct summands of all of their module-finite extensions
in general. Such a theory would also settle many other open questions.



145

Lecture of March 16

We next want to study weakly F-rings, i.e., Noetherian rings of prime characteristic
p > 0 such that every ideal is tightly closed. Until further notice, all given rings R are
assumed to be Noetherian, of prime characteristic p > 0.

Proposition. The tight closure of the (0) ideal in R is the ideal of all nilpotent elements.
Hence, if (0) = (0)*, the R is reduced. In particular, every weakly F-regular ring is reduced.

Proof. 1f u is nilpotent then 1-u? = 0 for all ¢ > 0. Conversely, if ¢ € R° and cu? = 0
for all ¢ > 0, then for every minimal prime p we have that cu? € p for some g. Since
¢ ¢ p, we have that u? € p and so u € p. But the intersection of the minimal primes is the
set of nilpotent elements of R, and so u is nilpotent. The remaining statements are now
obvious. [J

Proposition. Suppose that R = S x T is a product ring, with S, T # 0. Then for every
ideal I x J of S x T, where I C S and J CT are ideals, (I x J)5 = 1§ x JF.

Proof. The first point is that (S x T)° = (S°) x (T°). Hence if cs? € Il for all ¢ > 0 and
dt? € Jl for all ¢ > 0, we have that

(c, d)(s, )9 € I x Jld = (] x J)ld]

for all ¢ > 0. The converse is also immediate. [J

Corollary. A finite product Ry X --- X Ry, is weakly F-regular if and only if every factor
1s weakly F-reqular. [

Theorem. If every principal ideal of R is tightly closed, then R is a product of normal
domains.

Proof. The fact that (0) = (0)* implies that R is reduced. We first show that R is a
product of domains. If there are two or more minimal primes, the minimal primes can be
partitioned into two nonempty sets. Call the intersection of one set I and the intersection
of the other set J. Then I'NJ =0, and I + J is not contained in any minimal prime p,
for otherwise, p would have to contain both a minimal prime of I and a minimal prime of
J, and would be equal to both of these. Hence we can choose f € [ and g € J such that
f + ¢ is not in any minimal prime of R, and so is a nonzerodivisor. Note that fg € I N J,
and so fg = 0. Now
(f+9)f1=F" = f(f +9)

for all ¢, so that f € (f + g)* = (f + g)R. Thus, we can choose r € R such that
f=r(f+g) =rf+rg, and the f —rf = rg. Since f € I and g € J, both sides must
vanish, and so f =rf and rg = 0. Now r(f +g) =rf = f, and

r(f+g)=rrf+rg) =r(f+0)=rf=F,
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so that
(f+9)(*=r)=0.

Since f + g is not a zerodivisor, we have that r? —r = 0. Since rf = f isnot 0 (or f +g¢
would be in the minimal primes containing g) r # 0. Since rg = 0, r # 1. Therefore, R
contains a non-trivial idempotent, and is a product of two rings. Both have the property
that principal ideals are tightly closed, because a principal ideal of S x T" is the product of
a principal ideal of S and a principal ideal of T, and we may apply the Proposition above.

We may apply this argument repeatedly and so write R as a finite product of rings
with the property that every principal ideal is tightly closed, and such that none of the
factors is a product. Each of the factors must have just one minimal prime, and so is a
domain. It remains to see that if principal ideals are tightly closed in a domain R, then
R is normal. Suppose that f, g € R, g # 0, and f/g is integral over R. Let S = R[f/¢],
which is module-finite over R. Then f = g(f/g) € ¢S, and so f € (gR)*. But (¢R)* = gR,
and so f € gR, i.e., f/g € R, as required. [

We next want to show that, under mild conditions on R, if R is weakly F-regular then
R is Cohen-Macaulay. Before giving the proof, we make some comments about Cohen-
Macaulay rings in general.

Cohen-Macaulay rings

In this section, we assume that given rings are Noetherian, but make no assumption
about the characteristic. In particular, given rings need not contain a field.

We have defined the notion of a Cohen-Macaulay ring in the case of a finitely generated
N-graded K-algebra R with Ry = K. We have also defined the notion of a Cohen-Macaulay
local ring, and define a Noetherian ring to be Cohen-Macaulay if all of its local rings are
Cohen-Macaulay. We first note:

Lemma. Let (R, m, K) be a local ring and let I be an ideal of height h in R. Then there
s a sequence of elements x1, ... ,xp in I that is part of a system of parameters for R.

Proof. If h = 0 we may take the empty sequence. If h > 1, then I is not contained in
the union of the minimal primes of R, or else we would have that I is contained in one
of them and has height 0. Choose z; € I not in any minimal prime of R. Then x; is
part of a system of parameters. We use induction. Suppose that z1, ... ,x; € I have been
chosen so that they are part of a system of paramters with ¢ < h. The minimal primes of
(1, ... ,x;)R all have height < ¢ < h, and so I is not contained in any of them and also
not contained in their union. Choose z;4; € I not in any minimal prime of (z1, ... ,x;)R.
Then x1, ... ,z;41 is also part of a system of parameters. [J

Corollary. If (R, m) is Cohen-Macaulay and P is a prime ideal of R, the Rp is Cohen-
Macaulay.
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Proof. Suppose that h = height (P) = dim (Rp). Choose z1, ... ,x) € P part of a system
of parameters for R. Then x1, ...,z is a regular sequence in R, and, hence, also in Rp,
by flatness. [

Theorem. Let R be a Noetherian ring. The following conditions are equivalent:

(1) R is Cohen-Macaulay, i.e., Rp is Cohen-Macaulay for every prime ideal P.

(2) R, is Cohen-Macaulay for every maximal ideal m.

(3) For every proper ideal I of R, depth; R = height (I).

Proof. (1) = (2) is obvious, while (2) = (1) because each Rp is a localization of R,,
for some maximal ideal containing P. Now assume (2) and suppose that I has height

h. Choose a maximal regular sequence z1, ... ,x4 in I on R. Then R/(x1, ... ,x4)R has
depth O on I/(x1, ... ,zq)R, and this remains true after we localize at an associated prime
P of R/(x1, ... ,zq)R that contains I(x1, ... ,x4)R. Hence, z1, ... ,z4 is also a maximal

regular sequence in Rp, which shows that d = h, since Rp is Cohen-Macaulay of dimension

h. Thus, (2) = (3).

Finally, assume (3). Let P be any prime ideal of R of height h. Then P contains
a regular sequence of length height (P) = dim (Rp), and this sequence remains a regular
sequence when we localize at P. Hence, (3) = (1). O

Theorem. If R is Cohen-Macaulay, so is the polynomial ring in n variables over R.

Proof. By induction, we may assume that n = 1. Let M be a maximal ideal of R[X] lying
over m in R. We may replace R by R,, and so we may assume that (R, m, K) is local.
Then M, which is a maximal ideal of R[x] lying over m, corresponds to a maximal ideal
ideal of K[x]: each of these is generated by a monic irreducible polynomial f, which lifts
to a monic polynomial F' in R[z]. Thus, we may assume that M = mR[z] + FR[X]. Let
x1, ... ,xq be a system of parameters in R, which is also a regular sequence. We may kill
the ideal generated by these elements, which also form a regular sequence in R[X]|r(. We
are now in the case where R is an Artin local ring. It is clear that the height of M is
one. Because F' is monic, it is not a zerodivisor: a monic polynomial over any ring is not
a zerodivisor. This shows that the depth of M is one, as needed. [J

Theorem. If R is a finitely generated graded K-algebra with [R])o = K, then R is Cohen-
Macaulay in the graded sense if and only if R is Cohen-Macaulay.

Proof. Let m be the homogeneous maximal ideal. If R,, is Cohen-Macaulay, choose a
maximal regular sequence in m consisting of homogeneous elements (necessarily of positive
degree), say Fy, ..., F,. When we kill these elements, we know that in R/(Fy, ..., Fp)R,
the homogeneous elements of the ideal m/(Fy, ..., F},)R are all contained in the union
of the associated primes of R/(F1, ..., Fy)R. By the Proposition on homogeneous prime
avoidance from the bottom of p. 4 of the Lecture of January 27, m/(f1, ..., fn)R itself
is contained in one of these associated primes, and so m/(f1, ..., fnR) is an associated
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prime. This is preserved when we localize at m/(f1, ..., fn)R, and so R,, has depth 0
once we Kill (f1, ..., fn)Rm. Therefore, fi, ..., f5 is a maximal regular sequence in R,,,
and this implies that A = dim (R,,) = dim (R). Thus, R is Cohen-Macaulay in the graded
sense.

Now suppose that R is Cohen-Macaulay in the graded sense. Then R is a module-finite
extension of a polynomial ring A = K[X;, ..., X,], and the polynomial ring is Cohen-
Macaulay. Any maximal ideal q of R lies over a maximal ideal n of A. These have the
same height, since we have both the going up and going down theorems in this situation:
A is normal, and R is A-free and, hence, torsion-free over A. Since R is A-free, a regular
sequence in Ay is regular on R, which is free and, hence, faithfully flat over A, and will
remain regular on R, which is a localization of R,. [

We next observe:

Theorem. Let (R, m, K) be a local ring and M # 0 a finitely generated R-module of
depth s on m. Then every nonzero submodule N of M has dimension at least s.

Proof. We use induction on s. If s = 0 there is nothing to prove. Assume s > 0 and that
the result holds for smaller s. If M has a submodule N # 0 of dimension < s — 1, we may
choose N maximal with respect to this property. If N’ is any nonzero submodule of M of
dimension < s, then N’ C N. To see this, note that N & N’ has dimension < s, and maps
onto N + N’ C M, which therefore also has dimension < s. By the maximality of N, we
must have N + N’ = N. Since depth,, M > 1, we can choose = € m not a zerodivisor
on M, and, hence, also not a zerodivisor on N. We claim that z is not a zerodivisor on
M = M/N, for if u € M — N and xu € N, then Rzu C N has dimension < s. But this
module is isomorphic with Ru C M, since z is not a zerodivisor, and so dim (Ru) < s.
But then Ru C N. Consequently, multiplication by = induces an isomorphism of the exact
sequence 0 = N — M — M — 0 with the sequence 0 — 2N — M — M — 0, and so
this sequence is also exact. But we have a commutative diagram

I T T

0 —— 2N —— oM — zM —— 0

where the vertical arrows are inclusions. By the nine lemma, or by an elementary diagram
chase, the sequence of cokernels 0 — N/xN — M/xM — M /xM — 0 is exact. Since z is
a nonzerodivisor on N and M, dim (N/xN) = dim (N)—1 < s—1, while depth,, M /xM =
s — 1. This contradicts the induction hypothesis. [

Corollary. If (R, m, K) is a Cohen-Macaulay local ring, then for every minimal prime
p of R, dim (R/p) = dim (R).

Proof. If p is minimal, then p € Ass(R) and so R/p — R. By the preceding Theorem,
dim (R/p) > depth,, R = dim (R), while the other inclusion is obvious. [
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Thus, a Cohen-Macaulay local ring cannot exhibit the kind of behavior one observes
in R = K[z, y, 2]]/((z, y) N (z)): this ring has two minimal primes. One of them, py,
generated by the images of x and y, is such that R/p; has dimension 1. The other, po,
generated by the image of z, is such that R/ps has dimension 2.

A Noetherian ring is called catenary if for any two prime ideals P C @, any two
saturated chains of primes joining P to ) have the same length. If R is catenary, then
so is R/I for every ideal I, since primes containing I are in bijective correspondence with
primes of R containing I, and saturated chains of primes in R/ joining P/I to Q/I, where
I C PCQand P, @ are primes of R, correspond to saturated chains of primes of R joinig
P to . Similarly, any localization of a catenary ring is catenary. M. Nagata gave the first
examples of Noetherian rings that are not catenary: there is a local domain (R, m, K) of
dimension 3, for example, containing saturated chains 0 C Q C m and 0 C P, C P, C m,
where all inclusions are strict. See [M. Nagata, Local rings, Interscience, New York, 1962],
Appendx A1, pp. 204-205. Although @ has height one and dim (R) = 3, the dimension of
R/Q is 1. Nagata also showed that even when a Noetherian ring is catenary, the polynomial
ring in one variable over it need not be.

A Noetherian ring R is called universally catenary if every finitely generated R-algebra
is catenary. Cohen-Macaulay rings are universally catenary, as we show in the two results
below.

Theorem. A Cohen-Macaulay ring R is catenary, and for any two prime ideals P C Q in
R, every saturated chain of prime ideals joining P to Q has length height (Q) — height (P).
Hence, every finitely generated algebra over a Cohen-Macaulay ring is catenary.

Proof. The issues are unaffected by localizing at ). Thus, we may assume that R is
local and that @) is the maximal ideal. There is part of a system of parameters of length
h = height (P) contained in P, call it x1, ... ,x, by the Lemma at the beginning of this
section. This sequence is a regular sequence on R and in so on Rp, which implies that
its image in Rp is system of parameters. We now replace R by R/(z1, ... ,xzp). Both the
dimension and depth of R have decreased by h, so that R is still Cohen-Macaulay. ) and
P are replaced by their images, which have heights dim (R) — h and 0, and dim (R) — h =
dim (R/(x1, ... ,xn). We have therefore reduced to the case where R is local and P is a
minimal prime. We know that dim (R) = dim (R/P), and so at least one saturated chain
from P to @ has length height (Q) — height (P) = height (Q) — 0 = dim (R). To complete
the proof, it will suffice to show that all saturated chains from P to () have the same length,
and we may use induction on dim (R). Consider two such chains, and let their smallest
elements other than P be P; and P;. Choose an element z in P; not in any minimal prime,
and an element y of P| not in any minimal prime. Then zy is a nonzerodivisor in R, and
Py, P| are both minimal primes of zy. The ring R/(xy) is Cohen-Macaulay of dimension
dim (R) — 1. The result now follows from the induction hypothesis applied to R/(xy): the
images of the two saturated chains (omitting P from each) give saturated chains joining
Py /(zy) (respectively, P{/(zy)) to Q/(zy) in R/(zy). These have the same length, and,
hence, so did the original two chains. [
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Corollary. Cohen-Macaulay rings are universally catenary, i.e., a finitely generated al-
gebra over a Cohen-Macaulay ring is catenary.

Proof. Such an algebra is a homomorphic image of a polynomial ring in finitely many
variables over a Cohen-Macaulay ring, which is again Cohen-Macaulay, and homomorphic
images of catenary rings are catenary. [J

Lecture of March 18

Colon-capturing in homomorphic images of Cohen-Macaulay rings

We will need the following two preliminary results:

Lemma (prime avoidance for cosets). Let S be any commutative ring, z € S, I C S
an ideal and Py, ..., Py prime ideals of S. Suppose that the coset x + I is contained in

U?Zl P;. Then there exists j such that Sz + 1 C P;.

Proof. If k =1 the result is clear. Choose k > 2 minimum giving a counterexample. Then
no two P; are comparable, and x + I is not contained in the union of any k£ — 1 of the P;.
Now z =2 +0 € x + I, and so x is in at least one of the P;: say x € P. If I C Py, then
Sz + I C P, and we are done. If not, choose iqg € I — P,.. We can also choose 7 € I such
that x + ¢ ¢ U;:ll P;. Choose u; € P; — Py, for j < k, and let u be the product of the u;.
Then uiy € I — Py, but is in P; for j < k. It follows that « + (i 4+ uip) € z + I, but is not
in any P;, 1 < j <k, a contradiction. []

Lemma. Let S be a Cohen-Macaulay local ring, let P be a prime ideal of S of height h,
and let x1, ... ,x;11 be part of a system of parameters of R = S/P. Let y1, ... ,yn € P be
part of a system of parameters for S (we have such a sequence by the first Lemma of the
preceding section on Cohen-Macaulay rings). Then there exist elements 1, ... ,T;y1 of S
such that x; maps to x; modulo P, 1 <j <141, and y1, ... ,Yn, T1, ... ,Ti+1 1S part of
a system of parameters for S.

Proof. We construct the z; recursively. Suppose that the z; for j < k+1 <41 have been

chosen so that yi, ... ,yn, 1, ... , T is part of a system of parameters for S. Here, k is
allowed to be 0 (i.e., we may be choosing z1). We want to choose an element of x5, + P
that is not in any minimal prime of y1, ... ,yn, Z1, ... , Tk, and these all have height at

most h + k. By the Lemma on prime avoidance for cosets, if Zx11 + P is contained in
the union, then Szp,; + P is contained in one of them, say ). Working modulo P we
have that Q/P is a minimal prime z1, ... , 2511 of height at most h + k — h = k. This is
a contradiction, since x1, ... ,xp4+1 is part of a system of parameters in S/P, and so any
minimal prime must have height at least £+ 1. [
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Theorem (colon-capturing). Let (R, m, K) be a local domain of prime characteristic

p > 0, and suppose that R is a homomorphic image of a Cohen-Macaulay ring of charac-
teristic p. Let x1, ... ,x;41 by part of a system of parameters in R. Then

($17 ,Z‘i) ‘R Ti+1 - ($17 7xi)*‘

Proof. Suppose that R = S/ P, where S is Cohen-Macaulay of characteristic p, and let ) be
the inverse image of m in S. Then R is also a homomorphic image of Sg, since Sq/PSg =

(S/P)g = Rg = R,, = R. Hence, we may assume that S is local. Choose y1, ...,y and
Z1, ... ,T;q1 as in the preceding Lemma. Since P is a minimal prime of (yq, ... ,yp) in S,
we can choose ¢ € S — P and an integer N > 0 such that ¢PY € (y1, ... ,yn)S. Let ¢ # 0
be the image of ¢ in R. Suppose that fz;, 1 = fix1+---+ fix; in R. Then we can choose
elements fand fh ,ﬁ- in S that lift f and f1, ..., f; respectively to S. This yields an
equation

fTisi = hd+ -+ fidi + A

in S, where A € P. Then for all p¢ = ¢ > N we have

il = a4 I+ A

We may multiply both sides by ¢, and use the fact that ¢cA? € cPY C (y1, ... ,yn) to
conclude that
(%) cfizi e @], ..., T, y1, ... un)S
But y1, ... ,yn, T, ..., T, is a permutable regular sequence in S, and so (*) implies that
cfie @ . E gy, yn)S.
When we consider this modulo P, We have that (yi, ... ,ys) is killed, and so
cfte («f, ... 28

for all ¢ > N, and this gives the desired conclusion. [J

Weak F-regularity: localization at maximal ideals
and the Cohen-Macaulay property

We next want to prove that the property of being weakly F-regular is local on the
maximal ideals of R. From this we will deduce that a weakly F-regular ring that is a ho-
momorphic image of a Cohen-Macaulay ring is Cohen-Macaulay. We need two preliminary
results.
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Lemma. Let R be any Noetherian ring, let M be a finitely generated R-module and N C
M a submodule. Then N is the intersection of a (usually infinite) family of submodules Q
of M such that every M/Q is killed by a power of a mazimal ideal of R.

In particular, every ideal I of R is an intersection of ideals that are primary to a
maximal ideal of R.

Proof. Let u € M — N. Consider the family of submodules M; C M such that N C M
and u ¢ M;. This family is nonempty, since it contains N. Therefore it has a maximal
element . It will suffice to show that M/Q is killed by a power of a maximal ideal of R.
Note that every nonzero submodule of M/Q contains the image of u, or else its inverse
image in M will strictly contain @) but will not contain wu.

We may replace M by M/@Q and u by its image in M/Q. It therefore suffices to show
that if u # 0 is in every nonzero submodule of M, then M is killed by a power of a maximal
ideal, which is equivalent to the assertion that Ass (M) consists of a single maximal ideal.
Let P € Ass (M) and suppose that P = Anngv, where v # 0 is in M. Then Rv = R/P,
and every nonzero element has annihilator P. But u € Rv, and so P = Anngu. It follows
that every associated prime of M is the same as Anngu, and so there is only one associated
prime. It remains to show that P is maximal. Suppose not, and consider R/P — M. It
will suffice to show that there is no element in all the nonzero ideals of R/P. Thus, it
suffices to show that if S = R/P is a Noetherian domain of dimension at least one, there
is no nonzero element in all the nonzero ideals. This is true, in fact, even if we localize at
a nonzero prime ideal m of S, for in S,,, there is no element in all of the ideals m™S,,. O

Proposition. Let R be a Noetherian ring of prime characteristic p > 0, and let 2 be an
ideal of R.

(a) If 0 : R — S is such that S is flat Noetherian R-algebra and, in particular, if S is a
localization of R, then 6(2Ay) C (AS)%.

(b) Let m be a mazimal ideal of R and suppose that 2 is an m-primary ideal. Let f € R.
Then f € A% if and only if f/1 € (AR,,)% -

(¢) Under the hypotheses of part (b), 2 is tightly closed in R if and only if AR, is tightly
closed in R,,.

Proof. (a) Let f € 2A%. The equation cf? € A4 implies 0(c)0(f)? € (AS)L9, and so we
need only see that if ¢ € R° then ¢ € S°. Suppose, to the contrary, that ¢ is in a minimal
prime q of S. It suffices to see that the contraction p of q to R is minimal. But R, — S
is still faithfully flat, and the maximal ideal of S is nilpotent, which implies that pR, is
nilpotent, and so p is minimal.

For part (b), we see from (a) that if f € A* then f € (AR,,)*. We need to prove the
converse. Suppose that ¢; € RS, has the property that cf € AR, = (AR, for all
q > 0. Then ¢; has the form ¢/w where ¢ € R and w € R — m. We may replace c¢; by
weq, since w is a unit, and therefore assume that ¢; = ¢/1 is the image of ¢ € R. We next
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want to replace ¢ by an element with the same image in R,, that is not in any minimal
prime of R. Let py, ... ,pxr be the minimal primes of R that are contained in m, so that
the ideals p; R, for 1 < j < k are all of the minimal primes of R,,. It follows that the
image of p; N---Npg is nilpotent in R,,, and so we can choose an integer N > 0 such that
I=(piN---Npg)" has image 0 in R,,. If ¢+ I is contained in the union of the minimal
primes of R, then by the coset form of prime avoidance, it follows that cR+ I C p for some
minimal prime p of R. Since I C p, we have that p; N---Npr C p, and it follows that
p; = p for some j, where 1 < j < k. But then ¢ € p;, a contradiction, since ¢/1 is not in
any minimal prime of R°. Hence, we can choose f € [ such that c+ f € R°, and ¢+ f
also maps to ¢/1 in R. We change notation and assume ¢ € R°. Then cf9/1 € A4 R,, for
all ¢ > 0. Since 29 is primary to m, the ring R/ 209 has only one maximal ideal, m / ulal,
and is already local. Hence,

R/Q[[q] o (R/fA[q])m - Rm/Ql[Q]Rm.

It follows that cf? € Al for all ¢ > 0, and so f € 2%, as required.

Part (c) is immediate from part (b) and the observation above that R, /AR,, = R/,
so that any element of R,,/2AR,, is represented by an element of R. [

Remark. Part (a) holds for any map R — S of Noetherian rings of prime characteristic
p > 0 such that R° maps into S°. We have already seen another example, namely when
R — S are domains.

Theorem. The following conditions on R are equivalent.
(1) R is weakly F-regular.
(2) Ewvery ideal of R primary to a mazximal ideal of R is tightly closed.

(3) For every maximal ideal m of R, R, is weakly F-regular.

Proof. Statements (2) and (3) are equivalent by part (c) of the preceding Proposition, and
(1) = (2) is clear. Assume (2), and let I be any ideal of R. We need only show that I is
tightly closed. If not, let f € I* — I. Since [ is the intersection of the ideals containing I
that are primary to maximal ideals, there is an ideal 2l of R primary to a maximal ideal
m such that I C 2l and f ¢ 2A. Since 2 is tightly closed and I C 2, we have I* C 2, and
so f € 2, a contradiction. [J

Lecture of March 21

We shall no longer be assuming that all rings have prime characteristic p > 0. Our
objective is to prove some basic results about the structure of complete local rings. We
shall begin by studying complete local rings that contain a field. Here are three major
results that we are aiming to prove:
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Theorem. Let (R, m, K) be a complete local ring that contains a field.

(a) If R is regular, then R = K|[x1, ... ,x4]], a formal power series ring in n variables
over K, where d = dim (R).

(b) R is a homomorphic image of a formal power series ring K[[z1, ... ,x,]] over a field
K.
(¢) R is a module-finite extension ring of a formal power series ring K[[z1, ..., z4]],

where d = dim (R).

Note that part (c¢) is an analogue, for complete local rings, of the Noether normaliza-
tion theorem.

We shall later analyze the situation where R does not contain a field in detail. But
this is more difficult, and we begin with the field case.

By a coefficient field for a local ring (R, m) we mean a subring K C R such that the
composite map
K — R—» R/m

is an isomorphism. This implies that K is a field, since it is isomorphic with R/m. One
may think of K as an isomorphic “copy” of the residue class field that is contained in R.
The most difficult part in proving the structure theorems stated above is establishing:

Theorem. A complete local ring that contains a field contains a coefficient field.

Proving the preceding two Theorems will take a while. Note that if a local ring R
has characteristic 0, which means that it contains 7Z, the hypothesis that it contains a field
is equvalent to the statement that it contains Q. But Q will typically be much smaller
than the residue field of R. The hypothesis that R has prime characteristic p > 0 already
implies that R contains a field: R will contain the field Z/pZ.

Ezxzample. Let p > 0 be a prime integer, let P denote the prime ideal pZ in Z, and let Z,
denote the completion of the Noetherian discrete valuation ring Zp at its maximal ideal.
The ring Z, is called the ring of p-adic integers. Both Zp and the Z, are examples of
local rings that do not contain a field. The ring Z, may also be obtained by completing
Z with respect to pZ without localizing first. The maximal ideal of Z,, is generated by p:
every nonzero element is a power of p times a unit. Every elenent of Z,, can be represented
uniquely as a formal series

ao + arp + azp® +azp’ + -+ app” + -
such that every a; is an integer between 0 and p — 1 inclusive. If the coefficients are
eventually all zero, we have the base p representation of an element of N. Note, for

example, that in Z,, we have

—1=1+2+4+8+ - +2"+ -
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Ezxample. Local rings that contain a field but do not have a coefficient field are abundant.
Here is a simple example of a local ring that contains a field but does not have a coefficient
field. Let V be the localization of the polynomial ring R[¢] in one variable over the real
numbers R at the prime ideal P = (t* + 1), and let m = PV. Note that V is a Noetherian
discrete valuation ring. Then V/PV is the field of R[t]/(t? + 1) = C, which is C. But
S C R(t) does not contain any element whose square is —1: the square of a non-constant
rational function is non-constant, and the square of a real scalar cannot be —1.

The completion of V of V is also a DVR with residue class field C, and so it must
contain a square root of —1. The reader may want to attempt to find an explicit power
series in t2 + 1 that represents a square root of —1. Note that the structure theorems
imply that there is an isomorphism C[[z]] = V, and one can show that there is such an
isomorphism sending z + t2 + 1.

In characteristic 0 we shall show that any subring of the complete local ring R that is
maximal with respect to the property of being a field is a coefficient field. The proof will
depend on Hensel’s Lemma. In characteristic p > 0, there may be maximal fields within
the complete local ring R that are not coefficient fields. The proof we give will be quite
different, and will not make any use of Hensel’s Lemma at all.

We begin our analysis of the structure of complete local rings by proving Hensel’s
lemma.

Theorem (Hensel’s Lemma). Let (R, m, K) be a complete local ring (or a completed
and m-adically separated quasilocal ring) and let f be a monic polynomial of degree d
in R[z]. Suppose that ~ indicates images in K|x] under the the ring homomorphism
R[z] — Klz] induced by R — K. If f = GH where G, H € Klx] are monic of de-
grees s and t, respectively, and G, H are relatively prime in K[z], then there are unique
monic polynomials g, h € R[x] such that f = gh and g = g while h = h.

Before giving the proof, we want to provide some examples that illustrate how powerful
Hensel’s Lemma is, as well as an instance where it cannot be applied.

Ezample 1. Let R = Q[[z1, 22, 23]]. Suppose that we want find a power series which is a
square root of 1+ 2124123 + 27 + 2523. That is, we want to solve the equation

(*) 2?2 — (1 + 2123' 23+ 2] + 2523) =0

in the formal power series ring Q[[z1, 22, 23]]. This is equivalent to factoring the left hand
side of () in the form (x — g)(x — h) for elements g, h € Q|[z1, 22, 23]]. Hensel’s Lemma
enables us to solve this problem by solving it modulo (21, 22, z3). Modulo the maximal
ideal, the equation becomes z? — 1 = 0, and the left hand side factors (z — 1)(z + 1).
Moreover, x — 1 and x + 1 are relatively prime over Q[x]. We can therefore lift this
factorization. This provides two square roots of 1 + 2124123 + 27 + 2523. These can also
be found using Newton’s binomial theorem: let u = 2123123 + 27 + 2523. Then

l(% — 1)u2 4+ %(% — 1>(% —2) 3

1
1/2— —_— 2 . e
(1+w) —1—1—2u—i— 51 al u” +




156

and one may substitute the expression 2124123 + 27 + 2523 for u. Both methods may be
used to show that if n is invertible in K = R/m and u € m, then 1+ u has an nth root in
the complete local ring R. But Hensel’s Lemma is much more general, as the next example
shows.

Ezample 2. Let R = K|[[#1, 22, #3]]. We shall consider the cases where K = Q and K = C.
Suppose that we want to solve the eqation

(#) 23+ (21" —22)2? + (1z2S)r — 1+ 20 425 =0

over R. When the equation is considered modulo the maximal ideal of R, it becomes
—14++v-3

5 is a primitive cube root

23 —1 =0 and has the three roots 1, w, w where w =
—14+v-3
2

Lemma applied over C yields unique roots of the equation (#) with constant terms 1, w,
and w, respectively. If we apply Hensel’s Lemma over QQ, we still have the factorization

of unity, and @ is the conjugate root (we also have @ = 1/w = w?). Hensel’s

2 —1=(x-D@*+z+1)

and the factors are relatively prime over Q[z]|. This factorization can therefore be lifted,
and this shows that there is a unique root of the equation with constant term 1. This is,
of course, the same root with constant term 1 that we found over C[[z1, 22, z3]], but we
have gained the information that the coefficients are rational numbers.

Ezample 3. Consider the equation 22 + 1 = 0 in Z;3. Modulo the maximal ideal, we find
that there are two roots in Z/13Z, represented by 5 and —5 = 8. It follows that —1 has
two square roots in Z3. Similarly, the reader may verify that 3 has a cube root in Zg;
that is congruent to 5 modulo the maximal ideal of Zg;.

Example 4. Let R = C|[21, 22]] and consider the equation x? — 27 — 25 = 0. Modulo the
maximal ideal, this becomes z? = 0. Of course, z2 factors as x - =, but the factors are not
relatively prime. Therefore, Hensel’s Lemma does not apply. In fact, 22 + 23 has no square
root in the formal power series ring. Similarly, Hensel’s Lemma does not give information
about solving 2 — z; = 0, which also has no solution.

Proof of Hensel’s Lemma. Let F,, denote the image of f in (R/m™)[z]. We recursively
construct monic polynomials G,, € (R/m™)[z], H,, € (R/m™)[x] such that F,, = G,, H,, for
all n > 1, where G,, and H,, reduce to G and H, respectively, mod m, and show that F,
and G, are unique. Note that it will follow that for all n, GG,, has the same degree as G,
namely s, and H,, has the same degree as H, namely ¢, where s +t = d. The uniqueness
implies that mod m"~!, G,,, H, become G, _1, H,_1, respectively. This yields that the
sequence of coefficients of z¢ in the G, is an element of {iiﬂn (R/m"™) = R, since R is

complete. Using the coefficients determined in this way, we get a polynomial g in R[z],
monic of degree s. Similarly, we get a polynomial h € R[z|, monic of degree t. It is clear
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that § = G and h = H, and that f = gh, since this holds mod m" for all n: thus, every
coefficient of f — gh is in [, m™ = (0).

It remains to carry through the recursion, and we have G; = G and H; = H from
the hypothesis of the theorem. Now assume that G, and H, have been constructed and
shown unique for a certain n > 1. We must construct G,,+; and H,;; and show that
they are unique as well. It will be convenient to work mod m”*! in the rest of the
argument: replace R by R/m"*!. Construct G*, H* in R[x] by lifting each coefficient of
G, and H, respectively, but such that the two leading coefficients occur in degrees s and
t respectively and are both 1. Then, mod m"™, F'= G*H*,i.e., A=F —G*H* € m"R|[z].
We want to show that there are unique choices of § € m™R|[x] of degree at most s — 1 and
e € m"R[x] of degree at most ¢ — 1 such that F' — (G* + 0)(H* 4+ ¢) = 0, i.e., such that
A = eG* + §H* + de. Since §,e¢ € m"R[x] and n > 1, their product is in m?"R[x] = 0,
because 2n > n + 1. Thus, our problem is to find such € and § with A = eG* + 0H*.
Now, G and H generate the unit ideal in Kz|, and R[z]eq = K|[z]. It follows that G*
and H* generate the unit ideal in R[z], and so we can write 1 = aG* + SH*. Multiplying
by A, we get A = AaG* + AGH*. Then A« and Ap are in m™R|x|, since A is, but do
not yet satisfy our degree requirements. Since H* is monic, we can divide Aa by H* to
get a quotient v and remainder ¢, i.e., Ao = vH* + €, where the degree of € is <t — 1. If
we consider this mod m”, we have 0 = vH,, + ¢, from which it follows that v, € € m™ R[z].
Then A = eG* + 0H* where § = yG* 4+ AS. Since A and e¢G* both have degree < n, so
does d H*, which implies that the degree of § is < s — 1.

Finally, suppose that we also have A = ¢G* + ¢’ H* where ¢ has degree <t — 1 and
0" has degree < s — 1. Subtracting, we get an equation 0 = uG* + vH* where the degree of
uw=c¢c—¢e is <t—1 and the degree of v = — ¢’ is < s — 1. Since G* is a unit considered
mod H*, it follows that u € (H*), i.e., that H* divides p. But H* is monic, and so this
cannot happen unless = 0: the degree of y is too small. Similarly, v =0. O

We can now deduce:

Theorem. Let (R, m, K) be a complete local ring that contains a field of characteristic
0. Then R has a coefficient field. In fact, R will contain a maximal subfield, and any such
subfield is a coefficient field.

Proof. Let S be the set of all subrings of R that happen to be fields. By hypothesis, this
set is nonempty. Given a chain of elements of §, the union is again a subring of R that is
a field. By Zorn’s lemma, S will have a maximal element Ky. To complete the proof of
the theorem, we shall show that Ky maps isomorphically onto K. Obviously, we have a
map Ko C R - R/m = K, and so we have a map Ky — K. This map is automatically
injective: call the image K{;. To complete the proof, it suffices to show that it is surjective.

If not, let & be an element of K not in the image of Ky. We consider two cases: the
first is that 6 is transcendental over K. Let t denote an element of R that maps to 6. Then
Ky[t] is a polynomial subring of R, and every nonzero element is a unit: if some element
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were in m, then working mod m we would get an equation of algebraic dependence for 6
over K, in K. By the universal mapping property of localization, the inclusion Ky[t] C R
extends to a map Ky(t) C R, which is necessarily an inclusion. This yields a subfield of R
larger than K, a contradiction.

We now consider the case where 6 is algebraic over the image of K. Consider the
minimal polynomial of § over K|}, and let f be the corresponding polynomial with coeffi-
cients in Ko[z] C R[z]. Modulo m, this polynomial factors as (z — 0)H (z), where these
are relatively prime because 6 is separable over K{;: this is the only place in the argument
where we use that the field has characteristic 0. The factorization lifts uniquely: we have
f = (x —t)h(x) where t € R is such that ¢t = 6 mod m. That is, f(t) = 0. We claim that
the map Ky[t] € R — R/m, whose image is K{[f], gives an isomorphism of Ky[t] with
K{[0]: we only need to show injectivity. But if P(z) € Ky[x] is a polynomial such that
P(t) maps to 0, then f divides P(x), which implies that P(t) = 0. Since Ky[t] = K|[0]
(both are = K[t]/(f(t)) ), Ko[t] is a field contained in R that is strictly larger than Ky,
a contradiction. [

Remark. If R is a complete local domain of positive prime characteristic p > 0, the same
argument shows that R contains a maximal subfield Ky, and that K is algebraic and purely
inseparable over the image of K.

Lecture of March 23

Remark. Tt is worth noting that Cauchy sequences in an /-adic topology are much easier to
study, in some ways, than Cauchy sequences of, say, real numbers. In an [-adic topology,
for {r,}n to be a Cauchy sequence it suffices that r, — r,+1 — 0 as n — oo, i.e., that for
any specified N € N, the differences r,, — r,+1 are eventually in N The reason is that if
this is true for all n > ng, we also have that

Tn’_Tn:Tn’_Tn’—1+"'+rn+1_rnEIn

for all n” > n > ng. In consequence, a necessary and sufficient condition for an infinite
series » >, to converge in the I-adic topology is that r, — 0 as n — oo, which, of
course, is false over R: the series > -, 1/n does not converge, and the corresponding
sequence of partial sums {r, }, does not converge, even though r,,11 —7r, =1/(n+1) -0
as n — 00.

Our next result on coefficient fields uses a completely different argument:
Theorem. Let (R, m, K) be a complete local ring of positive prime characteristic p. Sup-

pose that K is perfect. Let RP" = {rP" :r € R} for everyn € N. Then Ko = (o, RP" is
a coefficient field for R, and it is the only coefficient field for R.
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Proof. Consider any coefficient field L for R, assuming for the moment that one exists.
Then L = K, and so L is perfect. Then

n

L=IP=...=0P =...,

and so for all n,
LC L CRP.

Therefore, L C Ky. If we know that K, is a field, it follows that L = K, proving
uniqueness.

It therefore suffices to show that K is a coefficient field for K. We first observe that
Ky meets m only in 0. For if u € Ky N'm, then u is a p” th power for all n. But if u = v?"
then v € m, so u € ), mP" = (0).

Thus, every element of Ky — {0} is a unit of R. Now if u = vP" and u is a unit of R,
then 1/u = (1/v)P". Therefore, the inverse of every nonzero element of Kj is in K. Since
Ky is clearly a ring, it is a subfield of R.

Finally, we want to show that given # € K some element of Ky maps to 6. Let r),
denote an element of R that maps to /7" € K. Then 72" maps to §. We claim that
{r2"}, is a Cauchy sequence in R, and so has a limit r. To see this, note that r, and r?_
both map to #*/?" in K, and so r,, — rfLH is in m. Taking p™ powers, we find that

n pn+1

p" p"
T Tpep €M5 .

n

Therefore, the sequence is Cauchy, and has a limit » € R. It is clear that » maps to 6.
Therefore, it suffices to show that r € RP" for every k. But

h
p p
ThoThpa1s -9 Thyn -+

is a sequence of the same sort for the element 6/ pk, and so is Cauchy and has a limit sg
k
in R. But s} =r andsore R for all k. O

Before pursuing the issue of the existence of coefficient fields further, we show that the
existence of a coefficient field implies that the complete local ring is a homomorphic image
of a power series ring in finitely many variables over a field, and is also a module-finite
extension of such a ring.

We first prove the following result, which bears some resemblance to Nakayama’s
Lemma, but is rather different, since M is not assumed to be finitely generated.
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Proposition. Let R be separated and complete in the I-adic topology, where I is a finitely
generated ideal of R, and let M be an I-adically separated R-module. Let uq, ... ,up € M
have images that span M/IM over R/I. Then uy, ... ,up span M over R.

Proof. Since M = Ruy + - -+ + Ruy + I M, we find that for all n,
() I"M =1"uy + -+ I"uy, + 1" M.

Let u € M be given. Then u can be written in the form rgiuy + - - + ropun + A1 where
Ay € IM. Therefore Ay = rijuy + - - ripun + Az where the r; € IM and Ay € I’M.
Then

u=(roi +ri)ur + -+ (Ton + rin)un + Ag,

where Ay € I?M. By a straightforward induction on n we obtain, for every n, that
w=(ror +7ri1+ -+ rp)ur + oA (Ton Frin A F Tan)un + Apg

where every rj, € IV for 1 <k < h and all j > 0 and A, 41 € I""™'M. In the recursive
step, the formula (*) is applied to the element A, 1 € I M.

For every k, Z;io i, represents an element s of the complete ring R. We claim that
U= S1U] + -+ SpUp.
The point is that if we subtract
On = (To1 + 711+ -+ rp)ur + 4 (ron + 71+ Tan)un
from u we get A, 1 € I"1 M, and if we subtract o,, from
S1u1 + -+ Spup
we also get an element of I" 1 M, which we shall justify in greater detail below. Therefore,

u— (syuy + -+ spup) € ﬂ]”“M: 0,

since M is I-adically separated.

It remains to see why sjuj + -+ + spup — oy, is in I" M. This difference can be
rewritten as sju; + - - - + sjup where s = rp11k +Tnto,k + -+ Hence, we simply need to
justify the assertion that assertion that if r;, € I7 for j > n + 1 then

1
Frdlk + Fntok + -+ Tngek + - € 17

which needs a short argument. Since I is finitely generated, we know that I"*! is finitely

generated by the monomials of degree n + 1 in the generators of I, say, g1, ... ,94- Then
d [e%) d oo
Tn+l+t,k = Z qiv gy With every g, € I" and Zrn+1+t,k = Z(Z Qtv)gw u
v=1 t=0 v=1 t=0

We also note:
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Proposition. Let f : R — S be a ring homomorphism. Suppose that S is J-adically
complete and separated for an ideal J C S and that I C R maps into J. Then there is a
unique induced homomorphism RT — S that is continuous (i.e., preserves limits of Cauchy
sequences in the appropriate ideal-adic topology).

Proof. RT is the ring of I-adic Cauchy sequences mod the ideal of sequences that converge
to 0. The continuity condition forces the element represented by {r,}, to map to

lim f(ry,)

n— o0

(Cauchy sequences map to Cauchy sequences: if 7, —r, € IV, then f(r,,) — f(rn) € JV,
since f(I) C J.) It is trivial to check that this is a ring homomorphism that kills the ideal
of Cauchy sequences that converge to 0, which gives the required map Rf — §. O

A homomorphism of quasilocal rings h : (A, p,k) — (R, m, K) is called a local
homomorphism if h(n) € m. If A is a local domain, not a field, the inclusion of A in its
fraction field is not local. If A is a local domain, any quotient map arising from killing
a proper ideal is local. A local homomorphism induces a homomorphism of residue class
fields k = A/u — R/m = K.

Proposition. Let A be a Noetherian ring that is complete and separated with respect to
an ideal p, which may be 0, let (R, m, K) be a complete local ring, and let h : A — R be a
homomorphism, so that R is an A-algebra and p maps into m. Thus, if (A, u) is local, we
are requiring that A — R be local. Suppose that f1, ..., fn € m together with uR generate
an m-primary itdeal. Then:

(a) There is a unique continuous homomorphism h : A[[X1, ..., X,]] = R extending the
A-algebra map A[Xy, ..., X,] taking X; to f; for alli.

(b) If K is module-finite over the image of A, then R is module-finite over the image of

Al[X1, ..., X,]] under the map discussed in part (a).
(c¢) If the composite map A — R — K is surjective, and uR + (f1, ..., fn)R = m, then
the map h described in (a) is surjective.
Proof. (a) This is immediate from the preceding Proposition, since (X, ..., X,) maps
into m.
(b) A[[Xq, ..., X,]] is complete and separated with respect to the the -adic topology,
where A = (u, X1, ..., X,)A[[X1, ..., X,]]. Given a Cauchy sequence of power series

{fr}k, it is easy to see that the sequence of coefficients of a fixed monomial X7* --- X =
X" is a Cauchy sequence in A in the p-adic topology, and so has a limit a,, € A. The only
possible limit for the Cauchy sequence { f; }x is the power series

Z a, X",

VvEN™
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and it is easy to verify that this is the limit.

The expansion of the ideal 2 of A[[X;, ..., X,]] to Ris uR + (f1, ..., fn)R, which
contains a power of m, say m”. Thus, R/MR is a quotient of R/m” and has finite
length: the latter has a filtration whose factors are the finite-dimensional K-vector spaces
m’ /mi“, 0 <i< N —1. Since K is module-finite over the image of A, it follows that
R/2AR is module finite over over A[[X;, ..., X,]]/2 = A/u. Choose elements of R whose
images in R/2AR span it over A/u. By the Proposition stated on p. 2, these elements span
R as an A[[X1, ..., X,]]-module. We are using that R is 2-adically separated, but this
follows because LR C m, and R is m-adically separated.

(c) We repeat the argument of the proof of part (b), noting that now R/AR = K = A/p,

so that 1 € R generates R as an A[[X1, ..., X,]] module. But this says that R is a
cyclic A[[X1, ..., X,]]-module spanned by 1, which is equivalent to the assertion that
Al[X1, ..., X,]] = R is surjective. [

We have now done all the real work needed to prove the following:

Theorem. Let (R, m, K) be a complete local ring with coefficient field Ky C K, so that
Ko € R - R/m = K is an isomorphism. Let fi, ..., f, be elements of m generating
an ideal primary to m. Let Ko[[X1, ..., X,]] — R be constructed as in the preceding
Proposition, with X; mapping to f; and with A = Kg. Then:

(a) R is module-finite over Ko[[X1, ..., X,]].

(b) Suppose that fi, ..., fn generate m. Then the homomorphism Ky[[z1, ... ,z,]] = R
is surjective. (By Nakayama’s lemma, the least value of n that may be used is the
dimension as a K -vector space of m/m?.)

(¢) If d =dim (R) and fi, ..., fa is a system of parameters for R, the homomorphism
KOHmla s ,.’Ifd]] — R
is injective, and so R is a module-finite extension of a formal power series subring.

Proof. (a) and (b) are immediate from the preceding Proposition. For part (c), let 2

denote the kernel of the map Ko[[x1, ... ,zq4]] — R. Since R is a module-finite extension
of the ring Ko[[z1, ... ,zq4]]/2A, d = dim (R) = dim (Ko[[z1, ... ,z4]]/2A). But we know
that dim (Ko|[[x1, ... ,zq]]) = d. Killing a nonzero prime in a local domain must lower the

dimension. Therefore, we must have that 2 = (0). O

Thus, when R has a coefficient field Ky and fi, ..., fq are a system of parameters,
we may consider a formal power series

> et

veNd
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where v = (v1, ... ,v4) is a multi-index, the ¢, € Ko, and f” denotes f;* --- f;*. Because
R is complete, this expression represents an element of R. Part (c) of the preceding
Theorem implies that this element is not 0 unless all of the coefficients ¢, vanish. This
fact is sometimes referred to as the analytic independence of a system of parameters. The
elements of a system of parameters behave like formal indeterminates over a coefficient
field. Formal indeterminates are also referred to as analytic indeterminates.

Lecture of March 25

The results of the preceding Lecture imply that a complete local ring (R, m) that has
a coefficient field K is a homomorphic image of a formal power series ring in n variables
over K, where n is the least number of elements needed to generate m. Of course, by
Nakayama’s Lemma, n = dimg(m/m?). This integer is called the embedding dimension

of R.

To understand why, consider the analogous situation with finitely generated reduced
algebras S over an algebraically closed field K. The ring S corresponds to an affine
algebraic set X, whose points are in bijective correspondence with the maximal ideals
of S. Giving a surjection K[Xy, ... ,X,] - S as K-algebras is equivalent to giving an
embedding X — A% as a closed algebraic set. The least n for which such an embedding is
possible is the smallest dimension of an affine space in which X can be embedded, and it
is natural to think of n as the embedding dimension of X, and hence, of S, in this context.
The terminology “embedding dimension” for dim g (m/m?) is used even when the local
ring (R, m, K) does not contain a field.

The general construction of coefficient fields in positive characteristic

We now discuss the construction of coefficient fields in local rings (R, m, K) of prime
characteristic p > 0 (these automatically contain the field Z/pZ) when K need not be
perfect. If ¢ = p™ we write

K7={c":ce K},

the subfield of K consisting of all elements that are qth powers.

It will be convenient to call a polynomial in several variables n-special, where n > 1
is an integer, if every variable occurs with exponent at most p™ — 1 in every term. This
terminology is not standard.

Let K be a field of characteristic p > 0. Finitely many elements 61, ... , 0, in K (they
will turn out to be, necessarily, in K — KP) are called p-independent if the following three
equivalent conditions are satisfied:

(1) [KP[0:, ... ,00]: KP] = p".
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(2) KP C K[01] C KP[b1, 03] C --- C KP[0y, 0o, ... ,0,] is a strictly increasing tower of
fields.

(3) The p™ monomials 67" - - - 8% such that 0 < a; <p—1forall j with1 <j <n area
KP-vecctor space basis for K over KP?.

Note that since every 6; satisfies 67 € K?, in the tower considered in part (2) at each
stage there are only two possibilities: the degree of 6,41 over K?[f;, ... ,0;] is either 1,
which means that

0j+1 € Kp[ﬁl, . ,Gj],

or p. Thus, K[fy, ... ,0,] = p™ occurs only when the degree is p at every stage, and this
is equivalent to the statement that the tower of fields is strictly increasing. Condition (3)
clearly implies condition (1). The fact that (2) = (3) follows by mathematical induction
from the observation that

2 p—1
1’ 9‘]_*_1, 9.7_|_1, cee 9]+1

is a basis for Ljq1 = KP[0, ... ,0j41] over L; = K[0y, ... ,0;] for every j, and the fact
that if one has a basis C for L;y; over L; and a basis B for L; over K? then all products
of an element from C with an element from B form a basis for L;; over KP.

Every subset of a p-independent set is p-independent. An infinite subset of K is called
p-independent if every finite subset is p-independent.

A maximal p-independent subset of K, which will necessarily be a subset of K — KP?,
is called a p-base for K. Zorn’s Lemma guarantees the existence of a p-base, since the
union of a chain of p-independent sets is p-independent. If O is a p-base, then K = K?[O],
for if there were an element 6’ of K — K?[©], it could be used to enlarge the p-base. The
empty set is a p-base for K if and only if K is perfect. if K is not perfect, a p-base for K
is mever unique: one can change an element of it by adding an element of KP.

It is easy to see that © is a p-base for K if and only if every element of K is uniquely
expressible as a polynomial in the elements of © with coefficients in K? such that the
exponent on every # € © is at most p — 1, i.e., the monomials in the elements of © of
degree at most p— 1 in each element are a basis for K over KP. An equivalent statement is
that every element of K is uniquely expressible as as 1-special polynomial in the elements
of © with coefficients in KP.

If ¢ = p", then the elements of ©7 = {07 : § € O} are a p-base for K7 over KP4: in
fact we have a commutative diagram:

KF—q>Kq

I I

KP —— KP4
Fra
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where the vertical arrows are inclusions and the horizontal arrows are isomorphisms: here,
Fi(c) = ¢?. In particular, P = {67 : § € O} is a p-base for KP, and it follows by
multiplying the two bases together that the monomials in the elements of © of degree at
most p? — 1 are a basis for K over K P’ By a straightforward induction, the monomials in
the elements of © of degree at most p” — 1 in each element are a basis for K over K?" for
every n € N. An equivalent statement is that every element of K can be written uniquely
as an n-special polynomial in the elements of © with coefficients in K?".

Theorem. Let (R, m, K) be a complete local ring of positive prime characteristic p, and
let © be a p-base for K. Let T be a subset of R that maps bijectively onto ©, i.e., a lifting
of the p-base to R. Then there is a unique coefficient field for R that contains T, namely,
Ko =, Rn, where R, = RP"[T]. Thus, there is a bijection between liftings of the p-base
© and the coefficient fields of R.

Proof. Note that any coefficient field must contain some lifting of ©. Observe also that
K is clearly a subring of R that contains 7'. It will suffice to show that K is a coefficient
field and that any coefficient field L containing 7" is contained in K. The latter is easy:
the isomorphism L — K takes T to ©, and so T is a p-base for L. Every element of L
is therefore in LP"[T] C RP"[T]. Notice also that every element of RP"[T] can be written
as a polynomial in the elements of T" of degree at most p™ — 1 in each element, i.e., as
an n-special polynomial, with coefficients in RP". The reason is that any N € N can be
written as ap” + b with a,b € N and b < p” — 1. So t"V can be rewritten as (t*)?"t’,
and, consequently, if " occurs in a term we can rewrite that term so that it only involves
t* by absorbing (t%)P" into the coefficient from RP". Thus, every element of RP"[T] is
represented by an n-special polynomial. Note that n-special polynomials in elements of T’
with coefficients in RP" map mod m onto the n-special polynomials in elements of © with
coefficients in KP", which we know give all of K.

We next observe that
RP [T]Nm CmP .

Write the element of u € RP"[T] N'm as an n-special polynomial in elements of T with
coefficients in RP". Then its image in K, which is 0, is an n-special polynomial in the
elements of © with coefficients in K", and so cannot vanish unless every coefficient is
0. This means that each coefficient of the n-special polynomial representing v must have
been in m N RP" C m?". Thus,

Konm = ﬂ(an [T]Nnm) C ﬂmpn = (0).

We can therefore conclude that Ky injects into K. It will suffice to show that Ky — K is
surjective to complete the proof.

Let A € K be given. Since K = KP?"[0], for every n we can choose an element of
RP"[T) that maps to A: call it r,,. Then r,,; € R [T] € RP"[T], and so 7, — rpi1 €
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RP" [T]Nnm C mp" (the difference r,, — r,,41 is in m because both r, and r,;1 map to
A in K). This shows that {r,}, is Cauchy, and has a limit ry. It is clear that ry = A
mod m, since that is true for every r,,. Moreover, r) is independent of the choices of the
,: given another sequence r/, with the same property, 7, —r/, € RP" [T]N'm C mP?", and
so {rn}n and {r]}, have the same limit. This implies that the map K — R such that
A — Ry is a ring homomorphism: if we have two Cauchy sequences whose terms map to
A and ) respectively mod K, and whose n th terms are both in RP" [T for all n, when we
add (respectively, multiply) the Cauchy sequences term by term, we get a Cauchy sequence
whose limit is ry,x/ (respectively, ryy/). Moreover, if ¢ € T maps to § € © then the Cauchy
sequence with constant term ¢ can be used to find ry, and so rg = t.

It remains only to show that for every n, ry € RP"[T]. To see this, write A as an
n-special polynomial in the elements of © with coefficients in K?". Explicitly,

A= Zcﬁn,u

neF

where F is some finite set of n-special monomials in the elements of ©, and every ¢, € K.
If =608 - 0k let i/ =5 ... th+ where t; is the element of T' that maps to 6;. Then
r, = and
Ty = Zrﬁ’uu'ERP [T]. O
neEF

Remark. The proof is valid for every complete and m-adically separated quasilocal ring
(R, m, K) such that R has prime characteristic p > 0. We made no use of the fact that R
is Noetherian.

Remark. This result shows that if (R, m, K) is a complete local ring that is not a field
and K is not perfect, then the choice of a coefficient field is never unique. Given a lifting
of a p-base T, where T # () because K is not perfect, we can always change it by adding
nonzero elements of m to one or more of the elements in the p-base.

Lecture of March 28

Consider a complete local ring (R, m, K). If K has characteristic 0, then Z - R — K
is injective, and Z C R. Moreover, no element of W = Z — {0} is in m, since no element of
W maps to 0 in R/m = K, and so every element of Z — {0} has an inverse in R. By the
universal mapping property of localization, we have a unique map of W~'Z = Q into R,
and so R is an equicharacteristic 0 ring. We already know that R has a coefficient field.
We also know this when R has prime characteristic p > 0, i.e., when Z/pZ C R.

We now want to develop the structure theory of complete local rings when R need
not contain a field. From the remarks above, we only need to consider the case where K
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has prime characteristic p > 0, and we shall assume this in the further development of
the theory. The coefficient rings that we are about to describe also exist in the complete
separated quasi-local case, but, for simplicity, we only treat the Noetherian case.

We shall say that V' is a coefficient ring if it is a field or if it is complete local of the
form (V, pV, K), where K has characteristic p > 0. If R is complete local we shall say
that V is a coefficient ring for R if V' is a coefficient ring, V C R is local, and the induced
map of residue fields is an isomorphism. We shall prove that coefficient rings always exist.

In the case where the characteristic of K is p > 0, there are three possibilities. It may
be that p =0 in R (and V), in which case V is a field: we have already handled this case.
It may be that p is not nilpotent in V: in this case it turns out that V is a Noetherian
discrete valuation domain (DVR), like the p-adic integers. Finally, it may turn out that p
is not zero, but is nilpotent.

We are aiming to prove the following two results. Like the other theorems we have
been proving about the structure of complete local rings, they are due to I. S. Cohen.

Theorem. Let (R, m, K) be a complete local ring of mized characteristic. Then R has a
coefficient ring.

Theorem. Let (W, pW, K) be a coefficient ring of mized charateristic such that p is
nilpotent. Then W has the form V/p"V, where (V, pV, K) is a coefficient ring that is a
complete Noetherian discrete valuation ring.

Before proving these two results, which will take a considerable effort, we want to give
several consequences.

Theorem. Let R be a complete local ring of mixed characteristic.

(a) R is a homomorphic image of a power series ring V[[ X1, ..., X,]] over a complete
Noetherian discrete valuation ring (V, pV, K), where n is the embedding dimension of

R/pR.

(b) If R is a domain, or more generally, if p is part of a system of parameters for R, then R
is module-finite over a formal power series ring V[[z2, ... , £4—1]], where d = dim (R)
and V' is a complete Noetherian discrete valuation ring that is a coefficient ring for
R.

(¢) Suppose that R is reqular of Krull dimension d and that V' is a complete Noether-
ian discrete valuation ring that is a coefficient ring for R. If p ¢ m?, then R =

Vllxa, ..., x4]], a formal power series ring. If R is reqular and p € m?, then
R = Vlz1, ... ,z4)]/(f), where the numerator is a formal power series ring and
f =p— g with g is in the square of the mazimal ideal of V|[x1, ..., z4]].

Proof. (a) Let W be a coefficient ring for R and let V' be a coefficient ring that is a discrete
valuation ring that maps onto W. Choose f1, ..., f, € R that map onto a minimal set
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of generators of the maximal ideal of R/pR. Then p together with the fi, ..., f, map
onto generators of m. By part (a) of the Proposition stated at the top of p. 4 of the
Lecture Notes of March 23, there is a map W|[zy, ... ,z,]] = R that takes x4, ... ,x, to
fi, ..., fn respectively, and this map is a surjection by part (c) of that same Proposition,
with A =W and p = pW. Hence, we have surjections

Vixy, ... ,zn]] = Wlz1, ... ,2,]] > R,

as required.

(b) Since p is part of a system of parameters, it is not nilpotent, and a coefficient
ring (V, p, K) for R must be a Noetherian discrete valuation ring. Let fo, ..., fqg € m
be elements that extend p to a system of parameters for R. By parts (a) and (b) of
the Proposition cited above, we have a map V[[za, ..., z4]] = R such that R is module
finite over the image. Since the dim (R) = d, the image has dimension d, and since
Vl[z2, ..., x4]] is a domain of dimension d, the map cannot have a kernel.

(c) If R is regular and p ¢ m?, then we can extend p to a minimal set of generators
D, fo, ..., fa of m, and we have a map V|[[z2, ..., z4]] — R that is injective and such
that R is module-finite over the image by part (b). But we are also in the situation of
part (a), so that this map is surjective, and this gives the required isomorphism of R with
a formal power series ring.

Now suppose that p € m?. We proceed as in part (a), but choose fi, ..., fq so that
they are a minimal set of generators of m. Let T = V{[[z1, ... ,x4]], the formal power
series ring, and let mp be its maximal ideal. Then we have a surjection 7" — R. Since
p € m?, the kernel of this map must contain an element of the form p — g, where g € m2..
But f =p—g € mr —m2, and so T/(f) is a regular local ring of dimension d that maps
onto R. Since T'/(f) is regular, it is a domain, and it follows that the map T/(f) - R
cannot have a non-trivial kernel. Thus, T/(f) & R, as required. [J

A regular local ring of mixed characteristic p > 0 is called unramified if p ¢ m? and
ramified if p € m?2.

Ezample. Let R = V[[z]]/(px), where (V, pV, K) is a coefficient ring, and = is a power
series indeterminate over V. The image of V in R is isomorphic with V' and is a coefficient

ring. R is one-dimensional, and is not module-finite over a regular ring: cf. problem 5. of
Problem Set #5.

It remains to prove the results of I. S. Cohen about coefficient rings for complete
local rings of mixed characteristic, including the statement that they exist. The following
elementary fact is critical in carrying this through.

Lemma. Let (R, m, K) be local with K of prime characteristic p > 0. Ifr,s € R are such
that r = s mod m, and n > 1 is an integer, then for all N > n — 1, with ¢ = p~ we have
that r?1 = s mod m™.
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Proof. This is clear if n = 1. We use induction. If n > 1, we know from the induction
hypothesis that r? = y? mod m® if N > n — 2, and it suffices to show that r?? = y?? mod
m™N L. Since 79 = 57 4+ u with u € m¥, we have that 7?7 = (59 + u)? = sP + puw + uP,
where puw is a sum of terms from the binomial expansion each of which has the form
(qu) s/uP~J for some j, 1 < j < p — 1, and in each of these terms the binomial coefficient
is divisible by p. Since uw € m" and p-1x € m, puw € m™+!, while u? € mN? C mN*1 as
well. O

Lecture of March 30

The following Theorem, which constructs coefficient rings when the maximal ideal of
the ring is nilpotent, is the heart of the proof of the existence of coefficient rings in com-
plete mixed characteristic local rings. Before giving the proof, we introduce the following
notation, which we will use in another argument later. Let x, y be indeterminates over Z.
Let ¢ be a power of p, a prime. Then (z + y)? — 27 — y? is divisible by p in Z[z, y|, since
the binomial coefficients that occur are all divisible by p, and we write G,(x, y) € Z[z, y]
for the quotient, so that (z + y)? = 29 + y? + pGy(z, y).

Theorem. Suppose that (R, m, K) is local where K has characteristic p > 0, and that
m”™ = 0. Choose a p-base © for K, and a lifting of the p-base to R: that is, for every 6§ € ©
choose an element tg € R with residue 8 modulo m. Let T = {tp : 6 € ©}. Then R has
a unique coefficient ring V' that contains T'. In fact, suppose that we fix any sufficiently
large power q¢ = p™ of p (in particular, N > n — 1 suffices) and let Sy be the set of all
expressions of the form zueM riu, where the M is a finite set of mutually distinct N -
special monomials in the elements of T and every r] € R? = {r?:r € R}. Then we may
take
V =Sy +pSn —I—p25N + - -l—p"_lSN,

which will be the same as the smallest subring of R containing R? and T.

Before giving the proof, we note that it is not true in general that RY is closed under
addition, and neither is Sy, but we will show that for large N, V is closed under addition
and multiplication, and this will imply at once that it is the smallest subring of R containing
R? and T'. Of course, R? is closed under multiplication.

Proof of the Proposition. We first note if r = s mod m then r? = s? mod m"™ if N > n—1,
by the Lemma at then end of the Lecture Notes of March 25. Therefore R? maps bijectively
onto K7 = {A?: X\ € K} when we take residue classes mod m. It follows from our analysis
of the properties of p-bases that the residue class map R — K sends Sy bijectively onto
K.

Suppose that W is a coefficient ring containing 7. For each r € R, if w = r mod
m, then w? = r?. Thus, R? C W. Then Sy C W, and so V C W. Now consider any
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element w € W. Since Sy contains a complete set of representatives of elements of K,
every element of W has the form o9 + u where og € Sy and u € m N'W = pW, and so
w = oo + pwi. But we may also write w; in this way and substitute, to get an expression

w = 09 + poy + pPwa,

where 0g, 01 € Sy and wy € W. Continuing in this way, we find, by a straightforward
induction, that ' '
W =S8x+pSy+ - +pSy+p W

for every 7 > 0. We may apply this with j = n — 1 and note that p™ = 0 to conclude that
W = V. Thus, if there is a coefficient ring, it must be V. However, at this point we do
not even know that V' is closed under addition.

We next claim that V is a ring. Let V be the closure of V under addition. Then
we can see that V is a ring, since, by the distributive law, it suffices to show that the
product of two elements p’riu and p/r'?u’ has the same form. The point is that pu’ can
be rewritten in the form v%u” where p” has all exponents < ¢ — 1, and p**7 (rr'v)?u” has
the correct form. Thus, V is the smallest ring that contains R? and T'.

We next prove that V itself is closed under addition. We shall achieve this by proving
by reverse induction on j that p/V = p’ V for all j, 0 < j < n. The case that we are
really aiming for is, of course, where j = 0. The statement is obvious when j = n, since

= 0 and p"V = p"V = 0. Now suppose that p?+t1V = pi*t1V for some fixed j. We
shall show that p/V = pJV thereby completing the inductive step. Since p]V is spanned
over p’ 1y = p? TV by p/ Sy, it will suffice to show that given any two elements of p’ Sy,
their sum differs from an element of p/ Sy by an element of p/+1V = pi+1V. Call the two

elements
v=7p’ Z ripy
pneM
and
V=p > i,
HeM

where r,, r; € R and M is a finite set of n-special monomials in elements of 7" large enough
to contain all those monomials that occur with nonzero coefficient in the expressions for
v and v'. Since Sy gives a complete set of representatives of K and r? only depends on
what 7 is modulo m, we may assume that all of the r, and TL are elements of Sy. Let

//:pj Z (TM+TL)qM

nemM

Then

v —v—v—pJZpG Ty T 9+1ZG Tpus T uEp’HV'
neM neM
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as required, since all the r,, 7“; € Sy and Vis a ring. This completes the proof that
V= V', and so V is a subring of R.

We have now shown that V' is a subring of R, and that it is the only possible coefficient
ring. It is clear that pV C m, while an element of V' — pV has nonzero image in K: its
constant term in Sy is nonzero, and Sy maps bijectively to K. Thus, m NV = pV, and
we know that V/pV = K| since Sy maps onto K. It follows that pV is a maximal ideal of
V generated by a nilpotent, and so pV is the only prime ideal of V. Any nonzero element
of the maximal ideal can be written as p'u with ¢ as large as possible (we must have that
t < n), and then w must be a unit. Thus, every nonzero element of V is either a unit, or
a unit times a power of p. It follows that every nonzero proper ideal is generated by p”
for some positive integer k, where k is as small as possible such that p* is in the ideal. It
follows that V is a principal ideal ring. Thus, V' is a Noetherian local ring, and, in fact,
an Artin local ring. [J

We want to extend this result to complete local rings in which m is not nilpotent. We
first need:

Lemma. Let K be a field of characteristic p > 0 and let (V, pV, K), (W, pW,K) and
Vi, PV, K), n € N, be coefficient rings.

(a) If p* = 0 while p=! # 0 in V, which is equivalent to the statement that p' is the
characteristic of V., then Annyp’V = pt=IV, 0 < j < t. Moreover, if p* = 0 while
p* L #£0in W, and W — V is a surjection, then V.= W/ptW.

(b) Suppose that
Vo 4= Vi e vvv e Vo e - - -

s an tnverse limit system of coefficient rings and surjective maps, and that the char-
acteristic of Vy, is p'™™ where t(n) > 1. Then either t(n) is eventually constant, in
which case the maps hy, : V11 — V,, are eventually all isomorphisms, and the inverse
limit is isomorphic with V,, for any sufficiently large n, or t(n) — 0o as n — oo, in
which case the inverse limit is a complete local principal ideal domain V' with maximal
tdeal pV and residue class field K. In particular, the inverse limit V is a coefficient
ring.

Proof. (a) Every ideal of V (respectively, W) has the form p*V (respectively, p"¥ )for a
unique integer k, 0 < k <t (respectively, 0 < k < s). The first statement follows because
k+j > niff k > n—j. The second statement follows because V must have the form S/p*S
for some k, 0 < k < S, and the characteristic of S/p*S is p*, which must be equal to p.

(b) If t(n) is eventually constant it is clear that all the maps are eventually isomor-
phisms. Therefore, we may assume that t(n) — oo as n — oco. By passing to an infinite
subsequence of the V,, we may assume without loss of generality that ¢(n) is strictly in-
creasing with n. We may think of an element of the inverse limit as a sequence of elements
vy € Vi, such that v, is the image of v,, 41 for every n. It is easy to see that one of the v,
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is a unit if and only if all of them are. Suppose on the other hand that none of the v, is a
unit. Then each v,, can be written as pw,, for w,, € V,,. The problem is that while pw, 11
maps to pw,, for all n, it is not necessarily true that w,+; maps to w,,.

Let h, be the map V,, 11 — V,,. For all n, let w], = hy,(wy+1). We will show that for
all n, v, = pw}, and that h,(w;, ;) = w}, for all n. Note first that hy, (pwy+1) = pwy, = v,
and it is also pw),. This establishes the first statement. Since p(wn41 — w),,) = 0, it
follows that wy,41 — w/,,; = p!™ =15 by part (a). Then

wy, = i (Wp11) = hn(w;z-kl) +pt(n+1)_1hn(5) = hn(w;z+1)7
as required, since p*("t1 =1 is divisible by p*"™, the characteristic of V.

It follows that the inverse limit has a unique maximal ideal generated by p. No nonzero
element is divisible by arbitrarily high powers of p, since the element will have nonzero
image in V,, for some n, and its image in this ring is not divisible by arbitrarily high powers
of p. It follows that every nonzero element can be written as a power of p times a unit,
and no power of p is 0, because the ring maps onto V; for arbitrarily large values of ¢. It is
forced to be a principal ideal domain in which every nonzero ideal is generated by a power
of p. The fact that the ring arises as an inverse limit implies that it is complete. [J

We can now prove:

Theorem (I. S. Cohen). Every complete local ring (R, m, K) has a coefficient ring. If
the residue class field has characteristic p > 0, there is a unique coefficient ring containing
a given lifting T to R of a p-base © for K.

Proof. We may assume that K has characteristic p > 0: we already know that there is a
coefficient field if the characteristic of K is 0.

Any coefficient ring for R containing 7" must map onto a coefficient ring for R,, =
R/m™ containing the image of T'. Here, there is a unique coefficient ring V,,, which may
be described, for any sufficiently large ¢ = p¥, as the smallest subring containing all ¢ th
powers and the image of T' . We may take ¢ large enough that it may be used in the
description of coefficient rings V41 for R,11 and V,, for R,,, and it is then clear that
R,+1 — R, induces V,,41 — V,. If we construct V' = l(iinnVn and {iﬂlan = R as

sequences of elements {r,}, such that r,; maps to r, for all n, it is clear that

V =Ilm,V, Clim, R, = R.
— —

By part (b) of the preceding Lemma, V is a coefficient ring, and it follows that V is a
coefficient ring for R. U
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Lecture of April 1

We next prove that, up to non-unique isomorphism, a coefficient ring of mixed char-
acteristic p in which p is nilpotent is determined by its residue class field and and charac-
teristic (the latter is a power of p). However, there is a uniqueness statement about the
isomorphism once liftings of a p-base for K are chosen.

Theorem. Let K, K’ be isomorphic fields of characteristic p > 0 and let g : K — K’
be the isomorphism. Let (V, pV, K) and (V', pV', K') be two coefficient rings of the same
characteristic, p" > 0. We shall also write X' for the image of A € K under g. Let © be
a p-base for K and let ©' = g(©) be the corresponding p-base for K'. Let T be a lifting
of © to V and let T" be a lifting of ©" to T'. We have an obvious bijection g : T — T’
such that if t € T lifts @ € © then g(t) € T' lifts 0’ = g(0). Then g extends uniquely to an
isomorphism of V. with V' that lifts g : K — K'.

Proof. As in the proof of the Theorem on existence of coefficient rings stated on the first
page of the Lecture Notes of March 30, we choose N > n — 1 and let ¢ = p". For every
element A € K there is a unique element py € V¢ that maps to A? € K9. Similarly, there is
a unique element p), € V’? that maps to \'? for every A’ € K’. If there is an isomorphism
V = V' as stated, it must map py — p), for every A € K. Said otherwise, we have an
obvious bijection V¢ — V' and ¢ must extend it. Just as in the proof of the Theorem
on existence of coefficient rings, we can define Sy = S to consist of linear combinations of
distinct N-special monomials in T" such that every coefficient is in V4. Then S will map
bijectively onto K. We define Sy, = S’ C V' analogously. Since S’ maps bijectively onto
K', we have an obvious bijection g : S — S’. We use ¢’ for the element of S corresponding
too e S.

Every element v € V must have the form oy + pv; where o is the unique element of
S that has the same residue as v modulo pV. Continuing this way, as in the proof of the
Theorem on existence of coefficient rings, we get a representation

n—1

v =0q+po +pPoet -+ p" o,

for the element v € V, where the o; € S. We claim this is unique. Suppose we have
another such representation

n—1 _x

v=o0y+poy+-+p" oy

Suppose that o; = o for ¢ < j. We want to show that o; = o7 as well. Working in
V/p’tV we have that o;p7 = oj11p/, ie., that (o; — o}) kills p/ working mod p/*'.
By part (a) of the Lemma from p. 3 of the Lecture Notes of March 30 we have that
oj —o; € pV, and so 0; and o} represent the same element of K = V/pV, and therefore

are equal.
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Evidently, any isomorphism V = V' satisfying the specified conditions must take

n—1

oo +poy+---+p op-1

to
oy +poy+-+p" ol

To show that this map really does give an isomorphism of V' with V'’ one shows simul-
taneously, by induction on j, that addition is preserved in p’V, and that multiplication is
preserved when one multiplies elements in p"V and p'V such that h +i > j. For every
element \ € K, let o) denote the unique element of S that maps to A\. Note that we may
write py as o}, since o has residue A mod pV'.

Now,
P pap+p pope =P (05 + o) = p? ((ox + 9,)? = pGy(ar, 0y)),

where G4(x, y) € Z[z, y] is such that (z + y)? = 29 4+ y? + pGy(z, y). Since oy + o, has
residue A + 7 mod pV, we have that (o + 0,,)9 = px4y, and it follows that

P oA+ P pgin = ' prgnp — PP Gylon, o).

We have similarly that
P o\ 0’ =0 pho i — PP G, o

and it follows easily that addition is preserved by our map p’V — p/V’: note that
PG, (on, 0,)p maps to P TG, (), o, )i because all terms are multiples of p’ 1 (the
argument here needs that certain multiplications are preserved as well addition).

Once we have that our map preserves addition on terms in p?V, the fact that it
preserves products of pairs of terms from p"V x p'V for h + i > j follows from the
distributive law, the fact that addition in p’V is preserved, and the fact that there is a
unique way of writing w2, where py and po are monomials in the elements of T' with all
exponents < g — 1, in the form v9u3 where all exponents in u3 are < ¢ — 1, and

h—i—i(

(p" pasir) (P pypa) = P (oaonr) s

in V', while

/

M (ol

(D" PA ) (P Py i) = p
inV'. O
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Theorem. Let K be a field of characteristic p > 0. Then there exists a complete Noe-
therian valuation domain (V, pV, K) with residue class field K.

Proof. It suffices to prove that there exists a Noetherian valuation domain (V, pV, K): its
completion will then be complete with the required properties. Choose a well-ordering of
K in which 0 is the first element. We construct, by transfinite induction, a direct limit
system of Noetherian valuation domains {V), pV), Ky} indexed by the well-ordered set K
and injections K, — K such that

(1) Ko = Z/pZ
(2) The image of K in K contains a.

(3) The diagrams
V)\/ — K}( — K

T ? l
w » K, —= K

commute for all A < N € K.

Note the given a direct limit system of Noetherian valuation domains and injective
local maps such that the same element, say, ¢ (in our case t = p) generates all of their
maximal ideals, the direct limit, which may be thought of as a directed union, of all of
them is a Noetherian discrete valuation domain such that t generates the maximal ideal,
and such that the residue class field is the directed union of the residue class fields. Every
element of any of these rings not divisible by ¢ is a unit (even in that ring): thus, if W is
the directed union, pW is the unique maximal ideal. Every nonzero element of the union
is a power of ¢ times a unit, since that is true in any of the valuation domains that contain
it, and it follows that every nonzero ideal is generated by the smallest power of p that it
contains. The statement about residue class fields is then quite straightforward.

Once we have a direct limit system as described, the direct limit will be a discrete
Noetherian valuation domain in which p generates the maximal ideal and the residue class
field is isomorphic with K.

It will therefore suffice to construct the direct limit system.

We may take Vy = Zp where P = pZ. We next consider an element \ € K which
is the immediate successor of A € K. We have a Noetherian discrete valuation domain
(Vx, pVi, K») and an embedding K, — K. We want to enlarge V) suitably to form V).
If \' is transcendental over K we simply let V). be the localization of the polynomial
ring Vy[z] in one variable over V) at the expansion of pV): the residue class field may be
identified with K (x), and the embedding of K < K may be extended to the simple
transcendental extension K (z) so that x maps to \' € K.

If ) is already in the image of K, we may take V), = V). If instead )\ is algebraic
over the image of K, but not in the image, then it satisfies a minimal monic polynomial
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g = g(x) of degree at least 2 with coefficients in the image of K. Lift the coefficients to
V so as to obtain a monic polynomial G = G(x) of the same degree over V). We shall
show that Vi, = Vj[z]/(G(z)) has the required properties. If G were reducible over the
fraction field of V), by Gauss’ Lemma it would be reducible over V), and then g would be
reducible over the image of K in K. If follows that (G(z)) is prime in Vj[z] and so Vi
is a domain that is a module-finite extension of V). Consider a maximal ideal m of V..
Then the chain m D (0) in V4 lies over a chain of distinct primes in Vy: since V) has only
two distinct primes, we see that m lies over pV) and so p € m. But

Vi /pVar = Im (Ky)[z]/g(2) = Im (K5)[N],

and so p must generate a unique maximal ideal in V), and the residue class field behaves
as we require as well.

Finally, if A’ is a limit ordinal, we first take the direct limit of the system of Noetherian
discrete valuation domains indexed by the predecessors of X', and then enlarge this ring
as in the preceding paragraph so that the image of its residue class field contains \'. [

Corollary. If p is a positive prime integer and K is field of characteristic p, there is, up
to isomorphism, a unique coefficient ring of characteristic p > 0 with residue class field
K and characteristic p*, and it has the form V/p'V, where (V, pV,K) is a Noetherian
discrete valuation domain.

Proof. By the preceding Theorem, we can construct V' so that it has residue field K. Then
V/p'V is a coefficient ring with residue class field K of characteristic p, and we already
know that such all rings are isomorphic, which establishes the uniqueness statement. [J

Corollary. Let p be a positive prime integer, K a field of characteristic p, and suppose
that (V, pV, K) and (W, pW, K) are complete Noetherian discrete valuation domains with
residue class field K. Fix a p-base © for K. Let T be a lifting of © to V and T’ a lifting
to W. Then there is a unique isomorphism of V' with W that maps each element of T to
the element with the same residue in © in T".

Proof. By our results for the case where the maximal ideal is nilpotent, we get a unique
such isomorphism V/p™V = W/p™W for every n, and this gives an isomorphism of the
inverse limit systems

V/IpV « V/p?V &= oo «= V/p"V & - -

and
W/pW « W/p*W « - «= W/p"W « - --

that takes the image of T in each V/p™V to the image of T in the corresponding W/p"W.
This induces an isomorphism of the inverse limits, which are V and W, respectively. [
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Lecture of April 4

Let p > 0 be a prime integer. We now know that a coefficient ring of mixed char-
acteristic p and characteristic p"™, where n > 2, is determined up to isomorphism by its
residue class field. Let K be a given field of characteristic p. We also know that there is a
complete mixed characteristic Noetherian discrete valuation ring (V, pV, K) with residue
class field K. This implies that V/p™V is a coefficient ring of characteristic p™. Hence, as
asserted earlier:

Theorem. A mized characteristic coefficient ring of characteristc p"™, where p > 0 1is
prime, has the form V/p™V , where V is a complete Noetherian discrete valuation ring that

s a coefficient field. [

This completes our proof of all of the structure theorems for complete local rings. We
restate the following:

Theorem. FEvery complete local ring is either a homomorphic image of K|[x1, ... ,xn]],
a power series ring over a field K, or of V|[x1, ... ,x,]|, a power series ring over a mized
characteristic coefficient ring (V, pV, K) that is a Noetherian discrete valuation ring.

Both Kl[x1, ... ,z,]] and V[[z1, ... ,x,]] are Cohern-Macaulay, as is every regular
local ring, since a minimal system of generators for the maximal ideal is a regular sequence.
But Cohen-Macaulay rings are universally catemary. Hence:

Corollary. FEvery complete local ring is universally catenary. [

Complete regular local rings are formal power series rings in equal chacteristic, and
also in mixed characteristic if unramified. The following is an important tool in working
with formal power series rings.

Theorem (Weierstrass preparation theorem). Let (A, m, K) be a complete local
ring and let = be a formal indeterminate over A. Let f = > 7 ja,z™ € Alz]], where
ap, € A—m is a unit and a, € m for n < h. (Such an element f is said to be regular
in x of order h.) Then the images of 1, x, ..., z"~! are a free basis over A for the ring
Allz]]/ fA[[z]], and every element g € A[[z]] can be written uniquely in the form qf + r

where q € Al[z]], and r € Alx] is a polynomial of degree < h — 1.

Proof. Let M = Al[[z]]/(f), which is a finitely generated A[[x]]-module, and so will be sep-
arated in the M-adic topology, where M = (m, z)A[[z]]. Hence, it is certainly separated
in the m-adic topology. Then M/mM = K|[z]]/(f), where f is the image of f under the
map A[[z]] - K][[z]] induced by A — K: it is the result of reducing coeflicients of f mod
m. It follows that the lowest nonzero term of f has the form cz”, where ¢ € K, and so
f = 2"y where v is a unit in K[[z]]. Thus,

M/mM = K[[2])/(f) = K[[z]]/(z"),
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which is a K-vector space for which the images of 1, z, ..., 2"~! form a K-basis. By the
Proposition on p. 2 of the Lecture Notes of March 23, the elements 1, z, ..., 2"~ ! span
Allz]]/(f) as an A-module. This means precisely that every g € A[[z]|] can be written
g = qf +r where r € Alx] has degree at most h — 1.

Suppose that ¢’ f 4+’ is another such representation. Then ' —r = (¢ — ¢’) f. Thus,
it will suffice to show if » = ¢f is a polynomial in x of degree at most h — 1, then ¢ = 0
(and r = 0 follows). Suppose otherwise. Since some coefficient of ¢ is not 0, we can choose
t such that g is not 0 when considered mod m!A[[z]]. Choose such a ¢ as small as possible,
and let d be the least degree such that the coefficient of 2¢ is not in m?. Pass to R/m!.
Then ¢ has lowest degree term az?, and both a and all higher coefficients are in m!~!, or
we could have chosen a smaller value of t. When we multiply by f (still thinking mod m?),
note that all terms of f of degree smaller than h kill ¢, because their coefficients are in m.
There is at most one nonzero term of degree h + d, and its coefficient is not zero, because
the coefficient of z in f is a unit. Thus, ¢f has a nonzero term of degree > h+d > h —1,
a contradiction. This completes the proof of the existence and uniqueness of ¢ and r. [

Corollary. Let Al[z]] and f be as in the statement of the Weierstrass Preparation The-
orem, with f reqular of order h in x. Then f has a unique multiple fq which is a monic
polynomial in Alx]| of degree h. The multiplier q is a unit, and qf has all non-leading
coefficients in m. The polynomial qf called the unique monic associate of f.

Proof. Apply the Weierstrass Preparation Theorem to g = #". Then 2" = ¢f + r, which
says that " —r = ¢f. By the uniqueness part of the theorem, these are the only choices
of ¢, r that satisfy the equation, and so the uniqueness statement follows. It remains only
to see that ¢ is a unit, and that r has coefficients in m. To this end, we may work mod
mA[[z]]. We use u for the class of u € A[[z]] mod mA[[z]], and think of @ as an element of
K[[]].

Then 2" — 7 = Gf. Since f is a unit v times 2", we must have 7 = 0. It follows that
h

2" = 2"gy. We may cancel 2", and so g is a unit of of K[[z]]. It follows that ¢ is a unit
of Al[z]], as asserted. [

Discussion. This result is often applied to the formal power series ring in n variables,
K{[z1, ... ,x,]]: one may take A = K[[z1, ... ,zp—1]] and = = z,,, for example, though,
obviously, one might make any of the variable play the role of . In this case, a power
series f is regular in x,, if it involves a term of the form cz” with ¢ € K — {0}, and if one
takes h as small as possible, f is regular of order h in x,,. The regularity of f of order h
in x,, is equivalent to the assertion that under the unique continuous K[z, ]]-algebra map
K([z1, ..., 7)) = K[[z,]] that kills 1, ... ,2,_1, the image of f is a unit times z. A
logical notation for the image of f is f(0, ... ,0, x,). The Weierstrass preparation theorem
asserts that for any g, we can write f = qg + r uniquely, where ¢ € K[[z1, ... ,z,]], and
r € K[[z1, ... ,zn_1]][zn]. In this context, the unique monic associate of f is sometimes
call the distinguished pseudo-polynomial associated with f. If K = R or C one can consider
instead the ring of convergent (on a neighborhood of 0) power series. One can carry through
the proof of the Weierstrass preparation theorem completely constructively, and show that
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when g and f are convergent, so are ¢ and r. See, for example, [O. Zariski and P. Samuel,
Commutative Algebra, Vol. I, D. Van Nostrand Co., Inc., Princeton, 1960], pp. 139-146.

Any nonzero element of the power series ring (convergent or formal) can be made reg-
ular in x,, by a change of variables. The same applies to finitely many elements fi, ..., fs,
since it suffices to make the product f;--- fs regular in z,, (if the image of f;--- fs in
K{[[z,]] is nonzero, so is the image of every factor). If the field is infinite one may make

use of a K-automorphism that maps x1, ... ,z, to a different basis for Kz +--- + Kx,,.
One can think of f as fo + f1 + f2 +--- where every f; is a homogeneous polynomial of
degree j in z1, ... ,z,. Any given form occurring in f; # 0 can be made into a monic

polynomial by a suitable linear change of variables, by problem 3. of Problem Set #3 for
Math 614, Fall 2003 and its solution.

If K is finite one can still get the image of f under an automorphism to be regular
in x,, by mapping z1, ... ,x, to x; +aN, ... 2, 1 + xﬁ"‘l, Ty, respectively, as in the
proof of the Noether normalization theorem, although the details are somewhat more
difficult. Consider the monomials that occur in f (there is at least one, since f is not 0),
and totally order the monomials so that x7' ---zjr < ¥ ... zF» means that for some i,
1<i<n, 1=k, jo=ke, ..., Ji_1 = k;_1, while j; < k;. Let a:jll -~ 29" be the smallest
monomial that occurs with nonzero coefficient in f with respect to this ordering, and let
d = max{dy, ... ,d,}. Let N; = (nd)"¢, and let § denote the continuous K-automorphism
of K[[z1, ... ,7,]] that sends z; — z; + z,i for 1 <i <n -1, and z,, = x,. We claim
that 0(f) is regular in xz,,. The point is that the value of 0(f) after killing x1, ... ,x,—1 is

Ni N N, _
fla, bz, 2o, o, Ty,

/€1

and the term /z{* - - - z&» where ¢ € K — {0} maps to

C/xfblN1+€2N2+"'+€n71Nn71+€n_

In particular, there is a term in the image of 6(f) coming from the xill -z term in f,
and that term is a nonzero scalar multiple of

ajdlN1+d2N2+"'+dnlenfl+dn
n .

It suffices to show that no other term cancels it, and so it suffices to show that if for some
i with 1 < ¢ <n, we have that e; = d; for j <7 and e; > d;, then

e1tN1 +easNo+ - 4+ ep_1Np—1+ ey >di N1 +doNo+ -+ +dp—1Np—1 + dp,.-

Subtracting the right hand side of the inequality above from the left hand side yields

(es = di)N; + Y _(e; — dj)Nj,

j>i

since d; = e; for j < 4. It will be enough to show that this difference is positive. Since
e; > d;, the leftmost term is at least N;. Some of the remaining terms are nonnegative,



180

and we omit these. The terms for those j such e; < d; are negative, but what is being
subtracted is bounded by d; N; < dN;. Since at most n — 1 terms are being subtracted,
the sum of the quantities being subtracted is strictly bounded by nd max;s;{dN;}. The
largest of the IN; is N;41, which is (dn)”_(”l). Thus, the total quantity being subtracted
is strictly bounded by (dn)(dn)"~*~! = (dn)"~* = N;. This completes the proof that

e1tN1 +eaNa+ -+ +ep1Np1+ep > diN1+doNa+ -+ -+ dp_1 N1 + dp,
and we see that 0(f) is regular in z,,, as required. O

If the Weierstrass Preparation Theorem is proved directly for a formal or convergent
power series ring R over a field K (the constructive proofs do not use a priori knowledge
that the power series ring is Noetherian), the theorem can be used to prove that the ring
R is Noetherian by induction on n. The cases where n = 0 or n = 1 are obvious: the ring
is a field or a discrete valuation ring. Suppose the result is known for the power series ring
A in n — 1 variables, and let R be the power series ring in one variable x, over A. Let
I be an ideal of R. We must show that [ is finitely generated over R. If I = (0) this is
clear. If I # 0 choose f € I with f # 0. Make a change of variables such that f is regular
in z, over A. Then I/fR C R/fR, which is a finitely generated module over A. By the
induction hypothesis, A is Noetherian, and so R/ f R is Noetherian over A, and hence I/fR
is a Noetherian A-module, and is finitely generated as an A-module. Lift these generators
to I. The resulting elements, together with f, give a finite set of generators for I.

Although we shall later give a quite different proof valid for all regular local rings,
we want to show how the Weierstrass preparation theorem can be used to prove unique
factorization in a formal power series ring.

Theorem. Let K be a field and let (V, m, K) be a Noetherian discrete valuation ring.
R =Kl|[x1, ... ,x,]] or V][z1, ... ,x,]] be the formal power series ring in n variables over
K orV. Then R is a unique factorization domain.

Proof. We use induction on n. If n = 0 then R is a field or a discrete valuation ring. In
the latter case, R is a principal ideal domain and, hence, a unique factorization domain.

Suppose that n > 1. It suffices to prove that if f € m is irreducible then f is prime.
If 7 divides f, the f is a multiple of 7 by a unit, since f is irreducible. We know that 7 is
prime, since R/(m) = K|[[z1, ... ,x,]], a domain. Hence, we may assume that 7 does not
divide f. Suppose that f divides gh, where it may be assumed without loss of generality
that g, h € m. Then we have an equation fw = gh, and since f is irreducible, we must
have that w € m as well. If some power of 7 divides w, then 7 divides g or h. We
may factor out 7 and obtain a similar equation in which a lower power of 7 divides w.
Eventually, we obtain an equation in which 7 does not divide w: otherwise, w would be in
every power of the maximal ideal. Then 7 does not divide g nor h as well. Hence, m does
not divide fgh.

Therefore, by the Discussion on pp. 3 and 4, we can make a change of variables in the
formal power series ring such that fgh is regular in z,, modulo 7. Since an element of the
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ring that is a unit modulo 7 is a unit, we have that fgh is regular in x,, in R as well. Then
f, g, and h are all regular in z,,, and we may multiply each by a unit so as to replace it

by its unique monic associate: here we view R as A[[z,]] where A = K{[z1, ... ,2,_1]] or
V{[z1, ... ,zpn—1]]. Thus, we may assume without loss of generality that f, g, and h are
monic polynomials in A[z,] whose non-leading coefficients are in @ = (x1, ... ,z,-1)A.

In the process of replacing f, g, h by their products units, w is replaced by its product
with a certain unit as well, so that we still have fw = gh. However, a priori, w may be a
power series in x, rather than a polynomial.

It is easy, however, to see that w € Alx,] as well. We can divide gh € Alz,] by f,
which is monic in z,,, to get a unique quotient and remainder, say gh = qf + r, where the
degree of r is less than the degree d of f. The Weierstrass preparation theorem guarantees a
unique such representation in A[[x,]], and in the larger ring we know that » = 0. Therefore,
the equation gh = ¢f holds in A[z,], and this means that ¢ = w is a monic polynomial in
T, as well.

By the induction hypothesis, A is a UFD, and so A[x,] is a UFD. We first note that
f is still irreducible in A[z,] (this is an issue because it might factor as a polynomial
with an invertible constant term in one factor: such a factorization does not contradict
irreducibility in A[[z,]]). But if f factors non-trivially f = fi fo in A[z,], the factors fi,
f2 must be polynomials in z,, of lower degree which can be taken to be monic. Mod @,
f1, f2 give a factorization of x¢, and this must be into two powers of x,, of lower degree.
Therefore, f; and f; both have all non-leading coefficients in ), and, in particular their
constant terms are in (). This implies that neither f; nor fs is a unit of R, and this
contradicts the irreducibility of f in R. Thus, f must be irreducible in Az, ] as well. But
then, in A[z,] we have that f|g or f|h, and the same obviously holds in the larger ring
R, as required. [

Lecture of April 6

We next want to prove unique factorization in all regular local rings, and we shall use
an entirely different method. We first discuss the basic facts about the divisor class group
Cl (R) of a normal Noetherian domain R.

Primary decomposition of principal ideals in a normal Noetherian domain has a par-
ticularly simple form: there are no embedded primes, and so if 0 # a € P the P-primary
component is unique, and corresponds to the contraction of an ideal primary to the maxi-
mal ideal in Rp, a discrete valuation ring. But the only ideals primary to PRp in Rp are
the powers of PRp, and so every P-primary ideal has the form P(") for a unique positive
integer n, where P(") denotes the n th sybolic power of P, the contraction of P"Rp to R.
Thus, if a # 0 is not a unit, then aR is uniquely an intersection

P . Pk,
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Form the free abelian group G on generators that are taken either to be the height one
primes of R (as we shall do) or elements in bijective correspondence with the height one
primes of R. The elements of G are called divisors. If the ideal aR has the primary
decomposition indicated, the element Z?Zl k;P; is called the divisor of a, and denoted
div (a). The coefficient of P is the same as the order of a in the discrete valuation ring
Rp. By convention, the divisor of a unit of R is 0. The quotient of G by the span of
all the divisors is called the divisor class group of R, and denoted C/ (R). It turns out to
vanish if and only if R is a UFD. In fact, P maps to 0 in C¢ (R) iff P is principal. One can
say something even more general. An ideal I of a Noetherian ring R is said to have pure
height h if all associated primes of I as an ideal have height h. The unit ideal, which has
no associated primes, satisfies this condition by default. If I is an ideal of a Noetherian
normal domain of pure height one, then I has a primary decomposition Pl(kl) n---N PT(Lk”),
and so there is a divisor div () associated with I, namely Y ", k;P;. If I = R is the unit
ideal, we define div (I) = 0.

Theorem. Let R be a Noetherian normal domain. If I has pure height one, then so does
fI for every nonzero element f of R, and div (fI) = div (f) + div (I). For any two ideals
I and J of pure height one, div (I) = div(J) iff I = J, while the images of div (I) and
div (J) in CL(R) are the same iff there are nonzero elements f,g of R such that fI = gJ.
This holds iff I and J are isomorphic as R-modules. In particular, I is principal if and
only if div (I) is 0 in the divisor class group. Hence, R is a UFD if and only if C¢ (R) = 0.

The elements of C¢(R) are in bijective correspondence with isomorphism classes of
pure height one ideals considered as R-modules, and the inverse of the element represented
by div (I) is given by div (J), for a pure height one ideal J = Hompg(I, R). In fact, if
g € I — {0}, we may take J = gR :p I.

Proof. I = J iff div (I) = div (J) because, for pure height one ideals, the associated divisor
completely determines the primary decomposition of the ideal. Observe that we have
0C fR/fI C R/fI and that the cokernel is isomorphic with R/fR while fR/fI = R/I.
Since Ass (R/I) contains only height one primes and Ass (R/fR) contains only height one
primes (since R is normal), it follows that Ass(R/al) contains only height one primes.
The statement that div (fI) = div (f) + div () may be checked locally after localizing at
each height one prime ideal (), and is obvious in the case of a discrete valuation ring. In
particular, div (fg) = div (f) 4+ div (¢) when f, g € R — {0}. It follows easily that

Span{div (f): f € R—{0}} = {div(g) —div(f): f, g € R—{0}}.

Thus, if div(I) = div(J) in C¢(R), then div(I) — div(J) = div(g) — div(f) and so
div (fI) = div(gJ) and fI = gJ. Then I = fI = gJ = J as modules. Now suppose
0 : I = J as modules (it does not matter whether I, J have pure height one) and let
g € I — {0} have image f in J. For all a € I, gf(a) = 6(ga) = ab(g) = af, and so
O(a) = (f/g)a, and @ is precisely multiplication by f/g. This yields that (f/g)I = J and,
hence, fI = gJ.
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Now fix I # (0) and g € I — {0}. Any map I — R is multiplication by a fraction
f/g, where f is the image of g in R: thus, Homgr(I, R) = {f € R : (f/9)] C R},
where the homomorphism corresponding to multiplication by f/g is mapped to f. But
(f/9)I C Riff fI CgR,ie.,iff f € gR:gI. Thus, Homg(I, R) 2 gR :g [ = J. We claim
that J has pure height one (even if I does not) and that if I has pure height one then
div (J) 4 div (I) = div (g), which shows that div (J) = —div(I) in C¢ (R). Let f1, ..., fx
generate I. Then we have an exact sequence

0—gR:g I — R— (R/gR)®*

where the map from R sends r ~ (rfi, ... ,rf;) with the overlines indicating residues
modulo gR. It follows that R/(gR :g I) embeds in (R/gR)®*, and so

Ass (R/(gR:r I)) C Ass ((R/gR)®*) = Ass (R/gR),

which shows that all associated primes of gR :r I have pure height one. Now localize at
any height one prime P to check that div (J) + div (/) = div(g). After localization, if z
generates the maximal ideal we have that I = ™R, g = ™™™ R, where m, n € N, and,
since localization commutes with formation of colon ideals, that J = ™™™ R : 2™ R, which
is ™ R. This is just what we need to show that the coefficients of P in div () and div (/)
sum to the coefficient of P in div (g).

It remains only to show that every element of C¢ (R) is represented by div (I) for some
ideal I. But this is clear, since the paragraph above shows that inverses of elements like
[P] are represented by divisors of ideals. [J

Remarks. A further related result is that a finitely generated torsion-free module M of
torsion-free rank one over a Noetherian normal domain R is isomorphic with a pure height
one ideal if and only if it is a reflexive R-module, i.e, if and only if the natural map
M — M** is an isomorphism, where _ * indicates Hom(_, R), and the natural map
sends u € M to the map M* — R whose value on f € M* is f(u). In fact, a finitely
generated torsion-free module of rank one over a Noetherian domain is always isomorphic
to an ideal I # 0 of R, and if R is normal, I** may be identified with the intersection of
the primary components of I corresponding to height one minimal primes of I. (If there
are no such minimal primes then I** may be identified with R.) One can define the divisor
class group of the Noetherian normal domain R to be the isomorphism classes of rank one
reflexive R-modules with multiplication given by [I][J] = [(I ®g J)**]. See the Lecture
Notes for March 29 and p. 1 for March 31 from Math 615, Winter 2004 for an analysis of
the behavior of reflexive modules over a normal Noetherian domain and a proof that the
rank one reflexive modules coincide, up to isomorphism, with the ideals of pure height one.

Our next objective is to construct the divisor class group in a different way, using
Grothendieck groups. The second point of view gives information that is not readily
available directly.
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Let R be a Noetherian ring. Let M denote the set of modules
{R"/M :neN, M C R"}.

Every finitely generated R-module is isomorphic to one in M, which is all that we really
need about M: we can also start with some other set of modules with this property without
affecting the Grothendieck group, but we use this one for definiteness.

Consider the free abelian group with basis M, and kill the subgroup generated by all
elements of the form M — M’ — M" where

0—>M —-M-—-M'—0

is a short exact sequence of elements of M. The quotient group is called the Grothendieck
group Go(R) of R. It is an abelian group generated by the elements [M], where [M] denotes
the image of M € M in Go(R). Note that if M’ = M we have a short exact sequence

0—-M —-M-—=0-—=0,

so that [M] = [M'] + [0] = [M'], i.e., isomorphic modules represent the same class in
Go(R).

A map L from M to an abelian group (A, +) is called additive if whenever
0—-M —-M-—M'—0

is exact, then L(M) = L(M’) + L(M"). The map 6 sending M to [M] € Go(R) is
additive, and is a universal additive map in the following sense: given any additive map
L : M — A, there is a unique homomorphism h : Go(M) — A such that L = ho 6. Since
we need L(M) = h([M]), if there is such a map it must be induced by the map from the
free abelian group with basis M to A that sends M to h(M). Since h is additive, the
elements M — M’ — M" coming from short exact sequences

0O—->M —>M-—->M'"—=0

are killed, and so there is an induced map h : Go(R) — A. This is obviously the only
possible choice for h.

Over a field K, every finitely generated module is isomorphic with K®" for some
n € N. It follows that Go(K) is generated by v = [K], and in fact it is Z~, the free abelian
group on one generator. The additive map associated with the Grothendieck group sends
M to dim g (M)~. If we identify Z~ with Z by sending v — 1, this is the (K-vector space)
dimension map.

If R is a domain with fraction field F, we have an additive map to Z that sends M to
dim zF ®p M, which is called the torsion-free rank of M. This induces a surjective map
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Go(R) — Z. If R is a domain and if v = [R] generates Go(R), then Go(R) = Zvy = 7, with
the isomorphism given by the torsion-free rank map.

Notice that if L is additive and
0—-M,— - — M — My—0

is exact, then
L(My) — L(M;y) +---+ (-1)"L(M,) = 0.

If n < 2, this follows from the definition. We use induction. In the general case note that
we have a short exact sequence

0—>N—->M — My—0
and an exact sequence

0—=M,—-—= Mz —My— N —0,

since
Coker (M3 — M) = Ker (M; — My) = N.
Then
(x) L(Mo) — L(My) + L(N) =0,
and

(#%) L(N)— L(M3)+---+ (=1)""'L(M,) =0

by the induction hypothesis. Subtracting (xx) from (x) yields the result. O

Our proof of unique factorization in arbitrary regular local rings is based on the
following two theorems, whose proofs we postpone momentarily.

To state the first of these theorems, observe that we can define a filtration of Go(R) by
letting (Go(R)), denote the subgroup spanned by classes of primes P such that height (P) >
1. This filtration decreases as i increases. From it, we obtain an associated graded group:
we write

[Go(R))i = (Go(R));/(Go(R)); 4 1-

Theorem (M. P. Murthy). If R is a normal domain, then Cl (R) = [Go(R)]1 in such a
way that the generator of Cl(R) corresponding to a height one prime P is mapped to the
image of R/P in [Go(R)].

The second of these theorems is the following, which is a local version of the Hilbert
syzygy theorem.
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Theorem (Hilbert syzygy theorem for regular local rings). Let (R, m, K) be a
reqular local ring of Krull dimension n, and let M be a finitely generated R-module. Then
M s free if and only if depth(M) = n. If M is not free and My is any first module
of syzygies of M, depth(M;) = depth(M) + 1. Hence, M has a finite free resolution
by finitely generated free modules, and any shortest such free resolution of M has length
n — depth(M).

Once we have proved this, we have:

Corollary. If R is a reqular local ring, Go(R) = Z~y, where v = [R], and so for every
finitely generated module M, [M] € Go(R) is rank (M), where rank indicates torsion-free
rank. In particular, if M is a torsion-module, [M] = 0, and so [R/P] =0 for every prime
tdeal P with height P > 1.
Proof. R is a domain, and we have the additive map given by torsion-free rank. It will
suffice to show that [R] generates Go(R). But if M is any finitely generated R-module, we
know that M has a finite free resolution
0— R — ... 5 R - R M — 0,
and so the element [M] may be expressed as
[R*] = [R"] 4+ 4+ (=1)F[R™] = boy = bry + - 4 (1) by = (bo — by + -+ + (=1)" by )y
O

Hence:
Corollary (Auslander-Buchsbaum). Fvery regular local ring is a UFD.
Proof. (M. P. Murthy) The universal additive map is the same as torsion-free rank, so that
if P # (0), we have that [R/P] = 0 in Go(R). It follows that (Go(R)), = 0 for all ¢ > 1,
and, hence, C¢ (R) = [Go(R)]1 =0. O

It remains to prove the local version of the Hilbert syzygy theorem and Murthy’s
characterization of the divisor class group.

Lecture of April 8

Note that given a finite filtration

O=MyC M C---CM,_1CM,=M



187

of a finitely generated R-module M and an additive map L we have that
L(M)=L(M,/M,_1)+ L(M,_1),

and, by induction on n, that

n

L(M) = L(M;/M;_1).

j=1
In particular, [M] € Go(R) is
> M /M ).
j=1

The following result gives a presentation of the Grothendieck group.

Theorem. Let R be a Noetherian ring. Go(R) is generated by the elements [R/P], as P
runs through all prime ideals of R. If P is prime and x € R — P, then [R/(P + xR)] =0,
and so if R/Q1, ... ,R/Qy are all the factors in a prime filtration of [R/(P + xR)|, we
have that [R/Q1] + -+ + [R/Qr] = 0. The relations of this type are sufficient to generate
all relations on the classes of the prime cyclic modules.

Proof. The first statement follows from the fact that every finitely generated module over
a Noetherian ring R has a finite filtration in which the factors are prime cyclic modules.
The fact that [R/(P + xR)] = 0 follows from the short exact sequence

0—R/P>%R/P— R/(P+zR) — 0,
which implies [R/P] = [R/P]+ [R/(P + xzR)] and so [R/(P + zR)] = 0 follows.

Now, for every M € M, fix a prime cyclic filtration of M. We need to see that if we
have a short exact sequence

0—-M —-M-—->M'"—=0

that the relation [M] = [M']+[M"] is deducible from ones of the specified type. We know
that M’ will be equal to the sum of the classes of the prime cyclic modules occurring in its
chosen prime filtration, and so will M. These two prime cyclic filtrations together induce
a prime cyclic filtration F of M, so that the information [M] = [M']+ [M"] is conveyed by
setting [M] equal to the sum of the classes of the prime cyclic modules in these specified
filtrations of [M] and [M’]. But F will not typically be the specified filtration of [M], and
so we need to set the sum of the prime cyclic modules in the specified filtration of M equal
to the sum of all those occurring in the specified filtrations of M’ and M".

Thus, we get sufficiently many relations to span all relations if for all finitely generated
modules M and for all pairs of possibly distinct prime cyclic filtrations of M, we set the
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sum of the classes of the prime cyclic modules coming from one filtration equal to the
corresponding sum for the other. But any two filtrations have a common refinement. Take
a common refinement, and refine it further until it is a prime cyclic filtration again. Thus,
we get sufficiently many relations to span if for every finitely generated module M and
for every pair consisting of a prime cyclic filtration of M and a refinement of it, we set
the sum of the classes coming from one filtration to the sum of those in the other. Any
two prime cyclic filtrations may then be compared by comparing each to a prime cyclic
filtration that refines them both.

In refining a given prime cyclic filtration, each factor R/P is refined. Therefore, we
get sufficiently many relations to span if for every R/P and every prime cyclic filtration
of R/P, we set [R/P] equal to the sum of the classes in the prime cyclic filtration of
R/P. Since Ass(R/P) = P, the first submodule of a prime cyclic filtration of R/P will
be isomorphic with R/P, and will therefore have the form z(R/P), where x € R — P.
If the other factors are R/Qq, ..., R/Q, then these are the factors of a filtration of
(R/P)/x(R/P) = R/(P + xzR). Since [x(R/P)] = [R/P], the relation we get is

[R/P] = [R/P]+ [R/Q1] + - + [R/Qxl,

which is equivalent to

[R/@Q1] + -+ [R/Qk] =0,

and so the specified relations suffice to span all relations. [

We can immediately deduce as a consequence the theorem of Murthy stated in the
Lecture Notes of April 6.

Theorem (M. P. Murthy). If R is a normal domain, then Cl (R) = [Go(R)]1 in such a
way that the generator of Cl(R) corresponding to a height one prime P is mapped to the
image of R/P in [Go(R)].

Proof. We know that Go(R) is the free group on the classes of the R/P, P prime, modulo
relations obtained from prime cyclic filtrations of R/(P + zR), * ¢ P. We shall show
that if we kill all the [R/Q] for @ of height 2 or more, all relations are also killed except
those coming from P = (0), and the image of any relation corresponding to a prime cyclic
filtration of R/xR corresponds precisely to div (x). Clearly, if P # 0 and x ¢ P, any prime
containing P + xR strictly contains P and so has height two or more. Thus, we need only
consider relations on the R/P for P of height one coming from prime cyclic filtrations of
R/xR, x # 0. Clearly, R does not occur, since R/xR is a torsion module, and occurrences
of R/Q for @ of height > 2 do not matter. We need only show that for every prime P
of height one, the number of occurrences of R/P in any prime cyclic filtration of R/xR is
exactly k, where P(*) is the P-primary component of zR. But we can do this calculation
after localizing at P: note that all factors corresponding to other primes become 0, since
some element in the other prime not in P is inverted. Then xRp = P*R,,, and we need to
show that any prime cyclic filtration of Rp/xRp has k copies of Rp/PRp, where we know



189

that zRp = P*Rp. Notice that (Rp, PRp) is a DVR, say (V,tV), and zRp = t*V. The
number of nonzero factors in any prime cyclic filtration of V/t*V is the length of V/tkV
over V', which is k, as required: the only prime cyclic filtration without repetitions is

Octh'Vvecth2ve...c?VctvcV. O

We next restate and then prove the local form of the Hilbert syzygy theorem stated in
the Lecture Notes of April 6. The result is entirely analogous to the corresponding result
in the graded case treated in the second problem of Problem Set #3.

Theorem (Hilbert syzygy theorem for regular local rings). Let (R, m, K) be a
reqular local ring of Krull dimension n, and let M be a finitely generated nonzero R-module.
Then M is free if and only if depth(M) = n. If M is not free and My is any first module
of syzygies of M, depth(M;) = depth(M) + 1. Hence, M has a finite free resolution
by finitely generated free modules, and any shortest such free resolution of M has length
n — depth(M).

Proof. For the first statement we use induction on dim (R). If n = 0 then R is a field,
every module is free, and there is nothing to prove. Assume that n > 0. It is clear that
if M is a nonzero free module then its depth is n. Suppose that M has depth n. In
particular, depth(M) > 1 and we can choose € m not in m? nor in any minimal prime
of M. Then M /xM has depth n — 1 over R/xR, which is again regular. Thus, M/xM is
free by the induction hypothesis: let uq, ... ,up be elements of M whose images are a free
basis for M/xM. These elements span M by Nakayama’s Lemma. To complete the proof
of this part, it suffices to show that they have no nonzero relation over R. Let N denote
the module of all relations on uy, ... ,up over R. If (f1, ..., fn) € N is a relation, so that
fiur + -+ frup = 0, then we may consider this relation modulo xR. Since the images of
the u; are a free basis for M /xM, it follows that every f; is in R, and can be written zg;
for some g; € R. Then x(gi1u; + - - - grun) = 0, and since x is not a zerodivisor on M, we
have that gyu; + -+ - gpup, = 0. Thus (f1, ..., fn) = x(91, ... ,gn) with (g1, ... ,g9n) € N,
and we consequently have that N = xN. By Nakayama’s Lemma, N = 0, and it follows
that M is free on the basis uq, ..., up.

The remaining statements now follow from part (a) of the second problem of Problem
Set #2 exactly as in the graded case. [J

We have now completed the proof of unique factorization in regular local rings, fol-
lowing M. P. Murthy.

We want to note another proof of a variant of the Hilbert syzygy theorem for finitely
generated modules over polynomial rings, based on Grobner basis ideas. The argument
is based on Schreyer’s method for computing modules of relations or syzygies, which is
described beginning near the bottom of p. 2 of the Lecture of January 25, and continuing
on pp. 3, 4, and 5. We review the method, which is very simple.
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Let R = K[z, ... ,z,] denote the polynomial ring in n variables over a field K, and
let M C F be a submodule of F', where F' is free with ordered basis by, ... ,bs. Let
g1, --- ,gr be a Grobner basis for M. (We shall momentarily impose a mild condition
on the ordering of the g;.) We may view the relations on gy, ..., g, as a submodule R",
for which we denote the standard basis as eq, ... ,e,. Schreyer’s method asserts that the
module of all relations on g1, ..., g, is generated by certain standard relations as follows.
Suppose that ¢ < j and that in(g;) = pibg, in(g;) = p;bx involve the same element by, of
b1, ... ,bs. Then we can write

g H .

where the left hand side is a standard expression for division of the left hand side by
g1, --- ,Ggr. The remainder is 0 in each case by the Buchberger criterion. The displayed
equation implies that

Hj
(#ij) €; — qijt€t
N GCD(H% :u]) ' GCD :U’w /u’J ; Y
is a relation on g1, ...,g,. This is a typical standard relation, and we saw that these
not only generate the module of all relations, but are, in fact, a Grobner basis for it with
respect to a suitable monomial order on R". Moreover, the initial term of (#;;) is

i
(Tz’j) mei-

We now make an almost trivial observation:

Lemma. Let hypotheses and notations be as above and suppose that g1, ... , g, have been
ordered so that if i > g and in(g;) = piby and in(g;) = p;by involve the same element by, of
the ordered basis by, ... ,bs for F' then p; > pj; in lexicographic order on the monomaials of
R. (This does not depend on what the monomial order on F' is: one can always order the
gi so that this condition is satsified.) Suppose that the initial terms of the g; involve only
the x; for i > h. Then the initial terms of the standard relations on g1, ..., g, involve
only the variables x; fori > h + 1.

Proof. Since only the variables xj, ... ,z, occur and p; > p; in lexicographic order, we
must have that the highest power of x}, occurring in p; is at least that occurring in p;: call
the latter xf. It follows that = is also the highest power of x;, occurring in GCD(u;, p5),
and so x, does not occur in the initial term shown in (f;5) of the standard relation (#;;). O

Given any finitely generated module M over R its first module of syzygies M; is a
submodule of a free module. Even if all the variables occur in generators of the initial
module for M, after at most n repetitions of Schreyer’s method, each time with the
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Grobner basis obtained ordered as indicated in the Lemma above, one obtains a Grébner
basis for the module of syzygies such that every initial term is simply one of the e;. We can
now complete our variant proof of the Hllbert syzygy theorem by showing that a module
with a Grobner basis of this form is free.

Lecture of April 11

We next note the following fact:

Proposition. Let R be any ring and F = R"™ a free module. If f1, ..., fn € F generate
F, then fi, ..., fn is a free basis for F.

Proof. We have a surjection R™ — F' that maps e; € R" to f;. Call the kernel N. Since F'
is free, the map splits, and we have R™ =2 F @ N. Then N is a homomorphic image of R",
and so is finitely generated. If N # 0, we may preserve this while localizing at a suitable

maximal ideal m of R. We may therefore assume that (R, m, K) is quasilocal. Now apply
K ®pr _ . We find that K™ 2 K™ @ N/mN. Thus, N =mN, and so N =0. O

The final step in our variant proof of the Hilbert syzygy theorem is the following;:

Lemma. Let R = K[x1, ... ,x,] be a polynomial ring over a field K, let F be a free R-
module with ordered free basis eq, ... ,es, and fix any monomial order on F'. Let M C F
be such that in(M) is generated by a subset of ey, ... ,es, i.e., such that M has a Grébner
basis whose initial terms are a subset of ey, ... ,es. Then M and F/M are R-free.

Proof. Let S be the subset of eq, ... ,es generating in(M), and suppose that S has r
elements. Let T'={eq, ... ,es} — S, which has s — r elements. Let G = R*~" be the free
submodule of F' spanned by T'. By the Theorem on the bottom of p. 2 of the Lecture Notes
of January 13, the images of the monomials not in in(M) are a K-vector space basis for
F/M. These monomials, which are simply those involving an element of T', are obviously
also a K-vector space basis for G. It follows that the composite R-linear map G C F —
F/M is an isomorphism of K-vector spaces. Since it is R-linear, it is also an isomorphism
of R-modules. It is clear that M + G = F, since in(M) U in(G) = SUT = in(F). Since
no element of G — {0} is killed in F/M, the sum is direct, i.e., F = M & G. Let g1, ... , gr
be elements of a Grobner basis for M whose initial terms are the elements of S. Then

g1, - - -, gr together with T" are s elements that generate F' = R® and so they form a free
basis for R® by the preceding Proposition. It follows that g1, ..., g, is a free basis for
M. O

We have now proved a “global” result on modules of syzygies over a polynomial
ring: every finitely generated module has an nth module of syzygies that is free. It
follows that every finitely generated module has a finite resolution by finitely generated
free modules. This means in turn that if R = K[z, ... ,z,], a polynomial ring over a field,
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then Go(R) = Z~, where v = [R], and the universal additive map is given by torsion-free
rank. It follows just as in the local case that [Go(R)]1 = 0, i.e., that C¢(R) = 0, which
gives a new proof that a polynomial ring over a field is a UFD, quite different from the
usual one.

We next want to discuss projective modules over a Noetherian ring. A module P over
R is projective if for every surjective map M — N the map Hompg(P, M) — Hompg(P, N)
is surjective. It follows at once that Hompg(P, _) is a (covariant) exact functor from
R-modules to R-modules. It is easy to see that free modules are projective: to lift a
map f : F — N when F has free basis B, for every b € B one chooses u;, € M such
that up — f(b) € N, and one may then define g : F' — M such that g(b) = wuy for all
b € B. The direct sum of two modules is projective if and only if both are projective: this
follows from the fact that Hompg(P ® Q, M) may be identified, functorially in M, with
Homp(P, M) ® Homp(Q, M). Hence, a direct summand of a free module is projective.
Note that since free modules are flat, and since a direct sum of two modules is flat if and
only if both are (because of the identification, functorial in M, of

(POQ)Or M= (PRrM)® (Q®r M), )

it follows that projective modules are flat.

We have the following in great generality:

Proposition. Let R be any ring and P an R-module. The following conditions are equiv-
alent:

(1) P is projective.
(2) Every surjective map f : M — P splits, where M is an aribtrary R-module.
(3) P is a direct summand of a free module.

Moreover, if P is finitely generated, then P is projective if and only if it is a direct
summand of a finitely generated free module.

Proof. We have seen in the paragraph above that (3) = (1). If P is projective and we
have f : M — P, the identity map 1p : P — P lifts to a map g : P — M: this means that
fog=1p, so that g is the required splitting. Finally, (2) = (3) because if P satisfies (2)
and we map a free module F' — P, the map splits, and so P is a direct summand of F'. If
P is finitely generated, we may take F' to be finitely generated. [

If P is a finitely generated projective module, we know that there exists a projective
module @) such that P ® Q is free. @ is called a complement for P. @ itself need not be
free. If there exists a free module G such that P & G is a finitely generated free module,
G is called a free complement for P.

Proposition. Let R be any ring and let P be a projective module that has a finite resolu-
tion by finitely generated free modules. Then P has a free complement.
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Proof. We use induction on the length of the free resolution. If the resolution is
0—>F —>Fp—>P—0

then the map Fy — P splits, and Fy = P & F;. Now suppose that the resolution has
length k > 1. Let Q = Ker (Fy — P). Then Fy = P @ @Q, so that @ is projective, and @
has a free resolution of length at most k£ — 1. By the induction hypothesis, we can choose a
finitely generated free module G such Q) G = H is a finitely generated free module. Then
P (QdG)=Fy®G is free, and since Q & G = H, we have that H is a free complement
for P. 0

Hence, given our results for polynomial rings, we have an easy proof of the following;:

Theorem. Let R be a polynomial ring K|z, ... ,x,] over a field K. Then every finitely
generated projective R-module has a free complement. [

In the mid 1950s Serre asked whether every finitely generated projective module over
a polynomial ring is free. This was not answered until 1976, when D. Quillen and A. Suslin
gave proofs indepedently. Another, simpler, proof was found soon thereafter by Vaserstein.
One way of attacking the problem is as follows.

One wants to prove that when R is a polynomial ring over a field, if P & R* is free,
then P is free. It suffices to show this when k = 1. For then, since P’ @ R is free, with
P’ = P @® R* 1, one can conclude that P’ is free, and the result follows by induction
on k. Thus, once one knows that every finitely generated projective module has a free
complement, showing that every finitely generated projective module is free is equivalent
to showing that if P ® R = R™ then P is free.

Over any ring R, giving a projective module P such that P& R = R" is equivalent to
giving a surjective map R™ — R. The kernel of this map, call it P, then has the property
that P ® R = R", for the map R"™ — R is split, and so the short exact sequence

0P —->R*"—-R—=0

is split. Giving a surjective map R"™ — R is the same as giving a 1 X n matrix (g1 ceey gn)
whose entries generate the unit ideal of R. This determines P. Note that we have elements
fi, .-, fn € R such that fig1 + -+ fngn = 1, and the map of R — R" sending
1+ (f1, ..., fn) gives the splitting.

The projective module P, if free, must have rank n — 1. In fact, P is free if and only if
it is generated by n — 1 elements ps, ... , p,. For in this case, these elements together with
p1 = (f1, ..., fn) generate R™, and so we have a surjetion R” — R" which is, necessarily, a

bijection. If we make the p; into the rows of a matrix, the condition that the rows generate
R™ (equivalently, that the rows be a free basis for R™) is that the matrix be invertible.

A row whose entries generate the unit ideal is called a unimodular row. The unimodular
row problem asks the following: given a unimodular row over a ring R, can it be completed
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to a square matrix whose determinant is 17 This question has an affirmative answer over
R for all size rows if and only if for every projective module P over R such that P ® R
is free of finite rank, P is free. If every finitely generated projective R-module has a
free complement, an affirmative answer to the unimodular row problem implies that every
finitely generated projective R-module is free.

As mentioned above, this is the case for polynomial rings in finitely many variables
over a field. We want to give one example where there is a projective module with free
complement of rank one that is not free. Let R = R[X, Y, Z]/(X?+Y?+ Z?%) = R[z, y, 2],
which may be thought of as the coordinate ring of the real 2-sphere S2. Elements of R may
be thought of as real-valued continuous functions on S2. Note that (x y z) is a unimodular
row, since 2 +y? + 22 = 1 in R. This row cannot be completed to a 3 x 3 matrix whose
determinant is 1 if the entries of the matrix are in R, nor even if the entries are allowed to
be arbitrary continuous real-valued functions on S2. It follows that

P =Ker (R* - R),

where the map has matrix (x Y z), is a projective module over R that is not free but
such that P @ R = R3. To show that we cannot complete the matrix, suppose that we
can, and let the second row be ( fg h) where f, g, h are continuous real-valued functions
on S3. Since the determinant of the matrix is constantly equal to 1, for every point
(a,b,c) € S?, if we substitute a, b, ¢ for the variables the first two rows of the matrix are
linearly independent. Thus, (a, b, ¢) and

w(a, b, c) = (f(a, b, ¢), g(a, b, ¢), h(a, b, c))

are linearly independent, and since the vector (a, b, ¢) is normal to the tangent plane to the
sphere at the point (a, b, ¢), the vector w(a, b, ¢) has a nonzero projection v(a, b, ¢) on the
tangent plane to S? at (a, b, ¢) that varies continuously with (a, b, ¢). This constructs a
continuous nonzero vector field on S?, which contradicts a well-known theorem in toplogy
(“you can’t comb the hair on a billiard ball”).

After tensoring with the complex numbers, one can complete the row. Working now
over C[X,Y, Z]/(X? +Y? + Z% — 1), we see that the matrix

T xi+y z
0 —Zz —zi+y
1 0 0

has determinant 1: expand with respect to the third row. If we subtract ¢ times the first
column from the second, we get the matrix we want:

x oy z
0 —z —xi+y
1 — 0
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The flatness of the Frobenius endomorphism for regular rings

We shall return to the subject of projective modules, but we first want to establish the
assertion made earlier that the Frobenius endomorphism is flat for every regular Noetherian
ring of prime characteristic p > 0. To do so, we want to reduce to the case where the ring
is complete local. We first observe the following:

Proposition. Let 0 : (R, m, K) — (S, n,L) be a homomorphism of local rings that is
local, i.e., 0(m) Cn. Then S is flat over R if and only if for every injective map N — M
of finite length R-modules, S @r N — S ®@r M is injective.

Proof. The condition is obviously necessary. We shall show that it is sufficient. Since tensor
commutes with direct limits and every injection N < M is a direct limit of injections of
finitely generated R-modules, it suffices to consider the case where N C M are finitely
generated. Suppose that some u € S ®r N is such that u — 0 in S ®r M. It will suffice
to show that there is also such an example in which M and N have finite length. Fix any
integer ¢ > 0. Then we have an injection

N/(m'M N N) — M/m'M
and there is a commutative diagram

S®r N — S®r M

/| |

S®r (N/(mMNN)) —— S®g (M/mtM)

The image f(u) of uin S@g ((N/(m'MNN)) maps to 0 under ¢/, by the commutativity of
the diagram. Therefore, we have the required example provided that f(u) # 0. However,
for all h > 0, we have from the Artin-Rees Lemma that for every sufficiently large integer
t, mtM NN C m"N. Hence, the proof will be complete provided that we can show that
the image of u is nonzero in

S@r(N/m"N) = Sor (R/m")@rN) =2 (R/m")@r(S®rN) =2 (S®rN)/m"(S®rN).

But
m"(S ®r N) Cn"(S®r N),

and the result follows from the fact that the finitely generated S-module S ®r N is n-
adically separated. [J

Lemma. Let (R, m, K) — (S, n, L) be a local homomorphism of local rings. Then S is
flat over R if and only if S is flat over R, and this hold iff S is flat over R.



196

Proof. If S is flat over R then, since S is flat over S, we have that S is flat over R.
Conversely, if S is flat over R, then S is flat over R because S is faithfully flat over S: if
N C M is flat but S®r N — S ®r M has a nonzero kernel, the kernel remains nonzero
when we apply S ®s _, and this has the same effect as applying S® r_toNCM,a
contradiction.

We have shown that R — S is flat if and only R — S is flat. If R — S is flat then
since R — R is flat, we have that R — S is flat, and we are done. It remains only to show
that if R — S is flat, then R — S is flat. By the Proposition, it suffices to show that if
N C M have ﬁmte length, then SN S® M is injective. Suppose that both modules
are killed by m’. Since S/m!S is flat over R/m!, if Q is either M or N we have that

and the result now follow because S is flat over R. [

We are now ready to prove:

Theorem. Let R be a reqular Noetherian ring of prime characteristic p > 0. Then the
Frobenius endomorphism F : R — R is flat.

Proof. To distinguish the two copies of R, we let S denote the right hand copy, so that
F: R — S. The issue of flatness is local on R, and if P is prime, then (R — P)~1S is the
localization of S at the unique prime @ lying over P (if we remember that S is R, then @
is P), since the pth power of every element of S — @ is in the image of R — P. Hence, there
is no loss of generality in replacing R by Rp, and we henceforth assume that (R, m, K ) is
local. By the preceding Lemma, F': R — R is flat if and only if the induced map R— Ris
flat, and this map is easily checked to be the Frobenius endomorphism on R. We have now
reduced to the case where R is a complete regular local ring. By the structure theory for
complete local rings, we may assume without loss of generality that R = K[[x1, ... ,x,]]
where K is a field of characteristic p. By the Theorem on p. 2 of the Lecture Notes of
February 19, the Frobenius endomorphism F' : Klzy, ... ,z,] — K[z, ... ,z,] makes
K[z, ... ,x,] into a free algebra over itself. It follows that it is flat over itself, and this
remains true when we localize at (z1, ... ,x,). By the preceding Lemma, we still have
flatness after we complete both rings. Completing yields

F: Kz, ...,z5]] = Kl[z1, ..., 20]],
which proves the flatness result we need. [J

We can now give the application of this result that we have been intending for some
time.

Theorem. Let R be a reqular Noetherian ring of prime characteristic p > 0. Then every
tdeal I of R s tightly closed.
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Proof. Suppose u € I* — I and ¢ € R is not in any minimal prime and satisfies cud € Il9
for all ¢ > 0. We may replace R by its localization at a maximal ideal in the support of
(I + Ru)/I, I by its expansion to the local ring, and u by its image in the local ring. The
image of c in this local ring is still not in any minimal prime, i.e., it is not 0. We still have
that u € I'* — I. Thus, we may assume without loss of generality that R is local. Then for
some qp,

= ﬂ 19 gyt = ﬂ(fiRu)[q]Q m mld C ﬂ md = (0),

9290 q2q0 a>qo q>q0

a contradiction. Note that the fact that I'% :p u? = (I :x ©)l9 used in this argument is a
consequence of the flatness of the Frobenius endomorphism. [J

Projective modules over Noetherian rings

We now return to the subject of projective modules. For finitely generated projective
modules over Noetherian rings there are some interesting characterizations.

Theorem. Let P be a finitely presented module over a quasilocal ring (R, m, K) (in
particular, it suffices if R is local and P is finitely generated). Then the following conditions
are equivalent:

(1) P is free.

(2) P is projective.
(3) P is flat.
(

4) The map m®@pr P — P sending u® v — uv is injective (and so gives an isomorphism
m®@pr P~ mP).

Proof. The implications (1) = (2) = (3), while (3) = (4) follows by applying _ ®g P to
the injection m < R. It remains to prove the difficult implication (4) = (1).

Choose a minimal set of generators uq, ... ,u, for M and map R" onto P such that
(ri, ... ,ry) is sent to ryuy +- - - +rpu,. Let N be the kernel of the surjection R™ — P, so
that we have a short exact sequence 0 - N — R" — P — 0. We also have a short exact
sequence 0 — m — R — K — 0: think of this as written vertically with m at the top and
K at the bottom. Then we may tensor the two sequences together to get the following
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array (all tensor products are taken over R):

MmN —— MR —— mP —— 0

! ! :

0 —— N E— R" e P — 0

l l

KoN — s KeR" —% s K@P —— 0

l l !

0 0 0

The rows are obtained by applyingm® _, R® _, and K ® _, respectively to the short
exact sequence 0 - N — R™ — P — 0, and the columns are obtained by applying _ ® N,
_ ® R™ and _ ® P, respectively, to the short exact sequence 0 - m — R — K — 0.
The exactness of the rows and columns shown follows from the right exactness of tensor,
with two exceptions: the injective arrow on the left in the middle row comes from the fact
that tensoring with R simply yields the short exact sequence with which we started, while
the injectivity of « is the hypothesis in (4). (We also have an injection at the top of the
middle column because R" is free, but we don’t need this.)

It is easy to see that the four squares in the diagram commute.

The minimality of the set of generators uy, ... ,u, implies that g is an isomorphism of
K" with K™, and the fact that M is finitely presented implies that N is finitely generated.
To complete the proof it suffices to show that K ® N = 0, for then, by Nakayama’s lemma,
we have that N = 0. But if N = 0 then R” — M is an isomorphism. To show that K ® N
is 0, it suffices to prove that the map f is injective.

Suppose that v is an element in the kernel of f. Choose v € N that maps to u. The
image of v in R™ (we still call it v) maps to 0 in K ® R™: we can go around the square
on the lower left the other way, and u is killed by f. It follows that v is the image of an
element w in m ® R™. Suppose that w maps to  in m ® M. Then a(x) = 0, because we
can go around the square on the upper right the other way, and the image of v in M must
be 0 because v € N. But « is injective! Therefore, x = 0, which shows that w is the image
of an element y in m ® N. Since w maps to v, y maps to v in N (the map N — R" is
injective), and this implies that v maps to 0 in K ® N. But v maps to u, and so u = 0.
We are done: we have shown that f is injective! [J



