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PREFACE

The purpose of this book is twofold: to present some basic ideas in commuta-
tive algebra and algebraic geometry and to introduce some interesting topics
of current research centered around the themes of Grobner bases, resultants
and syzygies. There are many good introductory texts on commutative algebra
and algebraic geometry, and the intention of this book is to be a supplement to
those texts with the aim of pointing the reader toward possible future research
directions. The presentation of the material combines definitions and proofs
with an emphasis on concrete examples. We also illustrate the use of software
such as Mathematica and Singular.

The design of the text in each chapter consists of two parts: the fundamen-
tals and the applications, which make it suitable for courses of various lengths,
levels, and topics based on the mathematical background of the students. The
fundamentals portion of the chapter is intended for an average graduate stu-
dent to read with minimal outside assistance, and to learn some of the most
useful tools in commutative algebra. The applications of the chapter are to
provide a glimpse of the advanced mathematical research where the topics and
results are related to the material presented in the fundamentals. In the appli-
cations, we allow ourselves to present a number of results from a wide range
of sources without detailed proofs. The applications portion of the chapter
is suitable for a reader who knows a little commutative algebra and algebraic
geometry already, and serves as a guide to some interesting research topics.

The prerequisite for this book is a standard first year graduate course in
abstract algebra. In Chapter 2 and Chapter 3 we start with a quick review
of the fundamental concepts of rings and modules. Via the notion of local-
ization, we make contact with sheaf theory. We do not develop sheaf theory

vii
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systematically in this book, but we use these ideas, especially on the inter-
esting topics. Therefore, a brief explanation is given concerning the rela-
tion between rings and modules on the one hand, and affine schemes and
quasi-coherent sheaves on the other.

Since the idea of graded rings and modules is necessary to do projective
geometry, it is essential to understand the algebra, and therefore, in Chapter 4,
we extend some concepts such as dimensions, lengths, and free resolutions to
the graded rings and modules. The connection between graded modules and
sheaves on projective space is briefly recalled. In mathematics, a syzygy is a
relation between the generators of a module. Hilbert’s syzygy theorem is a key-
stone result. Among the applications in Chapter 4, we present the results of
several recent research papers which utilize syzygy techniques in the study of
curves and surfaces.

In the study of algebra and geometry, homological algebra is a common
thread which ties many things together. For example, we use homological
techniques in commutative algebra by studying the notion of depth by means
of Ext. This leads to the Buchsbaum-Eisenbud criterion of exactness of finite
free complexes. Many computational techniques, such as finding the implicit
equations or the defining equations of Rees algebra of certain ideals, involve
homological algebra. Hence, in Chapter 5, we include the construction of the
functors of importance in the homological aspects of commutative ring the-
ory. As applications, we discuss the topics such as regularity, determinants, and
approximation complexes.

As mentioned earlier, we have attempted to keep the necessary prerequi-
sites for this book to a minimum. It is important for a reader to be familiar
with the conceptual background. The fundamentals in each of the chapters can
be used as a quick introduction or refresher course on commutative algebra
and algebraic geometry. However, many readers might want to have a look at
some of the applications.

This book should be thought of as an introduction to more advanced texts
and research topics. The novelty of this book, we hope, is that the material
presented here is a unique combination of the essential methods and the cur-
rent research results. Our goal is to equip our students with the fundamental
classical algebra and geometry tools, ignite their research interests, and initiate
some potential research projects in the related areas.
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1. Introduction

One of the interesting problems concerning rational curves and surfaces is the
implicitization problem. To understand the motivation of implicitization, we
start with a simple example. The curve in Figure 1.1 is given by the following
parametric equations with parameter t:

= t*-1,
t(t? —1).

1.5

1

0.5

X oo 0.5 1 L5

0.5

-1
1.5

Figure 1.1: Curve

The implicitization problem is to convert the parametrization into a
defining equation for the curve, which we find is:

nyﬂchmB:O.

Parametric surfaces are widely used in computer aided design projects
since it is easy to describe the points of the surface by means of the parameter
values.
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Given the parametric equations of a surface, the computer can evaluate
at different parameter values, and then plot the points of the surface. But
it is hard to determine whether a point is on the surface given by the para-
metric representation. For example the graph in Figure 1.2 is plotted by
using the parametric representation:

r = t(u?—1t?),
= U,
z = u?—+t2

Figure 1.2: Surface

To answer the following question, it is useful to have an implicit repre-
sentation of a variety.
Question: Is the point (xg,yo, z0) on the above surface?
Answer:

To answer this question from the knowledge of the parametric equations,

we need to solve the equations

zo = t(u®—1t?),
Yo = U,
20 = u? — t2,

for t,u, if possible.
Trying to solve these equations leads to

2 29, 3
xy — Yoz + 25 =0,



as a criterion for the solvability of the parametric equations. The implicit
equation z? — y?22 + 23 = 0 gives the Zariski closure of the image of the
parametrization, which is an easily checked criterion for deciding if a point
(0, Yo, 20) is on the parametrized surface. For example, (1,2, —1) is not on
the surface since

12 -22(-1)? + (1) =1-4—-1=—-1#0,
while (10,3, 5) is on the surface since
10% — 3%5% + 5° = 0.

To describe the set of points which are common to two different para-
metrically represented surfaces is a difficult problem using the parametric
descriptions. If the surfaces are described by implicit equations, then to find
the set of common points of two surfaces reduces to the problem of finding
the common solutions of two explicitly given polynomial equations. This is
a problem which can be handled relatively easily. For example, let’s consider
the following question:

Question: What is the intersection of the parametric surfaces S1 and Sa?

The surfaces S and Sy (see Figure 1.3) are given by the following para-
metric representations:

r = 1+u2” r = uv,
. _ 2u . —
Sl N y - 1+u2’ 52 : Z/ =",
z = V; z —u2.

¥
‘

Figure 1.3: S; (Left), So (Middle), S; NSz (Right)

It is not easy to describe the intersection of surfaces S; and Sy (see
Figure 1.3) if the surfaces are represented parametrically. In general, the
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intersection of two surfaces might consist of several curves and these might
be curves of genus greater than 0, in which case no rational parametrization
of §1 NSy is possible. If we use implicit equations to describe the surfaces,
then finding intersection is just to find the solutions of the two polynomial
equations:

24y = 1,

y22 —z2 = 0.
The solution set is:

1— 2
(v on 52) co<m=1)

Thus, there is a need for being able to go back and forth between a
parametric and an implicit description of a surface. This is, in essence, the
implicitization problem - describe algorithms to produce an implicit equation
of a surface for which one knows a parametric description.

For any parametrization, we can find the implicit equation via elimi-
nation of the parameters. In practice, there are four major methods used:
resultants, Grobner bases, syzygies, and approximation complexes.

Resultant computations are based on the methods developed by Macaulay
[Mac23], Cayley [Cay65], Bézout, Dixon [Dix08]. The resultant can tell us
whether two polynomials have a common factor. To find an implicit equation
via resultants is to eliminate a subset of variables from a set of polynomials.

For example, we can rewrite the parametric equations of Figure 1.1 as
the following equations:

t2—(1+xz) = 0,
B—t—y =

Then the Sylvester resultant of the above equation with respect to ¢t can be
written as a determinant of 5 x 5 matrix N,

1 0 0 1 0
0 1 0 0 1
N=|-(1+z) 0 1 -1 0
0 —(1+2) 0 —y -1
0 0 —(1+z) 0 -y

2 _



It is not an easy task to compute the implicit equations via resultants.
It often involves an extraneous factor and requires a polynomial division to
eliminate the extraneous factor.

It is known that the resultants can eliminate several variables simulta-
neously, and reduce system solving over the complex numbers to univariate
polynomial factorization. One of the research directions is to seek the small-
est possible resultant matrix such that its determinant is precisely equal to
the resultant. Many people have attempted to construct the smallest possi-
ble determinantal formula for multi-homogeneous resultants, ranging from
the classical matrices, namely Sylvester’s and Bézout’s, to the hybrid type
of these two.

Grobner bases were proposed by Buchberger [Buc85] for efficient com-
putation in polynomial rings. Many problems about ideals in polynomial
rings can be solved by Groébner bases. Grobner bases can be used to find
solutions to a set of polynomials, compute projections of their variety into
lower dimensional spaces, and test polynomials for ideal membership. With
Grobner bases, we can compute the equations satisfied by given elements of
an affine or homogeneous coordinate ring. Geometrically, this is the com-
putation of the closure of the image of an affine or projective variety under
a morphism. This method requires an ordering of the monomials in the
polynomial ring. The algorithm gives a basis of the ideal generated by the
parametric equations. This method will produce the implicit equation with-
out any extraneous factor [BW93]. Let’s use the example of the equations
of Figure 1.1 again. We will take the lex order in the ring Kz, y,t] by the
variable ordering ¢ > = > y, where K is an algebraically closed field. Using
Mathematica, we find the Grobner basis of the ideal

T=(x—{t—=1),y—t{t*-1))
is:
{22+ 2% =92 —x — 2 +ty,te —y,1 —t* + x}
The implicit equation is:
-2t —ad=0.

The first polynomial in the Grobner basis eliminates the variable ¢, since
t is the largest in the monomial order. This polynomial is the implicit
equation of our curve.

Recently, applications of Grébner bases for ideals for various fields have
been studied. In commutative algebra, there many problems can be solved
by Grébner bases approaches, for example
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e solving algebraic systems of equations,
e ideal and radical membership decision,
e Syzygy computations,

e Hilbert functions,

e implicitiziation problems.

However, in practice, Grobner bases calculations in the elimination prob-
lems require more time and memory than resultant calculations (see [KS95]
and [Stu98]). Resultants are still the preferred choice to compute the im-
plicit equations.

Syzygy techniques are developed recent years as tools for finding implicit
equations. The first introduction of syzygy-like techniques in the implicit-
ization problem was the use of moving lines to produce implicit equations
for curves by Sederberg and Chen [SC95]. The syzygy method uses deter-
minants of smaller matrices than the classical methods to find the implicit
equation of the parametrized curve. There are many open problems in the
area of syzygies, for example:

e the Castelnuovo-Mumford regularity,

e characterization of Hilbert functions,

e extremal Betti numbers and lower bounds,

e free resolutions and Hilbert functions of points in P".

The method of approximation complexes is motivated by the interest
in computing explicit formulas for resultants and discriminants initiated by
Bézout, Cayley and Sylvester, and is emphasized in the recent years due to
the increase of computing power.

Approximation complexes were developed by Jiirgen Herzog, Aron Simis
and Wolmer V. Vasconcelos [HSV83b], [HSV82], and [HSV83a] in the be-
ginning of the 80’s to study the syzygies of the conormal modules.

In 2003, approximation complexes were first used in elimination theory
by Laurent Busé and Jean-Pierre Jouanolou [BJ03] to provide an alternative
method to compute the implicit equations of parametrized surfaces or curves.

The spirit behind the approximation complexes method consists of tak-
ing the determinant of a graded strand of a complex. This idea is similar to
the one used for the computation of a Macaulay resultant of n homogeneous



polynomials in n variables, which is by taking the determinant of a graded
branch of a Koszul complex.

Recently, based on computing the determinant of a multi-graded Koszul
complex, Botbol [Bot11] showed that the classical study of Macaulay resul-
tants and Koszul complexes coincides. Furthermore, he provided a geometric
interpretation for the acyclicity condition of approximation complexes, and
gave algebraic and geometric criteria for computing the implicit equations
of rationally parametrized hypersurfaces in projective toric varieties.

This book is developed with the central focus being Grébner bases, re-
sultants, syzygies, and approximation complexes. In each chapter, we first
provide the necessary background knowledge and useful tools in commu-
tative algebra in order to start mathematical research in these areas, then
we give a glimpse of the advanced mathematical topics originating in these
themes. We hope this book will equip graduate students with background
knowledge, ignite their research interests, and initiate some potential re-
search projects in related domains.






2. Rings and Ideals

2.1 Rings and Ideals

This chapter, we start with the most basic definitions and fundamental
properties of rings and ideals.

Definition 2.1.1. Unless stated to the contrary, a ring is a commutative
ring with identity. A homomorphism ¢ of rings always preserves the
identity: ¢(1) =1

Definition 2.1.2. A field is a commutative ring with identity 1 # 0 that
satisfies the condition:

for each a # 0 in R, the equation ax = 1 has a solution in R.

Definition 2.1.3. An element a in a ring R with identity is called a unit
if there exists u € R such that au = 1 = wa. In this case, the element u is
called the multiplicative inverse of a and is denoted a~".

Example 2.1.4. Let K be a field and K[z] = {f(z) = Y} _ ax2® | ai, € K}
be a polynomial ring in one variable x with coefficients in the field K. The
most important example is the field K = C of complex numbers. It is easy
to see that this is a commutative ring. For any f = an,z" + a,_12"" ' +
-+ 4 ag € Klz] where a,, # 0, the elements a; € K are called coefficients
of the polynomial. If the polynomial contains no terms of the form a,,xz™
with m > n, then the non-negative n is called the degree of the polynomial
(denoted by deg(f) = n), a, is called leading coefficient of the polynomial
(denoted by LC(f) = ay,), and a,z™ is called leading term of the polynomial
(denoted by LT(f) = anz™).

The ring K[z| has the property that the product of two nonzero elements
is always nonzero, and this type of rings is called an integral domain.

9
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Definition 2.1.5. An integral domain is a commutative ring R with
identity 1 # 0 that satisfies the condition:

whenever a,b € R, and ab =0, then a =0, or b = 0.

Example 2.1.6. Any field is an integral domain. The ring Z of integers is
an integral domain. If p is a prime, then Z/p is a field, hence an integral
domain. But Z/6 is not an integral domain since 2 -3 = 0, even though

2# 0 and 3 #0.

Definition 2.1.7. An element a in a ring R is a zero divisor if
a # 0, and there exists 0 # ¢ € R such that ac = 0.

An element r € R is called nilpotent if »™ = 0 for some n > 0. A nilpotent
element is a zero divisor.

Example 2.1.8. We can see that 2,3 in the ring Z/6 are zero divisors.

Remark 2.1.9. An integral domain contains no zero divisors. A polynomial
ring K[z1,...,x,] does not contain any zero divisors, and it is an integral
domain.

Example 2.1.10. We can check that the unit elements Zg are 1,5, and
5-5221, hence 5~ ! = 5.

Definition 2.1.11. A subset I of a ring R is an ideal provided
1. Foralla,bel,a—bel;
2. Forallre Randa€l,racl.

Given a set of elements aj, j € J of R, there is a smallest ideal containing
these elements, denoted (..., a;,...). This consists of all finite linear combi-

nations
Z ria;, 1€ R
jed
where in the above expression, all but finitely many r; are 0.

Let I be an ideal of the ring R, then the quotient group R/I is also a
ring, it is the quotient ring R/I. The elements of R/I are the cosets of I in
R, and the mapping f : R — R/I defined by f(r)=r+ 1 forallr € Ris a
surjective ring homomorphism. Let R and S be two rings, and f: R — S
a ring homomorphism, then ker(f) = {r € R | f(r) = 0}, the the kernel of
f, is an ideal of R; im(f) = f(R), the image of f, is a subring of S; and f
induces a ring homomorphism im(f) = R/ ker(f).
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Proposition 2.1.12. Let R be a non-zero ring. The the following are equiv-
alent:

1. R is a field;
2. The only ideals in R are (0) and (1);
3. Every homomorphism of R into a non-zero ring S is injective.

Proof. In any ring R, an ideal I = R if and only if I contains a unit of R.

(1 = 2) Let I # (0), then (1) C I C (1), thus I = (1).

(2= 3) Let f : R — S be a ring homomorphism, since ker(f) is an ideal
in R, and ker(f) = 0. Thus f is injective.

(3= 1) Let I be a non-zero ideal of R, and f: R — R/I is a surjective
homomorphism, since it is also injective, thus ker(f) =1 = (0). O

Definition 2.1.13. Let I; for all j € J be a finite family of ideals in a ring
R, thesum }°,;I; = {3;c;a; | aj € I;}, is the smallest ideal of R which
contains all I;. If two ideals I,J C R, and I + J = R, then we say I, J are
coprime. The intersection [ ey 1j is an ideal. The product of any finite
family of ideals Ije 1; = {>-([1e; a;) | a; € I;}. Conventionally, I° = (1).

Remark 2.1.14. Clearly, I,J C R are coprime if and only if there exist
a €I and b € J such that a +b = 1. If I, J are coprime, then INJ = 1J,
since

IjcinJ=InJI+J)=InJH)I+{INnJ)JCJI+1JCIJ.

Definition 2.1.15. An ideal p C R, p # R is prime if either of the equiv-
alent conditions holds:

1. For any a,b € R, ab € p implies either a € p or b € p,
2. R/p is an integral domain.

An ideal m # R is called maximal if either of the equivalent conditions
holds:

1. Any ideal I such that m C I C R must have either m =1 or I = R,
2. R/mis a field.

Since a field is an integral domain, every maximal ideal is prime. We let
Spec(R) be the set of prime ideals of R and Max(R) C Spec(R) the subset
of maximal ideals. In section 2.7 we will show how to put a topology on
these sets as well as a sheaf of rings.
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Theorem 2.1.16. If I is a proper ideal in a non-zero ring R, then there
exists at least one mazrimal ideal containing 1.

Proof. Let ) = {proper ideals in R that contain I }, and order ) by in-
clusion. We check that ) satisfies the conditions of Zorn’s lemma, hence
>~ has a maximal element. O]

As consequences of this theorem, we see that every ideal I # (1) is
contained in some maximal ideal of R, and every non-unit of the ring R is
contained in a maximal ideal.

Definition 2.1.17. There is a special type of ring which has exactly one
maximal ideal, namely, a local ring. For example a field is a local ring. If
(R,m) is a local ring, then K = R/m is called the residue field of R. A
ring with finitely many maximal ideals is called semi-local ring.

Definition 2.1.18. A subset S of a ring R is multiplicative or multi-
plicatively closed if

1. z,y € S implies that zy € 5}
2.1€8.

Theorem 2.1.19. Let S be a multiplicatively closed set, and I an ideal
disjoint from S, then there exists a prime ideal containing I and disjoint

from S.

Proof. By an argument similar to the proof of theorem 2.1.16, the set of
ideals containing I and disjoint from S has a maximal element. If p is such
a maximal element, we will show it is a prime ideal. Let ab € p, suppose if
a,b ¢ p, then p + aR,p + bR meet S due to the maximality of p, hence the
product (p+aR)(p+bR) C p+abR must meet S, because S is multiplicatively
closed. Thus we must have ab ¢ p, contradicting the assumption. Therefore,
either a or b is in p, and p is a prime ideal. O

Proposition 2.1.20. Let I1,...,I, C R be ideals, and a homomorphism
[+ R—= [ (R/L;) defined by f(r)= (r+Ir,...,r+ 1), then

1. If I;,I; are coprime whenever i # j, then [[1; = () 1;;

2. f is surjective if and only if I; and I; are coprime whenever i # j; in
particular, if I, ..., I, are coprime ideals in the ring R, then

R/Ii -1, =R/I x -+ x R/I,.
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3. f is injective if and only if (" I; = (0).

Proof. (1.) We will prove the first claim by induction on n. The case n = 2
is proved in Remark 2.1.14. Suppose n > 2 and the result holds for n — 1,
then we let J = [[72)' I; = "=, Li- Since [;+1, = (1) foralli = 1,...,n—1,
we have the equation a; +b; = 1 for some a; € I; and b; € I,,, and therefore,
we have

n—1 n—1
[[Tei=]]a-b)=1(mod I,) = I,+J=1)
=1 =1

Therefore, the claim follows directly by the following

.

n—1 n—1 n
L=I,n((I)=I.nJ=LJ=L([ L) =]] &
=1 =1 =1

=1

(2.) Let f: R — [[1(R/I;). Since f is surjective, there exists a € I;
such that f(a) = (0,...,0,1,0,...0) where 1 is in the i-th position, thus
a =1 (mod [;) and a = 0 (mod I; for all j # i). Hence, we have 1 =
(1 —a)+a € I; + I;. Therefore I; and I; are coprime.

On the other hand, if I; and I; are coprime, then we have a; +b; = 1
for some a; € I; and b; € I;. Set b = Hk# bg, and b = [[(1 —bx) = 1
(mod I;); and b = 0 (mod I; for all j # i). Hence we have that f(b) =
(0,...,0,1,0,...0) where 1 is in the i-th position. Thus f is surjective.

Furthermore, the kernel of the map f: R — R/I x --- R/I, is

ker(f) = {reR|r=0mod [;;i=1,...,n}
= {reR|rel,i=1,...,n} = ﬂ]i, hence
i=1
R/ker(f) = R/ﬂ—rz’:R/Il"'In :R/Il X "'R/In~
i=1

(3.) Since ker(f) = (I, f is injective if and only if NI; = (0).

O

Definition 2.1.21. Let I be an ideal in a commutative ring R, the radical
of I, denoted by /T is defined as

VI={reR|r"el, for somen e N}.

We call \/(0) = {r € R| ™ =0, for some n € N} is the set of nilpotent
elements of R, and is also called nilradical of R, and denoted by 1.
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Proposition 2.1.22. The set M of all nilpotent elements in a ring R is an
ideal, and R/M has no non-zero nilpotent element.

Proof. 1t is easy to see that for if a € 9 such that a™ = 0, then ra € I for
all r € R, and if a,b € 9 such that ™ = 0 and "™ = 0, then

m-+n i .
, , =0 Vi>m;
(a+b)™" = E (m + n) a'b™t "t =0, since ¢ j Z =1
i—0 2 bm+nfz — 0’ Vi S m.

Therefore 91 is an ideal.

Moreover, let 7 =r + 91 € R/N, then (7)" = ™ + 9% = 0 means " € N.
Therefore, (r™)™ = 0 for some m > 0, hence r™ = 0 thus r € N, thus
7 =0. ]

Proposition 2.1.23. The nilradical of R, 91 = \/(0), is the intersection of
all prime ideals of R, i.e.

N= () »

peSpec(R)

Proof. If f €M, then f is such that f™ = 0 for some n > 0. It follows that
f € p for every prime ideal p in R. Hence f € ﬂpespec(R) p.

To show the other inclusion, suppose f ¢ 9, and thus f™ # 0 for all
n > 0. Let Y, = {Iidealin R | f™ ¢ I for all n > 0}. Order this set by
inclusion, then 0 € >, and by Zorn’s lemma, there is a maximal element
p € >. We claim p is a prime ideal. To see this let a,b & p, then p C p+ (a)
and p C p + (b), therefore p 4+ (a) and p + (b) do not belong to 3, hence
f™ € p+(a) and f* € p+(b) for some m,n > 0. This means f™+" € p+(ab).
Since p is the maximal element of  , we must have p+(ab) & >, and ab & p.
Thus p is a prime, and f ¢ p. Therefore, Nycrp C N. O

Definition 2.1.24. We say that a ring R is reduced if the nilradical 9t of
R, is 0. Hence R/ is a reduced ring.

Proposition 2.1.25. The radical of an ideal I is the intersection of the
prime ideals which contain I. For any ideal I, define V(I) C Spec(R) to be
the set of primes that contain I, i.e., p DO I. Then

Vi= ) »

peV(I)
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Proof. Since /I = {r € R | 7 is a nilpotent element in R/I} which is the
nilradical ideal ¢ of R/I. By Proposition 2.1.23, we have the 9 of R/I is
the intersection of all prime ideals contains I. |

Now, we discuss some properties of radicals of ideals.
Proposition 2.1.26. Let I,J C R be two ideals. Then
1. If 1 C J, then VI C+/J.
2. VT =+/VI.
VTFT = VIV,
4. VINJT=VInVJ.
5. I+J=Rif and only if VI ++vJ = R.

Proof. (1.) Let a € VI. Then a™ € I C J for some n € N, thus a € V.

(2.) It is obvious that /I C VVI. To show the other inclusion, let
a € VI, then a™ € VT for some n € N, and (a™)™ € I for some m € N.
Thus, ™" € I, hence a € /1.

(3.) Tt is easy to see that /T4 J C /+/I++/J. On the other hand,
VI C VT+J and vJ C T+ J implies VI ++VJ C VT+J. Thus
VVI+VICVVI+T=VI+J.

(4.) Tt is clear that VINJ C VIN+J. To show the other inclusion,
let a € VINVJ, then a® € I and ¢ N J for some m,n € N. Therefore,
a™t e IndJ, thusa e vINdJ.

(5.) If I+J = R, then VI4++/J = R. On the other hand, if VI+v/J = R,
then a +b = 1 for some a € VI and b € v/ J, and a™ € I and b € J for
some m,n € N. But

Co

m—+n
+n
1 — 1m+n — b m-+n — m zbm—i-n i d
@i =3 ( Z ) -
where
c= Z ab™t Tl e ) and d = Z a'b™tn Tt e T,
1| i<n i | i>n
Thus, I +J = R. m

Definition 2.1.27. An ideal is called a radical ideal if T = \/I.



16 CHAPTER 2. RINGS AND IDEALS

Definition 2.1.28. The intersection of all the maximal ideals of R is called
Jacobson radical of R, and we denote this ideal by J.

Recall that semi-local ring has finitely many maximal ideals. If my, ..., mq
are all the maximal ideals of a semi-local ring, then the Jacobson radical
J == m

The Jacobson radical has the property that
Proposition 2.1.29. a € J if and only if 1 —ab is a unit in R for ollb € R.

Proof. (=) Suppose 1 — ab is not a unit in R. Then 1 — ab is contained in
some maximal ideal m C R. The fact that a € J implies a € m, and hence
1 € m, which is absurd. Thus, 1 — ab € m must be a unit.

(<) Suppose a € m for some maximal ideal m, then for some b € m and
some r € R we have b+ ra = 1. Hence 1 — ra € m which is not a unit. [

We discussed the intersection, sum of ideals, and now, let’s consider the
union of ideals. In general, the union of two ideals is not an ideal.

Proposition 2.1.30. (Prime Avoidance Theorem) The first claim is called
the Prime Avoidance Theorem.

1. Let p1,...,pn be prime ideals, and I an ideal such that I C |J!; p;.
Then I C p; for some 1.

2. Let I,...,I, be ideals, and p a prime ideal such that (\;_,I; C p.
Then I; C p for some i. If (\;_, I =p, then p = I, for some i

Proof. (1.) To prove the claim is equivalent to prove the claim that if I Z p;
for all ¢ = 1,...,n, then I & |J;; p;. We will prove this by induction on
n. It is obviously true for n = 1. If n > 1, we assume the result is true for
n — 1, then there exists an a; € I\ p; for all j # i. Consider the element

n
b= E a1a2 -+ A;—10; 41042 " - Op
i1

Note that a1ag - - - a;—1a;+10;42 € p; since p; is a prime. Therefore, b € I\ p;
for all i =1,2,...,n. Hence I Z ;" ps.

(2.) Let I;  p for i = 1,...,n. Then there exist a; € I; \ p for
i=1,...,n,and [ ya; € [[7y L €Ny L. But [ a; ¢ p since p is a
prime, contradicting the given condition (;_; I; C p. Therefore, I; C p for
some 4. If (', I; = p, then p C I; for all i, hence p = I; for some i. U
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Definition 2.1.31. If I, J are ideals in a ring R, the ideal quotient is
(I:J)y={reR|rJCI}.

The ideal quotient is also an ideal. In particular, the annihilator of J,
denoted by Ann(J) is defined by

Amn(J)=(0:J)={reR|rJ=(0)}.

Remark 2.1.32. Let D be the set of all zero-divisors in R, then D =
Uazo Ann(a). In general D is a not an ideal, but

D=vVD= /U Ann(a) = U v/ Ann(a).
a#0 a#0

Definition 2.1.33. A ring R is called Noetherian if it satisfies the follow-
ing equivalent conditions:

1. Every non-empty set of ideals in R has a maximal element;
2. Every ascending chain of ideals in R is stationary;

3. Every ideal in R is finitely generated.
Here are some properties of Noetherian rings.

Proposition 2.1.34. If R is Noetherian ring, and f is an homomorphism
of R onto a ring S, then S is Noetherian.

Proof. Consider f : R — S, then S = R/ker(f), hence every ascending
chain in S is obtained from an ascending chain in R, we have that S is
Noetherian. |

Definition 2.1.35. An ideal I is said to be irreducible if
I=0LNI implies I =1 or I = I5.

Proposition 2.1.36. In Noetherian ring R every ideal is a finite intersec-
tion of irreducible ideals.

Proof. Suppose there exists at least one ideal in R such that this ideal is
not a finite intersection of irreducible ideals. The fact that R is Noetherian
implies that the set of ideals which is not a finite intersection of irreducible
ideals has an maximal element, namely, an ideal I. Since I is reducible,
then I = I; N Iy where I; D I for ¢ = 1,2. Thus I; are finite intersection
of irreducible ideals, but this would imply that I is a finite intersection of
irreducible ideals, a contradiction. Thus, every ideal is a finite intersection
of irreducible ideals. |



18 CHAPTER 2. RINGS AND IDEALS

Definition 2.1.37. Let ¢ C R be an ideal of a ring R. The following are
equivalent:

1. For all z,y € R, if zy € q then either x € q or y" € q for some integer
n > 1.

2. R/q # 0 and every zero divisor in R/q is nilpotent.
An ideal q with either of these properties is called primary.

Remark 2.1.38. 1. If q is primary, then /q = p is a prime ideal, and it
is the smallest prime ideal containing q. We say that q is p-primary.

2. If the ring R = Z, then every ideal is principal, I = (n) for some n € Z,
and [ is primary if and only if n = +p® is a power of a prime number.
Similarly in R = K[t], a polynomial ring in one variable over a field
K, every ideal is principal I = (f(¢)) and I is primary if and only if
the generator f(t) is the power of an irreducible polynomial g(t), i.e.,
f(t) = g(t)* for some a € Z>g.

3. It is not necessarily true that the power of a prime ideal is primary.
For example: p = (Z,2) C R = Kz,y,2]/(zy — 2%) = K[z,7, 7] is
prime because R/p = K[y is an integral domain. But zy = 22 € p?,
yet z ¢ q=p? and y ¢ /q = p, so p? is not primary.

4. A power of a maximal ideal is primary. If fact, any ideal whose radical
is a maximal ideal m is m-primary.

Theorem 2.1.39. Let R be a Noetherian ring. Then every ideal I in R has
a primary decomposition. That is, we have an expression

S
1= ﬂ qi, each q; is primary.
i=1
Such a decomposition can be chosen to be irredundant in the following sense:
1. The radicals p; = \/q; are distinct: p; # p; if i # j.
2. For all1 <i<s,q; 2409
This decomposition has the following uniqueness properties:

3. The primes p; are unique. In fact they are precisely the prime ideals
that occur among the radicals of the ideals

(I:rx)={yeR|yxel}, z€R.

We say that these primes are associated to I.
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4. The ideals q; belong to minimal associated primes, i.e., those associated
primes p; such that there are no other associated primes p; such that

P C Ppi.

Example 2.1.40. [ = (22, zy) C K[z,y]. Then I = p; N p3 where p; = (z)
and py = (z,y). p2 is the square of the maximal ideal po, so it is a primary
ideal. We have p; C pg, so there is only one minimal associated prime,
namely p;. We say that ps is an embedded prime. The primary component
p2 is not unique: we have I = p; N q where q = (22, zy,y") for any n > 1.

2.2 Localization of a Ring

Let R be a commutative ring with identity, and S C R a multiplicatively
closed set (i.e., 1 € S and S is closed under multiplication). We define an
equivalence relation = in the set R x 5"

(r,s) = (r',s") & (rs' —r's)t =0 for somet € S.

This relation is reflexive, symmetric and transitive. We denote the r/s be
the equivalence class of (r,s), and give S~!R a ring structure by defining
addition and multiplication by the following:

(r/s) + (r'/s") = (rs' +1'5)/(ss), (r/s)-(r'/s") = (r1")/(ss").

This definition is independent of the choices of representative (r/s) and
(r'/s"), and S~!R satisfies the axioms of a commutative ring with identity.
Moreover, we have a ring homomorphism f : R — S™!'R defined by f(r) =
r/1. In general, this map is not injective. If R is an integral domain, and
S = R\ {0}, then S~1R is the field of fractions of R. The ring S~ R is called
ring of fractions of R with respect to the multiplicative closed subset .S,
and sometimes we write Rg. If S = R\ p is the complement of a prime ideal
p, then we write R, = S™IR, and if S = {f"},,>0, then we write Ry = S™!R.

Proposition 2.2.1. Let R be a ring, and S C R a multiplicatively closed
set. If f: R — ST'R is a ring homomorphism defined by f(r) = r/1, and
g : R — R is a ring homomorphism such that g(s) is a unit in R’ for all
s € S. Then there exists a unique ring homomorphism h: ST'R — R’ such
that g =ho f.

Proof. (Existence) Let h(r/s) = g(r)g(s)~!, we will show that h is well-
defined. Let r/s = 1'/s’, then there exists a t € S such that (rs' —r's)t =0,
thus

(9(r)g(s") — g(r')g(s))g(t) = 0.
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Since t € S, g(t) is a unit in R', g(r)g(s’) = g(r")g(s), and g(r)g(s)~! =

g(r")g(s")~t. Thus h(r/s) = h(r'/s'), i.e., h is well-defined. It is easy to see
that h is a ring homomorphism.

(Uniqueness) If h satisfies the given condition, then h(r/1) = hf(r) =
g(r) for all r € R. For all s € S,

h(1/s) = h((s/1)7") = h(s/1)™" = g(s) ™,

thus,
h(r/s) = h(r/1)h(1/s) = g(r)g(s)~".

Therefore, h is uniquely determined. O

We have seen that the ring homomorphism: f : R — S~™!'R has the
following properties:

1. If s € S, then f(s) is a unit in S7!R;
2. f(r) =0 implies that rs = 0 for some s € S,

3. Every element in S™!'R is the form f(r)f(s)~! for some r € R and
ses.

Any such f determines a ring S~'R up to isomorphism.

Definition 2.2.2. Let R — T be any ring homomorphism, I an ideal of
R, and J an ideal of T. We write IT or I¢ for the ideal f(I)T C T, and
call this ideal the extension of I to T, or the extended ideal. We write
JN R or J¢ for the ideal f~'(J)R C R, and call this ideal the contracted
ideal of J.

Remark 2.2.3. 1. I1.¢c I, Jecd
2. From the above inclusion,
I C I C (I9)°° = I° = I = I°°, similarly, J°° = J°.
Hence, there is a canonical bijection between the sets {I¢} and {J¢}.

3. If p is a prime in T, then T/p is an integral domain. Since R/p€ is a
subring of T'/p, it is also an integral domain. Thus, p° is a prime ideal.

Theorem 2.2.4. Let S be a multiplicative closed set in the ring R. Then:
1. All the ideals of Rg are of the form IRg where I is an ideal of R;
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2. Every prime ideal of Rg is of the form pRg where p is a prime ideal of
R disjoint from S. Conversely, pRg is a prime in Rg for every such
p. Fxactly the same holds for primary ideals.

Proof. (1.) Let J be an ideal in Rg, set I = JN R = J° By part 1
of Remark 2.2.3, IRg = J*° C J. If f: R — Rg is the localization
map, and z = a/s € J, then f(a) = xzf(s) € J, hence a € I. Thus
x = (1/s)- f(a) € IRg, that is J C IRg. Therefore, J = IRg, and all the
ideals of Rg are of the form IRg where I is an ideal of R.

(2.) If P is a prime ideal in Rg, let p = P N R, then p is a prime ideal
of R. By the first claim, P = pRg. Since P does not contain a unit in Rg,
pNS=10.

On the other hand, if p is a prime ideal of R and disjoint from S, then

(a/s)(b/t) € pRg, s,t€ S = rabep for some r € S.

Since r ¢ p, and p is a prime, we must have ab € p, thus either a or b is in
p. Therefore, either a/s or b/t is in pRg. Thus pRg is a prime ideal of Rg.
Similar proof will show that exactly the same holds for primary ideals.

O

Remark 2.2.5. If p C R is a prime ideal, then it follows from the above
that Ry is a local ring with (unique) maximal ideal pR,. The reason is that
the lattice of prime ideals in R} is isomorphic to the lattice of the prime
ideals in R that are disjoint from R\ p. But these are just the prime ideals
contained in p. There must be a unique maximal element, namely p.

Theorem 2.2.6. Let R be a ring, S C R a multiplicatively closed set, I an
ideal in R, and S the image of S in R/I. Then

Rg/IRs = (R/I)g.

Proof. The composite map R — R/I — (R/I)g sends every element of S
to a unit, and sends I to zero. Therefore it induces a map Rs — (R/I)g
which factors through a map Rg/IRs — (R/I)g. On the other hand, the
map R - Rg — Rg/IRg sends I to zero, and therefore induces a map
R/I — Rgs/IRs. This map sends every element of S to a unit, and hence
induces amap (R/I)g — Rg/IRg. These two constructed maps are inverses
of each other. O

Remark 2.2.7. If p C R is a prime ideal, then R, /pR, is the fraction field
of the integral domain R/p, because R,/pR, = (R/p)g,, and Sy = (R/p)\0.
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Theorem 2.2.8. Let R be a ring, S a multiplicatively closed set in R, and
f : R — Rg the canonical map. Suppose that R' is another ring, and
g:R— R and h: R' — Rg are maps such that f = hog. Suppose further
that for every r' € R, there exists an s € S such that g(s)r’" € g(R). Then
Rs can be regarded as a localization of the ring R'. In particular,

Rg = R, g) = Ry, where T ={t € R'| h(t) is a unit in Rg}.

Proof. Observe that ¢(S) is a multiplicatively closed subset of R/, so we
have a localization b : R’ — ng(S)' Since f = hog, and f inverts S, we
see that h inverts g(S), so g(S) € T. Therefore we have a factorization

ofa: R -2 R s s Rl. Since h inverts g(S), the map h factors as
R — ng(S) LN Rg. The composite R — R’ — ng(S) inverts S, so we can

factor it as R i) Rg L R’g (5)° We calculate

k(K (f(a)/£(5))) = k(g(a)/g(s)) = h(g(a))/h(g(s)) = f(a)/f(s),

and since every element of Rg is of the shape f(a)/f(s), ko k' = idg,.
On the other hand, &' is a surjective map by our hypothesis, and hence,
k, k" are inverse isomorphisms. To see that R/. and R’g (5) are isomorphic,
we construct an inverse to the map m above. Note that the composite
R 5 Rg MR o inverts 7', and therefore factors as R’ — R, —— ng(S)‘
We claim that mon =1 and n om = 1. For instance

m(n(a(r')/a(t))) = m(b(r')/b(t)) = a(r')/a(t),

and since every element of R/, is of the form a(r’)/a(t), we get that mon = 1.
The proof for n om = 1 is similar.

[

R Rg
g Ry K| |k
o 2

b
/ /
R Rys)
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We will try to understand the localization from another point of view.
First, we will provide an extension of the polynomial division theorem.

Theorem 2.2.9. Let R be a ring, f € R, and y a new indeterminate such
that 0 # g(y) € Rly]. Then there exists a q(y) € R[y| such that

1489 g(y) = q(y)(fy — 1) +r, where r € R.

Proof. We can write g(y) = Z?:o ryy’ for some r; € R, and deg(g) = k.
Then

k k
FAEDg(y) =" iy’ = fFri(fy)' = G(fy), where G(y) € Rly].
=0 =0
Note
k . .
Gly) = > )
r |
Gy+1) = Y ff'my+1) =Qwy+r
=0

where Q(y) € R[y|, r € R, substitute y = fy — 1

FeE9g(y) = G(fy)
= QUfy—-D(fy—-1)+r=qy(fy—1) +r,
where ¢(y) = Q(fy — 1) € Ry].

With this result, we can view the localization this way:

Theorem 2.2.10. Let R be a ring, 0 # f € R, and y an indeterminate.
Then there exists an isomorphism of R-algebra

Ry = Rlyl/{fy —1).

Proof. Let ¢ : R[y] — Ry be an R-algebra homomorphism defined by ¢(y) =
%. It is easy to see that fy—1 € ker(¢). We will show that ker(¢) C (fy—1).
To do so, let 0 # g(y) € ker(¢), then by Theorem 2.2.9,

FF9(y) = a(y)(fy — 1) + r, where k = deg(g), q(y) € R[y], r € R.
Since g(y) € ker(¢),
0=o(ffa(y)) = dla(y)(fy — 1) + 1) =71 € Ry,
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therefore, there exists t > 0 such that fr =0 € R. Thus,

() = flay)(fy — 1) + fl'r = fla(y)(fy — 1).
This shows that

gy) = Y gly) - (Y - Dgly)
vy (fy—1) = (fy—1) (kfl fy> 9(y)
€ (fy-1). h
Thus ker(¢) = (fy — 1). O

Localization is also related to a concept called saturation.

Definition 2.2.11. Let R be a ring, J,I C R be ideals. Then the set
(J:RIOO):UJ:RIi:{r€R|IirQJ, for some i € N}
€N
is an ideal in R, and is called the saturation of J by I in R.

Remark 2.2.12. Let R be a Noetherian ring. If k = min{i € N | J :g I' =
J :g I't1}] then

(J:gI®)=(J:gI¥) = (J:g ") =....
Moreover, (J :g f*°) = J; N R.

Proof. To show the first claim, we observe that » € R is such that I'r C .J
for some i > 0, then I*t1r C J. Hence we have a increasing chain

(‘]RI)Q(JRIQ)QQQ(JRIOO)’

which is stable since R is a Noetherian ring. Thus, we must have that
(J :g I') = (J :g I'TY) for some 4. Therefore, the claim holds.

To show the second claim, we first prove (J :g f*°) C J; N R. Observe
that r € R such that fir C J for some i € N suggests I= % - fir € Jp. On
the other hand to show J; "R C (J :g f*), let r R such that | = f% for
some a € J and k € N, we have f¥r = a € J. Thus r € (J :g f*°), and we
proved the claim. [l

Theorem 2.2.13. Let R be a Noetherian ring, I,J ideals in R, and y an
indeterminate.
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1. Suppose I = (f). Then
(J:r [7) = (R[] + {fy = R[] N k.

2. Let {f1,..., fs} be a system of generators of I, then

S

(J:r 1) = (\(J :r F7°)-

i=1

3. Let{fi,..., fs} be a system of generators of I, and f(y) = > i_, fiy" ™"
Then

(J :r I°) = (JRY] :gy) f(y)>°) N R.
Proof. (1.) Let 7 € R be such that fir € J for some i € N. Then

i—1
r=fly'r— (Z fsys> (fy — r € (JR[y] + (fy — R[y]) N R.
s=0

On the other hand, let r € (JR[y| + (fy — 1)R[y]) N R, and {ai,...,a;:} a
system of generators of J, then

S
r=agi + (fy—1)g, for some g,g1,...,g5 € Ry].
=1

Replacing y = %, we have

S
1
r = E a;g; <?> , for some g¢,¢1,...,9s € Rly|.
i=1

Clear the denominator, we obtain
fir = Zaigl'- € J, for some ¢} € R.
i=1
Thus f € (J i f1) € (] ir f).
(2.) The second claim is done by induction on s. First, we claim that
(J:r fZ)N (T :rg7) = (J :r ([,9)7).

It is easy to see that if r € (J :g (f, g)°°), then there exists t € N such that
(f,g)tr C J. Since f!,g' € (f, g)!, we must have

frroghr C(f9)fr €,
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and
re(J:g f)N(J g g™).

On the other hand, let r € (J :gp f*°) N (J :g g°°), then there exist k,t € N
such that
ftr, g"r C J.

This shows that
{f, g>t+k+lr € J, hence r € J :g (f,9)*>.

Repeat this, we obtain the second result.
(3.) To show (J :g I®) C (JRY] :ry) f(¥)™) N R, we observe that
second claim yields that

S

(J:r I%) = ((J & £,

i=1

which means that if » € (J :g I*°), then f{’r,..., f&r € J for some suffi-
ciently large integer w. Hence for some ¢ € N, we have

f@)r = (fi+ fay+ -+ foy* H)'r € JRJy).

Thus, we showed the desired inclusion
On the other hand, assume r € (JR[y] :pp f(y)>°) N R, then for some
t € N, we have that

f@)'r = (fi+ foy+ -+ fsy* H'r € JRJy).

By looking at coefficients of powers of y, and by the second claim, we have
that

re (g £°)=(J:r ).
=1
]

As an application, we may check radical membership via localizations.

Remark 2.2.14. Let R be a Noetherian ring and I C R an ideal. Let
0 # f € R and y a new indeterminate. Then the following are equivalent:

1. feVI,
2. IR; = Ry,
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3. 1€ (I ‘R foo)’
4. 1 € IR[y] + (fy — 1) in the ring R[y],

Proof. To prove the claims we can observe that f € /I means that f¢ € I
for some ¢ € N. Then 1 = f; - % € IR;. Moreover, if 1 € IRy, then there
exists g € I, and ¢ € N such that 1 = %, which means f* = g € I. This
shows the equivalence of the first two claims.

Since (I :g f*°) = Iy N R, we have (2 & 3).

Finally, Theorems 2.2.10 and 2.2.13 show (3 < 4). ]

2.3 Ideals in a Polynomial Ring

Recall:

Lemma 2.3.1. Let K be a field, and I an ideal in the polynomial ring K|x].
Then there exists f € K[z]| such that I = (f). This means that any ideal in
K[z] is a principal ideal.

This is proved using the division algorithm:

Lemma 2.3.2. Let K be a field, and f € K[z] a non-zero polynomial with
coefficients in K. Then, given any polynomial h € Klz], there exist unique
polynomials q and r € K[z]| such that h = fq+ r where r = 0 or degr <

deg f.

Definition 2.3.3. Polynomials f1, fo,..., fn € K|z] for some field K are
said to be coprime if there is no non-constant that divides all of them.

Lemma 2.3.4. Let f1, fa,..., fn € K[z] be coprime polynomials in some
field K. Then there exist polynomials g1, 92, ..., gn such that fig1 + fogs +

c g =1

Proof. Let I = {(f1,f2,..., fn), then Lemma 2.3.1 shows there exists a
polynomial f € I such that I = (f). Hence, for i = 1,2,...,n, f; =
cif for some ¢; € K[z]. Moreover, the condition that f;’s are coprime
yields that f must be a constant. Thus, there exist g1, ¢go, ..., g, such that

fig1 + fega + - fugn = 1. 0

Lemma 2.3.5. Let f,g € K[z] be polynomials with deg f = ¢ > 0 and
degg=m > 0. Then f and g have a common factor if and only if there are
polynomials A, B € Klx] such that:
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1. A and B are not both zero,
2. degA<m—1anddegB </{—1,
3. Af +Bg=0.
Proof. First, suppose f and g have a common factor, and let h = ged(f, g) €

K[z]. Then f = hf; and g = hgy with f1,g1 € K[z], deg f1 </{—1, degg; <
m — 1, and ged(f1,91) = 1. Then g1 f + (—f1)g = g1(hf1) + (= f1)hg1 = 0.
Set A =g, and B = — f1, we obtain the required properties.

Conversely, let A and B be polynomials with the required properties.
Without loss of generality, by the first property, let B # 0. If ged(f, g) = 1,
then by Lemma 2.3.4, we can find polynomials A’, B’ € K]z] such that
A’'f 4+ B’g = 1. Multiply both sides by B, and use property 3, Bg = —Af,
we have

B=B(A'f+Bg)=ABf+BBg=ABf - AB'f = (A'B - AB)f.
Since B # 0, this shows that deg B > deg f = ¢, contradicting property 2.

Hence, there must be a common factor of positive degree. ]
Now, write
A = ™ 4 oo,
B = doa" "'+ +dp,
f = aoxz+"'+a’£7 GO#O,
g = box™ + -+ by, by #O0,
and regard cq,...,Cmn_1,do,...,ds_1 as £+m unknowns. Then the equation

Af + Bg = 0 gives the following matrix equations

ao bo - T o
ay ap bl bo ZO 0
. . 1
as ay - bo b1 - b o 0

aog
ag . b i or o i feme| |0
. d, 0
ay : bm _0 .
b e ' '
m do— 0
i ap bm | - R -

Since there are £ + m linear equations and ¢ + m unknowns, there is non-
trivial solution if and only if the coefficient matrix has zero determinant.
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Definition 2.3.6. Given f, g € Kz], and
f = a0$£+"'+ag7 a0#07
g = box™ + -+ + by, by # 0.

The Sylvester matrix of f and g with respect to =, denoted Syl(f, g, x) is
an (£ +m) x (¢ +m) matrix:

ap bo
ai ag b1 bo
as aj . bg b1 . bo
ag
Syl(f,g,2) =

ag

ay - bm

bm
- az bm_

The Resultant of f and g with respect to z, denoted Res(f,g,x), is the
determinant of the Sylvester matrix.

Res(f, g,z) = det(Syl(f, g, )).

A polynomial is called an integer polynomial provided all of its coeffi-
cients are integers.

Proposition 2.3.7. Given f,g € K[z] of positive degree, then Res(f,g,x)
18 an integer polynomial in the coefficients of f and g. Furthermore, f and
g have a common factor in K[z] if and only if Res(f,g,z) = 0.

Proposition 2.3.8. Given f,g € K[z] of positive degree, then there are
polynomials A, B € Klx] such that Af + Bg = Res(f,g,x). Furthermore,
the coefficients of A and B are integer polynomials in the coefficients of f
and g.

Proof. 1f Res(f,g,z) = 0, then we can choose A = B = 0.
On the other hand, if Res(f,g,z) # 0, then by Proposition 2.3.7 and
Lemma 2.3.4, there exist A’ and B’ such that A’ f + B'g = 1. Write
A = o™ H e,
B = dox" 4 4 dy,
f = a0$€+"'+aé, a07507
g = box" + -+ by, by #DO,
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and A'f + B'f =1 if and only if
Syl(f,g,z)(co,c1,. .., Cm_1,do,d1,...,dg)" = (0,0,0,...,0, 1)

Then by Cramer’s rule, we can solve

o b -
0 ap b1 bo
0 al . bg b1 . bo
. O S
0= 577 % .o . . .. o
Res(f,g,7) [0 AP : : R
0 ayp . E bnl : :
0 : b
|1 ay bm_
and similar solution for other ¢;’s and d;’s. Hence, we have
! _ A ! __ B
 Res(f,g,2)" ~  Res(f,g,2)
where A, B are integer polynomials in a;,b;, and A'f + B'g = 1 shows
Af + Bg = Res(f,g,z). O

Remark 2.3.9. If f, g € K[z] have positive degree in . Then Res(f, g,z) €
(f.9)-

Definition 2.3.10. A non-constant polynomial f € R[x] where R is ring
is said to be irreducible over R if there does not exist any non-constant
polynomial that divides f whose degree is less than that of f.

Proposition 2.3.11. Let f,g,h € K[x] over some field K. Suppose that f
is irreducible over K such that f | (gh). Then either f | g or f | h.

Proof. Suppose f t g, we will show that f | h. First, we note since f is
irreducible, g, f must be coprime. By Lemma 2.3.4, there exist p,q € K|[z]
such that pf + gqg = 1. This shows that pfh + qgh = h. Since f | (gh),
gh = fc for some ¢ € K[z]. Thus, pfh+qgh = (ph+qc)f = h,and f|h. O

Let R = K[z1, 29, ...,2,| be a multivariate polynomial ring over a field
K, and M the set of all monomials {x* = z{*---2%"}. Any element f € R
can be written as

f= E cox®, where x* =z{'--- 20", where N={0,1,2,...}.
aeN"™
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Theorem 2.3.12. Let f € K[z1,...,x,] be irreducible over the field K, and
suppose that [ divides the product gh, where g,h € K[z1,...,z,]. Then f
divides either g or h.

Proof. The claim can be shown by induction on the number of variables,
we omit the prove here, but we note if n = 1, then the theorem is in fact
Proposition 2.3.11. L]

Corollary 2.3.13. Suppose that f,g € Klx1,...,x,]| have positive degree in
x1. Then [ and g have a common factor in K[z, ..., x| of positive degree
in x1 if and only if they have a common factor in K(za, ..., z,)[x1] that has
a positive degree in x7.

Proof. If f and g have a common factor in K[zq, ..., z,] of positive degree
in x;, then they definitely have a common factor in the K(xa, ..., z,)[z1].
On the other hand, if f and g have a common factor h € K(zo,...,x,)[z1]

of positive degree in x1, then

f:hf17 g:hgh fl,gl,hEK(.’EQ,...,xn)[.Tl]-

Now, let d € K[za, ..., x,] be a common denominator of f1, g1, h, and define
elements of K[zy, ..., zp]:

H =dh, Fy =df1, Gy = dg.
Then
d*f = d’hfy = HFy, d*g = d*hgy = HGy, H, F1,G1 € K[z1, 29, ..., 2y).

Since h = H/d has a positive degree in x1, there exists an irreducible factor
h' of H with positive degree in zy, thus A’ | d*f (since d*f = HF}). Note
that b/ { d? since d € K[z, ..., x,], hence, &' | f in K[x1,...,2,]. By similar
argument, b’ | g in K[zy,...,2,]. Thus, f and ¢ has a common factor
h' € Klzy,...,z,] with positive degree in z;. O

Theorem 2.3.12 implies that there is a unique factorization of a polyno-
mial in a polynomial ring.

Theorem 2.3.14. Fuvery non-constant polynomial f € Klz1,...,2,] can
be written as a product f = f1- fo--- fir of irreducible polynomials over K.
Furthermore, if f = g1 - g2---gs is another factorization into irreducibles
over K, then r = s and with some permutation, each f; can be written as a
constant multiple of g;.
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Theorem 2.3.15. (Hilbert’s Basis Theorem) A polynomial ring in one
indeterminate over a Noetherian ring is itself Noetherian. In particular, by
iteration, the polynomial ring K[x1,...,z,] over a field K is Noetherian.
Every finitely generated K-algebra is Noetherian.

Proof. Let I be an ideal in the ring R[x]. The leading coefficients of the
polynomials in I form an ideal J in R. Since R is Noetherian, J is finitely
generated, and let J = (aq,...,a,). For each ¢ = 1,...,n, there is a poly-
nomial f; € R[z] of the form f; = a;x* +lower terms. Let a = max{c;}}" .
The f;’s generate an ideal I’ C I C R[z].

Let f = ax™ +lower terms € I, then a € J and «a is generated by a;’s. If
m > «, then a = )" | ¢;a; where ¢; € R, and g = f— > " ¢ifia™ % e ]
with deg(g) < m. Continuing in this way, we can write f = g + h where
h € I' and g € I has degree < a — 1. The elements of I of degree <

a—1 form a sub R-module of the free R-module generated by 1,z,...,2% 1.
Since R is Noetherian, this submodule is finitely generated. Let g1,...,9:
be generators. Then the above argument shows that fi,..., fs,91,...,0¢
generate I. Hence, I is finitely generated. ]

2.4 Grobner Basis of an Ideal

Definition 2.4.1. A partial order is a binary relation > on a set S which
is reflexive, antisymmetric, and transitive, i.e., for all a,b, and ¢ in S:

1. a > a (reflexivity);
2. If a > b and b > a then a = b (antisymmetry);
3. If a > b and b > c then a > ¢ (transitivity).

A set with a partial order is called a partially ordered set. A total order
is a binary relation that satisfies the conditions for a partial order plus an
additional condition known as the comparability condition

4. For any a,b € S, either a > b or b > a (Comparability).
A set with a total order is called a totally ordered set.

We are interested in orderings on the set M of monomials in a polynomial
ring K[z, -+, zp).

Definition 2.4.2. An admissible partial order T is a partial order >p
on M with the properties:
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1. m >7 1 for any non constant monomial m;
2. If m1 > mo, and mg € M, then m; - mg > mo - ms.

If >7 is a total order, we say that it is a term order or a monomial
ordering.

For multivariate monomials z® = z{" - - 2% and 2% = xf '..ozpin the
polynomial ring Klz1, -+ ,z,], with o = (a1, , ) and = (B1, -+, Bn)
in N where N is the set of non-negative integers, any ordering on N" will
give an ordering on the monomials. If o > 3, we will say z® > 2.

Definition 2.4.3. We say @ > 8 with Lexicographic order, or lex order,
if in the vector difference a— 3 € Z", the left-most nonzero entry is positive.
We will write 2 > 28 if a > f.

Definition 2.4.4. Let f = )  aq2® be a nonzero polynomial in K[z1,-- - , 2]
and let > be a monomial order. The multidegree of f is

deg(f) = max{a € N" : a,, # 0}.
The leading coefficient of f is
LC(f) = aqeg(s) € K.
The leading monomial of f is
LM(f) = 29%) with coefficient 1.
The leading term of f is
LT(f) = LC(f) - LM(f).

Example 2.4.5. This example illustrates lex order and the monomial order
corresponding to different variable order.

1. (1,1,3) > (0,3,4) since (1,1,3) — (0,3,4) = (1,-2, —1).

2. There are many lex orders corresponding to how the variables are
ordered.

Let f = xy?23 + 422y2* € Kz, y, 2]
a) If x >y > 2, we can order the terms of f in decreasing order:

f = 4da’yzt + 223, since (2,1,4) > (1,2,3).

deg(f) = (2,1,4), LC(f) = 4, LM(f) = 2®yz", LT(f) = 4a’yz".
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b) If y > = > z, we can order the terms of f in decreasing order:

f=v%x2 +4yx?2?, since (2,1,3) > (1,2,4).

deg(f) = (2,1,3), LC(f) = 1, LM(f) = y*x2’, LT(f) = y°wz’

Definition 2.4.6. Let I be an ideal in a polynomial ring R, the ideal gen-
erated by the leading monomials of all polynomials of I is called the initial
ideal and denoted in(I) = (LM(f) | f € I). We will write in- (I) if we
would like to emphasize the monomial order used.

The following is known as Dickson’s Lemma:

Lemma 2.4.7. Every monomial ideal is generated by finitely many mono-
mials.

Proof. Let G be a set of monomials (may not be a finite set) generating the
ideal I = (g | g € G) in the polynomial ring R = K|z1, ..., x,]. Without loss
of generality we may assume G consists of minimal elements with respect

to divisibility, which means that if two monomials z,y € G such that z | y,
then we exclude y from the set G. We see that

I=(IpUx1; U x%[z U 13?]3 U---), where I; ideals in Kzg, ..., x,]
such that
{afixP2Bn | xP2Br e in(I;)} = {x®1%27 % ¢ in(]) | ay = i}.

We do induction on n. It is obvious that the result is true for n = 1. If

n > 1, we assume that result is true for n — 1. Thus, I; C K[zg,...,n] is
generated by G; consisting finitely many monomials, for i = 0,...,n.

Since Iy € I, C --- is an ascending chain of ideals in a Noetherian
ring, there is a maximal element. Let I} be the maximal element such that
L CLC---Clp=1Iy1 =---. Thus, we have

I = <I() Uzl U IE%IQ U x‘;’lg U--- .’L’ka>

= (GoUz1GLUZ3Ga Uz3GsU---2*Gy).

Hence I is generated by finitely many monomials. O
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Definition 2.4.8. Let K[zg, z1,...,%,] be a polynomial ring. Suppose I =
(f1,---, fm) is an ideal of R. For a fixed monomial order, a finite subset
G ={g1, - ,gs} of an ideal I is said to be a Grobner basis if

(LT(g1), -, LT(gs)) = (LT(I)),

where (LT(I)) is the ideal generated by the leading terms of all the elements
in I.

The process for calculating this basis is known as Buchberger’s Algo-
rithm. For details, see [Page 84, [Cla04], Page 108-110, [CLO95]]. This
algorithm, while relatively easy to understand, is not usually conducive to
hand computation, so a Computer Algebra System is the means by which a
Grobner basis is most often calculated.

Example 2.4.9. This example is shown in [Page 75, [CLO95]]. Assume
Lex order with x > y. Let f,g € R = Clz,y] and {f, g} = {23 — 22y, 2%y —
2y + z}. We claim {f, g} is not a Grébner basis for I = (f, g). Since

eg—yf = z(a’y -2 + ) —y(a® - 2ay)
= :r3y — 2zy2 + 2% — mgy — 23:y2
= x27
then 22 € (LT (1)), but 22 ¢ (LT(f),LT(g)) = (23, 2%y).
We can find the Grobner basis for I by using the following command in
Mathematica [Woll5]:

CroebnerBasis[{z® — 2zy, %y — 2y%y + =}, {z,y}],
and the Grobner basis for [ is
(= + 20" — 4 +2° 2 — 2% + 4 — 80 + 447}

Theorem 2.4.10 (Corollary 6, Page 76; Theorem 2, Page 89; [CLO95]).
Fiz o monomial order. Then every nonzero ideal I C klxyi,--- x| has a
Grébner basis. Any Grobner basis of an ideal I is a basis for I. Furthermore,
the Gréobner basis can be constructed by Buchberger’s Algorithm.

We will sketch out Buchberger algorithm below. The detailed treatment
can be find in [CLO95] and [TB93|. Before we introduce the algorithm, let
us first recall a notion involved all the stages of finding the Groébner basis
process.
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Given a set of generators for a polynomial ideal, one can obtain a Grobner
basis with respect to some monomial order via Buchberger’s algorithm. The
method was invented by Austrian mathematician Bruno Buchberger, which
can be viewed as a generalization of the Euclidean algorithm for univariate
GCD computation and of Gaussian elimination for linear systems. One of
the key components of the algorithm is the polynomial reduction, the most
computationally intensive part of the algorithm. The polynomial reduction
can be viewed as a generalized division. In general, a polynomial g reduces
to another polynomial h modulo a set of polynomials F' = {f1,..., fm},
denoted by g —F h, if and only if there exists f € F such that the LT(g)
can be eliminated by the subtraction of an appropriate multiple of f, i.e.,
h = LCM{LI}(QQ)’LT(JC)}g — LCM{LLI%(Q}SLT(JC)} f where deg h < degg. Polynomial
g is called irreducible modulo F if no leading monomial of an element of
F' divides the leading monomial of g. On the other hand if g is reducible
modulo F' then we can subtract from it a multiple of an element of F' to
eliminate its leading monomial and to get a new leading monomial less than
the leading monomial of g. This new polynomial is equivalent to g with
respect to the ideal generated by F.

Example 2.4.11. Consider lexical order with > y, and F = {f1, fa},
where

fi=ay—1, fo=y*—1, g=2y+ay* +y°
Then,

g=@+yfi+l-fo+t(x+y+1), let h=x+y+ 1.

Hence,
g —r h, where h=x +y+ 1.

Algorithm 2.4.12. Buchberger’s Algorithm:

Input: A set of polynomials F' = {f1,..., f;} that generates the ideal T in
the polynomial ring K[z, ..., z,] over some field K.

Output: A Grébner basis G for [

step 1. G := F;

step 2. For every f;, f; € G, let a;; = LCM{LT(f;),LT(f;)} with respect to
the given ordering;

step 3. Choose two polynomials in G and let S;; = % fi— % 15



2.4. GROBNER BASIS OF AN IDEAL 37

step 4. Reduce S;; with the multivariate division algorithm relative to the set

G until the result is not further reducible. If the result is non-zero,
add it to G;

step 5. Repeat steps 1-4 until all possible pairs are considered, including those
involving the new polynomials added in step 4.

The polynomial S;; is commonly referred to as the S-polynomial . The
algorithm terminates by the Hilbert basis theorem. Sometimes, Grébner
bases can be extremely large, and hard to compute.

Example 2.4.13. Consider lexical order with x > y, the ideal I = (fi, fo)
with

fi=22%—da+9y® —4y+3, fo=a>—2x+3y°>—12y+9.

Since 5 15
)

—_ 1 .

S12 = 5 Y + 10y 5

and the remainder on dividing f1, fo is still Si2, we let

-5 15
=S = —y% 4+ 10y — —.
f3 12 2y+ V-5

Now,

4 2

3

Si3 = 4x2y—3x2—2xy2+%_2y3+%

3 4r 2 4y 3

= (29— 2 = _J 5 _°

(y 2>f1+(5 st 5f3,

Sos = 4dx?y — 3z — 2z9? + 3yt — 12° 4+ 97

3 dr  6y> 4y 3
= (29y—-2 — L 2 )
<y 2>f1+(5 =t 5>f3

Hence the Grobner basis G = {f1, fo, f3}.

It is easy to see that if F = {f1,..., fix} is a finite set of polynomials,
and I is the ideal generated by F', then the following are equivalent:

1. F is a Grobner basis;

2. For all 4,4, S;; —F 0, i.e., the S-polynomial of f;, f; reduces to zero
modulo F};

3. Any fel, f -0, ie., any f of I reduces to zero modulo F.
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2.5 Elimination and Extension

In commutative algebra and algebraic geometry, elimination theory is the
classical name for algorithmic approaches to eliminating some variables be-
tween polynomials of several variables. One of the important applications
in elimination theory is to find the implicit equations of a given set of para-
metric expressions.

Definition 2.5.1. Let I = (fi,..., fs) € K[z1,...,x,]. The /-th elimina-
tion ideal Iy is the ideal of K[zyyq,. .., z,] defined by

I, = IﬁK[xgH,...,xn].

Theorem 2.5.2. (Elimination Theorem) Let I C Kl[zy,...,z,] be an
ideal, and let G be a Grébner basis of I with respect to lex order where
X1 > T > - > xy. Then, for every 0 < ¢ < n, the set

Gy =GNnKlxps1,. .., T
is a Grobner basis of the £-th elimination idea Iy.
Proof. Fix ¢. By definition of Grébner basis, it suffices to show that
(LT(ZL)) = (LT(Ge))-

By construction, Gy C Iy, we only need to show that (LT (Zy)) C (LT(Gy)).
Let f € I; C I, then f € T shows LT(Jf) is divisible by some LT(g) for some
g € G, and f € I yields that LT(f) involves only the variables xy11,. .., Zy.
Using lex order with z; > xz9 > ... > z,, we must have that LT(g) €
K[zpi1, ..., 2], hence g € Klzgy1, ..., 2y, and thus we proved theorem. [J

Let us restrict our attention to the case where we eliminate just the

first variable z;. We want to know if a partial solution (ag, ..., a,) € V(1)
can be extended to a solution (ay,as,...,a,) € V(I). We note that if
frg € Klzy,...,xy,], then we can write

f = a0x€+~~~+a4, ag # 0, (2.1)

g = bOxT++bma b();é(),
where a;,b; € K[zg, ..., x,]. Now we use what we learned about resultants:

Proposition 2.5.3. Let f,g € Klz1,...,x,] have positive degree in 1.
Then:
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1. Res(f,g,x1) is in the first elimination ideal {f,g) NK[z1,...,z,],

2. Res(f,g,x1) =0 if and only if f,g have a common factor in K[xq, ..., xy]
which has a positive degree in x1.

We will prove the extension theorem by relating the resultants and the
partial solutions.

Proposition 2.5.4. f,g € Clzy,...,x,] have degree £, m in x1 respectively,
and let ¢ = (ca, ..., c,) € C"1 satisfy the following conditions:

1. f(x1,c) € Clz1] has degree ¢,
2. g(z1,c) € Clz1] has degree p < m.

Then the polynomial h = Res(f,g,x1) € Clxa,...,x,] satisfies h(c) =
ap(c)™ PRes(f(x1,c),g(x1,c), 1) where ag is in Equation (2.1).

Proof. Substituting ¢ = (ca,...,¢,) in place of za, . .., z, in the Res(f, g, z1),
we obtain

ao (C) b()(C)
ai(c) ao(c) bi(c)  bo(c)
CLQ(C) al(c) . bQ(C) bl (C) . bo(C)
h(c) = det . . | ao(c) . ' | '
(c) ar()
aglc) - i bp(e)
' : bp(c) . :
i ay(c) bm(c) |

If deg(g(z1,¢)) = p = m, then h(c) = Res(f(z1,¢),g(x1,c),z1). On the
other hand, if deg(g(x1,c)) = p < m, then h(c) # Res(f(z1,c), g(z1,c),z1),
but we can obtain the desired resultant by repeatedly expanding along the
first row. 0

In the following, we take K = C, but any algebraically closed field will
do.

Theorem 2.5.5. (The Extension Theorem) Let I = (fi,...,fs) C
Clz1, ..., xy), and I, the first elimination ideal of I. For each 1 <i < s, we
write

fi = gi(xa,. .. ,xn)xivi—i— terms in which x1 has degree < Nj;, g; # 0, N; > 0.
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Suppose we have a partial solution (ag,...,a,) € V(I1). If (ag,...,an) &
V(g1,...,9s), then there exists ay € C such that (a1,az,...,a,) € V(I).

Proof. Here we only give a sketch of the proof. First, let ¢ = (cg,...,¢p)
and note that we have a ring homomorphism

Clz1,...,xy] = Clzq] defined by f(x1,...,2,) = f(21,0).

The image of the ideal I is an ideal in C[z1] generated g(z1) € Clzq]. If
g(x1) is a non-constant polynomial, by Fundamental Theorem of Algebra,
there exists ¢; € C such that g(c;) = 0, which yields that f(c;,c) = 0 for
all f € I. Thus, (¢1,¢) = (¢1,¢9,...,¢,) € V(I). Now, we will show that
it is impossible for g(x1) to be a non-zero constant. Suppose the contrary,
and we will deduce a contradiction. Because of the form of f;, there must
be some f € I such that f(z1,¢) = g(x1) = k, a non-zero constant.

By the given condition ¢ € V(gi,...,gs), there must be an index ¢ such
that g;(c) # 0. Consider

h = Res(fi7 f7 fEl) € (C[x% s 71'77,]7
Apply Proposition 2.5.4, we have
h(C) = gi(c)dengeS(fi(xly C)7 f(‘rlv C>’$1) = gi(c)degka # 0.

But this contradicts the fact that h € I, and ¢ € V(I;). Thus, it is impos-
sible for g(x1) to be a non-zero constant.
Hence, we can always extend the partial solution. O

The Extension Theorem tells us that the extension step can fail only
when the leading coefficients vanish simultaneously. The variety V (g, ..., gs)
where the leading coefficient vanish depends on the basis {f1,..., fs} of I.
There is a method to choose {fi,..., fs} so that V(gi,...,gs) is as small as
possible.

As an application of Grobner bases, we will find the implicit equations
of a set of polynomial parametric equations.

Given a set of parametric expression in t1, ..., ¢,

r1 = filti,- ,tm)

Tp = fn(tla"'atm)
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with Lex order t1 > -+ >t > @1 > -+ > xp in Kby, b, @1, -+, T
Consider the ideal

j: <l'1_f1(t1,"' 7tm)7”' 7xn_fn(t17"' 7tm)> - k[t17 7tm73717"' 7‘7:7’7,]'

The Grobner basis of the m-th elimination ideal give the implicit equations
for the variables 1, ..., z,,.

Example 2.5.6. Consider the parametric equations:

r = t*2-1,
= t(t* - 1),

Assume the lex order in the ring Clz, y,t] is t > = > y.
Fofo— (@ —1),y—t(2—1)

Using Mathematica [Woll5], we find the Grobner basis of the ideal is:

2 x— 2?4ty tr —y, 1 — 2+ a),

{22 + 2% —y
and the implicit equation is:

y?—a?—ad=0.

To demonstrate why the above algorithm really works, we need to un-
derstand the geometry behind the Grébner basis method. We start by in-
troducing basic terminology of algebraic geometry. Later in Section 77 we
will relate this to the theory of schemes.

Definition 2.5.7. Let K be an algebraically closed field.
1. Let I ={f1,..., fs) CK[z1, -+ ,x,] be an ideal. Define
V(I) = {(a1,-+ ,an) €K": flar,- - ,aq) =0, VfeT}
Note that this is the same set as
V(fi- o fo) ={lar, -+ yan) € K" filar, -+ yan) =0, 1 <i< s}

This is called the affine variety defined by fi,--- , fs, or by the ideal
1. If the polynomials f; have coefficients belonging to a subfield k¥ C K,
we say that this variety is defined over k. The map I — V(I) is order-
reversing.



42

CHAPTER 2. RINGS AND IDEALS

. Let X C K" be a subset. Define

I(X)={f eKlz1,....oy] : f(x) =0, Vx € X}.

This is an ideal in K[z, ..., z,]. The map X +— [(X) is order-reversing.

. The sets V(I) with T ranging over the ideals of K[z1,...,z,] form a

topology on the set K" called the Zariski topology. This topology is
coarse in the sense that it is rarely Hausdorff, but it is quasicompact,
i.e., any cover of K" has a finite subcover.

. We have

a. V(I(X)) = X, closure in the Zariski topology.
b. I(V(I)) = v/I, Hilbert’s Nullstellensatz .

. The assignments I — V(I) and X — I(X) set up an order-reversing

bijection between the sets

{radical ideals in K[z1,...,z,]} +> {affine subvarieties of K"}.

. If X =V(I) c K" is an affine variety, the ring

K[X] = Klz1, ..., zn)/VI

is called the affine coordinate ring of X. It is a reduced K-algebra
of finite type, and every reduced K-algebra of finite type is the affine
coordinate ring of an affine variety.

.If X K" and Y C K™ are affine varieties, a morphism f: X - Y

is a map induced by polynomials fi(x1,..., &), ..., fm (21, ..., 2y ). This
sets up a bijection

Homvarieties<Xa Y) = HomK—algebras<K[Y]> K[X] ))
given by

F =g, ym) = g(f1(T1, s Tn)s ooey frn (@1, oo )

Example 2.5.8. Let us consider several varieties defined over R. As is
usual, we only draw the R-valued points:

Vi(z?+92 1) ={(z,y) e R?: 2? +¢®> — 1 =0},



2.5. ELIMINATION AND EXTENSION 43

Vo =V(y—a?) = {(z,y) eR*: y —a® = 0},
V3 =V(@?+y? - 1Ly —2?) ={(z,y) eR*: 22 + 4> —1=0, y—2%=0}.

V1 and V, are represented by the first two graphs, the unit circle and the
parabola in the real plane, in Figure 2.1 below. But V3 = V; NV, is the
two points of intersection of the unit circle and the parabola, which is given
as the last graph in Figure 2.1.

-2 -1 1 2

Figure 2.1: V(22 +¢y? — 1), V(y — 2?), and V(2? + ¢ — 1,y — 2?)

Example 2.5.9. Consider V = {(1)} € K. Then I(V) = (z — 1). This can
be observed if f € (x — 1), then f = A(z)(z — 1), and f(1) = 0, therefore,
f € I(V). On the other hand, if f € I(V), then f(1) = 0, and (z — 1)|f.
Thus f € (x —1).

Definition 2.5.10. Given V = V(f1, -, fs) C C", we define the projection
map as follows:
7 C* — Ct

(a’lu"' 7an> — ((Z@+]_7"' 7an)-
m(V) c Ccnt

Example 2.5.11. Let V = V(zy — 1) = {(a,1/a) € C? : a # 0}, m(V) =
{1/a € C : a # 0}. In Figure 2.2 below, the graph projects to the y-axis.
71(V) is the y-axis without origin. Moreover, if we let [ = (zy—1,22—1) C
Clz,y, 2], and fix a lex order with > y > 2, then Mathematica [Woll5]
gives the Grobner basis of the ideal as

G:{—y—l—z,—l—l—xz}, Gl :GQC[y,Z] :{—y—i—z}, Il = <—y+Z>.

Theorem 2.5.12. If V = V(I), then m(V') C V(Iy).
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10\

-3 TN 1 2 3
-1
-2

Figure 2.2: Projection

Proof. Let (a1,...,a,) € V =V(I), then (agt1,...,a,) € m(V). To show
(V') C V(1) is to show that f(agi1,...,a,) =0 for all f € I,.

Let f € I, C I, then f € I shows that f(a1,...,a,) =0, and f € I,
means that f € K[zgyq,...,z,]. Hence,

flagers - an) = f(mlar, .. an)) = 0.

Therefore, f vanishes at all points on (V). Thus, we have shown 7,(V') C
V(Iy). O

Theorem 2.5.13. (The Closure Theorem) Let V =V(fy,--- , fs) C C",
and Iy the £-th elimination ideal of (f1,--- , fs). Then:

1. V(1) is the smallest affine variety containing my(V) C C*~*.

2. When V # 0, there is an affine variety W C V(I;) such that V(I;) —
W C Wg(V).

Proof. For details see [Theorem 3, page 123,[CLO95]] O
We will use the following example to illustrate the Closure Theorem.

Example 2.5.14. If ] = (zy—1,22—1) C C[z,y, z], then by Grébner basis
calculation, we obtain that

I = (—y+z), therefore, V(I) = {(a,a) € C%}.

The graph on the left in Figure 2.3 below shows V(I) and the graph on the
right in Figure 2.3 shows the first projection map m1(V'). This map projects
to the y, z-plane without the origin. Note that (V) is contained in V(Iy),
and the missing point is the origin.
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2.6 Implicitization

Now, we have the necessary background knowledge to understand the Grébner
basis method for elimination, we return to our original goal of finding the
implicit equation of the following polynomial parametrization in C" given
by z; = fi(t1, - ,tm) for i = 1,...,n, where each f; € C[t1,--+ ,t;m]. Geo-
metrically, we can think of this as the function:

F:C"—=C"

F(ty,- tm) = (frlty, - stm), o fa(ty, o tm)).

The image F'(C™) C C" is parametrized by the above equation. F(C™) may
not be an affine variety. The implicitization problem is to find the smallest
affine variety that contains F(C™). The elimination theorem helps us to
find implicit equations (for information see [Page 127, [CLO95]]). Set

V=V(x1 — fi, 2y — fo) CC"™.
Points of V' can be written in the form:
(th co b, fl(th R 7tm)7 R 7fn(t17 R ;tm))-
Let us consider the following maps:
SN A
The first is the inclusion map,

Z‘(tlv"' 7t’m) = ((tl) 7tm7f1(t1a"' 7t’m)7"' afn(tla"' 7tm))a
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and the second one is a projection map
7Tm(t17"' s, T, 7$n) = (351,"' 7$n)~
Therefore, F' is the composition of these two maps, and
F(C™) = mm(i(K™)) = T (V).
If we let I be the ideal

I= <‘T1_f17"' 7xn_fn> Cc[tla"' ytm, T, 7xTL]>

and let
I, =INklxy, -,z

be the m-th elimination, then V(I,;,) is the smallest variety in C™ containing
(V) = F(C™). Therefore, to find the implicit equation is to find the
m-th elimination ideal. So in summary, to find the implicit equation via
the Grobner basis method is to find the m-th elimination ideal, which is
the ideal generated by those polynomials in the Grobner basis that do not
contain the parameters.

Theorem 2.6.1. (Polynomial Implicitization) If K is an infinite field,
let F: K™ — K" be the function determined by the polynomial parametriza-
tion

ry = fl(t17"' ,tm)

Ty = fn(th'"atm)'

Let I = {(x1—f1,--.,Zn— fn) be an ideal of the ring K[t1, ..., tm,Z1, ..., Ty],
and I, = I NK[x1,...,2,] the m-th elimination ideal. Then V(I,,) is the
smallest variety in K™ containing F(K™).

Example 2.6.2. Let us find the implicit equation of the parametrized sur-
face S given by:

|
I
S

I={(x—uv,y—uw? z—u?).
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Using lex order u > v > x > y > z, the Grobner basis G for [ is

2

{a* — 22, =23 +oyz,ve — y, 2% — 022, —2® + uy, —uzx + x, —u® + 2}

To eliminate our parameters u, v, we find Go and the 2nd elimination ideal
I to be:
Go = GNEk[z,y, 2] = {2* — y?2}

12 = <l'4 - y22>7

so the implicit equation for the surface is z* — 422 = 0. Figure 2.4 below
shows the implicit equation of the surface. Please note that (0,1,0) is on
V(I3), but not on S.

Figure 2.4: V(z* —122)

In a more general setting of rational parametrization, z; = % for i =
1,...,n. W =V(gq---gn), then this defines a map

t1.--- tm nt,...’tm m n
F(tl,...,tm)_<f1(1’ ’ ),...,f(1 )>:K —W = K™
gl(tlv"'vtm) gn(tlavtm)

The implicitization problem is to find the smallest variety containing F/(K™—
W). We obtain the following theorem for rational parametrization.

Theorem 2.6.3. (Rational Implicitization) Let K be an infinite field, let
F K™\ W — K" be the function determined by a rational parametrization

_ fl(th“' 7tm)

Ty =

91(t1,~~~,tm)

_ fn(tly' 7tm)
Ty —

gn(tlw 7tm)
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Let ideal J = (191 — f1,-- - Zngn— fro L —gy) C K[y, t1,. . tm, Z1, ..., Ty,
where g = g1+ gn, and W =V(g). Let Jpt1 = J NK[xq,...,z,] be the
(m + 1)-th elimination ideal of 1. Then V(Jp41 is the smallest variety
containing F (K™ — W).

Proof. See [Page 134, Theorem 2, [CLO95]] for the detailed proof. O

2.7 Schemes

We briefly recall the ideas of schemes and sheaves, which are essential to
modern algebraic geometry. A standard reference is [Har97].

Definition 2.7.1. If A is a commutative ring, then Spec(A) is the set of
prime ideals of A. We let Max(A) C Spec(A) be the subset of maximal
ideals. We define the Zariski topology on X = Spec(A) by declaring that
a subset Z C X is closed if and only if Z = V(I) for an ideal I C A where

V() ={p|pD I}

Sometimes to distinguish between p as a prime ideal in A and p as a point
in X, we use the notation z = [p]. Max(A) inherits a topology as a subset
of Spec(A). One proves:

1. The V(I) for I ranging over the ideals of A do satisfy the axioms for
closed sets in a topological space.

2. V(I) = V(J) if and only if VT =/J .

3. The sets
Xo=X\V(a)={z=[p] | a¢p}

as a ranges through the elements of A form a basis of open sets for the
Zariski topology.

4. Let ¢ : A — B be a ring homomorphism. There is a map
Y =Spec(B) — X = Spec(4), y=[a] = [¢""a] = f();

that is, if q is a prime ideal of B, then ¢ ~'q is a prime ideal of A. This
map is continuous. On basic open sets we have, for all a € A,

fﬁl(Xa) = Yap(a)-
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5. For all a € A, if A, is the localization of A in the multiplicative set
{1,a,a?,....}, the natural map A — A, induces a map Spec(A4,) —
Spec(A). This map is a homeomorphism onto the open subset X,,.
More generally, if S C A is any multiplicative set, the natural map
Spec(S~1A) — Spec(A) is a homeomorphism onto the subset

{[p] € Spec(A4) [pN S =0}

There is a sheaf of rings Ox on X such that the pair (X, Ox) defines a
scheme. These terms will be explained later.
Next recall Hilbert’s Nullstellensatz.

Theorem 2.7.2. Let K be an algebraically closed field, and A = Klz1, ..., xy)
a polynomial ring. There is a canonical bijection

K" — Max(A), a=(a1,..,an) = Mg = (T] — A1, ..., Ty, — Ay ).

More generally, for any ideal I C A (finitely generated by Hilbert’s basis
theorem), the map a — my induces a bijection V(I) = Max(A/I) where

V() ={a K" |g(a) =0,for all g € I}.

In classical algebraic geometry, one considers sets like V(J) C K" and
calls them algebraic varieties (see 2.5.7). The set K" = A"(K) is called
affine n-space over K, but in the theory of schemes we define affine n-
space over K to be Spec(K[z1,...,z,]) = Ag. (Note the subtle differ-
ence in notation. Strictly speaking, we need to define a sheaf of rings on
Spec(K[z1, ..., x,]) to give it the structure of a scheme. This will be de-
fined next.) More generally, for any ring &k (for instance k = Z) one defines
Spec(k[z1,...,x,]) = A}, which will be a scheme once the sheaf of rings is
defined, and k™ = A™(k), which is only a set of points. Methodologically, in
classical algebraic geometry one usually fixed an algebraically closed field K
and considered varieties as subsets of K", or as subsets of projective space
P™(K), which are solutions to a system of polynomial equations f = 0 for
all f in some ideal J. In modern algebraic geometry, one usually fixes a
ground ring k (or a ground scheme S) and considers, for instance an ideal
J C k[z1,...,x,] as before, but now one looks at solutions with coordinates
in all k-algebras R. If we temporarily call this solution set Sol(J; R), then
we think of the assignment R +— Sol(J; R) as a functor from the category
Alg,. of k-algebras to Set, the category of sets. This is an example of the
functor of points defined by a scheme.
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Definition 2.7.3. Let X be a topological space. A presheaf of abelian
groups F on X is an assignment of an abelian group F(U) for every open
subset U C X. Moreover, for every inclusion of open sets V' C U there is a
homomorphism of abelian groups

vesty; : F(U) — F(V)
subject to the axioms
1. For all U, resf;; = ldr@;
f

2. Forall W CV CU, res{fvv o res{/TU = Tesjy -

To simplify notation, the map resi,; is often written s — s | V for s € F(U).
If x € X, the stalk at x is the abelian group

zelU

where the direct limit is taken over all the open neighborhoods of U. By
definition, the elements of F, are equivalence classes of pairs (U, s) where U
is an open neighborhood of z and s € F(U). The equivalence relation is

(U,s) ~(V,t) «3IW cUNV,x € W,such that s | W =¢ | W.

There is a homomorphism s — s, : F(U) — F, for all x € U. A morphism
of sheaves of abelian groups on X, denoted o : F — G is an assignment of
a homomorphism of abelian groups «(U) : F(U) — G(U) for every open
U C X, subject to the axiom that for all W C U, the diagram commutes:

res}-
FU) — F(W)
o) | [aw)
resg
G(U) —% Gg(w)
Finally, a presheaf is a sheaf if 7(0)) = 0, and it satisfies the gluing axiom:

3. Given an open set U C X, a covering of U by open sets U;, i € I, and
for each index i an element s; € F(U;) with the property that

8¢|UiﬁUj:Sj|UimUja Vi)ja

then there exists a unique s € F(U) such that s; = s | U; for all 1.
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The elements of F(U) are called sections of F over U.

Remark 2.7.4. 1. Roughly speaking, the gluing condition in the defi-
nition of a sheaf F means that the sections of F are defined by local
conditions. For example, let X be any topological space and define a
presheaf Rx on X by the rule that for any open set U C X

Rx(U)={f:U —=R| fis continuous.},

with the obvious restriction maps when V' C U. Then Ry is a sheaf,
i.e., the gluing condition holds. The reason is that a function is con-
tinuous if and only if it is continuous in a neighborhood of any point
in its domain, that is, continuity is a local property.

2. We can define a presheaf of abelian groups on X as a contravariant
functor

F : Openy® — Ab.

Here Ab is the category of abelian groups, and Openy is the category
(poset) of open subsets of X. A morphism of presheaves is then a
natural transformation of functors o : F — G.

3. The (pre)sheaves of abelian groups on a topological space X form a
category AbPreShvx, AbShvyx. In fact, AbShvx is an example of an
abelian category. Without giving the formal definition, what this
means is that all the general constructions available in the category of
abelian groups, e.g., kernels and cokernels of maps, direct sums, etc.,
are also available in the category of sheaves of abelian groups.

4. One can give the definition of sheaves of other kinds of mathematical
structures, e.g., sheaves of rings, sheaves of groups, sheaves of sets,
sheaves of modules over a given ring R.

Theorem 2.7.5. Let A be a commutative ring and let X = Spec(A) with
the Zariski topology. There is a unique sheaf of rings Ox on X with the
properties that

1. For every f € A, Ox(Xy) = Ay.

2. For f,g € A, if X, C Xy, then the restriction map Ox(Xy) —
Ox (Xy) is the localization Ay — Ag.
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Note that the second condition is meaningful: X, C Xy if and only if V(f) C
V(g) if and only if g € \/f. We can write g* = af for some > 1, a € A.
The map Ay — Ay is then b/f¥ — ba”/g"", and one checks that this is
well-defined, i.e., independent of the expression g* = af. This is a sheaf of
local rings in the sense that each stalk Ox , is a local ring: if x = [p] then

Ox o = Ap.

The pair (X, Ox) is an affine scheme. Its construction is functorial in
the ring A: given a ring homomorphism ¢ : A — B there is a morphism
(Y,0y) — (X,Ox), where Y = Spec(B). We have already seen (2.7.1) that
we have a continuous map f : Y — X. There is also a map of sheaves of
rings on X, ¢f : Ox — f.Oy, where the direct image of sheaves is defined
(for any continuous map of topological spaces f : Y — X, and any sheaf F
onY) as

[ F(U) := F(f~'U), for all open U C X,

In fact, ¢* is defined on basic open sets as h/a” — @(h)/p(a)”:
Ay = 0x(Xy) — [.0y(Xq) = Oy (f 7 (Xa)) = Oy (Yip(a)) = Be(a)-

Intuitively we think of ¢f as “pulling back functions on X to functions on
Y along f”. In this way we obtain the category of affine schemes SchAff.

Theorem 2.7.6. The map A — (Spec(A), Ogpec(a)) 45 a contravariant func-
tor. It induces an antiequivalence of categories: Ring®® — SchAff.

The construction of the sheaf Ox from the ring A generalizes as follows:
given any A-module M we define a sheaf M = M which on basic open sets
takes the value M(X,) = M,, the localization of the module M in the set
{1,a,a?,....}. This is a sheaf of Ox-modules in an obvious sense. Sheaves
of this type are called quasi-coherent sheaves.

Theorem 2.7.7. Let X = Spec(A), the map M — M is a covariant func-
tor. It induces an equivalence of categories

Mod 4 — QCohx.

We can summarize this by saying that, in some sense, the theory of
commutative rings and modules is equivalent to the theory of affine scheme
and quasi-coherent sheaves. Often we let Spec(A) mean the scheme attached
to A (the sheaf of rings being understood). For instance if k is a field,
Spec(k) will denote the one-point space Spec(k) = {[0]} together with the
sheaf whose value is just k itself over the unique open set [0].
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Definition 2.7.8. A locally ringed space is a pair (X, Ox) consisting of a
topological space X and a sheaf of rings Ox on X such that each stalk Ox ,
is a local ring (with maximal ideal my ;). A morphism (Y,Oy) — (X, Ox)
is a pair (f,1) where f : Y — X is a continuous map, and ¢ : Ox — f.Oy
is a homomorphism of sheaves of rings on X such that, for all y € Y, the
canonical map ¢y : Ox ¢y) = Oyy is a local homomorphism of local rings.
That is, 1, (mx, f(,)) C My,y. To explicate this last condition, if U runs over
the set of open neighborhoods of f(y), then f~1(U) forms a system of open
neighborhoods of y. We then have maps

_ lig () »
Yy : Ox p(y) =lim Ox (U) ——— lim Oy (f~'U)
U U

canonical
- OY,y

A scheme is a locally ringed space (X, Ox) which has a covering of open
sets each of which is isomorphic to (Spec(A), Ogpec(a))-

In the practice of algebraic geometry, one usually works with a fixed base
field (or base ring) k, and these are “constants”. In the theory of schemes one
accomplishes this by fixing a base scheme S (for instance S = Spec(k)) and
works in the category Schg of schemes over S, which are just schemes X with
a distinguished morphism X — S, and whose morphisms are commutative
diagrams of schemes and morphisms:

X — Y

p e
S

2.8 Grobner Basis Applications

Grobner bases and the Buchberger Algorithm for finding them are funda-
mental notions in algebra. Using Grobner bases, one can perform more
advanced computations in algebraic geometry such as elimination theory
and cohomology.

Since polynomial models are widely used in the sciences and engineer-
ing, Grobner bases have been used to solve problems in many different areas
of mathematics and applied sciences. For example, researchers in optimiza-
tion, coding, robotics, control theory, statistics, molecular biology, and many
other fields. Below, we list a few applications of Grobner Bases in applied
science areas.

e Computer Aided Geometry Design (CAGD) visualization problems for
intersections of curves and surfaces, implicitizations, [Ago05].
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e Kinematic problems in robotics, and generating efficient kinematic so-
lutions for the dynamic simulation of mechanisms, [UM12].

e Integral programming, [CT91].
e Optimization and Code, [BP09].
e Signal and image processing, [LXWO04].

We will discuss three examples in some detail.

2.8.1 Solving Systems of Equations

One of the important applications of Grobner basis is to solve systems of
equations. Suppose we have a linear system of equations, then this system
can be solved by Gaussian elimination. That is to write the linear system of
equations as Mx = 0 where M is the coefficient matrix corresponding to the
system, and then transform M into a row echelon form by elementary row
operations, finally use back-substitution to solve for z1,...,x,. In Gaussian
elimination, we eliminate variables in the linear system in order to work
with a simpler system of equations with same solution set as the original
one. For non-linear systems, we can solve via Grébner basis, a device similar
to Gaussian elimination for a system of nonlinear multivariate polynomials.
The reason behind this application is that is if the ideal I, generated by

polynomials fi,..., f,, in variables x1,...,z,, is zero-dimensional for the
lexicographical order z,, > --- > x1, then the situation is similar to the
linear case. That is the Grobner basis {g1,...,9gs} is such that g; contains

only 1, go contains only x1,xs, and so forth until g;. Therefore, we solve
g1(x1) = 0 for x1, and substitute into gs to solve x4, and so on.

Example 2.8.1. The real numbers z,y and z satisfy the system of equa-
tions:

—r = yz+1
yz—y = zxz+1
2

z"—2z = xy+ 1L

Find all solutions (z,y, z) of the system and determine all possible values of
2y +yz+xz+ x4+ y+ 2z where (z,y, 2) is a solution of the system.

Proof. The solutions are: (—1,—1,—1) and

(1—y¢¢—(3y2—2y—5> , 1—yi¢—(3y2—2y—5>> .

Wl ot

2 ’ 2
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Moreover, zy + yz + zx + x + y + z = 0, when (z,y, z) is a solution of the
system.

To see this, first, a simple computation via Mathematica [Woll5] with
lexicographic order z > y > x gives that

5, —2+4a+ytHyrtz?

—1—y+y° =22+ +y2 422, —y— P +24+22—2
are the Grébner basis for the ideal generated by the polynomials 22 — x —
yz— 1,y —y—xz—1,and 22 — 2z —xy — 1.

Therefore, the solutions to the system of equations:

“1-y+y?—22+y%2+y2 +2° =
—y— P+t R =

2+z+yttyz+2? =

o O

are exactly the solutions to the original problem.
We observe that

3

-+ 2+ -2 =y A+ 2+y— 22— 2y—1y°) =0,

suggests either z —y=0or 1 + 2 +y — 22 — 2y —y?> = 0.
If z—y =0, then z = y and
—1—y+y° 224y 2y +2° = —1-3y+y*+3y° = (1+3y)(y+1)(y—1) = 0.

Hence, y =1,0or y =—1,0or y = —1/3.
Thus, the last equation —2 + x + y? + yz + 22 = 0 implies the solutions
are

(-1,1,1), (-1,-1,-1), (5/3,-1/3,—1/3).
Ifl+z+y—22—2y—y?=0,then 22+ (y—1)z+ (3> —y—1) =0, and

11—yt /-(By2—2y—5)

z )
2

where —1<y<

Wl ot

Since 1+ z +y — 2% — zy — y? = 0 suggests
~1—y+y?—22+9y?2 4yl + B3 =204+ 2+y—92 —yz—2%) =0,
which doesn’t contribute to the solution; but

—24z+yt+yz+2t =242+ +(1+z4+y—y’)=—-1+a+y+2=0
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implies that

l-y+y/-By2-2y-5 1-yF/-(3y>—2y—5)

=1-y—z=1—y— .

Therefore, we have the solutions are

1- By -2 —5) 1-yt/—ByE-2-5
< yF V-0 -2y ), Lo V—(3y* — 2y ))7_1§y§

Wl ot

2 2

Combining the above two cases, the solutions for the given systems of
equations are: (—1,—1,—1) and

1- B —2y—5) l-y+/—(B2-2y—5
( y¢\/(2y y=5  1-y \/(2y y )>,1§y§

W ot

It is easy to check that if (z,y,2) = (—1,—1,—1), then xy + yz + zx +
r+y+z=0.

If(x,y,z): <1_y:’:\/_(3y2_2y_5> v, 1—yﬂ:\/—(3y2—2y—5)>7

2 ’ 2

5
where —1 <y < 3’ then

zy+yzt+ze+rx+y+z = yle+z)+ze+y+(z+2)
= (@+2)y+D+2w+y
I-y)d+y)+zz+y
= 1-y"+ @ —y—1+y
0.

Thus, we conclude zy +yz + 2z +x +y + z = 0, when (z,y, z) is a solution
of the system. |

2.8.2 Orthogonal Projection

Elimination via Grobner basis can also help us solving the problem concern-
ing the orthogonal projection of a rational space curve to a rational surface.
A rational parametrized curve C is defined as the image of

| fit) fo(t)  fa(t)
F(t): R Rt — <f(1](t)’ fz(t)’ fi(t))
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where f;(t) € RJt], polynomials for i = 0,1,2,3. A rational parametrized
surface S is defined as the image of

G(U’U)ZRQ%R3, (uvv)%<91(u,v) gg(u,v) gg(u’v)>

go(u,v)" go(u,v)" go(u,v)

where g;(u,v) € R[u,v], polynomials for i =0, 1,2, 3.
The orthogonal projection of C onto S is defined to be the set H such
that
H = {(u,v,t) € R® | (G(u,v) — F(t)) x N(u,v) = 0}, (2.3)

where N (u,v) is the normal vector of G(u,v). In particular, we can focus
our attention to the two dimensional space and study the set

P ={(u,v) € R? | (u,v,t) € H}, (2.4)

since this set provides the same information in a lower dimension.
Since N (u,v) = Gy(u,v) X Gy(u,v), we must have that

(G(u,v) — F(t)) - Gy(u,v) =0, and (G(u,v) — F(t)) Gy(u,v) = 0;
which can be further simplified as

S°% 1 (gifo — £190)(giug0 — Gigou)

g fo -0
0
S (gifo — fig0) (givgo — gigon) _ -
3 _o.
gofO

Thus we have the following result concerning the orthogonal projection.

Corollary 2.8.2. Given a rational parametrized curve C

| i) f2(t) f3(t)
F(t):R—R t— (f(l)(t)’ fz(t)’ fi(ﬂ)

and a rational parametrized surface S

.2 3 (w.v 91<U7U) gZ(UaU) gg(u,’l))
Gluv) : R = R (w0) = <go<u,v>’ go(u,0)’ go<u,v>>

where fi(t) € R[t], g;(u,v) € Rlu,v] are polynomials for i =0,1,2,3. Fiz a
monomial order with y >t > u > v, and let G be a Grobner basis of the
ideal

3 3
<Z(gif0 — fi90)(giugo — gigou), >_(gifo — fig0)(givgo — gigow), yfogo — 1> :
i=1

i=1
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Then H, the orthogonal projection of C onto S, is the variety of the first
elimination ideal,

H =V(GNR[u,v,t]), moreover, E=V(GNR[u,v]).
Proof. The result follows directly from the elimination theorem. O

Example 2.8.3. Let the space curve C and the surface S be given as

t3 t2 t
t+17t+17t+1)"°
2 2
o - <uv 7 uv ’ U )
u+v u+v u+v

Then by the above result, we obtain

F

GNRu,v] = —u'? 41 — 2u'% — 4ultv + 2u'?v 4 5u80?
—8u?v? — 9ul%? + Tutt? 4+ 10603 — 120803
—11u%0% + 40 + 2ut 0 + 10uSv* — 8uv?
—2ulvt — 14u vt + Tul%?t + 5uPv® — 2u50°
+14u™v® — 30uBv® + Tuv® + ute® + 26100
—26u"v% — 1106808 — 46208 + 2610”7 — 8uSv7
—25u"v" — 14u0” + 14uto® + 20508 — 3ube®
—18u"v® — 4uB® + 3uP0? + 27uP0? — 9ube?
—10u"v? — w30 + 30u*v!? + 3uSv® — 9uSut?
1130 4 o 4 2uP0ll 4 2081t — 4212
—3u30'? + 11u*0'? + 3uP0'? + 600t + 2000
bl 4 3utott + u3v15;

E = V(GNR[u,v]).

Figure 2.8.3 shows the three dimensional space curve and the surface, and
the orthogonal projection image in the plane.

2.8.3 Poncelet’s Algebraic Correspondence

There are many interesting applications using Grobner basis. Here, we
present one topic related to Poncelet’s theorem and relations to certain
kinds of classical invariants.

Let C' and D be two nonsingular projective plane conics. Start from a
point P = Py € C, draw a tangent line / = {3 to D from P and let P, € C
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Figure 2.5: Curve C, surface S, and orthogonal projection

be the other intersection of ¢ and C'. Continue this process with Py replaced
by Pp; we obtain in this way a sequence (P;,¢;) of points of C' and tangent
lines to D: ¢; = P;P;+1. If there is an n such that P, = Py, we say we
have a Poncelet n-gon. Note that this n-gon can be degenerate: if one of
the tangent lines ¢; to D is also tangent to C, then P; = P, 1. Also, if P4
is an intersection of C' and D, then ¢; = ;1. Poncelet’s theorem is that if
one gets an n-gon starting from a general point P € C, then one gets an
n-gon, possibly degenerate, starting from any other point of C'. Cayley gave
a proof of this using the theory of elliptic curves (see [GH78] for a modern
exposition). More generally, any sequence (P;, ¢;), whether it repeats or not,
is called a Poncelet chain.

Let D* C P?* be the dual variety of tangent lines to D. This is also a
conic. Let

E={(P,t)eCxD*:Pel}

the incidence correspondence. Assuming that C' and D meet transversally in
four distinct points, one can show that F is nonsingular, that the projection
m: E — C is two-to-one with four branch points over C'N D, hence it is a
curve of genus 1. For P € C, 7—!(P) are the two tangents to D from P.
Similarly the projection p : E — D* is two-to-one: p~1(£) are the two points
P,Q € C such that £ NC = {P,Q}. If we take O = (Pp,{p) € C x D* such
that Pp is one of the four points C' N D and ¢ is the unique tangent to D
there, then we can take O as the origin for group-law on the elliptic curve
(E,0). Let S = (Pg,ls) € E be the point defined by ¢p N C = {Pp, Ps},
and fg the other tangent line to D through Pg, i.e., other than /. Then
the successive points in a Poncelet chain result from translation by S in the
group-law of E:

(.PZ,&) + (Pg,gs) = (Pi+17£i+1)a addition in F.
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Thus, we have a Poncelet n-gon if and only if S € F is a point of order n, and
Poncelet’s theorem is now clear: starting from any point M = (Pys, fy) € E,
translation n times by S brings you back to M. Remark that we have not
assumed that either C' or D has a K-rational point. In general, we must
enlarge K to so that we can define an origin O for an elliptic curve E.

We define an algebraic correspondence T" on C:
T={(P,Q) € CxC:{=PQ e D" = the set of tangents to D}.

There are two projections 1" — C' each of which is two-to-one and branched
over C' N D. If K is a field of definition of C' and D, the curve T is K-
isomorphic to the curve E, by the map (P, Q) — (P, PQ). The correspon-
dence is symmetric under exchange of P and (). We can view this corre-
spondence as a mulitvalued map C' — C : P +— P; + P, where PP, and PP,
are the two tangents to D from P. More precisely we view 7" as inducing an
endomorphism of the group Div(C') of divisors of C'. From now on, we will
assume that C' contains a K-rational point. As is well-known, this means
that we have an isomorphism of C' with P!. Also it is well-known that we
may choose coordinates in P? such that y = 2 is an affine equation of C.

Lemma 2.8.4. ([Sak10, Ch.2]) Let two conics C, D in P? be defined by
C: y:x2, D: clm2+03xy+02y2+C4x+05y+06 =0,

then the algebraic correspondence T on C' is defined by A(x,z) =0, where

Alz,2) = a12’2® + agwz(x + 2) + az(x + 2)* + agxz + +as(x + 2) + ag,
a1 = —dcieg+ i,
ay = —2(2cocq — c3c35),
as = cg — 4cocg,
ay = —2c3cy — 2cics,
as = 2(cqc5 — 2c3¢4),
ag = cZ —4cyc6.

That is, the line connecting the points (z,x?) and (z,22) is tangent to D
if and only if A(z,z) = 0. The map (c1,...,c6) = (ai,...,a6) is a birational
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transformation P> — P with inverse

At = (a} —4aia6)/2,
Ao = (a3 —4aia3)/2,
Acg = asgayq — 2aias,
ey = agas — 2asag,
Acs = 2aszayq — asas,
Mg = (a} —4azag)/2
A = —8(020421 — c3c405 + clcg — 4cycac + c§c6)

To emphasize dependence on the parameters a;, we write this as A(a,x, z).

Proof. Write the equation for the line connecting (z,22), (z, 2%). Plug this
equation into the equation for D. The tangent condition is that this quadratic
equation should have a double root, or in other words, that its discriminant
should be a square. These conditions lead to the above expressions. The

last assertion can be checked by direct substitution. |
Remark 2.8.5. The birational correspondence between ¢ = (¢q,. .., cs) and
a = (ay,...,as) enables us to describe the Poncelet configurations either

with the a-coordinates, or the c-coordinates.

We can consider the iterates of T = T}, T? = T o T, etc. Notice that
T?P = 2P + T, P, for a correspondence T of degree 2. We define T3 by the
equation T3P = T1T5 P — T P, T by the equation Ty P = T22P —2P. In gen-
eral, TT,, = Ty,+1+T),,—1 is the recursion for n > 2. These are all of degree 2.
One can see that each T}, is defined by an equation A, (z,z) = A(a™, z,z) =
0 where the entries in the vector a(™ are homogeneous polynomials of degree

n?in ai, ..., ag.

Lemma 2.8.6. Let C, D in P? be defined by
C:y=2a? D: c12?+csay+ coy® + cax + c5y + ¢ = 0,

and let Py, ..., P; = Py € C be a Poncelet 7-gon. Then the following are the
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algebraic correspondences on C':

Res (A1 (z,u), A1(z,u),u)

(@,2) ),
(z,2) = 0 is the equation of Ty : Py — {Py, P5}

Res (A1 (z,u), A2(u, 2),u)

(2,2) Ai(z, 2) ’

As(xz,z) = 0 is the equation of Ty : Py — {Ps, Py}
(z,2)
(z,2)

Res (As(z,u), Az (z,u),u)
(x — 2)? 7

= 0 is the equation of Ty : Py — {Ps, Py}.

Therefore, we have a Poncelet 7-gon if and only if A4(x,z) = aAs(x, z) for
a constant c.

Proof. Since the identity correspondence is defined by  — z = 0 and the
composition of correspondences is defined by the resultant expressions, we
see that Ty = T2 —2id is defined by the given expression. Similar arguments
give the expressions for 75 and 7. One has a Poncelet 7-gon if and only if
T3 = T which proves the last claim.

O

Given conics C' and D as above, they define Poncelet 7-gons if and only
if the equation A4(x,z) = aAs(x, z) holds for a constant . This gives a set
of polynomial relations Gj(a1, ..., as,a) = 0 for 1 < j <6 in o and the coef-
ficients ay,as, ..., ag associated to the conic D as in Lemma 2.8.4, namely
the coefficients of 1,z + z, 22, (z + 2)?,z2(z + 2), and 2222, We eliminate
a from these equations by taking the resultants of pairs of these equations
relative to a. These resultants have a GCD, Fx(aq, ..., a¢), a polynomial of
degree 12, 260 monomial terms, with integer coeflicients.

We have proved:

Proposition 2.8.7. Given a pair of conics C', D as above, these give rise
to Poncelet 7-gons if and only if Fr(a1,...,as) = 0, for the coefficients a as
i Lemma 2.8.4.



3. Modules

3.1 Modules

In abstract algebra, the concept of a module over a ring is a generalization
of the notion of vector space over a field, wherein the corresponding scalars
are the elements of an arbitrary ring.

Definition 3.1.1. Let R be a commutative ring. Then M is a module
over R (or an R-module) if M has an operation + of addition and a zero
element 0 so that

1. The operation + is both commutative and associative. That is x+y =
y+zz+(y+z2)=(@x+y)+zforal z,y ze M.

2. Forallz € M,wehave 0+ x=2+0=z.

3. There is an operation of multiplication, that is multiplying elements
of M by elements of the base ring R, so that multiplication distributes
over addition. That is

(ri4re)x = riz+rox, r(v1+mze) = rey+rey, r1,72,7 € R, x,21,29 € M.
4. Finally we assume that if 1 is the unit element of R that z-1 =1-x =z
for all z € M.

Definition 3.1.2. Let M, N be R-modules. A mapping f : M — N is an
R-module homomorphism or R-linear if Vmi,mo,m € M, and Vr € R

f(my +mga) = f(ma) + f(ma), and f(rm) = rf(m).

An endomorphism is an homomorphism from an object to itself.

We see that if R is a field, then an R-module homomorphism is indeed
a linear transformation of vector spaces.

63
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Definition 3.1.3. Moreover, we can consider the set of all R-module ho-
momorphisms from M to N as an R-module. For all m € M and r € R,
define

(f +9)(m) = f(m) +g(m), and (rf)(x) =7 f(m).

We can check this is indeed an R-module, and we denote this module by
Homp(M, N), or just Hom(M, N).

Example 3.1.4. Let M be an R-module, then Hom(R, M) & M by map-
ping f — f(1).

Further more, the homomorphisms s : M’ — M and ¢ : N — N’ induce
R-module homomorphisms:

s': Hom(M, N) — Hom(M’',N), and t': Hom(M, N) — Hom(M, N")

where
s'(f)=fos, and t'(g) =tog.

A submodule of an R-module is defined just as a subspace of a vector
space is defined.

Definition 3.1.5. Let R be a module over the commutative ring R. Then
N C M is a submodule of M if for all z1,z9 € N, and r1,72 € R, we have
rix1 + roxs € N. That is, N is closed under linear combinations where the
scalars are in the base ring R.

Example 3.1.6. If R is a commutative ring, and let M = R, then R is a
module over itself. A subset N of R is a submodule if it is an ideal of R.

Example 3.1.7. Let R be a ring, then the set of n-tuples R™ is an R-module
with the usual operations.

Example 3.1.8. Let F be a field and, V' a vector space over F. Let T :
V — V be a linear map from V to V. We can consider V is a module over
the ring F[z] by the operation

f(x)-v=f(T)v, where f(x)= Zaiwi € Flz], ve V.
=0

Definition 3.1.9. Let M be an R-module, and N a submodule of M. A
factor group M/N as additive commutative group can be made into an R-
module by defining r(m + N) = rm + N for every coset m + N € M/N.
The natural map of M to M/N is a R module homomorphism.
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It is easy to check that given a R-module homomorphism f : M — N,
then the kernel of f, ker(f) = {m € M | f(m) = 0}, is a submodule of
M; the image of f, im(f) = f(M), is a submodule of N; the cokernel of f,
coker(f) = N/im(f), is a quotient module of N.

The operations on modules are similar to the operations on ideals. Let
M be an R-module and let {M;};c; be a family of submodules of M. Then
sum Y M; is the set of all finite sums ) ;. m; for m; € M; with almost all
but finitely many m; # 0. > M; is the smallest submodule of M containing
all the M;. The intersection N;c;M; is also a submodule of M.

The following are known results which we will state as exercises and
leave the reader to complete the proof.

Exercise 3.1.10. 1. If N C M C L are R-modules, then

(L/N)/(M/N) = L/N.

2. If My, Ms are submodules of M, then
(M1 + Ms) /M, = Mg/(Ml N Mg).

Definition 3.1.11. Let M be an R-module and N, P submodules of M.
We define

(N:P)={reR|rPC N}, thisis an ideal in R.

In particular, (0 : M) is the set of all » € R such that rM = 0; this ideal is
called the annihilator of M, denoted by Ann(M). An R-module is faithful
if Ann(M) = 0. If m € M, then we write Ann(m) = {r € R | rm = 0}.

Remark 3.1.12. If I C Ann(M), then M can be considered as an R/I-
module. If Ann(M) = I, then M is a faithful R/I-module.

Definition 3.1.13. Suppose {M;};c; is a family of R-modules. The direct
sum @;c7M; is defined as a set of tuples with i-th entry in M; with only
finitely many non-zeros

BierM; = {(mi)ier | m; € M;}.

The addition and multiplication of the elements are componentwise. The
direct product [],.; M; is defined similar to direct sum without the con-
dition only finitely many non-zeros. In case that [ is a finite set, direct sum
and direct product are the same.
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Definition 3.1.14. A free R-module M is an R-module is of the form
M = @ierM; where M; =2 R as an R-module. A finitely generated free
R-module is isomorphic to R" = @], R, where RO is the zero module.

Let my,...,m, generate M. Define a R-module homomorphism f :
R™ — M by f(r1,...,m) = (rima,...,romy). The readers can prove the
following theorems.

Exercise 3.1.15. 1. M is a finitely generated R-module if and only if
M is isomorphic to a quotient of R™ for some n > 0.

2. Let M be a finitely generated R-module, let I be an ideal of R, and f
be an R-module endomorphism of M such that f(M) C IM. Then f
satisfies and equation of the form

" +af" 4 +a, =0, wherea; € I.

One of the consequence of this result is that if /M = M, then there
exists 7 = 1 (mod I) such that »M = 0. This can be shown by taking the
map f to be the identity map, then the result in the above exercise becomes

ff4af 'y Fa=1+a 4+ +a, =0.

Let r=1+ay + -+ ayp, we see that r = 1 (mod I) and rM = 0. Suppose
the ideal I is contained in the Jacobson radical of R, then r = 1 (mod I)
means that r is a unit in R, thus M = 0. Hence, we have the following
well-known Nakayama’s lemma.

Proposition 3.1.16. (Nakayama’s lemma) Let M be a finitely generated
R-module and I and ideal of R such that I is contained in the Jacobson
radical of R. Then IM = M implies M = 0.

As exercises, one can derive the following corollaries from Nakayama’s
lemma.

Exercise 3.1.17. 1. Let M be a finitely generated R-module, N a sub-
module of M, and ideal I C R is contained in the Jacobson radical of
R. Then M = IM + N wmplies that M = N.

2. Let (R,m) be a local ring, M finitely generated R-module, and let
m; € M fori = 1,...,n whose images in M/mM form a basis of
this vector space. Then m; generate M.
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Let us recall the definition of the ascending chain condition or the maxi-
mal condition: for a partially ordered set (>, <), every increasing sequence
x1 < xo < --- in this set is stationary. This hypothesis is also equivalent to
the statement that every non-empty subset of > has a maximal element.
A module that satisfies the a.c.c. for the set Y of submodules ordered by
inclusions C called Noetherian. On the other hand, if it is ordered by
D, then we say it satisfies the descending chain condition if every sequence
x1 D@xg D -+ in Y is stationary. A module that satisfies d.c.c for submod-
ules is called Artinian.

We see that a polynomial ring K[z] with K a field satisfies the ascending
chain condition on ideals, hence, it is a Noetherian. But the polynomial ring
with infinitely many variables is not Noetherian since ideal chain (r;) C
(x1,22) C -+ does not terminate.

Using the ascending chain condition one can prove the following theorem.

Exercise 3.1.18. M is a Noetherian R-module if and only if every submod-
ule of M 1is finitely generated.

3.2 Exact Sequences and Commutative Diagrams

A chain of modules connected by maps My — My — Mg — --- is called
exact at M; if the kernel of the map M; — M;4; is precisely the image
of the map M; 1 — M,;. This implies, but is stronger than, the condition
that the composite map M;_1 — M; — M;1 is zero. A sequence is called
exact if it is exact at each module which has a map from left and right.
A sequence 0 - M — N is exact if and only if M — N is injective, and
a sequence M — N — 0 is exact if and only if M — N is surjective. A
sequence 0 - M — N — 0 is exact if and only if M = N. For vector spaces
0— Vi — Vo — V3 — 0is exact if and only if Vo =V & V3.

Using the ascending chain condition one can prove the following result.

Exercise 3.2.1. 1. Let

0— N M -2 P50

be an exact sequence of R-modules. Then M is Noetherian (or Ar-
tinian) if and only if N and P are Noetherian (or Artinian).

2. If M; for i = 1,...,n are Noetherian (or Artinian) R-module so is
Di1 M.
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3. If R is a Noetherian (or Artinian) ring, and M is a finitely generated
R-module, then M is Noetherian (or Artinian).

Definition 3.2.2. A diagram of homomorphisms of the form

A%B

ol
c 2> D
is commutative if go f = ¢’ o f'.

Proposition 3.2.3. Let

M 2 M 0
h,l hl h,,l
0 N N L N

be commutative diagram with exact rows and assume that both h' and h" are
isomorphisms. Then h is an tsomorphism.

Proof. We will first show that h is an injective map. Let m € M such
that h(m) = 0. Then h”(g(m)) = ¢ (h(m)) = 0. Since A" is injective,
we must have that g(m) = 0. The exactness of the first row yields that
ker(g) = im(f), and there exists a m’ € M’ such that f(m') = m. Hence
R(f(m')) = f'(W(m’)) = 0. Since both f’ and h’ are injective, this means
that f’ o/ is injective, hence m’ = 0. Thus m = f(m') = 0. Therefore, h is
injective.

Now, we will show that h is surjective. Let n € N. Since h” is surjective,
there exists m” € M"” such that h”(m”) = ¢’(n). Since g is surjective, we
must have that there exists a m € M such that g(m) = m”. Therefore,

g'(n—h(m)) =g'(n) — g'(h(m)) = ¢'(n) — 1" (g(m)) = ¢'(n) — k" (m") = 0.
But the ker(¢’) = im(f’), thus there exists n’ € N’ such that f'(n') =
n—h(m). Since A’ is surjective, there must be a m’ € M’ such that h'(m’) =
W, Thus n = f(n') + h(m) = f/(£(m)) + h(m) = A(f(n')) + h(m) =
h(f(n’) +m), and h is surjective. O

Definition 3.2.4. A short exact sequence
0 M L L 0

splits if there exists a homomorphism h : M — M with the property that
goh is the identity map on M"”. The homomorphism 5 is called a splitting.
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For any modules M, N, the short exact sequence

0 M M, MoN ™, N 0>

where iy (m) = (m,0), 7y (m,n) = n, splits. The converse is true as well.
Proposition 3.2.5. If the short exact sequence

0 — M- P92 N 4

splits, then P = M & N.

Proof. Let the splitting be h : N — P, and define a homomorphism ¢ :
M & N — P be such ¢((m,n)) = f(m) + h(n).

First, ¢(ins(m)) = ¢(m,0) = f(m) + h(0) = f(m), and g(¢((m,n)) =
g(f(m)+h(n)) = g(f(m))+g(h(n)) = 0+g(h(n)) =idn(n) = n = 7n(m,n).
Hence, the commutative diagram with exact rows:

0 M2y MoN T N 0
i | o) i |
0 i P I, N 0.
Hence the map ¢ is an isomorphism. 1

Proposition 3.2.6. Let I,J be two ideals in R such that I + J = R, then
I J=2RPIJ.

Proof. Consider the short exact sequence:
O=INJ—=10J—=1+J—0.
Since I + J = R, this exact sequence becomes
O0—=1J—=1dJ—R—0.
Since R is free, we have that the sequence split, thatis I®&J =2 R 1J. O
Perform diagram chasing, we have the following lemmas.

Lemma 3.2.7. (Four Lemmas)
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1. If the rows in the commutative diagram

B, -",p_1,E

o
B s ' t D' u E

are exact, and m and p are epimorphisms, and q s a monomorphism,
then n is an epimorphism.

2. If the rows in the commutative diagram
At 2,0 D
Lol
A LB 2,0 LD

are exact, and m and p are monomorphisms, and £ is an epimorphism,
then n ts a monomorphism.

Lemma 3.2.8. (Five Lemma) If the rows in the commutative diagram

At . p_9,c_ ", p_I,F

Loel o

are exact, m and p are isomorphisms, £ is an epimorphism, and q is a
monomorphism, then n is also an isomorphism.

In particular, the well-known result named Snake’s Lemma is obtained
by diagram-chasing

Proposition 3.2.9. (Snake’s Lemma) Let

0 M’ M M 0
f g
lh' lh lh"
0 N’ N N 0
Vi g’

be a commutative diagram of R-modules and homomorphisms, with the rows
exact. Then there exists an exact sequence

0 — ker(f’) — ker(f) — ker(f”) — coker(f’) — coker(f) — coker(f”) — 0.
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Use the diagram chasing techniques showed in the previous proofs, please

prove the following theorems.

Exercise 3.2.10. 1. Let

0 — M Lo 2 p7

be a sequence of R-modules and homomorphisms. Then this sequence
1s exact if and only if for all R-module N, the following sequence is
exact:

0 —— Hom(N, M) —— Hom(N, M) —“—s Hom(N, M").

2. Let

M L L m 0

be a sequence of R-modules and homomorphisms. Then this sequence
is exact if and only if for all R-module N, the following sequence is

exact:

0 —— Hom(M",N) —’—s Hom(M,N) —— Hom(M’, N).
Remark 3.2.11. The short exact sequence 0 — M’ — M — M" — 0
does not in general induce a short exact sequence of the Hom(N, %) or the
Hom(*, N). This will be addressed in more detail in the last chapter. For
example 0 - Z — Z — Z/nZ — 0 is an exact sequence where the map Z —
Z is just multiplication by n. If we let N = Z/nZ, then 0 = Hom(N,Z) —
Hom(N,Z/nZ) = Z/nZ is not surjective.

3.3 Projective and Injective Modules

The concept of a projective module over a ring R is a generalization of the
idea of a free module. The usual definition in line with category theory is
the property of lifting that carries over from free to projective modules.

Definition 3.3.1. A module P is projective if and only if for every surjec-
tive module homomorphism f : N - M and every module homomorphism
g: P — M, there exists a homomorphism h : P — N such that foh =g.

Exercise 3.3.2. Fvery free module is projective.

It is not obvious that there exist projective modules which are not free.
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Proposition 3.3.3. A direct sum of modules Py ® P, is projective if and
only if P; fori = 1,2 are both projective. Hence, @,.; P; is projective if and
only if all P;’s are projective.

iel

Proof. First, we assume that P; @ P» is projective, we will show that P;
is projective, and the similar proof will show that P, is projective. Let ¢ :
M — N is a surjective homomorphism, and a homomorphism ~ : P, — N.
We define a map ' : P, & P, — N be such that 2/((p1,p2)) = h(p1). I is
a homomorphism. Moreover, since P; @& P is projective, there exists a map
k: Py & P, — M such that go k = h'. Let k1(p1) = k((p1,0))

g(k1(p1)) = (g 0 k)((p1,0)) = I’ ((p1,0)) = h(p1).

Thus, the map k1 : P — M is such that g o ky = h. By definition, P is
projective.

Now, we assume that P;, P, are projective, we will show that P; & P
is projective. Let g : M — N be a surjective map, and homomorphisms
h:P®P, - N, h : P, -5 N where hi(p1) = h(p1,0) and ha(p2) =
h(0,p2). Since P;’s are projective, there are maps f; : P, — M such that
go fi = h;. Hence, we define f : Py ® P, — M such that f((p1,p2)) =
J((p1,0)+(0,p2)) = fi(p1)+ f2(p2), hence have (go f)((p1,p2)) = 9(f1(p1))+
9(f2(p2)) = hi(p1) + ha(p2) = h((p1,0) + (0,p2)) = h(p1,p2). Thus by
definition, P, @ P» is projective. O

As an exercise, we will leave the reader to prove the following equivalent
statements.

Exercise 3.3.4. If P is a module, then the following are equivalent:
1. P 1is projective;
2. For every short exact sequence

0 ML 5

sequence of R-modules and homomorphisms, the following induced se-
quence of Z-modules is exact.
0 — Hom(P,M") —L Hom(P,M) —L— Hom(P, M") — 0
3. For every surjective homomorphism f : M — P, there exists g : P —

M such that go h = idp. (That is every exact sequence 0 — N —
M — P — 0 splits, i.e., M =2 P& N ).
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4. P is a direct summand in every module of which it is a quotient.

5. P is direct summand in a free module (That is there exists a free
module F, and another module N such that F =< P® N.)

As a consequence of Theorem 3.3.4, we have

Corollary 3.3.5. (Schanuel’s Lemma) If P, P' are projective modules with
P/M = P'/M', then P& M' = P' & M.

Proof. Consider the following commutative diagram (since P is projective,
t exists),

0 M — P P/M —— 0
S 7|
0 M~ P P'/M —— 0,

and the sequence:

B

0 M —=— PaM P’ 0,

where a(m) = (i(m),s(m)) and S(p,q) = t(p) — j(q). Since the diagram
is commutative, B8(a(m)) = ti(m) — js(m) = 0, thus im(«) C ker(3). On
the other hand, ker(8) = {(p,q) | t(p) = j(q),p € P, ¢ € M'}. Again, since
the diagram is commutative there exists a m € M such that p = i(m),
and ¢ = s(m). Therefore, ker(8) € im(«). Thus, the sequence is exact.
Since P’ is projective, by Theorem 3.3.4, the exact sequence splits, and
PeoM =P oM. |

Let P = @,c; Rp; be a free R-module, f : N — M any surjective
homomorphism, and any homomorphism g : P — M. We can prove the
following theorem by definition.

Proposition 3.3.6. A finitely generated projective module M over a Noethe-
rian local Ting R is free.

Proof. Let m be the unique maximal ideal in R. Let my, ..., m, € M so that
m1,..., My, are a basis for the vector space M/mM over the field R/m. Let
[ : R" — M be defined by f(r1,...,rn) = Y iy rim;. Then, M is generated
by m; for i =1,...,n, by Exercise 3.1.17 (2). Thus f is surjective.

Since M is a projective module, R"™ = ker(f) ® M, and ker(f) is finitely
generated, since R is Noetherian. Moreover, the map f induces an isomor-
phism R"/mR"™ = M/mM. Hence ker(f)/mker(f) & M/mM = M/mM.
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The fact that these are finite dimensional vector space over the field R/m
shows that ker(f)/mker(f) = 0. Thus ker(f) = 0 by Nakayama’s Lemma.
Thus, f is injective, hence an isomorphism. Thus M = R" is free. O

Exercise 3.3.7. Fvery exact sequence 0 — A" — A — A” — 0 can be
imbedded in a commutative diagram

0 0 0
0 M’ M M" 0
0 P’ P P’ 0
0 A A A" 0
0 0 0

i which all rows and columns are exact, the middle row splits and consists
of projective modules. In fact, the following are exact sequences

0—-M P A =0, 0=>M —P' = A" =0,

with P' and P" projective.

Definition 3.3.8. Let M be an R-module. A sequence of R-modules and
R-module homomorphisms:

f2 f

P: =P Py Py T M —0

is called a projective resolution of M, if for all ¢+ > 0, P;’s are projec-
tive R-module, and im(f;11) = ker(f;). Any R-module admits a projective
resolution.

Definition 3.3.9. A module @ is injective if and only if for every injective
module homomorphism f : N — M and every module homomorphism
g: N — @, there exists a homomorphism h : M — @ such that ho f = g.

Exercise 3.3.10. The following a equivalent for an R-module Q.

1. Q is injective;
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2. Bvery exact sequence 0 — Q — B — C' — 0 splits, that is B=Z Q& C;

3. Homp(x, Q) is ezact.

Exercise 3.3.11. FEvery ezxact sequence 0 — A — A — A” — 0 can be
imbedded in a commutative diagram

0 0 0

0 A A A" 0

0 Q' Q Q" 0

0 N’ N N 0
0 0 0

in which all rows and columns are exact, the middle row splits and consists
of injective modules. In fact, the following are exact sequences

0-A—=-Q N =0, 04" —=Q"=N'"=0,

with Q" and Q" projective.

3.4 Tensor Product of Modules

Definition 3.4.1. Let M, N, P be three R-modules. A mapping f : M X
N — P is said to be a R-bilinear if for each m € M the mapping n —
f(m,n) of T into P is R-linear, and for each n € N, the mapping m —
f(m,n) of M into P is R-linear.

We can construct an R-module R, namely, the tensor product of M
and N with the property that the R-bilinear mapping M x N — P are in a
natural one-to-one correspondence with the R-linear mappings T — P, for
all R-modules P.

We can summarize this property as the following

Proposition 3.4.2. Let M and N be R-modules. Then there exists a pair
(T, g) consisting of an R-module T and an R-bilinear map g : M X N — T
with the following properties:
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1. Given any R-module P and any R-bilinear map f: M x N — P, there
exists a unique R-linear mapping h : T — P, such that f = hog.

2. If (T,g) and (T,g') are two pairs with this property, then there exists
a unique isomorphism k : T — T' such that kog =g .

Proof. (Existence:) Let B denote the free R-module, and the elements of
B are formal linear combinations of elements of M x N with coefficients in
R, ie., Y i ri(mi,n;) where r; € R, m; € M and n; € N. Let C be a
submodule of B generated by the elements of B of the following form:

(m +m/,n) — (m,n) — (m',n); (m,n+n,)— (m,n) — (m,n);

(am,n) —a(m,n); (m,an) —a(m,n).

Let T = B/C. If (m,n) € B is a basis element of C, then let m ® n be its
image in 7. Then 7T is generated by the elements of the form m ® n, and
we have

(m+m)@n=men+m @n, mon+n)=men+men,

am®@n=m® an = a(mn).

This mapping g : M x N — T defined by g(m,n) = m ® n is R-bilinear.
Any map f of M x N into an R-module P extends by linearity to an
R-module homomorphism h : B — P. If f is R-bilinear, then h vanishes
on all the generators of C'. Hence h is a well-defined R-homomorphism of
T = B/C into P such that h(m ®n) = f(m,n). The mapping h is uniquely
defined by this condition, and the pair (T}, g) satisfies the condition (1).
(Uniqueness) Replace (P, f) by (T",¢') we get a unique map k: T — T’
such that ¢ = ko g. Exchange T and T’, we have k : 7" — T such that
g = k' o g'. Hence the composition k o k" and &’ o k are identities. Thus, we
must have that k is an isomorphism. O

The result of Proposition 3.4.2 can be extend to the situation of My, ..., M,
R-modules.

We need to note that suppose M’ and N’ are submodules of M and NV,
m € M' and n € N'. Then m ® n can be zero in M ® N, but non-zero
in M’ ® N'. For example, let R = Z, M = 7Z, N = Z/27, M’ = 27, and
N =N,then2®1=1®2=0eMN,but2®1#£0ec M' @ N'.

Remark 3.4.3. 1. Let M, N, P be R-modules. Then there exist unique
homomorphisms:
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a MN—->NXMbymen—n®m.

b. (M&N)®P 5> M®(N®P) > M®N®Pby (man)®@p —
menep) —menp;

c. (M&N)®RP — (M®P)®(N®P) by (m®n)®p — (m®p)®(n®p);
d. RO&M — M by r ® m — rm.

2. Let R, S be rings, and let M be an R-module, P an S-module, and
N an (R.S)-module, that is N is simultaneously R-module and S-
module, and r(ns) = (rn)s for all r € R, s € S and n € N. Then
M ®p N is a S-module, and N ®g P an R-module, and we have

(M®rN)®s P=M®pr (N ®g P).

3. Let f: M —- M, g: N — N’ be homomorphisms of R-modules.
Define h : MxN — M'@N’ by f(m,n) = f(m)®g(n). his R-bilinear,
and induces an R-module homomorphism: f®¢g: M x N — M'® N’
such that (f ® g)(m,n) = f(m) @ g(n) for all m € M and n € N.
Moreover, if f': M’ — M"” and ¢’ : N’ — N" are homomorphisms of
R-modules. Then ((f'o f)®(g'0g))(m@n) = ((f'®g')o(f@g))(m@n)
foralmo@ne M ® N.

Let f : R — S be a ring homomorphism, and N a S-module. Then
N has an R-module structure defined by r € R, n € N, and rn is defined
to be f(r)n. This R-module structure is obtained from N by restriction of
scalars. In this way, f defines an R-module structure on S.

Hence, if ny,...,n, generate N over S, and let si,...,s, generate S
as an R-module. Then the product n;s; for i = 1,...,pand j = 1,...¢
generate N over R. Therefore, we have the following result:

Proposition 3.4.4. Suppose N is finitely generated as a S-module, and
S is finitely generated as an R-module, then N is finitely generated as an
R-module.

On the other hand, if M is an R-module, and we can consider S as an
R-module, thus we can form an R-module Mg = S ® M, where Mg carries
a S-module structure such that s(s’ @ m) = ss’ @ m for all s, € S and
m € M. The S-module structure of Mg is obtained from M by extension
of scalars.

Hence, if mq,...,m, generate M over R, then the elements 1 ® m; gen-
erate M over S. Thus, we have the following result:
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Proposition 3.4.5. If M is finitely generated as an R-module, then Mg is
finitely generated as a S-module.

Let f : M x N — P be an R-bilinear mapping, then f gives rise
to an R-linear mapping M — Hom(N, P) since for each m € M, the
mapping n € N — f(m,n) € P is R-linear, and on the other hand,
every R-homomorphism ¢ : M — Hompg(N, P) defines a bilinear map
(m,n) € M x N — ¢(m)(n) € P. Hence the set of R-bilinear mapping
M x N — P is one-to-one correspondence with Hom(M ® N, P) by the
property of the tensor product, hence there is an isomorphism

Hom(M ® N, P) = Hom(M, Hom(N, P)).

Use the above property, and the condition that M’ — M — M"” — 0 is an
exact if and only if

0 — Hom(M"”,Hom(N, P)) — Hom(M, Hom(N, P)) — Hom(M', Hom(N, P))
is exact, we can show

Exercise 3.4.6. Let

ML L m 0
be an exact sequence of R-modules and homomorphisms, and let N be an
R-module. Then the following sequence is exact:

MeoN L2 voN 224 Mo N —— 0.

Note, in general, tensor does not preserve the exactness, that is it is not
true that if M’ — M — M" is an exact sequence then M'Q N - M@ N —
M" ® N is exact. If Ty : M — M ® N preserves the exact sequence, then
N is called flat R-module. In the following section, we will discuss about
the flat modules.

3.5 Flatness

Definition 3.5.1. Let R be a ring, and M an R-module. We let C, be a
sequence
Co: =N NN — ...

of R-modules and R-module homomorphisms, we let Ce @z M, or simply
Ce ® M be the induced sequence

Co@M: - 3NOIM-3NQM->N'QM—---.
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Then M is flat over R or R flat if for every exact sequence C,, the sequence
Ce ®r M is again exact. Moreover, we call M is faithfully flat if for every
sequence C,, we have

C,isexact <« (C,®p M is exact.

Exercise 3.5.2. The following are equivalent for an R-module N :
1. N is flat.

2. If0 - M — M — M" — 0 is an exvact sequence of R-modules, then
the tensor sequence 0 - M' @ N - M @ N — M" @ N — 0 is exact.

3. If f: M’ — M 1is injective, then f@1: M'Q N — M ® N is injective.

4. If f + M — M is injective and M', M are finitely generated, then
fR1: M ®N — M® N is injective.

Definition 3.5.3. If f: R — S is a homomorphism of rings and S is flat as
an R-module, we say f is flat homomorphism, or S is a flat R-algebra.

Due to the tensor product property (Coe @p S)®s M = Ce @p M for any
sequence of R-module, we have the following results of “Transitivity”: Let
S be an R-algebra, and M a S-module. Then the following holds:

1. If S is flat over R, and M is flat over S, then M is flat over R.

2. If S is faithfully flat over R, and M is faithfully flat over S, then M
is faithfully flat over R.

3. If M is faithfully flat over both R and S, then §' is faithfully flat over
R.

Furthermore, due to the fact that Ce ®g (S ®@p M) = Ce @ M, we have
the following results of “Changing of coeflicient ring”:

1. If M is flat over R, then M ®p S is flat over S.
2. If M is faithfully flat over R, then M ®p S is faithfully flat over S.

Exercise 3.5.4. Let R be a ring and M be an R-module. Then the following
are equivalent:

1. M is faithfully flat over R;
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2. M is R-flat, and N @ r M # 0 for any non-zero R-module N ;
3. M is R-flat, and mM # M for every mazimal ideal m in R.

Exercise 3.5.5. 1. Let R be a ring, M a flat R-module, and N', N" two
submodules of an R-module N. Then as submodules of N @ M, we
have

(NNNN"YoM = (N'@ M)N(N"® M).

2. Let R — S be a flat ring homomorphism, and let I,J be ideals of R.
Then

(INJ)S=1SnJSs.
3. If in addition J is finitely generated, then
(I:J)S=15:JS.
Exercise 3.5.6. Let f: R — S be a faithfully flat ring homomorphism.

1. For any R-module M, the map M — M ®pr S defined by m - m ® 1
is injective; in particular, f : R — S is injective.

2. If I is an ideal of R, then ISN R =1.

3.6 Localization

In algebraic geometry, the localization of a module is a construction to intro-
duce denominators in a module for a ring. More precisely, it is a systematic
way to construct a new module S~!M out of a given module M containing
algebraic fractions 7 where s € S C R.

The technique of localization has become fundamental, particularly in
algebraic geometry, as the link between modules and sheaf theory. Local-
ization of a module generalizes localization of a ring.

If S is a multiplicatively closed set of a ring R, and M is an R-module,
we call S™'M the localization of M with respect to S. This S™'M is
a S7!R module with the obvious addition and scalar multiplication. If
S = R\ p is the complement of a prime ideal p, then we write M, =
S™IM, and if S = {f"},>0, then we write M; = S™'M. S~!R-module
homomorphism S~'g : S~'M — S~!N which maps S~'g(m/s) = g(m)/s,
moreover, S~1(gog') = (S7tg) o (S71¢).
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Proposition 3.6.1. The operation S~' is exact, that is, if

V(N R Y

is exact at M, then

s S, g1 S0, g
is exact at STIM.

Proof. We first see that im(S—1f) C ker(S~1g), since go f = 0 implies that
S~Hgo f)=(S"1g)o(S71f)=0.

To prove the other inclusion, let m/s € ker(S~1g), then g(m)/s = 0
in S~'M, thus there exists a ¢t € S such that tg(m) = 0 in M”. But
since ¢ is a ring homomorphism, tg(m) = g(tm) = 0, which suggests that
tm € ker(g) = im(f). Hence tm = f(m/) for some m’ € M’, and in S~ M,
we have m/s = f(m')/(st) = (S71f)(m'/(st)) € im(S~1f). Therefore,
ker(S7lg) Cim(S71f). O

Use the property that localization preserves the exactness, we can show
the following;:

Exercise 3.6.2. If M is a finitely generated module over a Noetherian ring
R, then every R-module N and multiplicatively closed set S, the map

S~ 'Homp(M,N) — Homp(S™ M, S™IN), is an isomorphism.

This result suggests that if M’ is a submodule of M, then M’ — M is
injective, and S™'M’ — S~1M is injective, thus S™'M’ is a submodule of
S~IM. Hence, if N, P are submodules of an R-module M, then

1. 7Y (N e P)=S"(N)e S I(P);
2. SN NP)=SLN)nS(P);
3. STYM/N) =S Y(M)/S7L(N) as a S~' R-modules.

Proposition 3.6.3. Let M be an R-module. Then the S™'R-modules S™'M
and STYR ® M are isomorphic. That is there exists a unique isomorphism

f:STTROM — S™'M, f((r/s)®@m)=rm/s, Yr € R,me M, s € S.

Thus S™'R is a flat R-module.
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Proof. The mapping
SR x M — S7'M defined by (r/s,m) — rm/s

is R-bilinear, and then by the universal property of the tensor product, we
have an R-homomorphism

f:ST'RRrM — S™'M, f((r/s)®@m)=rm/s, Vr € R,m € M, s € S.

It is clear that f is surjective, and uniquely defined.
To show f is injective, let >_.(r;/s;) @ m; € ST'R@ M, s =[], si € S,
and t; = Hj# s; € S, we have that

Z<T1/S’) Q@ m; = Z(ntl)/s @ m; = Z ]./S R rit;m; = 1/8 ® Zn—tz—mi.
% 7 % 7

Let m = ), rit;m;, then one obtains 1/s ® m. Suppose f((1/s) ® m) = 0,
then m/s =0, and tm = 0 for some ¢t € S. Thus

1/s@m=t/(st)@m=1/(st) @tm =1/(st) @0 =0.

f is injective. Therefore, f is an isomorphism. And by definition, S~'M is
a flat R-module. O

Now, if we replace M by M ® N, the there is a unique isomorphism
f:STTRO(M@N)=S"'"M®g15S'N - S~ }{(M ® N), and hence, as
a consequence of this result, we have

Exercise 3.6.4. If M and N are R-modules, and S is multiplicative set,
then

1. Homg-1(S7tM,S7IN) = Homg(S~1M,S7IN) = Hompg(M,S~IN).

2. STIM ®g- 15 STIN=S"M®r S™IN.

3.7 Local Property

Definition 3.7.1. A property P of a ring R or an R-module M is said to
be a local property if the following is true: R or M has P if and only if
Ry or M, has P for each prime ideal p C R.

Proposition 3.7.2. Let M be an R-module. Then the following are equiv-
alent.
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1. M =0;
2. My, =0 for all prime ideals p C R;
3. My =0 for all mazimal ideals m C R.

Proof. The implication of 1. to 2. to 3. are clear. We will show that 3.
implies 1.

Suppose that M # 0. Let I = Ann(m) for some 0 # m € M, where
I C R is an ideal and is contained in some maximal ideal m. Consider
m/1 € My = 0, that means there exists a € R\ m such that am = 0, but
this means that a € I C m which is impossible. Thus, M = 0. ]

Since localization preserves the exactness, we can show

Exercise 3.7.3. Let ¢ : M — N be an R-module homomorphism. Then the
following are equivalent:

1. ¢ is injective (or surjective);
2. ¢y : My — Ny s injective (or surjective) for all prime ideals p C R;

3. ¢m : My — Ny is injective (or surjective) for all mazimal ideals m C

R.

We need to note that in general M, = Ny, for all maximal ideals m does
not imply that M = N.

Proposition 3.7.4. (Chinese Remainder Theorem) Let Iy, ..., I, be ideals
in a commutative ring with identity R such that I; + I; = R for all i # j.
Let M be an R-module. Then

M M
Proof. For each k, there is a map ALM — m’
M — P M This is easily seen to be injective, and we will sho
. — is i ily seen injective, and we wi

NLM =1L TM Y JECHVE, WiT show
that this is an isomorphism, by localizing at every prime ideal of R. For
each prime p, there is a unique index k such that p D I, but I; Z py for
i # k. This follows from the condition I; 4+ I; = R for all i # j. Moreover,
for each k, we can find a prime p; which contains I. Thus,

and thus there is a map
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<M> M, Q(M) _(éM)
M)y, — Ty, \IM ), — \ T )

Since localization preserves exactness, we have

M Qé M
NEM N LM

Thus,

O

Again, since localization preserves the exactness, the flat property is also
a local property.

Exercise 3.7.5. For any R-module M, the following are equivalent:
1. M 1is a flat R-module;
2. M, is a flat Ry-module for all prime ideals p C R;
8. My is a flat Ry-module for all maximal ideals m C R.

Proposition 3.7.6. A finitely generated module M over a Noetherian ring
R is projective if and only if My is a free R, module for all prime ideals p.

Proof. (=) M is a projective module, hence M is the direct summand of
a free module. The localization of projective R-module at p is a projective
module over R,. Thus it is free.

(<) Let M be finitely generated R-module, and M, is a free R, module
for all prime ideals p in R. To show that M is projective, we will show that
every surjective map f : X — Y, the induced map f’ : Homg(M, X) —
Homp(M,Y) is surjective. By 3.7.3, we only need to show that for all
maximal ideals m, the map f : (Homgr(M,X))m — (Hompg(M,Y))n is
surjective. Since M is finitely generated, we have the following commutative
diagram

(Homp(M, X))m —— (Hompg(M,Y))n

E

Homp, (My, Xm) —— Homp, (My,Yn) —— 0

1%

where the vertical map are isomorphic, and the bottom map is surjective
since My, is projective Ry-module. Thus, the top map is a surjective map.
Hence M is a projective module. O
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Definition 3.7.7. An R-module M is finitely presented if it is finitely
generated and the kernel of the surjection from some finitely generated free
module onto M is finitely generated.

Proposition 3.7.8. Let R be a commutative ring, and P a finitely presented
R-module. Then P is projective if and only if P, is projective for all prime
ideals p C R, and this holds if and only if Py is projective for all mazximal
ideal m in R.

Proof. Let 0 > K — R™ — P — 0 be a short exact sequence with K finitely
generated. P is projective if and only if Hompg(P, R") — Hompg(P, P) is
onto. By the property of localization, this map is onto if and only if it
is onto after localization at all prime ideals or all maximal ideals. Since
P is finitely presented, for any multiplicatively closed set S C R, we have
S~ Homp(P, *)) = Homg-1z(S71P,S71x). Therefore, we have proved the
claim. [

3.8 Associated Primes

For modules over a commutative ring, we are interested in the concepts of
annihilators of an element, and the set of associated primes.

Definition 3.8.1. Let M be an R-module, and m € M, we define
Ann(m) ={r € R | rm = 0},

Amm(M)={reR|Vme M,rm =0} = ﬂ Ann(m),
meM

where Ann(m) is the annihilator of m € M, and Ann(M) is the annihilator
of M.

Lemma 3.8.2. Let m € M, and p C R a prime ideal. Then 0 # m/1 € M,
if and only if Ann(m) C p.

Proof. Suppose m/1 = 0 if and only if there exists » € R\ p such that
rm = 0 if and only if » € Ann(m) if and only if Ann(m) ¢ p. O

Definition 3.8.3. A prime ideal p is called an associated prime for M if
there exists m € M such that p = Ann(m). We write Ass(M) for the set of
associated primes of M. Ass(M) = {p | p = Ann(m) for some m € M}. A
prime ideal p € Ass(M) is called a embedded prime if p is not a minimal
element in Ass(M).
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Remark 3.8.4. If p € Ass(M), then there exists a m € M such that
p = Ann(m), not just p O Ann(m).

Example 3.8.5. Consider R = Kz,y|, and M = K[z,y]/(z% xy). Then
the ideal (z) and (x,y) both belong to Ass(M), but (z,y) is an embedded
prime since we have a chain (z) C (z,y).

Definition 3.8.6. A module is called a cyclic module if it is generated
by one element.

Lemma 3.8.7. A prime p is an associated prime for M if and only if M
contains a submodule isomorphic to R/p.

Proof. Let m € M, if p = Ann(m), then R/p = Rm where Rm is a cyclic
submodule of M. O

Lemma 3.8.8. If p is a prime ideal, then Ass(R/p) = {p}.

Proof. Tt is obvious that p € Ass(R/p). We only need to show there is no
other associated primes. Suppose q € Ass(R/p), then R/p would contain a
submodule N, and by previous lemma, we have N = R/q, and N is cyclic.
This means that N is a principal ideal in the integral domain R/p. Hence
R/p = N, and q = Ann(N) = Ann(R/p) = p. O

We also recall that a module M over an integral domain R is torsion
if for every m € M, there exists 0 # r € R such that rm = 0; and M is
torsion free if no non-trivial submodule of M is torsion. Moreover, when
Ann(M) = 0, the module M is faithful.

Lemma 3.8.9. Let M be a non-trivial module over a Noetherian integral
domain R. Then

1. M is torsion if and only if 0 & Ass(M).
2. M is torsion free if and only if Ass(M) = {0}.

Proof. (1.) M is torsion if and only if for every m € M there exists 0 #r € R
such that rm = 0, i.e. 0 # Ann(m).
(2.) M is torsion free if and only if every 0 # m € M, (0) = Ann(m). O

Lemma 3.8.10. Let M be a module over a commutative Noetherian ring
R, and 0 £ m € M. Let S be a multiplicative closed set in R such that
SN Ann(m) =0. Then there exists p € Ass(M) such that Ann(m) C p and
SNp=10. In fact, if q is any prime ideal such that Ann(m) C q, then there
exists p € Ass(M) with Ann(m) Cp Cq.
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Proof. Since Ann(m) # R, then by Zorn’s Lemma, there exists an ideal q
which is the maximal element with respect to the inclusion Ann(m) C g
and SNq = 0. We claim such an ideal q is prime. Let r,s & q, then
SN ((r)+4q) #0and SN ((s)+q) # 0 by the maximality of q. Thus, there
exist elements rr; + g1 and sry + g9 in S with 7, € R and ¢; € q. Then
(rr14q1)(sr2+q2) = rsrire +1r1g2 + 8121 + 192 € S. But since SNq = 0,
we must have that rsrirg & q. Thus r179 € q. Thus g must be a prime ideal.

Now, let ¢ O Ann(m) be a prime ideal. Since R is Noetherian, among
the ideals p such that p C q, and p = Ann(rm) for r € R and rm # 0,
there exists a maximal ideal which has such a property. Let p be such an
ideal. Ann(m) C Ann(rm) = p. We claim that p is a prime. Suppose if
rire € p, and 79 & p, then rorm # 0, and p C p + (r1) C Ann(rerm) C q.
By the maximality of p, we must have that p + (r;) = p, that is 1 €
p. Therefore, p is a prime. Since p = Ann(rm), p € Ass(M) such that
Ann(m) € Ann(rm) =p C q. O

Lemma 3.8.11. If R is Noetherian ring, then Ass(M) = (0 if and only if
M =0.

Proof. 1t is clear that if M = 0, then Ass(M) = (. Thus, we only need
to prove the other direction of the implication. Assume that M # 0, let
0 # m € M, then there exists p 2 Ann(m), hence Ass(M) # 0. O

Therefore, over a Noetherian ring to check whether a module is trivial
or not, we only need to check whether there is a associated primes or not.

Proposition 3.8.12. If m € M, then m = 0 if and only if m/1 =0 € M,
for all prime ideals p € Ass(M).

Proof. 1f 0 #m € M, then there exists a prime ideal p € Ass(M) such that
Ann(m) C p, and hence 0 # m/1 € M,. O

Definition 3.8.13. The support of an R-module M is the set of primes
such that M, # 0, that is,

Supp(M) = {p | M, # 0}.
Remark 3.8.14. The definition and the property of localization imply:
1. M, = 0 for all primes p if and only if M = 0 if and only if Supp(M) = 0.
2. Suppg-1pST'M = {pST'R | p € Supp(M), pN S = 0};
3. Assg1pSTIM = {pSTIR | p € Ass(M), pn S =0};
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4. AsspS™IM = {p | p € Ass(M), pN S = 0}.
Proposition 3.8.15. If M is finitely generated, then
Supp(M) = {p | p is prime and p 2 Ann(M)}.

Proof. First, if Ann(M) ¢ p, then there exists an 7 € R\p such that rM = 0,
thus M, = 0. By the definition of support, we have that p & Supp(M).
Now, since M is finitely generated, let mq,...,m, be the generators of
M. Let p be a prime ideal such that Ann(M) = N_,;Ann(m;) C p. Since
p is prime, by Prime Avoidance Theorem, we must have that Ann(m;) C p
for some i. Thus for all » € R\ p, we must have that » ¢ Ann(m;), and
hence rm; # 0. Thus, 0 # rm;/1 € M,, and M, # 0. By definition,
p € Supp(M). O]

Proposition 3.8.16. If M is finitely generated R-module andp € Supp(M),
then pM # M.

Proof. If pM = M, then localization yields pM, = M,. Consider M as an
Ry,-module, by Nakayama’s Lemma, M, = 0, thus p ¢ Supp(M). |

Corollary 3.8.17. Ass(M) C Supp(M). On the other hand, if ¢ € Supp(M),
then there exists a p € Ass(M) such that p C q. Moreover, if Ass(M) con-
sists of mazximal ideals, the Supp(M) = Ass(M).

Proof. To prove Ass(M) C Supp(M), we let p € Ass(M), then M contains a
submodule N such that N =2 R/p. Thus 0 # N, C M,, hence p € Supp(M).
To prove the second claim, we let q € Supp(M), then My # 0, hence
there exists m € M such that 0 # m/1 € M,. Thus, by Lemma 3.8.10,
there exists p € Ass(M) such that Ann(m) Cp C q.
The last claim follows directly from the second claim since p € Ass(M)
is the maximal ideal, hence p = q for each q € Supp(M). O

Proposition 3.8.18. If N C M is a submodule of an R-module M, then
Ass(N) C Ass(M) C Ass(N) U Ass(M/N).

Proof. Let p € Ass(N), then p = Ann(n) for some n € N C M, hence

p € Ass(M).
Now let p € Ass(M) \ Ass(IV), then there exists m € M \ N, such that
0#m € M/N and p = Ann(m) € Ass(M/N). O

Proposition 3.8.19. If M is finitely generated module over a commutative
Noetherian ring, then Ass(M) is a finite set. (In general, Supp(M) is not

finite.)
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Proof. M is finitely generated over Noetherian ring, then M is Noetherian,
hence there exists a submodule N of M maximal with respect to the property
that Ass(V) is finite. We know that NV # 0, since for each p € Ass(M), there
exists a submodule of M which is isomorphic to R/p with Ass(R/p) = {p}.
Now, we repeat this process to the module M/N. Thus, there is a submodule
P/N of M/N such that the Ass(P/N) is finite. By Proposition 3.8.18, we
have that Ass(P) C Ass(N)UAss(P/N), but this contradicts the maximality
of Ass(N). Hence, N = M, and Ass(M) is finite. O

3.9 Primary Decomposition of Modules

We studied primary ideals, the concepts can be generalized to modules.
Definition 3.9.1. A module M is p-primary if Ass(M) = {p}.

Proposition 3.9.2. 1. If p is a mazimal ideal, then for all n > 0O the
cyclic module R/p™ is p-primary.

2. If p is minimal in Ass(M), then M, is p-primary.

3. Let R be a Noetherian ring, M an R-module, and p a prime ideal.
Then M s p-primary if and only if the natural map f : M — M, is
one-to-one, and for all m € M there exists k > 1 such that pFm = 0.

Proof. (1.) Let g be a prime, then q € Supp(R/p™) if and only if p™ C q.
Since q is prime and p is maximal ideal, we must have that p C q C p. Thus
p = q. Thus Supp(R/p™) = {p}. Moreover, ) # Ass(R/p"™) C Supp(R/p"),
we must have that Ass(R/p™) = {p}, and R/p™ is p-primary.

(2.) Since Ass(M,) = {q € Ass(M) | q C p}. By minimality of p, we
must have that Ass(M,) = {p}, hence M, is p-primary.

(3.) Suppose M is p-primary, then Ass(M) = {p}. If 0 = f(m) € M,
then rm = 0 for some r ¢ p, which shows that Ann(m) is not contained
in the only associated prime p. This is impossible unless m = 0, so f is
injective. Now let r € p, and let S = {r¥ | k > 1}. Since Ass(S™!M) =
{p|p e Ass(M),pNS = 0}, we must have that p & Ass(S™'M), hence
Ass(S7'M) = (. This in turn shows that S~!M = 0, which means that for
each m € M there exists ¥ € S such that r*m = 0 for some k > 1.

Now, suppose that f : M — M, is one-to-one. By Proposition 3.8.18,
we have that Ass(M) C Ass(M,). It is suffices to show that Ass(M,) = {p}.
Without loss of generality, we assume M = M,. Let q € Ass(M), then
q C p and q = Ann(m) for some 0 # m € M. By the given condition,
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p¥ C Ann(m) = q C p. since p is a prime, we must have that p = q. Thus
M is p-primary. (|

Definition 3.9.3. We call r € R such that 7m = 0 for some 0 #m € M a
zero divisor on M.

Proposition 3.9.4. If R is Noetherian, then |J{p | p € Ass(M)} is the set
of elements in M which are zero divisors.

Proof. Let Z C R be the set of zero divisors on M. It is obvious that
U{p | p € Ass(M)} C Z. We only need to show the other inclusion. Let
r € Z, then rm = 0 for some 0 # m € M, then r € Ann(m) C p for some
p € Ass(M). O]

Definition 3.9.5. Let R be a Noetherian ring and M a finitely generated
R-module. A submodule N C M is said to be primary if N # M and
whenever r € R, m € M \ N, and rm € N, then there exists a positive
integer such that r"M C N.

Lemma 3.9.6. Let N C M be a primary submodule, then /N :p M is a
prime ideal.

Proof. Let r,s € R such that rs € VN :g M, but s ¢ /N :p M. Then
there exists a positive integer n such that (rs)"M = r*(s"M) C N. Since
s"M C N, then there exists am € M such that s"m € M\N,and r"M C N
since N is primary in M. Thusr € VN :g M. O

Definition 3.9.7. Let N C M be a primary submodule. Then N is p-
primary where p is the prime ideal p = /N :p M.

Lemma 3.9.8. Let R be a ring, p a prime ideal in R, M an R-module, and
N a p-primary submodule of M. Then N :p M is a p-primary ideal.

Proof. Let I = N :g M. Then VI = p. Let r,s € R such that rs € I
and s ¢ p. We need to show that r € I. Because p is a prime, we see
that r € p. Thus for a positive integer n, " € I. Choose n to be smallest
possible with this property: therefore r"~'M C N. There exists m € M
such that r"~Im ¢ N. Suppose n > 1, then because rs € I, sr" Im e N
and therefore s*M C N for some ¢ since N is primary to M. This means
that s € I C p, hence s € p. This contradicts the assumption that s ¢ p.
Therefore, n = 1, hence r € p, and p is prime ideal. [l

Lemma 3.9.9. The intersection of any two p-primary submodule of M 1is
p-primary.
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Proof. Let N, P be two p-primary submodules of M, then p = /N :g M =
VP :r M. We will show that p = /(NN P):g M.

Let r € p, and m € M \ (N N P) such that rm € N N P. Then there
exist two positive integers a,b such that r*AM C N and M C P, we let
¢ = max{a, b}, then M C (NN P). Thusr € \/(NNP):g M.

On the other hand, /(NN P):g M C /N :g MN+/P :g M = p. Thus

we proved both sides of inclusion. O

Definition 3.9.10. Let R be a ring, M an R-module and N a submodule.
A primary decomposition of N is to write

N =N;NNyN---NNg, where N;’s are primary in M.

In Noetherian ring, every ideal has a primary decomposition, similarly,
every module also has a primary decomposition.

Theorem 3.9.11. Let R be a Noetherian ring, and M a finitely generated
R-module. Then every proper submodule N of M has a primary decompo-
sition.

Definition 3.9.12. A primary decomposition N = N?_; N; of a submodule
N of M is irredundant or minimal if the prime ideals /N; :rp M are
distinct for 7 = 1,...,n, and for all j =1,...n, N # N;%;N;.

For minimal decompositions, the primes of the primary modules are
uniquely determined: they are the associated primes of M/N. Moreover the
primary submodules associated to the minimal or isolated associated primes
(those not containing any other associated primes) are also unique. However
the primary submodules associated to the non-minimal associated primes,
called embedded primes for geometric reasons need not be unique.

Example 3.9.13. Let N = R = K[z, y| for some field K, and let M be the
ideal (zy,y?). Then M has two different minimal primary decompositions

M = (y) N (z,y%) = W) N (o +y,97).
The minimal prime is (y) and the embedded prime is (z,y).

Minimal primes are important. We note that Ass(M/N) contains all
primes minimal over Ann(M/N). Hence, to compute Ass(M/N), we only
need to compute the minimal primes of Ann(M/N), but it is not obvious
that the minimal primes of M/N and Ann(M/N) coincide. As an exercise,
one can show the following.
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Exercise 3.9.14.
min(Ass(M/N)) = min(Ass(Ann(M/N))) = min(Ass(R/Ann(M/N))).

Similar to ideals, the modules have irredundant primary decomposition
as well. This can be done once the decomposition is written, one can remove
the component which does not satisfy the conditions one a time. Repeat the
process, we obtain an irredundant primary decomposition. Hence, we have
the following property.

Proposition 3.9.15. Let R be a ring, M be an R-module and N a submod-
ule of M. If N has a primary decomposition, then N has an irredundant
primary decomposition.

3.10 Modules of Finite Length

Definition 3.10.1. A module is called a simple module if there is no
submodule except zero and itself. Let R be a Noetherian commutative ring,
and M an R-module. We say that M has finite length if and only if it has
a composition series

0=MyC M C--- C My =M, where M;/M;_1 is a simple module.

The length of the chain is k, the number of links. A composition series is
a maximal chain, i.e., length is the maximal.

Proposition 3.10.2. Suppose that M has a composition series of length n.
Then every composition series of M has length n, and every chain in M can
be extended to a composition series.

Proof. Let (M) denote the least length of a composition series of a module
M. £(M) = oo means that M has no composition series.

If N C M, then {(N) < £(M). Let (M;) be a composition series of M
of minimum length, and let N; = N N M;. Since N;/N;_1 C M;/M;_1 and
the latter is a simple module, we have either N;/N;_1 = M;/M;_1 or zero.
Hence, we can remove the repeated terms and obtain a composition series
of N, thus £(N) < ¢(M). If (N) = ¢(M), then N;/N;_1 = M;/M;_, for
each i, hence N; = M;.

Any chain in M has length at most £(M). Let 0 = My C M7 C My --- C
My, = M, then we have that ¢(M) > ¢(My_1) > -+ > £(My) = 0. Thus
M) > k.
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Consider any composition series of M. If it has length k, then k < ¢(M),
hence k = £(M). Hence all composition series have the same length.

For any chain, if its length is ¢(M), then it must be a composition series;
if it length < ¢(M), then it is not a composition series, hence we may insert
links to obtain a maximal link. |

Proposition 3.10.3. M has a composition series if and only if M is both
Artinian and Noetherian.

Proof. If M has a composition series, then the maximal chain is bounded,
hence M satisfies both a.c.c. and d.c.c.. Thus M is both Noetherian and
Artinian.

On the other hand, we will construct a composition series. Let M = My,
and it has a maximal submodule M = My 2 Mj, and so on. Thus we have

a strictly decreasing sequence M = My 2 My 2 ---, since M is Artinian,
the chain stationary, that is, there exists M} such that M = My 2 M; 2
-+ 2 My, this is the composition series. |

Remark 3.10.4. A module is of finite length if it satisfies both the a.c.c
and d.c.c. The finite length of the module is denoted by ¢(M), which is the
length of any composition series. Jordan-Holder Theorem asserts that the
length of a module M is independent of the particular composition.

Proposition 3.10.5. Let R be a ring in which (0) = my---m, where m;
fori=1,...,n, are maximal ideals. Then R is Noetherian if and only if R
is Artinian.

Proof. The chain R D m; D mymg D --- D my---m, = 0, hence this chain
satisfies both a.c.c. and d.c.c.. Moreover Hle m;/ Hfill m; is a vector space
over the field R/my.1. Hence, the a.c.c. if and only if d.c.c. for each of the

factors, which in turn for the ring R. O

Theorem 3.10.6. Let R be a Noetherian ring, and M an R-module such
that all the associated primes of M are mazimal, then Ass(M) = Supp(M),
and for each p € Ass(M), the canonical map M — M, is surjective and
M, is isomorphic to the p-primary component of M, i.e., {m € M | pFm =
0, for some k > 1}. Furthermore, M is the direct sum of its p-primary
components.

Proof. By Proposition 3.7.3, we only need to show that My — (Mp)y is
surjective for every maximal ideal m. But since p is maximal, if p # m, then
m & Ass(M,) = Supp(My), so (My)m = 0, so My — (Mp)n is surjective;
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if p = m, then My — (M;)nm is the identity map, hence a surjective. Since
M — M, is an injective, we have the map M — M, is an isomorphism.
Therefore, for each maximal ideal m, the map My — (Dpeass(rr)yMp)m is
isomorphism, hence, M — @peass(ar)M,y is isomorphism.

Now, given p € Ass(M), since p is maximal, we have that p € Ass(M,) C
{p}. Thus, {p} = Ass(M,), and M, is p-primary. By Property 3.9.2, we
have that M, = {m € M | p*¥m =0, for some k > 1}. O]

Corollary 3.10.7. If Ass(M) consists of mazimal ideals, and M, = N, for
every mazximal ideal p, then M = N.

Proof. If M, = N, for every maximal ideal p, then it is true for every prime
ideal p. Thus Ass(M) = Ass(IN). By Theorem 3.10.6

M= P M= P NN

peAss(M) peAss(N)
U

Proposition 3.10.8. If M is an Artinian module, then Ass(M) is finite,
and consists of mazimal ideals.

Proof. If p € Ass(M), then M contains a submodule which is isomorphic
to R/p. Thus M is Artinian implies that R/p is Artinian. As an Artinian
integral domain R/p is a field, thus p is a maximal ideal.

By Theorem 3.10.6, we have M = @©pcass() My, My # 0 for all p €
Ass(M), and as Artinian, the direct sum has only finitely many components.
Thus Ass(M) is finite. O

Theorem 3.10.9. A module M over a Noetherian ring R has finite length
if and only if it is finitely generated and Ass(M) consists of only mazimal
ideals.

Proof. M has finite length if and only if M is both Noetherian and Artinian,
hence by Proposition 3.10.8, Ass(M) is finite and consists of maximal ideals.

On the other hand, if M is finitely generated, then it is Noetherian.
So there exists a submodule N of M which is maximal with respect to
the property of finite length. If Ass(M) consists of maximal ideals, then
Ass(M) = Supp(M). Since Supp(M/N) C Supp(M), we must have that
Supp(M/N) consists of maximal ideals, and so Ass(M/N) = Supp(M/N).
If p € Ass(M/N), then M/N contains a submodule P/N such that P O N
and P/N = R/p. Since p is maximal, P/N is isomorphic to a field, hence it
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is simple. Since N has finite length, then P has finite length, contradicting
to the maximality of N. Thus Ass(M/N) =0, so M/N =0, hence M = N.
Thus, Ass(M) consists of only maximal ideals. O

Proposition 3.10.10. Let M over a Noetherian ring have finite length,
and I = Ann(M). Then Ass(M) consists of prime ideals containing I.
Furthermore, length of M is no less than the length of R/I, (M) > ¢(R/I).

Proof. M is over a Noetherian ring with finite length, then Ass(M) consists
of maximal ideals. This means that Ass(M) = Supp(M), but by definition
Supp(M) = {p prime ideal | p O Ann(M) = I}. Therefore, Ass(M) =
Ass(R/I). This means that Ass(R/I) only consists of maximal ideals, and
R/I is finitely generated, hence R/ is finite length.

Since M = @peass(vyMp and R/1 = @peass(r/r)(R/1)p, we only need to
show that ¢(M,) > ¢(R/I),. Without loss of generality, we let R be a local
ring, and I = p* where p*~'M # 0. Then for i < k, by Nakayama’s Lemma,
p1M C p'M, and the series

0=p"MCp* MG CpM G M
of length k can be refined to a composition series, so that k = ¢(R/I) <
o(M). 0

We can summarize

Remark 3.10.11. Let R be a commutative Noetherian local ring with the
unique maximal ideal m. Then the following are equivalent:

1. R is Artinian;

2. R has finite length as an R-module;
3. mis the only prime ideal in R;

4. Ass(R) = {m};

5. mkF = 0 for some k > 1;

3.11 Krull Dimension of a Ring

Definition 3.11.1. Let R be a ring. The spectrum of R, denoted Spec R
is the set of prime ideals of R with the Zariski topology, the topology
where the closed sets are

V(I) ={p € SpecR | I Cp, for ideals I C R}.
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Definition 3.11.2. The height of a prime ideal p, denoted htp is the supre-
mum of integers ¢ such that there exists a chain of prime ideals

P=po2Pp1 2Pp22--- 2P, where p; € Spec R.

The coheight of p, denoted by cohtp, is the supremum of the lengths of the
chain
p=poCp1L&p2& - Cpr, where p; € SpecR.

The height of an arbitrary ideal I C R is
htI = inf{htp | I C p, p € Spec R}.
The Krull dimension of R is
dim R = sup{htp | p € Spec R}.
Remark 3.11.3. It follows from the definition, we have
htp = dim R,, cohtp =dim R/p, htp+ cohtp < dim R.

Theorem 3.11.4. (Krull Height Theorem) Let R be a Noetherian ring. If
an ideal I C R is generated by n elements, then each minimal prime of I
has height at most n. In particular, every ideal I C R has finite height.

Proof. Let r1,...,7, € R and p a minimal prime over (ri,...,7,). Since
localization does not change the height of a prime ideal, without loss of
generality, we assume that p is the unique maximal ideal in R.

If n =0, then htp = 0.

If n = 1, we will prove by contradiction. Suppose htp > 1, that is there
exists a prime ideal q such that po C q C p, we will show that qR, is of
height 0, hence a contradiction.

Since p is minimal over (r1), then R/(r1) has only one prime ideal, and
R/(r1) is Artinian, hence the descending chain stabilizes:

q+(r1) 2 g?RgNR+(r1) 2 -+ 2 q"ReNR+(r1) = "' RyNR+(ry) = -+ - .
Thus, we have the following inclusion:

q"RyNR q"RqN R+ (r1)

(@ RN R+ (1)) N (q"Rq N R)
= ¢""'"RgNR+ (r1)Nq"Re N R.

-
c
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Since q" Ry is primary in Ry, we must have q" Ry N R is primary in R. But
r1 € q, hence it is a non-zero divisor in the ring R/(qR, N R). Thus

(r)Nq"RyNR=r1(q"Ry N R).

Thus
"RyNR C q""'RyNR+(r1)Ng"RyNR
"' RyN R+ r1(q"Ry N R)
C q"RqNR.
Thus

"RyNR=q"""RyNR=4q(q"RyNR) = q"Rq=q(q"Ry),

and by Nakayama’s lemma, we must have that q"R; = 0. Hence, in the
Noetherian local ring (Rq,q), the maximal ideal q is nilpotent, thus Rq is
Artinian, and qR; must have height zero. Therefore, there is no pg C q,
contradicting the assumption. Hence, htp < 1.

For the general case, we can assume by localizing at p that R is a local
ring with maximal ideal p. Since p is minimal over (rq,...,7r,), the ideal p
is nilpotent modulo the ideal (rq,...,7,) (see Remark 3.10.11). Let p; C p
be any prime such that there is no prime in-between p and p;. We will now
show that p; is minimal over an ideal generated by n — 1 elements. If so,
then by induction on n, we have htp; < n—1, and we conclude that htp <n
as desired. There must be one of the r; which is not in py, say r1 ¢ p1.
Then p is minimal over (py,71), and thus p is nilpotent modulo (py,71). We
therefore have equations ]’ = a;r1 + s;, for i = 2,...,n, a; € R, s; € py,
for some n > 1. We can see that p; is minimal over the ideal (so, ..., s,) as
follows. By construction, p is nilpotent modulo (71, $2, ..., 85 ). This implies
that the image p of p in R = R/(ss, ..., ,) is minimal over 7 R, and by the
case n = 1 of this theorem, we get that htp < 1. But p; C p, so we must
have htp; = 0, which shows that p; is minimal over the ideal (so,...,s,) as
required.

O
Theorem 3.11.5. (Converse of Krull Height Theorem) Let R be a Noethe-
rian ring, and p a prime ideal in R with htp = n. Then there existry,...,r, €
p such that p is minimal over (r1,...,ry).

Proof. Without loss of generality, we assume that R is a local ring with
maximal ideal p.
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If n =0, it is true, we will show the case for n > 0.
If n = 1, by Primary Decomposition theorem, there exist finite many
minimal prime ideals in R

t
(0) = ﬁ i, Pi = 1/q; are minimal prime ideals in R,
i=1

and by Prime Avoidance theorem, there exists r1 € p that avoids all the
minimal prime ideals. Since htp = n = 1, then it is the only prime ideal in
addition to the minimal prime ideals, so p is minimal over (r1).

If n = 2, then by Primary Decomposition theorem, there exists finite
many minimal prime ideals over (ry) in R

t
(r1) = ﬂ qi, Pi = +/q; are minimal prime ideals over (r1) in R,
i=1

and by Prime Avoidance theorem, there exists ro € p that avoids all the
minimal prime ideals.

We can continue this process, and obtain (r1,...,r,) such that p is min-
imal over (r1,...,7,). O

Remark 3.11.6. The above theorems show that in a Noetherian ring, the
set of prime ideals satisfies the descending chain condition. In fact, any
chain of primes descending from p is bounded in length by the number of
generators of p. Nonetheless, a Noetherian ring can have infinite dimen-
sion (an example, due to Nagata, can be found in chapter 11, exercise 4 of
[AMOT)).

3.12 Dimension of Modules

We know that the Krull dimension of a ring, denoted by dim R is the maxi-
mum length n of a chain py C p; C --- C p,, of prime ideals of R. If there is
no upper bound on the length of the chain such as in the ring K[z, 9, -]
over the field K, then we let dim R = co. We also call the height of a prime
ideal p as the maximum length n of the chain pg C p; C --- C p, = p.
The height of p in fact is the dimension of the local ring R,. The coheight
of a prime ideal p is the maximum length n of a chain of prime ideals
p=poCPp; C--- C pp. It follows from the correspondence theorem, the
coheight of p in fact is the dimension of the quotient ring R/p. If I is an
arbitrary ideal of R, we define the height of [ is the infimum of the heights
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of prime ideals p O I. The coheight of I is the supremum of the coheight of
prime ideals p C I.

Similarly, we define the dimension of an R-module to be the length of
the chains of prime ideals which are related to M as the following.

Definition 3.12.1. We define the Krull dimension or dimension of an
R-module M to be

dim M =dim R/Ann(M), f M #0. dimM =0, if M =0.

Suppose M is a nonzero and finitely generated module over the Noethe-
rian ring R.
p D AnnM if and only if p € SuppM,

hence
dim M = sup{coht p | p € SuppM}.

Remark 3.12.2. The following conditions are equivalent:
1. dim M = 0;
2. Every prime ideal in SuppM is maximal;
3. Every associated prime ideal of M is maximal;
4. The length of M as an R-module is finite;
5. If R is a local ring with maximal ideal m, then

Supp(M/mM) = Ann(M/mM).

Definition 3.12.3. Over the Noetherian ring local (R, m), there exists a
smallest positive integer r, called Chevalley dimension, 6(M), such that
there exists a1, ...,a, € m, such that the length ¢(M/(aq,...,a,)M) < co.
If M =0, then §(M) = —1.

Definition 3.12.4. Let R be a Noetherian local ring with maximal ideal
m. And ideal I of R is said to be an ideal of definition if m" C I C m for
some n > 1. Equivalently, R/I is an Artinian ring.

If {((M) < oo, then 6(M) = 0. If T is any ideal of definition of the ring
R, then ¢(M/IM) < oo, and 6(M) is the number of the generators of the
ideal I. If R is a local ring with the maximal ideal m, and M = R, then
U(R/I) < oo if and only if I is m-primary. Thus 6(R) is the minimum of the
number of generators of m-primary ideals.
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If M is a class of R-modules, and let ¢ be a function on M with val-
ues in Z. The function ¢ is called additive if for each exact sequence with
M M, M"e M

0—M MM -0 = (M)—{M)+0M")=0.

For example, the class of finite-dimensional vector spaces V', the dimension
is and additive function.

Since one can split long exact sequence into short exact sequences, we
obtain the following property:

Exercise 3.12.5. Let
0—=My—-M —---—=M,—=0

be an exact sequence of R-modules where all M; and the kernels of all the
homomorphism belong to a class of R-modules M. Then for any additive
function £ on M, we have

Proposition 3.12.6. Let I be an ideal of definition of the Noetherian local
ring R, and let M be an R-module of finite type. Then there is a polynomial
p(x) with rational coefficients such that

p(n) = ((M/I" M)

for all integers n sufficiently large. We call this the Hilbert-Samuel poly-
nomial and denote it

si(M,n) =4L(M/I"M), n>0.

The Hilbert-Samuel polynomial s;(M,n) depends on the particular ideal
of definition I, but the degree d(M) of s;(M,n) is the same for all possible
choices. To see this let ¢ be an integer such that m* C I C m. Then for all
n > 1, we have m™ C I C m", so we have

Sm(Mvtn) > SI(Ma n) > Sm(Ma n)

Hence the three degrees coincide. Moreover,
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Exercise 3.12.7. Let I be an ideal of definition of the Noetherian local ring
R, and suppose 0 — M' — M — M" — 0 is an exact sequence of finitely
generated R-modules. Then

sf(M';n) +s;(M",n) = s;(M,n) + r(n),

where r(n) is a polynomial of degree less than d(M) = deg(s;(M,n)), and
the leading coefficient of r(n) is nonnegative.

As a direct consequence, if M’ is a submodule of M where M is finitely
generated module over the Noetherian local ring R, then d(M') < d(M).
It can be shown that dim M < d(M) < §(M) < dim M, and therefore

Theorem 3.12.8. Let M be a finitely generated module over the Noetherian
local ring R. Then the following are the same

1. The dimension dim M of the module M ;

2. The degree d(M) of the Hilbert-Samuel polynomial sy(M,n), where T
is any ideal of definition of R.

3. The Chevalley dimension 6(M) (i.e., least number of generators of an
m-primary ideal of R).

Hence, as direct consequences of the above result 3.12.8, we have

1. Let R be a Noetherian local ring with maximal ideal m. If M is
a finitely generated R-module, then dim M < oo, and dim R < oc.
Moreover, the dimension of R is the minimum over all ideals I of
definition of R, of the number of generators of I.

2. Let R be a Noetherian local ring with maximal ideal m, and residue
field K = R/m. Then dim R < dimg (m/m?).

3. If R is a Noetherian ring, then the prime ideals of R satisfy the de-
scending chain condition.

4. Let p be a prime ideal of the Noetherian ring R. Then the height of p
is at most n if only if there is an ideal I C R that is generated by n
elements such that p is a minimal prime ideal over I.

5. Let R be a Noetherian local ring with maximal ideal m, and let a € m
be a non-zero divisor. Then dim R/Ra = dim R — 1.
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3.13 Rank of Modules

This section, we need some of the homological knowledge, especially, Ext,
and we refer the reader to the chapter concerning homological method.

First, we recall the projective dimension of an R-module, denoted by
pdim(M), is the length of its minimal projective resolution. If pdim(M) = 1,
then the minimal projective resolution is of the form 0 = P, = Py — M —
0. where Py, P; are both finitely generated projective modules. Moreover, we
note that Hom (%, R) is left exact, and since P is projective Ext}L(Py, R) = 0,
we have the long exact sequence

0 — Hom(M, R) — Hom(Py, R) — Hom(P;, R) — Exth(M, R) — 0.

Definition 3.13.1. For a finitely generated R-module M, the rank of M,
rank(M) is defined as

rank(M) = inf{u(M,) | p is a prime ideal in R},
where ;1(M,) means the number of the generators of M,.

Theorem 3.13.2. (Serre - Murthy Theorem) If M s a finitely generated
R-module with pdim(M) = 1. Then the following positive integers are equal.

1. inf{t | 3 ezact sequence 0 — Rt — P — M — 0, P is projective}.
2. inf{p(Py) | 3 exact sequence 0 - P, — P — M — 0, Py is projective}.
3. uw(Exth(M, R)).

Proof. Let

m = inf{t | 3 exact sequence 0 — R' — P — M — 0, P is projective},

n = inf{u(Py) | 3 exact sequence 0 — P, — Py — M — 0, P, are projective},

and s = pu(BExth(M, R)).

(1 = 2) Since the exact sequence in (1) is of the form of (2), this shows
that n < m.

On the other hand, given any sequence of the form (2), let u = p(Py).
Then there is a surjection R* — Py, and we get a splitting P, & Q = R". We
can construct an exact sequence 0 - R* — Py Q — M — 0 with Py ® @
a finitely generated projective module. The sequences of type (1) obtained
this way must have u > m; therefore n > m, because n is the infimum of
these w.

Therefore, m = n.
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(1 = 3) Given condition (1), we obtain an exact sequence
0 — Hom(M, R) — Hom(P, R) — Hom(R™, R) — Exth(M, R) — 0.

s < m since the map Hom(R™, R) — Exth (M, R) is surjective.

pdim(M) = 1 yields m = n > 1, and because Exth(M, R) # 0, s > 1.
To show m < s, it suffice to show that there exists an exact sequence of the
form 0 - R®* - P — M — 0 with P projective. Let F1,..., Es generate
Exth(M, R), and we will prove this by induction on s. Now any element of
[L] € Exth(M, R) corresponds to an exact sequence 0 — R — L — M — 0.
From this we deduce the long exact sequence

0 —— Hom(M,R) —— Hom(L,R) —— Hom(R,R)
— 9 BxtL(M,R) —L— ExtL(L,R) —— 0
The class of the extension [L] € Extp(M, R) is g(1), 1 € Hom(R, R), and
thus f([L]) = 0. Now take [L] to be one of the generators, say, E;. Because
f(Ey) = 0, from the above exact sequence we have pu(Exth(L, R)) < s. If
s =1, we see u(Exth(L, R)) = 0, or in other words, Exth(L, R) = 0. Let X
be any finitely generated R-module. Write a presentation 0 — Y — R® —
X — 0, and consider the long exact sequence of Extr(L,*) , a segment of
which is
Exth(L, RY) — Exth(L, X) — Ext%(L,Y).

We have shown that the left-hand side is zero, so the right-hand arrow is
injective. Recall that in any exact sequence 0 - A — B — C — 0 of
R-modules, we have

pdim(B) < sup (pdim(A), pdim(C)).

Applied to0 - R — L — M — 0, we see pdim(L) < 1, since we are assum-
ing that pdim(M) = 1. This shows that Ext%(L,Y) = 0, and consequently
Exth(L, X) = 0 for every finitely generated R-module X. This shows that
L is a projective module, and we have now constructed an exact sequence
00— R— L — M — 0 with L projective, which is what we set out to do.
This completes the step s = 1 in the induction.

Now let s > 1. By induction hypothesis, we have an exact sequence

0— R?— @Q — L — 0 where Q is projective, and ¢ < s — 1.

Thus, consider the following commutative diagram,
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0 0
RY RY
0 K QO L% M0, K=ker(fog)2RIGR
f
0 R L 25 M=o
0 0

and by the snake lemma, 0 — R — @ — M — 0 is the desired exact
sequence, and ¢ + 1 < s. Thus we must have that s > m.
Therefore, we have shown that s = m. O

Theorem 3.13.2 generalizes to any finitely generated R-module of finite
projective dimension.

Theorem 3.13.3. If M is a finitely generated R-module with pdim(M) <
00. Then the following positive integers are equal.

1. inf{t | 3 exact sequence 0 — R — P,_1 — -+ — Py — M — 0},
where P;’s are finitely generated projective modules.

2. inf{u(P,) | 3 exact sequence 0 — P, — --- — Py — M — 0}, where
P, ’s are finitely generated projective modules.

3. u(Ext}(M, R)).

3.14 Computational Applications

3.14.1 Tensor Products

There are many applications of tensor product. We will first show how to
compute simple tensor products.
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Example 3.14.1. Compute Z/n ®z Q where 0 < n € Z.

We claim Z/n ®7 Q = 0. This is true since for any x € Z/n and y € Q,

$®y=$®(n-g)=nx®g:0®gzo.
n n n

Now, we see how to use tensor product to change the base rings.

Example 3.14.2. For any R-module M the tensor product M ®p S has a
natural S-module structure given by

s-(m®t)=m® (st) for s,teS, meM.

This is a good way to convert an R-module M into an S-module, since there
is a natural isomorphism of abelian groups

Homg(M ®pr S, N) =2 Homp(M,N), N is an S-module,
where the maps are given as
F € Homg(M®RgS,N) — fr € Homg(M, N) such that fp(m) = Ff(m®1),
hence Fy(m ®n) =n- f(m), and
f € Homgr(M,N) — Fy € Homg(M®gS, N) such that Ff(m®n) = n-f(m).
These two maps are inverses of each other.

Example 3.14.3. Q(i) ®p R = C this generated as a Q-module by 1,1,
hence Q(i) ®g R is generated as an R-module by 1® 1, ¢ ® 1. Hence, we can
write

z(1®l)+y(i®l)=z+yi, z,yecR.

Example 3.14.4. We have an isomorphism R[z] ®r S = S[x].

Example 3.14.5. Moreover, we claim that R[z,y] & R[x] ®r R[y] as R-
algebras, i.e., that polynomial rings in several variables can be thought of
as tensor products of polynomial rings in one variable. To see this, consider
the R-module homomorphisms

F : R[z] ®pg R[y] — R[z,y], such that F(f ®g) = fg, f € R[z], g € R[y],
with the inverse map

G : R[z,y] — R[x] ®r R[y], such that G(Z aijr'y’) = Zaijxi @y
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Now, we also can discuss the dimension of the tensor product.

Example 3.14.6. If K is a field, M is a K-module with basis elements
x1,..., Ty elements, and N is another K-module with basis elements 1, ..., yn
elements, then M ®g N is generated by z; ® y;, hence

dimg M ® N = dimg M - dimg N = mn.

Moreover, the tensor product gives a good definition of extension of
scalars.

Example 3.14.7. Let K be a field extension of a field k. Let V' be a finite-
dimensional k-vector space. We will show that V ®;K is a good definition of
the extension of scalars of V' from k to K, in the sense that for any K-vector
space W

Homg (V @ K, W) = HOIIlk(V, w).
To see this, we note for any k-vector space V' the tensor product V ®; K has
a natural K-module structure given by

s-(vet)=vest, veV, stek.
For any K-module W, we have a natural isomorphism of abelian groups
Homg (V @ K, W) = Homy (V, W).
We have a bijection:
F € Homg (V @k K, W) — fr € Homy(V, W) such that fr(v) = F(v® 1),
hence, F(v® s) = s+ frp(v), and

f € Homy(V, W) — F¢ € Homg(V @ K, W) such that Fr(v®s) = s f(v).

3.14.2 Primary Decomposition

Primary decomposition can be viewed as an extension of the fundamental
theorem of arithmetic, which states that every integer n is uniquely a prod-
uct of prime powers p{*. This can be viewed as the decomposition of ideals
inZ, (n) = (p1)™N...(ps)%. The ideals (p;)* are (p;)-primary. The primary
decomposition theorem is also called the Lasker-Noether theorem, since it
was first proven by Emanuel Lasker [Las05] for the special case of polyno-
mial rings and convergent power series rings, and later was proven in its
full generality by Emmy Noether [Noe21]. Noether-Lasker theorem plays an
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important role in algebraic geometry, by asserting that every algebraic set
may be uniquely decomposed into a finite union of irreducible components.

A straightforward extension of Noether-Lasker theorem from ideals to
modules states that every submodule of a finitely generated module over a
Noetherian ring is a finite intersection of primary submodules. This general-
izes the decomposition of an algebraic set into a finite union of (irreducible)
varieties. The Lasker-Noether theorem follows immediately from the follow-
ing three facts:

1. Any submodule of a finitely generated module over a Noetherian ring
is an intersection of a finite number of irreducible submodules.

2. If N is an irreducible submodule of a finitely generated module M over
a Noetherian ring then M /N has only one associated prime ideal.

3. A finitely generated module over a Noetherian ring is coprimary if and
only if it has at most one associated prime.

To find the primary decomposition for a zero-dimensional ideal, we first
define something called general position.

Definition 3.14.8. A maximal ideal m C R = K[zy,...,z,] is called in
general position with respect to > if m = (x1 + g1(zpn), .-, Tn_1 +
In—-1(Tn)s - -, gn(xy)). for suitable polynomials g;. A zero-dimensional mod-
ule N € M (resp. ideal I C R) is called in general position with re-
spect to > if all associated primes py, ..., P are in general position and
if p; N K[zy] # p; N Klz,], for all ¢ # j.

One can show that zero-dimensional ideal is isomorphic to an ideal in
general position, and obtain a primary decomposition from a zero-dimensional
ideal in general position.

Exercise 3.14.9. Let I C R = K|[x1,...,z,] be a zero-dimensional ideal.
Let (g) = INK[zy]; g = 91" - 9", where g; is prime and g; # g; for i # j.
Then

1L I=\({I,g;");

2. If I is in general position with respect to >iex then the (I,g;") are
primary ideals.

Moreover, this says that none of the prime ideals (I, ;") can be omitted,
hence the primary decomposition is minimal.
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We can generalize the primary decomposition algorithm for zero-dimensional
ideals to the case of zero-dimensional modules. There is a close relationship
between the associated primes of M/N and Ass(AnnM/N).

One can show that

Exercise 3.14.10. Let N C K[z1,...,xy] be a zero-dimensional module in
general position with respect to >1ex, and N C M.

Let (g) = AnnM/NNKlzy,); g = g7* - - - g;*, where g; is prime and g; # g;
fori# j. Define hi =[], ,; g;j, then

N = ﬁ(N : hi) is a minimal primary decomposition.
i=1
In Singular, the code “zerodec(I)” produces list of primary ideals, the

zero-dimensional decomposition of the zero-dimensional ideal I. For exam-
ple [GPS01],

LIB "primdec.lib";
ring r = 0,(x,y),dp;

ideal i = x2-2,y2-2;
list pr = zerodec(i);
pr;

==> [1]:

==> _[1]1=y2-2
==> _[2]=xy+2
==> _[31=x2-2
==> [2]:

==> _[1]1=y2-2
==> _[2]=xy-2
==> _[3]=x2-2

Similarly, the code “zeroMod(N)” produces the minimal primary de-
composition of a zero-dimensional module N via Gianni-Trager-Zacharias
algorithm [Gia88]. For example [GPSO01],

LIB "mprimdec.lib";

ring r=0,z,dp;

module N=z*gen(1), (z-1)*gen(2), (z+1)*gen(3);
list l=zeroMod(N);

==> [1]:
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==> [1]:

==> _[11=gen(1)

==> _[2]=gen(3)

==> _[3]=z*gen(2)-gen(2)
==> [2]:

==> _[1]1==z-1

==> [2]:

==> [1]:

==> _[11=gen(2)

==> _[2]=gen(3)

==> _[3]=z*gen(1)

==> [2]:

==> _[1]==z

==> [3]:

==> [1]:

==> _[11=gen(1)

==> _[2]=gen(2)

==> _[3]=z*gen(3)+gen(3)
==> [2]:

==> _[1]=z+1

In general, for a non-zero dimensional module (or ideal), one can decom-
pose the module N C M into an equi-dimensional module N’ and another
module N”. The primary components of N’ can be computed using re-
duction to dimension zero via localization. The decomposition obtained is
minimal for N’, the equi-dimensional part of the modules, but we may get
redundant components from the decomposition of the module N + A" - M.
We avoid computing them if we introduce a module check, which is the
intersection of the components computed before.

The Singular code “primdecGTZ(I)” produces a list of primary ideals
and their associated primes for a proper ideal I. For example [GPS01],

LIB "primdec.lib";
ring r = 0,(x,y,2),1p;
poly p = z2+1;

poly q = z3+2;

ideal i = p*q~2,y-z2;
list pr = primdecGTZ(i);
pr;

==> [1]:

==> [1]:
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==> _[1]1=z6+4z3+4
==> _[2]=y-22
==> [2]:

==> _[1]==z3+2
==> _[2]=y-z2
==> [2]:

==> [1]:

==> _[1]=z2+1
==> _[2]=y-z2
==> [2]:

==> _[1]==z2+1
==> _[2]=y-z2

Similarly, the Singular code “PrimdecA (N[, i])” produces a list of (not
necessarily minimal) primary decomposition of N via a generalized version
of the Shimoyama-Yokoyama algorithm [SY96]. For example [GPS01],

LIB "mprimdec.lib";
ring r=0,(x,y,z),dp;
module N=x*gen(1)+ y*gen(2),
x*xgen (1) -x2*gen(2) ;
list 1=PrimdecA(N);

1;

==> [1]

==> [1]:

==> _[1]=x*gen (1) +y*gen(2)
==> _[2]=x*gen(2)-gen(1)
==> [2]:

==> _[1]=X2+y

==> [2]:

==> [1]:

==> _[11=gen(2)

==> _[2]=x*gen(1)

==> [2]:

==> _[11=x

==> [3]:

==> [1]:

==> _[11=y*gen(1)

==> _[2]=y*gen(2)

==> _[3]=x*gen(1)

==> _[4]=x*gen(2)
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==> [2]:
==> _[1]1=y
==> _[2]=x

3.14.3 Krull Dimension

There is a geometric interpretation of dimension. Let X be a variety over
an algebraically closed field K. The coordinate ring of X is

K[X] = Klz1,...,z,)/I(X)

where I(X) is the radical ideal of all polynomials in K[z, ..., z,] vanishing
identically on X. X is irreducible if and only if I(X) is a prime ideal,
which is true if and only if the quotient ring K[X] is an in integral domain.
The quotient field K(X) of K[X] is a an extension field of K, and is often
called the function field of X. One can define the dimension of X as the
transcendence degree tr.degy (K(X)).

This notion of dimension coincides with the topological dimension of X
when X is considered with the Zariski topology. Recall that the topological
dimension of a topological space X is defined to be the supremum over all
integers n such that there exists a strictly decreasing chain of irreducible
closed subsets X; of X:

Xo2X1 22 Xn #0

of irreducible subvarieties of X. This corresponding to a strictly increasing
chain of prime ideals in K[z1, ..., zy],

I(Xo) CI(X1) & -+ S I(X).

The geometric idea behind this definition is that making an irreducible
subvariety smaller is only possible by reducing its dimension, so that in a
maximal chain as above the dimension of X; should be dim X — 4, with X,
being a point, and Xy an irreducible component of X.

Similarly, the codimension of an irreducible subvariety Y C X is the
greatest length n of a maximal chain X 2 X; 2 --- 2 X, DY, where X
should be an irreducible component of X, and the dimension should drop
by 1 in each inclusion in the chain. Moreover, X,, = Y in a maximal chain,
so that we can think of n as dim X — dimY’, and hence as what one would
expect geometrically to be the codimension of Y in X.

One of the main obstacles when dealing with dimension is that, in gen-
eral, the maximal chains of prime ideals may have different length. This can
be observed by the corresponding geometry.
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For example, X = V(zz,yz) C K? is the union of a line (the intersection
of the planes x = 0,y = 0) and a plane z = 0. Then there are two chains of
irreducible varieties in X of length one or two:

XO :V(.’E,y) 2 Xl :V(l',y,Z) g <.Z',y> - <.’E,y, Z>

=

Xg=V(2) 2 X5 =V(z,9) 2 X3 =V(z,9,7) & (2) S (2,9) S (2,9,2).

The second chain is longer, and in fact, it is the maximal chain since the
plane is of dimension 2.

Moreover, we can compute the associated primes of an ideal via the
commend “minAssGTZ”, and thus compute the irreducible components of
an affine algebraic variety.

ring r=0, (x,y,2z),dp;
LIB "primdec.lib";
ideal I=xz,yz;
minAssGTZ(I);

==> [1]:

==> _[1]=z

==> [2]:

==> _[1]=y

==> _[2]=x

This shows that the affine algebraic variety defined by V(zz,yz) decomposes
as the union of the xy-plane and the z-axis.

The Singular code “dim” computes the dimension of the ideal (resp.
module) generated by the leading monomials of the given generators of the
ideal (resp. module). This is also the dimension of the ideal if it is repre-
sented by a standard basis. Note that the dimension of an ideal I means the
Krull dimension of the base ring modulo I, and the dimension of a module
is the dimension of its annihilator ideal. For example [GPSO01],

ring r=32003, (x,y,2),dp;
ideal I=x2-y,x3;
dim(std(I));

==> 1
dim(std(ideal(1)));

==> -1

Note, that Singular simply computes the leading terms of the genera-
tors and proceeds with these. Thus the ideal I should already be given
by a Grébner basis. In the following example, the ideal I defines a curve
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in 3-dimensional space, which is the intersection of three surfaces, we can
compute the dimension of the ideal. Moreover, we can check the number of
the associated prime ideals by the commend “size(minAssGTZ(I))”. In this
example, we can confirm that the ideal has only one associate prime, hence
I is a prime, and the variety is irreducible.

ring r=0, (x,y,z),dp;

ideal I=y2-xz,x2y-z2,x3-yz;
dim(groebner(I));

==> 1

ideal J=lead(groebner(I));
J;

==> J[1]=y2

==> J[2]=x2y

==> J[3]=x3
dim(groebner(J));

==> 1

LIB "primdec.lib";

size (minAssGTZ(I));

=> 1

3.14.4 Generators of Syzygy Modules

In mathematics, a syzygy is a relation between the generators of a module
M. The set of all such relations form a module and is called the first syzygy
module of M. A relation between generators of the first syzygy module is
called a second syzygy of M, and the set of all such relations also form a
module and is called the second syzygy module of M. Continuing in this way,
we derive the n-th syzygy module of M as the set of all relations between
generators of the (n — 1)-th syzygy module of M. If M is finitely generated
over a polynomial ring over a field, then the Hilbert’s Syzygy Theorem
assures this process terminates after a finite number of steps. Moreover,
the syzygy modules of M are not unique, and they depend on the choice
of generators at each step. In this section, we include the fundamental
concepts of syzygies. For the convenience of the reader, we only include the
basic definitions and results; for details, we suggest the reader to consult the
book [CLO9S].

Definition 3.14.11. Let R be a ring and let M be a module generated by
F=/{f1,..., fi}. The (first) syzygies of f;’s are the tuples (r1,...,7;) € R
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such that
rifi+-+refe =0.

We denote Syz(fi,- - , f¢) to be the submodule of R! generated by the (first)
syzygies of f;. A Koszul syzygy is one of the form (f;)fi+ (—f;)f; = 0 for
i # j. Let Kos(f1,---, ft) C Syz(f1,-- -, ft) be the submodule generated by
the Koszul syzygies. We refer to an arbitrary element of Kos(f1,--- , fi) as
a Koszul syzygy.

Example 3.14.12. Let C™*™[x] be the set of m x n matrices with entries in
Clx] = C|x1,...,x], the polynomial ring in ¢-variables with coefficients over
the complex numbers C. Let M be a module generated by fi,...,f, where
f; € C™*![x]. Then a first syzygy of M is a polynomial vector [h1,...,h,]T
where each h; € C[x] such that > ;| h;f; = 0 € C™*![x]. If we let F be
the matrix [f1,...,f,], then the first syzygy module of M can be written
as Syz(F) = {[h1,...,hn)T | F-[h1,...,hy)T = 0}. It is easy to see that
Syz(F) is a submodule of C"*![x], and it is finitely generated.

Suppose hi,...,hy € C"*l[x] is a generating set of Syz(F), let f; =
[f1is-- s fmilT € C™Yx], by = [hj, ..., hnj] € CY[x], and define H to be
the matrix [hy,...,hg]. Then

fir  fi2 o fin hi1r hi2 -+ his
for fa2 oo fo hia hoa --- ho

F-H= . . .n : . . .s = Opnxs;
fml fm2 e fmn hnl th e hns

and for any h € Syz(F'), we have

hii hi2 -+ his c1

5 hia hoa -+ hog c2
i=1

hni hpa -+ hps Cs

For instance, let F = [x,y,z] € CY3[z,y,2]. The set of generators of
Syz(F) form a matrix H € C3*3[x,y, 2] where

y z 0
H= |-z 0 z y F-H203><1.
0 -z -y

Note, the columns of H form a generating set for Syz(F') is proved by [Propo-
sition 6, [Lin99]]. In fact, H is the matrix of Kos(F), the Koszul syzygies of
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F. In this example, Syz(F') = Kos(F'), the syzygy module is generated by
the Koszul syzygies.

Definition 3.14.13. If M is a module spanned by the generators fi, ..., ft,
then a presentation matrix for M is any matrix whose columns generate
Syz(fi,...,ft). If Ais a presentation matrix for a module M, then we say
that A presents the module M. In other words, a presentation of M is an
exact sequence

R AL R M — 0, where A is a t X s matrix.

If A is an £ x m presentation matrix for an R-module M, then any R-
module homomorphism ¢ : M — R’ can be represented by a ¢t x / matrix
B such that BA = 0, where 0 denotes the ¢ X m zero matrix. Conversely, if
B is any t x £ matrix with entries in R such that BA = 0, then B defines
a homomorphism from M — R!. To learn more about the syzygy modules,
we refer the readers to [CLO9S] for details.

Singular code “syz” of an ideal or a module in a ring computes the first
syzygy of the ideal or the module. If S is a matrix of a left syzygy module of
left submodule given by matrix M, then ST-M7T = 0. For example [GPS01],

LIB "ncalg.lib";

def R = makeQso3(3);
setring R;
option(redSB);

// we wish to have completely reduced bases:
option(redTail);

ideal tst;

ideal J = x3+x,x*y*z;
print (syz(J));

==> -yz,

==> x2+1

ideal K = x+y+z,y+z,z;
module S = syz(K);

print(8);

==> (Q-1), (-Q+1) *z, (-Q) *y,
==> (Q)*z+(-Q+1), (Q-1) *z+(Q) , —x+(Q) *y,
==> y+(-Q) *z, x+(-Q), x+(-Q+1)

tst = ideal(transpose(S)*transpose(K));
// check the property of a syzygy module (tst==0):
size(tst);



116 CHAPTER 3. MODULES

==> 0

// now compute the Groebner basis of K ...
K = std(X);

// ... print a matrix presentation of K ...
print (matrix(K));
==> Z,¥,X
S =syz(K); // ... and its syzygy module
print(S);
==>y, X, Q-1),

==> (Q*z,(Q), X,

==> (Q-1), (-Q+1)*z, (Q) *y

tst = ideal(transpose(S)*transpose(K));

// check the property of a syzygy module (tst==0):
size(tst);

==> 0

// but the "commutative" syzygy property does not hold
size(ideal (matrix (K)*matrix(S)));

==> 3



4. Graded and Local Rings
and Modules

4.1 Graded Rings and Modules

Definition 4.1.1. Let K be a field and R be a commutative graded K-
algebra, that is R = ®;en, R; such that Ry = K, the vector space R; has
finite dimension and R;R; = R;4; for every i,j € Ny where Ng = Z>o. In
general, we say that R is homogeneous or graded ring if and only if R
is generated as an Rg-algebra by its forms of degree 1, that is if and only
if R = Ro[R1]. A homogeneous ideal [ in a graded ring R = P, cy, Ftn
is an ideal generated by a set of homogeneous elements, i.e., each one is
contained in only one of the R,. The ideal generated by the element in R;
is denoted Ry = @, £0R,, and is called irrelevant ideal. A subring S C R
is called graded subring if S =) (R, NJS).

This definition can be enlarged in several ways. We can replace K by
any commutative ring A = Ry, then we speak of graded A-algebras. We can
also allow graded rings to have negative degrees, thus to be indexed by the
integers Z. It is not necessary to assume that R is generated as Rp-algebra
by its terms of degree 1. In toric geometry, one naturally considers rings
which are graded by an arbitrary finitely generated monoid.

Unless otherwise stated, a graded ring will be an Ny-graded ring gener-
ated over a field Ry = K by its elements of degree 1.

Example 4.1.2. Z|x], the polynomial ring in one variable = with coefficients
in Z, we note that

(Z[z]) = {cz® | c € Z}, note z* - 2 = 2***, respect to the grading.

The ideal I = (z?), i.e., all polynomials with no constant or linear terms, is
a homogeneous ideal in Z|x].

117
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Z|z1,...,z,], the polynomial ring in n variables x1,...,z, with coeffi-
cient in Z.

(Z[.’El, . ,xn])k

n
= {p(@n,. ) = Y iy | Y i =k, k€ ZLx

U15eenin Jj=1

Definition 4.1.3. Let S, R be graded rings, f : R — S be a ring homo-
morphism, then f is said to be graded or homogeneous of degree d if
f(R,) C Sguyp for all n. If R, S are isomorphic as graded rings if there
exists a homogeneous ring isomorphism between them.

Definition 4.1.4. A graded module over R is a module M with a family
of subgroups {M; : i € Z} of the additive group of M. The elements of M;
are called the homogeneous elements of degree ¢ in the grading, and the
M; must satisfy the following properties:

M= M.

1EZ

1. As additive groups

2. The decomposition of M in part 1 is compatible with the multiplication
by elements of R in the sense that

RjMZ‘ C Mj+i; Vj >0, VieZ.

Any submodule N C M is graded if and only if N, = M, N N.

Definition 4.1.5. Let R be a graded ring, and M, N graded R-modules.
Let f : M — N be an R-module homomorphism, then f is said to be
graded or homogeneous of degree d if f(M,,) C Ny, for all n. If M, N
are isomorphic as graded modules if there exists a homogeneous module
isomorphism between them.

Remark 4.1.6. Let (M(d)); = Mgys. If f: M — N is a graded homomor-
phism of degree d, then f: M(—d) — N is of degree zero.

Without proof, we provide a few properties here concerning the graded
rings, modules, and submodules.

Remark 4.1.7. Let R be a graded ring, M a graded R-module and N a
submodule of M (not necessarily graded). Let N* C M be the R-submodule
generated by the homogeneous components of the elements of N.
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[. Then N* is the largest graded ideal of R contained in N.
II. The following are equivalent:

N is a graded R-module;
N=>, NNM,y;

For every n € N, all the homogeneous components of n are in N;

-~ W b=

N has a homogeneous set of generators.
ITI. If both M, and N are graded. Then M/N is a graded R-module, and

(M/N)p = (M + N)/N = {m+ N | m € M,).

Definition 4.1.8. A graded R-module M is free if there is an isomorphism
of graded R-modules:

¢: P R(ni) =M, n;€el.

i€l
Proposition 4.1.9. Let M be a graded R-module, then M is free if and only

if it is gemerated by an R-linearly independent collection of homogeneous
elements.

Remark 4.1.10. Let f: R — S be a homomorphism of graded rings. Let
I C R, and J C S be homogeneous ideals. Then

I. Both extension IS C S, and the contraction f~!(J) C R are again
homogeneous.

I1. R/I is graded, and

(R/I)y = (Ro+ D)/ = {(m+D)/I | m € R,}.

III. There is a one-to-one correspondence between graded ideals containing
I and the ideals in R/I.

IV. The radical of I, VI = {f | f* € I}, is also a homogeneous ideal.
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4.2 Graded Localization

Proposition 4.2.1. Let p C R be a prime ideal, then p* (i.e., the ideal gen-
erated by the homogeneous components of the elements in p) is also prime.
Moreover, a homogeneous ideal I C R is prime if and only if for every pair
of homogeneous elements a,b € R with ab € I and a ¢ I, then b € 1.

Proof. Suppose that a,b € R such that ab € p*. We let a/,b’ be the ho-
mogenous components of the highest degrees of a,b respectively. Then
a'b € p* C p, since p is a prime, then either a’ € p or ¥ € p. Since a’
and b’ are homogeneous, we must have that either a’ € p* or ¥’ € p*.

Without loss of generality, we let a’ € p*. Suppose ' ¢ px, then let
a” be the homogenous component of the highest degree of (a — a’), then
a”b’ € p* C p. Since p is a prime, @’ € p, and hence a” € p*. Repeat the
process, we have that a € p*.

If ¥ € p*, then both o/, ¥ € p*, and (a — a')(b — V') € p*. We choose
the highest degree term of a”,0” of a — @’ and b — ¥, and repeat the above
arguments, we obtain that either a or b is in p*.

Thus, we have that p* is a prime, and the second statement is the direct
consequence of the first statement. O

Definition 4.2.2. Given any multiplicative subset S C R, and a graded
R-module M, we define the homogeneous localization to be the module
of fractions U~'M where U C S is the multiplicative subset consisting of
all homogeneous elements. This has a natural grading, for an element “*
with m € M and s € S both homogeneous, we let deg ** = degm — deg s.
If M = R, then we obtain a graded ring, but now we are allowing a graded
ring to have terms of negative degree.

Definition 4.2.3. A graded ring is local if it has a unique maximal homo-
geneous ideal m # R. Note that m need not be a maximal ideal: it is simply
a maximal element among the homogeneous ideals. The structure of R/m
is addressed in the next proposition.

Proposition 4.2.4. The following are equivalent for a graded ring R:
1. The only homogeneous ideals of R are 0 and R;
2. Every non-zero homogenous element s invertible;

3. Ry = K is a field, and either R = K, or R = K[t,t"!] for some
indeterminant t of positive degree.
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Proof. Tt is obvious that 1 < 2 and 3 = 2. Thus, we only need to show that
2 = 3. To do so, we assume every non-zero element of R is invertible, thus
Ry =K afield. If R = Ry = K, then we are done. Otherwise, let t € R be a
homogeneous element of smallest positive degree d, and t is also invertible,
and we have a homomorphism:

Kz 1= R, fl@)=t, fla™")=t""

Let >, a;a" € ker(f). Hence f(}; a;z') = Y, a;t* = 0 which implies that
a; = 0. Hence ker(f) = 0. Thus f is injective.

On the other hand, if a« € R of degree i. If i = 0, then a € Ry. Otherwise,
1=qd+r,0<r <d. Ifr >0, then at™?is of degree r < d, contradicting the
fact that t is of smallest degree. Thusr = 0. So i = ¢d, and a = ct? = f(cx?)
for some ¢ € R — 0. Thus, f is onto.

Therefore, f is an isomorphism, and R = K[t, ¢t~ 1]. |

Remark 4.2.5. The graded ring R = K|t, ] acts like a field. In particular,
if M is a graded R-module, then M is free.

Proposition 4.2.6. (Graded Nakayama’s Lemma) Let (R, m) be a graded
local ring, and let M be a finitely generated graded R-module.

1. The minimal number of homogeneous generators for M 1is equal to the
rank of M /mM over R/m.

2. If N C M is a graded R-submodule such that M = N 4+ mM, then
N = M. In particular, if mM = M, then M = 0.

Proof. We will prove the second claim first. Suppose that mM = M. Let
{mq,...,m;} be the generators for M with degm; = r;. From the equation
mM = M, we must have m; = 22‘:1 a;m; with a; € m with dega; = r,—7;.
This gives Zi;ll ajm;+(a;—1)m; = 0. Now dega; = 0 and a;—1 € Ry \my,
therefore a; — 1 is invertible, because Ry/mo = K is a field by the previous
proposition. Thus, we can remove the generator m; from the list. Continue
in this way, we will have that t = 1. Now, if m; = am, then for a € m,
then (1 —a)m; = 0 which implies that m; = 0, so we conclude that M = 0.

The second half of part 2 follows by replacing M by M/N.

To prove the first claim, we consider a free basis of M/mM over R/m (see
the above remark). We lift these to elements {m,...,m;} € M and consider
the kernel K and cokernel C' of the resulting map @'_, R(—r;) — M. One
shows that K = mK and C' =m(C, thus K =C = 0.

O
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Definition 4.2.7. A graded ring R is Noetherian if it is Noetherian as a
ring.

Without proof, we state the following remarks:
Remark 4.2.8. The following are equivalent for a graded ring R.
1. R is a Noetherian ring,.
2. Every graded ideal of R is finitely generated.
3. Ry is Noetherian, and R is a finitely generated Ry algebra.

4. Ry is Noetherian, and both R’ = @®,>0R, and R" = @®,<oR, are
finitely generated Ry algebras.

4.3 Graded Associated Primes

First, we recall that if R is a Noetherian ring, M a finitely generated R-
module, then a submodule N of M is said to be primary if N # M, and
whenever r € R, m € M \ N, and rm € N, there exists a positive integer n
such that r"M C N. In other words, N is primary in M if and only if for
any r € R, whenever multiplication by r on M/N is not injective, then it
is nilpotent as a function. A primary decomposition of N is an expression
of N as a finite intersection of primary submodules of M, i.e., N = N:_; N;
where N; is primary in M.

Proposition 4.3.1. Let R be a graded ring, and M an R-submodule of a
graded R-module.

1. Then every associated prime p of M is homogeneous.

2. If M s graded, then there exists a homogeneous element m € M such
that p =0 :m.

Proof. To prove the first claim, let p = 0 : m for some m € M. Let
m = Zj mj, where m; is a homogeneous element of degree j. Let h =
max{j | m; # 0}. Let p € p, write p = Zj pj where p; is a homogenous
element of degree j. Let k = max{j | p; # 0}. Then pym;, is the k + h
degree component of the element pm = 0, hence ppm; = 0.

Now, we will show that there exists an ¢ such that p};m = 0. The strategy
of proving this claim is similar to the above, that is using the k + j degree
component. Suppose that for all j/ > 7, we proved that pimj/ = 0, and
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the term of degree k + j in pm is of the form Zj’zj Ph+j—j'mjs, so that
p;'jlmj = 0. It follows that for some integer i, pz € 0 : m = p. Moreover,
since p is prime, we must have pr € p. Repeat the process, we get every
component of p is in p, hence p is graded.
To prove the second claim, we see if M is graded, then p = 0 : m =
M;(0 : m;). Thus, for some j, p =0:m;.
|

As an exercise, one can show the following consequences of the above
proposition.

Exercise 4.3.2. let R be a graded Noetherian ring, and M a finitely gen-
erated graded R-module. Then

1. Every prime in Ass(M) is homogeneous. In particular, the minimal
primes of R are homogeneous.

2. Given any primary decomposition of a graded submodule N C M of
the form N = N{_|N;, the decomposition N = N_; N} is also a pri-
mary decomposition of N. In particular, we can choose the primary
components of N to be homogeneous.

3. There is a descending chain of graded submodules
M =My, 2 M, 22 M =0,

such that there is a homogeneous prime p; C R and an integer n; € Z
such that

Mi/Mifl %’R/pi(ni), V1<i<n.

Proposition 4.3.3. (Graded Prime Avoidance Theorem) Let R be a graded
ring and I a homogeneous ideal generated by homogeneous elements of pos-
itive degree. Suppose pi,...,Ppn are homogeneous prime ideals such that
I C U p;, then there exists an i € {1,2,...,n} such that I C p;.

Proof. This follows immediately from the ungraded version of this theorem.
O

Definition 4.3.4. Let N C M be modules over a ring R. Then the set

{prime ideals p C R | p is minimal over N :z m for some m € M}



124 CHAPTER 4. GRADED AND LOCAL RINGS AND MODULES

is called the set of weakly associated primes of M /N, and is denoted
by Ass(M/N). The set

{prime ideals p C R | p = N :g m for some m € M}

is called the set of associated primes of M/N, and is denoted by
Ass(M/N) or Assp(M/N).

Associated prime ideals plays an important role in primary decomposi-
tion in commutative algebra, and we will study some the properties.

Proposition 4.3.5. Let R be a graded ring, M a graded R-module, and
p € Assg,My. If p is minimal over 0 :g, m, then there erists a q € AsspM
such that qN Ro = p and q is minimal over 0 :g m. In particular, if KS/SRM
is finite set, then UgAssr M, is a finite set.

Proof. Let m € M, such that p is minimal over 0 :g, m, I = 0 :g m, and
Ry = ®y>0lty. Ry is a proper ideal in R, and I+ R4 C p+ Ry is a proper
ideal in R. Since R/(p + R+) = Ry/p, we must have that p + R, is a prime
ideal in R.

Now, let q be a prime ideal in R which is minimal over pR and contained
in p+ Ry. Then qN Ry = p. Suppose that g is not minimal over I,
then let q' be a prime containing I and properly contained in ¢. Then
by the assumption that q is minimal over p, we must have p € q’. Thus,
INRy C q'NRy € qN Ry = p, contradicting the minimality of p over I N Ry.
Thus, g must be minimal over I, hence there exists a q € AssgM.

Thus if AsspM is finite set, then UjAssry M, is a finite set. [l

Proposition 4.3.6. Let R = Rg[R1]| be a Noetherian N-graded ring gen-
erated over Ry by elements of degree 1. Let M be a finitely generated N-
graded R-module. Then there exists an integer s such that for all n > s,
Assp,M,, = Assp,M;.

Proof. Since R is Noetherian, so is M, and the set of AssgpM is finite. Thus,
by Proposition 4.3.5, we know that U, Assgr, M, is a finite set. We will show
that for each prime ideal p C Ry, there exists s such that for all n > s,
p € Assp, M, if and only if p € Assg, M;.

To prove these equivalent conditions, without loss of generality, let Ry
be a local ring with maximal ideal p. Moreover, it is easy to see that if
p € Assp,Mj, then p € Assp,M,, for all n > s as long as s is sufficiently
large. Namely, take s to be greater than the degrees of all the finitely many
generators {my,...,m;} of M. Then every element of M, can be written as
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a linear combination of expressions z]'...z%"m;, where > a; + degm; = s,
where the x; are generators of R;. Moreover an expression like this appears
for every generator m; by the choice of s. Since p € Assp M, and p is the
maximal ideal of the local ring Ry, we see that pkzv’lll...mffrmj = 0 for some
k > 1 and all generators z{'...z%"m; of M. But by the choice of s, every

. b .
generator of M, n > s is of the form x2'...2b m;, where z{'...z% m; is a

generator of M, and b; > a; for all j. Thus pk:rlil...:tlr’rmj = 0 and we see
that p € Assp, M, .

To see the other implication, suppose for some ¢ > 0, (0 :37 p) C (0 :ps
RY). Let s’ be the maximal degree of an element in a minimal homogeneous
generating set of 0 :py p, and let s = ' + 4. If n > s, and p € Assg, M, we
write p = (0 :g, b) for some b € M, then b € 0 :ps,, p. Thus, for all n—s > 1,
b€ R,_s(0:p p) = 0. But this is impossible, since we choose b # 0. Thus,
if a prime ideal is such that for some i > 0, (0 :py p) C (0 :py RY), then
p ¢ Assp, M, for all n > s.

Thus, let prime ideal p be such that for all i > 0, (0 :p7 p) € (0 :p RY).
Fix and i such that for all n, (0 :py R?) C (0 :py RY). Let m € M be
a homogeneous element such that pm = 0 and Rim # 0. Then for all n,

"m # 0. Let s = degm. For any n > s, p = (0 :g, R} ™m), so that
p € Assp, M, for all n > s. O

4.4 Filtration

Definition 4.4.1. We call R is a filtered ring, if {R,,} is a filtration of
the ring R, i.e., R, are additive subgroups such that

R=RyDR DRyD--DR,2--

An R-module M is called a filtered module if

M=My2>M 2DMy2---2M,2---

over the filtered ring R with R, M,, C M, .-

If I is an ideal of the ring R and M is an R-module, the I-adic filtration
of R (or of M) is defined by R, = I" (or M, = I"M) where I = R (or
My = M).

Let M be a filtered R-module with filtration {M,}, and I an ideal of
R. We say that {M,,} is an I-filtration if IM,, C M, for all n. An I-
filtration with I M, = M, for all sufficiently large n is said to be I-stable.

It easy to see that I-adic filtration is I-stable.
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Definition 4.4.2. Let Z = {I"} be a I-adic filtration of R. We define the
Rees algebra R(Z) by

R(I) = @ I"t" C R[t], where t is an indeterminate over R.
n=0

Sometimes, we also write R(Z) = BrR. An alternative way to define R(Z)
is to describe it as a subring of the graded ring R[t] with degt = 1, and

R(T) = {ag + art + - - + ant™ € R[t] | a; € I',Vi}.

In case I is an ideal of R, we call R(Z) the Rees algebra of I and denote
it to be R[It].

Definition 4.4.3. Let {R,,} be a filtration of R, the associated graded
ring of R is defined as

grR = @grn(R), where gr,, (R) = R,/ Rn1-

Ifa € Ry, b € Ry, then a + Rypt1 € Ry /Rimy1 and b+ Ryy1 € Ry /Ryt
and
(a + Rm+1)(b + RnJrl) =ab+ Ryin+1-

Let M be a filtered module over a filtered ring R, the associated graded
module of M is defined as

grM = @grn(M), where gr, (M) = M,,/M;+1.

Ifa € Ry, © € M, then
(a+ Rmpy1)(x 4+ Mpy1) = ax + Mipyni1, and
(Rm/Rm+1)(Mn/Mn+l) g Mm+n/Mm+n+1~
gr(M) is a graded module over the grade ring gr(R).

Definition 4.4.4. We define the associated graded ring of a ring R
with respect to a proper ideal I is the graded ring:

gr, R=E /.
n=0
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Similarly, if M is an R-module, then the associated graded module is
the graded module gr; M over gr; R where

o
gr, M =@M/ M.
0

Proposition 4.4.5. Let R = ©g>0Rq be a graded ring. Then R is Noethe-
rian if and only if Ry is Noetherian and R is finitely generated Ry-algebra.

Proof. If Ry is Noetherian, then R = Rg[x1,...,x,]/] for some ideal in
Ro[z1, ..., zy], hence R is Noetherian.

If R is Noetherian, then Ry = R/I where I C @®g>1Rq is finitely
generated by homogeneous elements ai,...,a, of degree ni,...,n,. Let
R = Rylas, .. .,a,] be the Rg-algebra generated by the a;’s, we need only to
show that R,, C R for all n > 0. We will do so by induction on d. It is obvi-
ous that Ryg C R, and assume that Ry C R for d < n — 1, where n > 1. For
d=n,if a € Ry, then a =), cja; where deg(c;) = deg(a) — n; < deg(a).
Since a;,c; € R, we must have a € R. Thus we proved the claim. |

Proposition 4.4.6. Let M be a finitely generated module over a Noethe-
rian ring, and {M,} is an I-filtration of M. The following conditions are
equivalent:

1. {M,} is I-stable;

2. Define a graded ring BrR and a graded BrR-module BrM by

Bi/R = @In, BIM = @Mn,

n>0 n>0
then BrM is finitely generated.

Proof. (=) Indeed, if the filtration is I-stable, then B;M is generated by
the first k+1 terms M, . .., M}, and those terms are finitely generated; thus,
BrM is finitely generated.

(<) Conversely, if B;M is finitely generated, say, by GBISM]-, then, for
n >k, each f € M,,

f= Zaijg,-j, ajj € I"J, with the generators gij € Mj, j < k.

That is, f € I""* M. Thus, {M,,} is I-stable. O
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Theorem 4.4.7. (Artin-Rees Lemma) Let I be an ideal in a Noetherian
ring R, M a finitely generated R-module, and N a submodule of M. Then
there exists an integer k > 1 so that

I"M NN =I1""*(I*M)NN) forn>E.

Proof. Since R is Noetherian, then {M, } where M, = I"M is an I-stable
filtration. Thus, by Proposition 4.4.6, B;yM is finitely generated over BrR.
Since R is a Noetherian ring, B R is also a Noetherian ring, and ByM is a
Noetherian module. Any submodule By N is finitely generated over By R; in
particular, By N is finitely generated when N is given the induced filtration
{N,} where N,, = M,, " N. Then the induced filtration is I-stable again by
the Proposition 4.4.6. Hence, there exists an integer k > 1 so that

M, NN =I""F M, N) for n> k.
O

Theorem 4.4.8. (Krull’s Intersection Theorem) If R is a Noetherian ring,
and M is a finitely generated R-module, then for any ideal I C R, there is
an a € I such that

(1—a)(NpenI"M) = 0.

Proof. Let E = NpenI™M. By Artin-Rees Lemma, there exists a k such
that
E=I"'"MnE=I1(I*M)NE)=IE.

Thus, there exists a € I such that
(1-a)E=(1—-a)(NpenI"M) =0.
O

Corollary 4.4.9. 1. If R is a Noetherian ring, and I is contained in the
Jacobson Radical of R, then for any finitely generated R-module M,

ﬂ I"M = 0.
neN

2. If (R,m) is a Noetherian graded local ring, then for any finitely gen-
erated R-module M, we have

ﬂ m"M = 0.
neN
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Proof. To see the first claim, we note that by Theorem 4.4.8 there exists

a € I such that
(1—a) (ﬂ I”M) =0.

neN

Since [ is contained in the Jacobson radical of R, 1 — a is invertible for any
element a € I. Hence, [,y I"M = 0.

The second claim is an application of the first claim, since R is a local
ring and m is the only maximal ideal, thus (. m"M = 0. |

Proposition 4.4.10. Let R be a Noetherian ring, I an ideal, and M a
finitely generated R module. Then |J,, Ass(I"M /1" M) is a finite set and
there exists an integer m such that for all n > m, Ass(I"M /1" M) =
Ass(I™M /T M).  Similarly, there exists an integer k such that for all
n >k, Ass(M/I"M) = Ass(M/I*M).

Proof. Let S be the Rees algebra Bj(R), and N = @©,1"M/I"*1M the N-
graded S-module, where N,, = I"M/I"*'M. Apply Proposition 4.3.6 to
the ring S, we obtain the first claim.

To show the second claim, we consider the short exact sequence:

0— I"M/T" ' M — M/T"™'M — M/I"M — 0.

Ass(I"M /T M) C Ass(M/I" 1 M) C Ass(M/I"M) U Ass(I"M /T M),
and by the first claim, there exists an integer m such that for all n > m,
Ass(I"M /I M) = Ass(I™M/I™T'M). Thus, for all n > m, we have

Ass(I"M/T" M) C Ass(M/T""M) C Ass(M/I"M) U Ass(I"M/I" M),

and UpAss(M/I™M) is finite. For each p € U,Ass(M/I"M), if p is asso-
ciated to only finitely many M/I"M, then let m, be the largest integer
such that p is associated to M/I* M. Then we choose the maximal of k =
max{m, my}, and for all n > k, we have Ass(M/I"M) = Ass(M/I*M). O

4.5 System of Parameters
Definition 4.5.1. Let R be a Noetherian local ring with maximal ideal m,

and let M be a finitely generated R-module. A system of parameters for
M is a set {ai,...,a,} C msuch that M/(a1,...,a,)M has finite length.
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Definition 4.5.2. Let R be a Noetherian ring, an ideal I is a complete
intersection ideal of height s if I is generated by a regular sequence
ri,...,7s of length s; and ideal I is called to be locally complete inter-
section ideal of height s if I, is a complete intersection ideal of height s
for all prime ideal p such that I C p. Regular sequences are define in the
next section.

If (R,m) is a Noetherian local ring, let K = R/m, then the smallest
number of elements needed to generate m is equal to the dimg m/m?. In
general, if (R, m) is a Noetherian local ring of dim R = n, then dim R <
rankgm/m?, the equality holds when m can be generated by n elements. In
this case, we call the ring R a regular local ring. Below we give a formal
definition.

Definition 4.5.3. Let (R, m,K) be a Noetherian local ring, and K = R/m
be the residue field. If dim R = rankgm/m? = dimg m/m?, then we call R
a regular local ring. A system of parameters that generate m is called a
regular system of parameters.

Proposition 4.5.4. Let (R,m,K) be a Noetherian local ring. Then R is
regular if and only if the dim R = dimg (m/m?)

Proof. Let dim R = d. If R is regular, then ai,...,aq € m generate m,
and a; + m? span m/m?, hence dimm/m? < d. But it is always true that
d < dimg (m/m?). Thus we have dim R = dimg (m/m?).

On the other hand, if {a; + m?,...,ag +m?} is a basis for m/m?, then
a; generate m, and R is regular. O

Proposition 4.5.5. Let (R, m,K) be a regular local ring of dimension d, let
a1,--.,a, €m where 1 <t < d. Then the following are equivalent:

1. a1,...,a; can be extended to a reqular system of parameters in R;
2. @i,...,a; are linearly independent over K, where a; = a; mod m?;
3. R/(a1,...,a;)R is a regular local ring of dimension d —t.

Proof. (1 < 2) This is proved in Proposition 4.5.4. Moreover, {a;} can be
extended to a regular system if and only if {a;} can be extended to a K-basis
of m/m?.

(1 =3) Let a1,...,a¢, G441 - - -, ag be a regular system of parameters for
R. Then dim(R/(a1,...,a;)R) = d —t, and the d — ¢ elements a1, ..., dq
generate m/(ay,...,a;)m. Hence R/(a1,...,a;)R is regular.
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(3 =1) Let a;41...,aq € m such that the images in m form a regular
sequence in R/(a1,...,a;)R. Let x € m, modulo I = {aq,...,a;), then x —
Zf:H_l c;a; = 0 for some ¢; € R, and © — E?:Hl cia; € I. Thus, aq,...,aq
generate m, R is regular, and ay,...,a; extend to a regular system. |

Theorem 4.5.6. Let (R, m,K) be a Noetherian local ring. Then R is reqular
if and only if m can be generated by a regular sequence, the length of any
such sequence is dim R.

Proof. If R is regular with a regular system of parameters aq,...,aq € R,
and 1 < ¢ < d, then R/(a1,...,a;)R is regular has dimension d — t. By
Proposition 4.5.5, a;4+1 is not a zero divisor of R/(ay,...,a:)R if and only
if a;41 is not a zero divisor of R. By induction, we have ay,...,aq form a
regular sequence which generate m.

Suppose m is generated by a regular sequence ay, . .., ag, then dim R/m =
dim R — d. Since dim R/m = dimK = 0, we must have that dimR =d. [

Proposition 4.5.7. If (R,m) is a Noetherian local ring, and I is a proper
ideal in R such that R/I a regular ring, then I = VI and I is locally a
complete intersection ideal at all primes p.

Proof. We note that R/I is regular if and only if (R/I), is regular for any
prime ideal p O I, and by Proposition 4.5.5, if and only if the height of I,
is the same of the number of minimal generators of I,. Hence I is a local
complete intersection by definition.

To show that I = /I, we only need to show that /T C I. Let r € R/I
such that r € v/T\ I. Since (R/I), is a domain for all p D I, so (r), = 0,
therefore, r € I. Thus, I = /1. O

4.6 Regular and Quasi-regular M-Sequence

Definition 4.6.1. If R is a ring and M an R-module. An element r € R
is said to be M-regular if mr # 0 for all 0 # m € M. A sequence
ri,...,m, € Ris an M-sequence or M-regular sequence if

1. ry is M-regular, ro is M /riM-regular, ..., v, is M/(ri,...,7n_1)M-
regular;

2. M/(ri,...,m)M #0

The sequence is said to be a weak M-sequence if it only satisfies the first
condition.
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Remark 4.6.2. By induction on n, one can show that if R is a local ring,
and {ry,...,r,} is a weak M-regular sequence, then for every i € {1,...,n},

dimM/(rl,...,ri)M:dimM—i.

Proposition 4.6.3. Suppose r = {ri,...,m,} € I C R is a weak M-
sequence, f : R — S is a ring homomorphism, and N is a S-module flat over
R. Then f(r) is a weak (M ® N)-sequence in IS. If r(M @ N) # M ® N,
then r is an M-sequence, and f(r) is an (M ® N)-sequence in IS. If N is
faithfully flat over R, then f(r) is an (M ® N)-sequence if and only if r is
an M -sequence.

Proof. First, we note that for any ideal J C R, N/JN is a flat module over
R/J, and

M/JM ®p)y N/JN = (M ®@r N)/J(M ®g N)

preserves the exactness. Let J = (ry,...,r;) for some 1 < i < n. If
{r1,...m} is a weak M-sequence, then f(ry,...r;) is a weak (M ® N)-
sequence in IS.

Ifr(M ® N) # M ® N, then

M/rM @ N/rN =2 (M&@N)/vr(M&@N)#0 = M/rM #0,

thus r is an M-sequence by definition. Moreover, if r is an M-sequence, and
tensor a flat module preserves the exactness, f(r) is an (M ® N)-sequence
in IS.

To prove the last claim, we only need to show that if f(r) is an (M ® N)-
sequence, then r is an M-sequence. We will prove such by induction on the
length n of the sequence. We will reduce to prove the case when n = 1.
Since N is faithfully flat,

0 —— MoN 2% MeonN

is exact if and only if
0 M "5 M

is exact. Therefore, we have r is an M-sequence. [l

Since localization of R is a flat extension of R, applying the similar
argument, we have the following
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Remark 4.6.4. If r C I C R is a weak M-sequence, and S C R is a
multiplicatively closed set, then S~'r ¢ S7'I ¢ S7'R is a weak S~1M-
sequence. If S = R\ p for some prime ideal p C R, and I C p, then r, C I,
is in fact an Mj-sequence in I,,.

Note, the sequence obtained by permuting the elements of an M-sequence
may no longer be an M-sequence. In case of a local ring, or more generally,
when the sequence lies in the Jacobson radical, the any permutation of an
M-sequence results an M-sequence.

Theorem 4.6.5. If I is in the Jacobson radical of R, and r C I is an
M -sequence, then any permutation of r is also an M -sequence.

Proof. To prove the claim, we only need to show that if {ri,ro} is an M-
sequence, then {rq,r1} is also an M-sequence. We will prove that 74 is not
a zero-divisor of M, and ry is not a zero-divisor of M /roM.

Let N = (0 :p7 r2). To show 79 is not a zero-divisor of M, we will show
N = 0. Let 0 # m € N, then rom = 0. The condition that {ri,ro} is
M-regular implies m € r1 M, and thus, m = rym’ for some 0 # m' € M.
Hence, rom = rorym’ = r1(rem’) = 0. Since 7, is a non-zero divisor on M,
rom’ = 0, therefore, m’ € N. This means for any m € N, m = rym’ for
some m’ € N, ie., N C r{N. Hence, N = r{N. Since r is in the radical
ideal of R, by Nakayama’s lemma N = 0. Thus, ry is a non-zero divisor on
M.

Moreover, 71 is a non-zero divisor on M /roM. Otherwise, if there were
a non-zero element m € M /roM such that rym = 0, then riym = rom’
for some 0 # m’ € M. This would imply r is a zero divisor on M/r1M,
contradicting the fact that {ry,re} is an M-regular sequence.

Thus, we must have that {rq,r1} is an M-regular sequence. O

The above theorem is not true if the elements are not coming from the
Jacobson radical of R. Without proof, we will state the following known
theorem.

an

Theorem 4.6.6. If r1,...,r, is a reqular sequence then so is ri*,...,r%

for any positive integers aq, ..., an.

Let x1,...,2, be indeterminants over ring R, M an R-module, and
Mlz1,...,2,] := M Qg R[z1,...,2,]. Then the elements of M|z1,...,x,]
are polynomials in x;’s with coefficients in M, and M[z1,...,z,] can be
viewed as either an R-module or an R[z1,...,zy]-module.
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Definition 4.6.7. Let ry,...,7, € R, I = (r1,...,7r,) an ideal in R, and
M an R-module such that IM # M. The sequence ry,...,7, is M-quasi-
regular provided that, for all ¢, f(z1,...,2,) € M[21,...,2,] is homoge-
neous of degree t and f(r1,...,r,) € I*+1 M implies that all the coefficients
of f arein IM.

This definition is independent of the order of ry,...,r,. Moreover, if
T1,...,Ty is M-quasi-regular, then r,...,r,_1 may not be M-quasi-regular;
this is different from an M-regular sequence.

Remark 4.6.8. 1. Define a map ® : M[z1,...,z,] — M, such that
D(f(x1,...,24)) = f(r1,...,ms) [ is homogeneous of degree t.

The Definition 4.6.7 is equivalent to the statement that if f(r1,...,7,) =
0, then the coefficients of f are in I M.

2. Consider a map
¢ (M/IM)[x1,... 2] = gr; M = Sl M/ M,
such that
o(f(x1,...,20)) = f(r1,...,m) f is homogeneous of degree t.

This is a surjective map, and if ¢ is injective, then 71, ..., 7, is a quasi-
regular sequence. Thus Definition 4.6.7 is equivalent to the statement
that ¢ is an isomorphism.

Use induction, we can prove the following theorem.

Theorem 4.6.9. Let R be a ring, M an R-module, and I = (r1,...,my,) an
ideal in R. Then

1. If rq,...,ry is M-quasi-reqular, and a € R is such that IM : a = 1M,
then I'M :a = I*M for any t > 0.

2. Ifry,...,ry is M-regular, then it is M -quasi-regular.

4.7 Proj of a Graded Ring

In the geometry of varieties in affine n-space, the key is in understanding
the ideals I C K[z1,...,2,]. More generally, modules over R = K[z1, ..., ]
define quasi-coherent shaves on X = Spec(R). In fact, this is an equivalence
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of categories: to give a quasi-coherent Ox-module is the same as to give an
R-module. Finally, the stalk Ox , at the point = corresponding to the prime
ideal p is the local ring R,.

In projective geometry, a similar role is played by graded rings and mod-
ules. Let S be an Ny-graded ring. Define Proj S to be the set of all homoge-
neous prime ideals of S not containing 5. For each positive integer n and
each f € S, we may view the localization Sy as a graded ring with negative
degrees, by placing g/ f* in degree m — kn whenever g € S,,. We may then
identify the set

D(f) ={p € ProjS | f & p},

with Spec Sy where Sy is the degree zero subring of Sy, and glue these to
equip Proj S with the structure of a scheme. In the case S = K[z, ..., xy]
with an algebraically closed field K and where x; is homogeneous of degree
1, the closed points of this scheme is equal to the usual projective space
Pg. If I is a graded ideal in S, then S/I can be viewed as a graded ring,
and the projection S — S/I induces a morphism Proj.S/I — Proj S which
is a closed immersion. The stalk Ox ; at the point z corresponding to the
homogeneous prime ideal p is the local ring S(,), where S(;) denotes the
degree 0 homogeneous localization of S at p, i.e., it consists of fractions x/f
of homogeneous elements of the same degree such that f ¢ p.

__ If M is a graded S-module, we can convert M into a quasi-coherent sheaf
M on Proj S by doing so on each D(f) and then gluing. Let 0 < n € Z, and
M (n) the shifted module M (n); = My+;. Let Ox(n) be the quasicoherent
sheaf on X = Proj S defined by the graded module S(n). Then Ox(0) =
Ox. Generally, for any quasicoherent sheaf F of Ox-modules, set F(n) =
F @0, Ox(n).

It is proved in [Har97] that suppose that S is generated by S; as an
So-algebra. Then the sheaves Ox(n) on Proj.S are locally free of rank 1,
and Ox(m) ®o, Ox(n) is canonically isomorphic to Ox (m + n). A locally
free quasicoherent sheaf F of rank one on a locally ringed space X is called
an invertible sheaf . That is because there is a unique sheaf FV such that
F ®@oy FY = Ox is called the dual of F. The dual of Ox(n) is Ox(—n).

As a known result proved in [Har97], if S is finitely generated by S7 as
an Sp-algebra, then each quasi-coherent sheaf on Proj.S can be written as
M for a canonical choice of M. This means that from a quasicoherent sheaf
F on M, one can construct a module

I.(F) = @nezl (X, F(n)).

If1<ne€ZandS=XKlzg,...,z,], then S = &2 ;I'(X,Ox(n)). Moreover,
if 7 is an ideal sheaf, then we can construct I'.(Z) as and ideal of I',(Ox) =
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S. Hence, we see that any closed immersion into Py is defined by some
homogeneous ideal of K[z, ..., z,].

The algebra associated to projective geometry is the algebra of graded
rings and modules. However, it is not true that we have an equivalence of
categories like we did in the affine case. It can happen that ProjS can be
isomorphic to ProjT even though S and T are not isomorphic as graded
rings. Also two different graded S-modules M and N can define isomorphic
quasi-coherent sheaves M , N. Example: any module M with M,, = 0
for n > 0 has M = 0. Another important difference between affine and
projective geometry is in sheaf cohomology. If X is an affine scheme then
HY(X,F) = 0 for all i > 0 for all quasi-coherent sheaves F, a theorem of
Serre. But for projective schemes X, the H!(X,F) are generally nonzero
and give interesting invariants of X.

4.8 Graded Free Resolution

In abstract algebra and homological algebra, a resolution is an exact se-
quence of modules (or any objects in an abelian category), which is used to
describe the structure of a specific module (or object) of this category. If M
is a graded R-module generated by its elements of positive degree, then M
has a free resolution. Among these graded free resolutions, the minimal free
resolutions are those for which the number of basis elements of each stage
is minimal.
First, let us prove Nakayama’s Lemma for the graded modules.

Proposition 4.8.1. (Graded Nakayama’s Lemma) Let R = Ry[R1] be a
non-negatively graded Noetherian ring with Ry a local ring, m the homo-
geneous mazximal ideal of R, and M a finitely generated graded R-module.
If r = dimpn(M/mM), then there exists r homogeneous elements which
generate M.

Proof. Let my,...,m, € M be homogeneous elements whose images form
an R/m-basis in M/mM. We will show that mq,...,m, generate M. Let
N C M be the submodule generated by z1,...,x,, then M = N4+mM, and
M/N = m(M/N). If M # N, then M/N is a finitely generated non-zero
graded R-module. Let s be the smallest integer such that (M/N); # 0. Then
(M/N)s =w'(M/N)s where m’ is the maximal ideal in Ry. By local version
of Nakayama’s lemma, (M/N), = 0, a contradiction. Hence M = N. O

With the above notation, let r = dimp/(M/mM) be the minimal num-
ber of generators of M. If F is a finitely generated graded free R-module,
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then homogeneous elements my, ..., m, with deg(m;) = n; form a basis for
F. Therefore, there exists a unique set of integers {n1,...,n,} such that

F =@ R(—ni).
Definition 4.8.2. Let R be a graded ring and M a graded R-module. A
graded resolution of M is a complex of free R-modules of the form

1 o)

...%FEL)FZ_lﬁ..._)FI Fy M—>0,

where each Fy = R(—d;)®---®R(—d,) is a free module, and (R(d)); = Rg++
is the degree d twisted component of R. ker(¢y) = im(¢,—1) C Fy is
the ¢-th syzygy module of M; and each ¢ is a graded homomorphism of
degree 0. The resolution is minimal if for every ¢ > 1, the nonzero entries
of the graded matrix of ¢; have positive degree. It is proved that a free
resolution is minimal if and only if ¢;(Fy) C mFy_q = (x1,...,2n)Fr_1, VL.

Remark 4.8.3. 1. Every (graded) module has a (graded) free resolution.

2. Every finitely generated module over a principal ideal domain R has
a resolution of the form

0— Fy — Fy - M — 0, where F;’s are free over R.

M>=R"®R/a1R® ---® R/a, R where a;’s are non-zero units, Fy =
R™™ and Fy = R".

Theorem 4.8.4. (Minimal Resolutions Over Noetherian Local Rings) Let
(R,m) be a Noetherian local ring, and M a finitely generated R-module of
projective dimension n. Then, a projective resolution of minimal length may
be obtained by constructing a free resolution and taking the minimal possible
number of generators of the free modules at each step.

Proof. Let by = u(M) be the number of generators of M, then we have a
part of free resolution of M over R as
R s p 0.

If by # 0, then take by as the number of the generators of ker(fy) to construct
the free resolution

f1 fo

Rb1 Rbo M 0.

We continue this process one at a time, i.e., if b; # 0, then take b; 11 as the
number of the generators of ker(f;) to construct the free resolution

fo

Roer Ty g iy phia o Rl M 0.
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The projective dimension is n implies b, # 0, but b,1+1 = 0, and the process
terminates. ]

We observe that the key idea of constructing a free resolution of a R-
module M is to find a system of generators of M first, and then find a
generating system of the relations on the generators of M, i.e., the first
syzygy module of M, and repeat the process. In fact, building a resolution
is to repeatedly solve a system of polynomial equations, i.e., the syzygy
modules. Below is an algorithm to construct a free resolution of a finitely
generated R-module M.

Algorithm 4.8.5. (Construct a free resolution)

1. Let My = M, choose generators my,...,m, € My, and set Fy = R,
let f1,..., fr be a basis for Fy, and define

do : Fy — M, d()(fi):mi, 1< <

2. For i > 1, let M; = ker(d;—1), choose generators wy, ..., ws € M;, and
set F; = R5. Let g1,...,9s be a basis in R®, and define

di: F,— M,; C F;,_q, di(gj):wjy 1< <s.

By construction,
ker(di_l) = 1m(dl)

3. Repeat this process.

This process may or may not terminate; if it terminates, we have a finite
free resolution of M, otherwise, we have an infinite free resolution of M.

Remark 4.8.6. A graded resolution can be constructed in the similar way
by choosing a set of homogeneous generators of ker(d;). Furthermore, a
minimal free resolution can be obtained by selecting a minimal system of
the generators.
To see this, let

be the graded free resolution of M, and consider the section of the right
exact sequence F; — F;_1 — imf;_1 — 0. The complex is minimal if and
only if f;(F;) C mF;_1. This is equivalent to say that the map

fi: Fi/mF; — F;_y/mF;_,
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is zero. This holds if and only if F;_1/mF;_; = (imf;—1)/m(imf;_1), and by
Nakayama’s lemma, this is true if and only if F;_; maps to a minimal set of
generators of imf; 1.

Theorem 4.8.7. (Graded Hilbert Syzygy Theorem) Every finitely generated
R =K][x1,...,zy]-module has a finite graded resolution of length at most n.
Any two minimal resolutions are isomorphic.

Proof. To prove that the resolution terminates at the (n + 1)-th step, it is
necessary and sufficient to show that the n-th syzygy is a free module. We
will leave the proof of the first claim to the reader as an exercise. To prove
the second statement, let Fy and G,

fi

Fe: -2 F — Fp 11— -2 —-M=0
Ge: --—Gj LGj,1—>~~—>GO—>M—>O

be two minimal free resolutions of M. Let m be the length the minimal
resolutions. We insert the kernel and the cokernel to the maps F; — F;_1
and G; — G;_1. Since dim Fy = dim Gy equals the number of generators
of M, Fy = Gy, and ker(fy) = ker(go). According to the construction of
the minimal free resolution, dim F; = dim Gy equals the number of gener-
ators in ker(fy) = ker(go), hence F; = G7. Repeat this process, at each
stage, ker(f;) = ker(g;), and hence Fj11 = Gj+1. Thus, any two minimal
resolutions are isomorphic. O

When the polynomial ring has two variables, then the structure of this
minimal free resolution has a special form given by the Hilbert-Burch theo-
rem. A modern presentation can be found in the book [Page 263, [CLO98]].

Theorem 4.8.8. Suppose that f1,. .., fm € K[z,y] are homogeneous polyno-

mials. Then Syz(fi,..., fm) is a twisted free module over K|z, y]. Moreover,
if deg(f;) = d for alli and ged(f;) = 1, then Syz(fi,..., fs) = @?lle(_ﬂi),
that is, the generators of the syzygy module are of degrees pi, . .., thm—1 Such

that py < po < -+ < piy—1 and 07 i = d.

Cox [Page 279, [CLO98]| sketched the proof of the second statement,
and had a nice short literature review of the development on this subject.
The set of the generators in Theorem 4.8.8 is called the p-basis of the syzygy
module. The basis elements are not unique, but the degrees of the elements
are unique.
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Remark 4.8.9. Let F : P! — P” be a generic one-to-one map given by
F(s,t) = (fo(s,t),..., fn(s,t)) with deg(f;) = d and ged(f;) = 1. Then the
image of the parametrization is a space curve of degree d in P™.

1. If n = 2, then Syz(fo, f1, f2) is generated by two elements p,q of
degrees p1,d— 1 where py < d— puy. The set {p, q} is called a p-basis
for the rational planar curve.

2. If n = 3, then Syz(fo, f1, f2, f3) is generated by three elements p,q,r
of degrees p1 < po < psz such that Z?:l p; = d. The set {p,q,r} is
called a u-basis for the rational space curve.

Example 4.8.10. If R = Clz,y] is a graded ring and I = (x,y) is the
graded ideal. The minimal graded free resolution of I is
_ T
0 R(—2) Y R eRr-1l) 24 1 S0
There are several useful numerical invariants that can be obtained from
the minimal free resolution of a module. The first invariant is called projec-
tive dimension, that is the length of the minimal free resolution.

Definition 4.8.11. Let M be a graded R-module with the following free
resolution

é 1

o Fp XS Fp > Ry %0

M — 0.

Fy

The projective dimension of M, pdim(M), is the smallest ¢ such that
F; # 0 and F; = 0 for all j > 4. If no such ¢, then pdim(M) = oo.

Example 4.8.12. If R = K[z, y]|/(zy) where K is a field, then R/(x) does
not have finite projective dimension over R, since

‘'R R 23R R 3R R/(z) = 0-
Remark 4.8.13. Let I be a graded ideal in the graded ring R, then

pdim(R/I) = pdim(I) + 1.

Example 4.8.14. Let R = K[z,y] and I = (22, 2y,%>), then the minimal
free resolution of M = R/I is

0 T 22 a0 1P
0 R(—3)® R(—4) — = R2(—2)@ R(-3) “™¥L g 0.
It is easy to see that pdim(R/I) = 2.
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Betti numbers of M is are other invariants which can be obtained from
the minimal free resolution.

Definition 4.8.15. The rank of the i-th syzygy module of the minimal
graded free resolution of M over R

1 o)

Fo o F -2 EF 5 ohR M0 (41)

Fy

is called the i-th total Betti number or simply the i-th Betti number,
and is denoted by
BE(M) = rank(F}).

1

Let F; = @ R(—j), then a graded minimal free resolution of M is of the
form

0= EPR(=j)% — - > P RG)™ - @ R(=5)* - M -0,
J J J

where the exponents f3; j of the shifted modules R(—j) are called the graded
Betti numbers of M over R. In fact, Bg(M) of M is the number of copies of
R(—j) that appears in F;. It is known (and we will see in the next chapter)
that

7

Bf(M) = dimg Tor(M,K), BE(M) = dimg Tor/ (M,K);.

Since f3; j(M) = 0 for j < i, the graded Betti numbers of an R-module M are
often written in a matrix called the Betti table of M, where the entry in the
i-th column and the j-th row in the matrix is the Betti number ;4 ;(M).
The Betti table of M is denoted S(M) and has the form:

Boo Lri o Bpp
B(M) = 5?,1 5{,2 e ﬂp,f)+1
Boyr Brisr - Bppir

Using the Betti numbers, we can identify two important invariants that
measure the “growth” of the resolution of M as an R-module. First, the
projective dimension of M can be defined in terms of Betti number:

pdimp (M) = sup{i | F; # 0} = sup{i | B # 0}.

Second, the Castelnuovo-Mumford reqularity or simply the regularity of a
module can be extracted from the Betti numbers.
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Definition 4.8.16. Let t/{(M) = sup{j | @RJ(M) # 0}, the Castelnuovo-
Mumford regularity, or the regularity of M, regp(M), is defined as

regp(M) = sup{j —i | B5(M) # 0} = sup{t;'(M) —i | i € N}.

We observe that if M has a minimal free resolution F, as in (4.1) where
F; = ®jR(—ay;), then regp(M) = sup; ;{a;; — i}. Moreover, an R-module
M has a linear resolution if ﬂg(M) = 01if j # d+ i for some d € Z.
Equivalently, M has a linear resolution as an R-module if it is generated by
elements of degree regp(M).

Example 4.8.17. The Betti numbers, Betti table, and regularity of the
module M in Example 4.8.14 are

ﬁO(M) =1, /BI(M) =3, /BQ(M) =2,

Boo(M) =1, p12(M) =2, f13(M) =1, Ba3(M) =1, foa(M)=1.

1 - —
fM)=- 2 1
1 1.

regp(M) = 2.

In general, regp(M) is finite if pdimp (M) is finite. But regp(M) can be
finite even if pdimp (M) is infinite. Following is an example.

Example 4.8.18. Let R = K[z]/(z") with n > 1. Then the minimal free
resolution of M = K over R is:

n—1

s R(-2m) 2 R(-n—1) —% R(—n) = R(~1) —% R— M — 0.

Hence Fy; = R(—in) and Fit1 = R(—in — 1). So pdimp(M) = oo for all
n > 1. But regpr(M) =0 if n =2, and regr(M) = oo if n > 2.

4.9 Dimension and Multiplicity

Lemma 4.9.1. Let R be a graded ring, and p a non-homogeneous prime
ideal of R. Then there are no prime ideals properly between p and p’ where
v’ is the ideal generated by all the homogeneous elements contained in p.
Hence, ht(p) = ht(p’) + 1.
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Proof. By passing to R/p’, assume R is an integral domain and p’ = 0. Let S
be a set of all non-zero homogeneous elements in R, then pN.S = 0, and pRg
is a non-zero prime ideal in Rg. Since every non-zero homogeneous element
of Rg is a unit, Rg = K[t~!,#], and dim Rg = dimK[t~!,¢] = 1. Hence,
there are no primes properly between (0) C p C pRg. Therefore, there are
no primes of R properly between (0) C p. Thus, ht(p) = ht(p’) + 1. O

Corollary 4.9.2. Let R be a graded ring, and M a finitely generated graded
R-module. If p € SuppM is a non-homogeneous prime ideal, then dim M, =
dim My + 1 where p' is the ideal generated by all the homogeneous elements
contained in p.

Proof. By passing to R/AnngM, assume AnngM = 0. Then dim M, =
dim R, = ht(p) for all p € SuppM. By Lemma 4.9.1, ht(p) = ht(p’) + 1,
thus

dim M, = dim R, = ht(p) =ht(p’) + 1 = dim R,y + 1 = dim M + 1.
0

Using the technique of passing to R/p’, one can prove the following
results.

Proposition 4.9.3. Let R be a Noetherian graded ring and p a homogeneous
prime ideal of height n, then there exists a chain of distinct homogeneous
prime ideals

PoCpr C---Cpp=9p.

Hence, for a non-negatively graded Noetherian ring R,

dim R = sup{po C p1 C --- C p, | p; are homogeneous primes of R}.

Lemma 4.9.4. Let R be a graded ring and M a graded R-module. Then M
is simple as an R-module if and only if M is simple as an Ry-module.

Proof. First, if M is a simple Rg-module, then M must be a simple R-
module, hence we only need to show the converse. If M is a simple R-
module, then M = R/m for some homogeneous maximal ideal m, and m =
@l Ri+m'+&2 R, for some maximal ideal m’ € Ry. Thus M & R/m =
Ry/w/, and therefore, M is simple as an Rg-module. |

If M is an R-module, we denote the length of M as and R-module by
Lr(M), or simply ¢(M).
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Theorem 4.9.5. Let R be a Noetherian graded ring and M a non-zero
finitely generated graded R-module. Then there exists a filtration, called
quasi-composition series for M,

O0=MyGCM G- CM =M

such that for i = 1,...,r, M;/M;_1 = (R/p;)(m;) for some homogeneous
prime p;, and degree twist m; € Z. The set S = {p1,...,p,} is not uniquely
determined by M, but the set of minimal primes in S is the same as the
set of minimal associated primes of M over R. Therefore, if p is a minimal
associated prime of M over R, then the number of times p occurs in any
quasi-composition series for M is the same as £r,(My), the length of M.

Proof. To show the existence of quasi-composition series of M, let
I' = {graded submodule of M | is zero or has a quasi-composition}.

Let N be the maximal element of I'. If M # N, let N' = M/N, then
there exists a graded submodule L C N’ such that L = (R/q)(m) for some
q € AssgN’, and some degree twist m € Z. Let M’ be the inverse image of
L in M, then M’ 2 N and M’ € T, contradicting the assumption that N is
the maximal element in I'. Thus, M = N.

It is easily verified that for a sufficiently large k,

k r

C AHIIR(M) C ﬂ AnnR(MZ-/Mi_l) = ﬂ P
i=1 i=1

m AHHR(MZ'/Mi_l)
i=1

Thus, a prime p O Anng(M) if and only if p O Anng(M;/M;_1) for
some 1, if and only if p; C p for some ¢. If p is a minimal associated prime
of M, then we have p; = p for some .

If p is a minimal associated prime of M over R, then localization at p
gives a composition series for Rp-module My, and ¢g,(M,) is the number of
nonzero components in the quasi-composition series of M, which is the num-

ber of times that (R/p)(m) occurs as a component in the quasi-composition
series of M. O

Lemma 4.9.6. Let R be a graded ring and M a graded R-module such that
Lr(M) = n. Then there exists a composition series of M

0=M, CM,—1 G- C M= M,

where M;/M;t1 is a simple R-module and M; is graded for all i.
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Proof. If n = 0,1, then the result is trivial, and let n > 1. We will prove
the claim by induction on n. Let 0 % m € M be a homogeneous element.
If Rm # M, then we are done by induction: pull back a quasi-composition
series of M/Rm. If Rm = M, then M = R/Ann(m), and ¢(R/Ann(m)) =
n. R/Ann(m) is an Artinian graded ring. If every nonzero homogeneous
element were invertible, then the maximal homogeneous ideal is the zero
ideal. In other words we would have n = ¢r(R/Ann(m)) = 1, contradicting
the assumption n > 1. Thus, there exists a non-zero homogeneous element
r € R\ Ann(m) such that » + Ann(m) is not a unit in R/Ann(m). Then
N = R(rz) is a non-zero proper graded submodule of M. Hence, we are
done by induction. |

Theorem 4.9.7. Let R be a graded ring and M a graded R-module. Then

CR(M) = Lro(M) =Y gy (My).

Proof. If {r(M) = oo, then ¢r,(M) = co. Assume that {r(M) =n < oco.
By Lemma 4.9.6, there exists a composition series of M

OZMn,C._Mnfl,C,_"',C‘_MOZMa

where M;/M; 1 is a simple R-module and M; is graded for all i. By Lemma
4.9.4, these are also simple Ry-modules. Hence, ¢, (M) = n. O

It follows that if R is a graded ring and M a graded R-module, then
lr(M) < oo as an R-module if and only if each M,, has finite length as an
Ry-module, and M,, = 0 for n > 0.

Definition 4.9.8. A graded R-module is called bounded below if there
exists k € Z such that M,, = 0 for all n < k.

Definition 4.9.9. Let R be a graded ring and M a graded R-module.
Suppose that ¢r,(M,) < oo for all n, we define that Hilbert function
Hy : Z — Z of M by

HM(n) = éRO(Mn), Vn e Z.

If M is bounded below, we define the Hilbert series or Poincaré series
of M to be

Py(t) =Y Hu(n)t" € Z(1).
nez
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Theorem 4.9.10. Let R = ®2,R; be a Noetherian graded ring, where Ry
s a Noetherian ring, and R is generated by homogeneous elements r1,...,7s
with deg(r;) = k; > 0. Let M be a finitely generated graded R-module. The
Py (t) is a rational function in t of the form

Q)
[ (1 —tk)’
Proof. We will prove the claim by induction on s, the number of generators
of R over Ry. If s =0, then R; =0 for all i > 1, so R = Ry, and M is a
finitely generated Ry module, hence M; = 0 for all i > 0. Thus Py (t) is a
polynomial.

Assume that the claim is true for all s — 1, and we will show it is true
for s. Consider the following exact sequence:

Py (t) = where f(t) € Z]t].

0— K, — M, —— Muyx, = Lpsr, = 0,

and let K = ®,K,, and L = &,L,,. Then K and L are finitely generated
graded R-module, L is the quotient module of M, both are annihilated by
rs, and they are Ro[r1,...,7s—1]-modules.

K(Kn) - E(Mn) + g(MnJst) - g(LnJrks) = 0.
Multiplying t"**s, we have
R 01, ) — TR O(M,) 4 R U (Myg,) — £ U(Lpgr,) = 0,

hence,
(1 = th*) Pys(t) = Pp(t) — t* Px (t).

Apply induction hypothesis on K and L,

g(t) thn(t)
1— )Py (t) = — , where g(t), h(t) € Z[t],
(1= )P () = et = bt e g0, 1) € 20
thus the claim is true. O
Proposition 4.9.11. Let R = Klz1,...,2y] be a polynomial ring over a

field K with deg(xz;) = 1 for all i. Then the Hilbert function

m+d—1> B <m+d—1

HR(d):< = ; ),deo.

m—1
And the Hilbert or Poincaré series of R can be written as

1

Pgr(t) = m
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Proof. We will prove the first claim by induction on m +d. If m = 1 or
d = 0, the claim is clearly true. Suppose that m > 1 and d > 0. Let
S =K][z1,...,Tm-1], and consider the exact sequence

0— Rg_1 I, R;— S4— 0.
Then apply induction hypothesis on Ry and Sy,
HR(d) = dimg Ry = dimg R4_1 + dimg Sy

m+(d—1)—1 (m—-1)+d-1
= +
m—1 (m—1)—1
B m+d—2 n m+d—2 B m+d—1 B m+d—1
- m—1 m — 2 o m—1 o d ’
By series expansion,

(1—175)’” -y (m *; - 1>td = 3" Hp(d)t? = Pa(t).

d

Corollary 4.9.12. Let R = Klz1,...,2m] be a graded ring, and M a graded
R-module with the following free resolution:

F*: 0 F,—Fsq—-—F—F—>M=0, F, =&;R(—a;).
Then

) i(_l)i 3 <m e aij).

Moreover, there is a polynomial called the Hilbert polynomial, denoted
by HPy(d), such that HPy(d) = Hy(d) for d > max; j{a;; —m+ 1}, and
deg(HPM(d)) =m—1.

Proof. By Proposition 4.9.11,

s

Hy(d) =Y (1) Hp,(d) z:: zj:( —l—i—d—aZ])

=0

If d > max; j{a;; —m+ 1}, then m —1+d —a;; > 0, and

m—l+d—a,-j
m—1
(m—-1+d—-ajy)(m—-—14+d—a;—1)---(d—a; +1)
(m —1)!
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is a polynomial of degree m — 1 in d. Thus, for d > 0, the Hilbert function
is in fact a polynomial, and

HPy(d) = a-d™ ! + terms of lower order.

O

Theorem 4.9.13. Let R = K|x1,...,%y] be a graded ring, M a graded
finitely generated R-module. Then the Hilbert polynomial H Py (d) is of
degree dim M — 1.

Proof. This theorem is proved in [Theorem 4.1.3 [BH93]]. O

Remark 4.9.14. In the setting of Corollary 4.9.12, let P, (t) and Pg(t) be
the Hilbert or Poincaré series of F; and R respectively, then

t) = ZHM(d)td => (i(—l)idim F> td
d

=0

S (zdlmF ) = 3P0 = 3 P

i=0 1=0 =0

S D ePr)t® | = Prt) | D (—1)7D eyt
i=0

i i=0 i

N Z > (1)t

=0 j

Definition 4.9.15. The Euler polynomial of the resolution F'® of M in
Corollary 4.9.12 is defined as

Epe(t Z Z Cijtj € Z[t].

>0 j

Since every graded free resolution of M is isomorphic to the direct sum of
the minimal graded free resolution, the Euler polynomial does not depend
on the resolution. If we take the minimal free resolution of M, and let E(t)
be Euler polynomial of M, and

E]W Z Z Cz]

>0 7j



4.9. DIMENSION AND MULTIPLICITY 149

The rank of i-th free module in F*® is rankF; = Zj ¢ij = Pi(M) where 3;
is the i-th Betti number. The Euler characteristic of M, Char(M), is
defined as

Char(M) = Exr(1) = Y Y (=1)'eij = > _(=DrankF; = Y (=1)'8;(M),

i>0 i>0 i>0
Hence, the Hilbert or Poincaré series of M over R = K[x1,..., ;] can be
written as £0) Eart)
M

@=tm  (1—tm
If s=max{s€Z | (1—-1t)°| Eyp(t)}, let
En(t)

h(t) = m, and then Py (t) =

h(t)

T where w =m — s.

h(1) is called the (geometric) multiplicity or degree of the module M,
and we denote it by mult(M). If dim M = 0, then mult(M) is defined to be
£(M), the length of M.

The following results are proved by Vasconcelos [Mac71] concerning the
Euler Characteristic and the annihilator of an R-module M.

Theorem 4.9.16. Let M be a R-module with a finite free resolution of finite
length. Then the Euler characteristic of M, is a non-negative integer, i.e.,
0 < Char(M) € Z, and

1. If Char(M) > 0 if and only if Anng(M) = 0.

2. If Char(M) = 0 if and only if Anng(M) # 0 if and only if (0 :g
Anng(M)) =

With above notation, we conclude the following theorem, and leave the
proof as an exercise.

Theorem 4.9.17. Let R = Klz1,...,%m]| be a graded ring, M a finitely
generated graded R-module. If M is not Artinian, then

h(t
1. Hilbert or Poincaré series Py(t) = W.
2. The leading coefficient of the Hilbert polynomial H Pyr(d) is

h(1)
(dim M — 1)!
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3. If h(t) = hyt" + -+ - + hit + ho, then Hilbert polynomial

<dimM—1+d—j>

HPw(d) = D hi( ™ G ag -1

0<j<r
4. dim(My) = HPy(d) for all d > deg(h(t)).
If M is Artinian, then Py (t) = h(t), and h(1) is the length of M.

Remark 4.9.18. If the graded Betti numbers of M are known, then we can
compute Pys(t), dim M, HPp(t), and mult(M), the multiplicity of M.

Example 4.9.19. Let R = K[z,y], and M = K|z, y]/(2?, 2y,4?). Based on
the minimal free resolution calculated in Example 4.8.14, Hilbert or Poincaré
series is

1-262 -3+ 82+ 120 1!
(1-1)? DR

Py (t) = =1+ 2t +1* = h(?).

We see that M is an Artinian, and
(M) = mult(M) = h(1) = 4.

If R = Klx,y, 2], and M = K[z, vy, 2]/(z?, 2y, 4?), then Hilbert or Poincaré
series is

1-22 343 +t* 142+

Pu®) = =L R

=143t +47 + ) 4.
>3

h(t) =1+2t+t* h(l) =4, HPy(d) = 4.

Hence,
dim M =1, mult(M) = 4.

Remark 4.9.20. Let the Krull dimension of the module M be dim(M) = d.
We will see how to compute the invariant of the module called multiplicity
or geometric multiplicity of M, i.e. mult(M).

1. The Hilbert or Poincaré series of M is of the form

h(t)

P]\/[(t) = ZdlmK(Mn)tn = (1 — t)da

neZ

mult(M) = h(1).
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2. The Hilbert polynomial, HPy(t) of M, is of degree d — 1 such that
HPy(n) = dimg (M,) for n > 0, and

HPy(t) = %td_l—k terms of lower degrees in ¢, mult(M) = ag_1.

3. Let R be a graded ring and dim R = d, then the subscheme Proj (R) C
Pk is of dimension d — 1. The degree of Proj (R) over P is defined to
be the number of points obtained by cutting Proj (R) by d — 1 generic
linear forms Lq,...,L4—1. The scheme S = Proj (R/(L1,...,L4-1)) is
finite and for n > 0, and

degpy (Proj (R)) = dimk (I'(S, Os)) = dimgk ((LlR—nLd—l)n) |

Since we have the following exact sequence

0 R(-1) - R — R/(L;) = 0:
h(1)
(1—t)1

and by recursion relation, we obtain the geometric degree of R is in
fact the multiplicity of R, i.e.,

PRy (t) = Pr(t) — Pr—1)(t) = (1 — t)Pr(t) =

deg]p:r((Proj (R)) = mult(R) = h(1) = ag_1.

Definition 4.9.21. Let (R, m) be a local ring, M # 0 a finite R-module,
and I C m an ideal of definition of R such that m"M C IM for some n € Z.
The length ¢(M/I™M) is a polynomial function for a large n € N. This
polynomial is called Hilbert-Samuel polynomial of M with respect to I.
It is of degree d = dimg (M) of the form

.M
sp(M,n) =4(M/I"M) = %xd + terms of lower degrees in x.

The number e(I, M) is called the algebraic multiplicity of I in M.

For a zero-dimensional scheme, one defines the algebraic multiplicity as
the follows: let J be a graded ideal of a N-graded ring R, if T = Proj (R/J)
is a finite subscheme of Proj (R), then the algebraic multiplicity is

e(T,Proj (R)) = > _e(Jy. Ry).
peT
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Theorem 4.9.22. (The Associative Formula) Let R = Ry[R1] be a Noethe-
rian graded ring where Ry is an Artinian local ring. Let M be a non-zero
finitely generated graded R-module and dim M =n. Then

mult(M) = Z ((My) - mult(R/p), where p is a prime ideal in R.
dim R/p=n

Proof. We prove by induction on n. If dim M = n = 0, then by definition
of multiplicity, we have that mult(M) = ¢(M).

Assume n > 1, and let 0 C My C M; € --- C M, = M be a quasi-
composition series for M, where M;/M;—1 = (R/p;)(m;), and m; is the
degree twists for all i = 1,...,7. We note that dim R/p; < n for all i. The
exact sequence 0 — M;_1 — M; — R/p;(m;) yields

HPMl(d) - HP]\/[FI(CD = HP(R/pi)(mi)<d)a Vi= 1,. o

Hence,

T

HPy(d) = HPyr,(d) = D HPgjp ) (d) = D H Py (d +mi).
i=0 i=0

mult(M) is the leading coefficient of HPy;(d), i.e., the coeflicient of the
term d"~!'. In order for this to equal to the leading coefficient of the
> i—o HPgyp,(d 4 m;), the prime ideal p; must be such that dim R/p; = n
for some 4. By Theorem 4.9.5, the number of times that dim R/p = n occur
in the quasi-composition series is ¢g,(M;). Thus

mult(M) = Z 0(My) - mult(R/p), where p is a prime ideal in R.
dim R/p=n

4.10 Applications

4.10.1 Compute the Free Resolution

A free resolution of a module M can be thought of as the process of approxi-
mating M by free modules; it is constructed iteratively by starting with a set
of generators for M, then determining the relations among these generators,
the so-called first syzygies, then the relations among these relations, the
second syzygies, and so forth. If, for some ¢, there are no relations among
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the ¢-th syzygies, then this process terminates and we say the resolution has
length £.
In this section, we will investigate the free resolution of an ideal given by
I = {fo(s,t,u), fi(s,t,u), fa(s,t,u), f3(s,t,u)) where f; are linearly indepen-
dent homogeneous forms in R = K[s, ¢,u] with deg(f;) = 2 and ged(f;) = 1.
In fact, our assumption on the ideal I implies that fy,..., f3 define a mor-
phism
f:(s,t,u)€P2—>(f0,f1,f2,f3)GIP’3 (4'2)

of K-varieties that is generically finite-to-one. The image S of this map is a
surface in P3.

The free resolution of the ideal I is affected by base points of the projec-
tive parametrization.

Definition 4.10.1. (sq, t,ug) € P? is called a base point of the parametriza-
tion given by Equation (4.2), if (sg,to,ug) € Z = V(I), i.e., (so,%0,up) is a
common root of the polynomials f; for ¢ = 0,1, 2, 3.

Base points play an important role in the image of the parametrization.
For a base point p € Z, there are two multiplicities: one is the algebraic
multiplicity, denoted by e, = e(Zzy,Op2,,), where Ty C Ops is the ideal
sheaf of Z C P2, This is the multiplicity of the intersection of two generic
combinations of the polynomials f;’s at the base point p. The other mul-
tiplicity is the geometric multiplicity, also called the degree of the point p,
defined as d,, = dimg Oz,. In general, if p is a base point, e, > d, > 1,
but e, = d, if and only if p is a local complete intersection. Moreover, if Z
consists of finitely many points, and Z is local complete intersection at each
point, then e, = d,, for every p € Z, and for d > 0

Y ep=degZ =) dimg Oz, = dimg H'(Z,0z) = dimg(R/I)4.
pPEZ pEZ

We set e, = d, = 0 if p is not a base point.

Bézout’s Theorem stated below (see [Cox01a] for detailed proof) provides
a relationship between the multiplicity of base points and the degree of a
variety.

Theorem 4.10.2. Let S be a surface in projective 3-space given by the
image of a generic 1-to-1 rational parametrization as in Equation (4.2) with
deg(f;) = d, then

deg(S) = d* — Z ep,

peEZ
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where Z = V(fo, f1, f2, [3) is the set of base points, and e, is the algebraic
multiplicity of the base point p.

As an application of the Theorem 4.10.2, let us study the degree of a
quadratically parametrized surface via study the base points.

Corollary 4.10.3. Let S be a surface in projective 3-space given by the
image of a generic 1-to-1 rational parametrization as in Equation (4.2) with

deg(f;) = 2, then

deg Z = Z ep <2, e, Zis alocal complete intersection,
peEZ

where Z = V(fo, f1, f2, f3) is the set of base points, e, is the algebraic mul-
tiplicity of the base point p, and deg Z is the degree of the variety Z.

Proof. The degree of the image surface cannot be one because that would
imply a K-linear dependence among the f;, which is excluded. Theorem
4.10.2 therefore implies that any generically 1-1 quadratically parametrized
surface can be of degree 4, 3 or 2 provided that the parametrization has no
base point, total base point multiplicity 1, or 2.

If Z=0,then ) e, =degZ =0=dy =¢, =0.

If Zpe zep =1, then Z = {p}, and the inequality between the algebraic
multiplicity and geometric multiplicity, 1 = e, > d, > 1, forces e, = dp.
Hence ) ., e, =degZ = 1.

If Zpe 4 €p = 2, then there are two base points of multiplicity one each,
or there is one base point of multiplicity two.

First, if Z = {p1,p2 | p1 # p2}, then e, = d,, for i = 1,2. Hence
Y opezep=degZ =2.

Now, if Z = {p}, and e, = 2, we claim that d, = 2. Otherwise, d, =
dimg H°(Z,0z) = dimg (Op2 ,/Lz,,) = 1. This means that Zz, is the maxi-
mal ideal of the regular local ring Op2 , which implies e, = e(Zzp, Op2 ,) = 1
(this is well known; it can also be seen from the combinatorial computation
of e, in [Sta99]), a contradiction.

Thus, we conclude in either case ZpEZ ep = deg Z, that is, Z is a local
complete intersection. ]

Now, we will study the free resolution of the ideal I according to the
base points.

Proposition 4.10.4. Let I = (fo, f1, f2, f3) C R where f;’s are given as
in Equation (4.2) and deg(f;) = 2, then the projective dimension of I is 2.
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Proof. We will provide a sketch of the proof, and study the free resolution
based on the existence of the base point.
Case 1: V(I) = (. Apply the Auslander-Buchsbaum Formula,

pd(R/I) = depth(m, R) — depth(m,R/I) =3—-0=3, m= (s, u).

It follows directly that pd(f) = pd(R/I) — 1 = 2.

Case 2: V(I) # 0. Since pd(R/I) < 3, pd(I) = pd(R/I) —1 < 2, and
we will show that it is impossible for pd(I) < 2.

pd(I) # 0. Otherwise, I = R™ for some m, which must be 1 since I C R,
which would imply that I is principal which it is not.

pd(I) # 1. Suppose pd(I) = 1, this means that Syz(fo, f1, f2, f3) is a
free R-module. Then the minimal free resolution of I of the form:

0= @I, R(-2 — ;) — Ri(—2) Lolul2h 1oy,

The above complex is exact, the rank condition requires m = 3. Moreover,
the Hilbert polynomial computation implies that

p1+ p2 + ps = 2.

But this is not possible. Since p; > 0 for ¢ = 1,2, 3, there must be at least
one, say p1, is zero. This means that there is a linear relation between f;,
contradicting the assumption that f; are linearly independent. Therefore,
Syz( fo, f1, f2, f3) is not a free R-module.

Therefore, pd(I) = 2. O

In addition to know the length of the free resolution, using the property
of regularity of an ideal, Hoffman and Wang [HW14] proved the following
theorem concerning the exact form of that the free resolution of I.

Theorem 4.10.5. Let I = (fo, f1, f2, f3) C R, where f;’s are given as in
Equation (4.2) with deg(f;) = 2. Then the free resolution of I has the form

1. IfV(I)=0, then

0= R%(=5) - RY(=3) @ R3(—4) P2PePals, pa_gy 1540,

where deg(P1) = deg(P2) = 1, deg(P3) = deg(P4) = deg(P5) =2 in
s, t,u.

2. IfdegV(I) =1, then

0 — R(—5) — R3(—3) @ R(—4) ZLP2PePa pa oy 7 40,

where deg(P1) = deg(P2) = deg(P3) =1, deg(Py4) =2 in s,t,u.
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3. IfdegV(I) =2, then

P1,P2,P3,Py
RRE L S

0 — R(—4) — R*(-3) RY(—2) = I —0,

where deg(P1) = deg(P2) = deg(P3) = deg(Py) =1 in s,t,u.

4.10.2 TImplicitization via Syzygies

For a rational variety, there are two standard representations, the implicit
representations and the parametric representations. For the purpose of ge-
ometric modeling, the rational curves or surfaces are usually represented
by parametric equations, since this representation is suitable for plotting
the points of the variety, and graphing on the computer screens. On the
other hand, if the goal is to see whether a point is on a rational curve or
surface, or to determine the intersections of the rational curves or surfaces,
then it is more convenient to have implicit representations of the curve or
surface in discussion. Thus, there is a need to be able to convert from one
representation to the other.

In this section, we will concentrate on the implicitization problem, that
is to find an implicit representation of a rational algebraic variety given by
parametric equations, i.e. the smallest variety containing the parametrized
curves or surfaces. The implicitization problem lies at the heart of several
questions in computer-aided geometric design (CAGD) and geometric mod-
eling, including intersection problems and membership queries. There are
many advantages of implicit representations, for instance, they encompass a
larger class of shapes than parametric ones, and certain operations are closed
under the implicit representation but not under it’s parametric counterpart.

The implicitization problem is an extremely interesting topic in the elim-
ination theory, there have been many studies done on the topic, for exam-
ple, [Cha93], [Bot11], [GGI1], [Cha06], [BD10], [BJ03], [BCO5], [BCDO3],
[Cox01a], [Cox01b], [CGZO00], [D’A01], [AHWO05], and many others.

In general, the basic approach to finding an implicit equation of a para-
metric representation is to eliminate one or multiple variables. In practice,
there are three different methods to find implicit equations of rational para-
metric curves or surfaces: Grébner basis, resultant, and syzygy method.

Usually, by clearing denominators, the rational parametrization is con-
verted into a projective parametrization F : s € P — x € P". Since
0 ¢ P, the parameters s such that F(s) = 0 are not defined, and called
base points of the parametrization. When base points are presented in the
parametrization, the computation of implicitization becomes more difficult.
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Theoretically, the Grobner basis method will give the smallest variety
which contains the image of the parametrization for all degrees and dimen-
sions. But in practice, the computation via Grébner basis is relatively slow,
and machine and memory expensive. Hence, one wants to find other meth-
ods to have a faster computation.

Comparing to the Grobner basis method, the resultant method is to
compute the determinant of a certain matrix, which is the implicit presen-
tation of the rational curves or surfaces. In general, it is much faster to
compute the resultant than to compute the Grobner basis. But one of the
drawbacks of this method is that the determinant of the resultant matrix
need not provide exactly the implicit representation; it can contain extra-
neous factors. Therefore, the current researches are focused on determining
and eliminating the extraneous factors.

The third method for the implicitization of algebraic varieties is the
syzygy method, that is the method of moving curves and surfaces. This
method allows us to write the implicit equation in terms of certain syzygies,
thus creates a smaller matrix, and it generates a more compact form than
the resultant matrix.

Syzygy techniques have been developed recently as a tool for finding
implicit equations. The first introduction of syzygy-like techniques in the
implicitization problem was the use of moving lines to produce implicit equa-
tions for curves by Sederberg and Chen [SC95]. We will explain the implic-
itization problem via syzygy method by the case of rational plane curves.

Let K be a field, and let a,b,c be linearly independent homogeneous
polynomials in the standard Z-graded ring R := K[s, u] of the same degree
d. We also assume that ged(a,b,c¢) = 1, which implies that a,b, ¢ define a
morphism ¢ : P! — P? of K-varieties that is generically finite-to-one. The
image C of this map is a curve in P? and hence defined by an essentially
unique F € K[zq,x9, 23], which identically satisfies F'(a,b,¢) = 0. This
polynomial is absolutely irreducible (irreducible over the algebraic closure
of K). The implicitization problem is then the problem to compute this F'
by some algorithm. If we assume the stronger condition that the rational
map is generically one-to-one, we say that the parametrization is proper
(this is not to be confused with a proper morphism in algebraic geometry).
In characteristic zero this is equivalent to the condition that the rational
map P! — C is a birational equivalence.

Definition 4.10.6. A moving line in P? is a linear form

A(s,u)z1 + B(s,u)za + C(s,u)zs,
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where A, B,C € Cls,u] are homogeneous of the same degree. We say that
a moving line has degree k if A, B, C are homogeneous of degree k. If

A(s,u)a(s,u) + B(s,u)b(s,u) + C(s,u)c(s,u) = 0, V(s:u)c P
then we say the moving line follows the parametrization ¢.

In the language of commutative algebra, the tuple (A4, B,C) is a syzygy
of (a,b,c), and we write this as (A, B,C) € Syz(a,b,c), where Syz(a,b, c)
is the syzygy module of (a,b,c) over the ring C[s,u]. We let Syz(a,b,c)
denote the set of syzygies (A, B,C) with A, B, C' homogeneous of degree k.
Syz(a, b, c)i, is a vector space over C which consists of the moving lines of
degree k. The number of linearly independent moving lines of degree k is
the dimension of the kernel of the following map:

R} {abe), Ry.x Where (A,B,C)— Aa+ Bb+Cc
R = CJs,u] and Ry, denotes the homogeneous forms of degree k.

In the case that the parametrization has no base point, i.e., V(a,b,c) = 0,
and because dim RE’L—1 = 3n, and dim Ry,_1 = 2n, one can prove that the
map

(a,b,c)
—

MP: R3 | Ry, has maximal rank,

hence, dim Syz(a,b,c),—1 = n. This result is related to the regularity we
will discuss in the later chapter.

If Kk = n—1, we have n linearly independent moving lines of degree n —1
of the form

n—1

o

A;x1 + Bijxg + Cixg = E Lij(xq, 2, 23)8’u" "7,
Jj=0

where (A;, B;,C;) € Syz(a,b,c),—1 are homogeneous polynomials in s,u
[Cox01b]. We can use these n moving lines to construct an n X n matrix,
where the columns of the matrix are indexed by the monomial bases of
R,,—_1, the rows of the matrix are indexed by the linearly independent moving
lines A;x1 + bjxo + C;x3, and the entries of the matrix are the coefficients
Lij(x1, 2, x3) of s7t"~17J in the moving lines. The following result is proved

in [CSCI8]:
Theorem 4.10.7. The implicit equation of ¢ is F' = 0, where

Fh = det(L;j(z1,72,73)), and h is the generic degree of ¢ : P — P2.
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Now, we will provide a very simple example to illustrate the method.

Example 4.10.8. Let the parametrization of a curve be given as the fol-
lowing;:
x:32+t2, y:sz—t2, z = 2st.

There are two moving lines that follow the parametrization:
sz—(z+yt, (—x+y)s+zt
Construct the matrix

z —(z+y)
-ty z

M =

)

and det(M) = y? + 22 — 22 is the implicit equation.

We also note that use the combination of syzygy and resultant method,
we can compute the following example.

Example 4.10.9. Consider
a=s? b=s1"1, c=1

Syz(a, b, c) is a free module generated by two elements p, ¢, which we write
as

p=txr—sy q:tdfly—sdflz.
Let p =tz —y, § = %1y — 2 by setting s = 1. Use the property of resultant,
i.e., the condition on z,y such that the surface tx —y = 0 and t 1y — 2z =0

have a common solution,

d—1 d

37ty — 2) = 2971 — g,

Res(ﬁ, q) = Res(t:z: - Y

d—1

Hence, 2412z — y? = 0 is the implicit equation of the given parametrization.

4.10.3 Compute the Rees Algebra

The Rees algebra of an ideal I C R defined as the graded algebra (with the
elements of R having degree 0 and the elements of I having degree 1)

Rees() =ROI®I* D ...

is a classical algebraic structure which has been studied for decades by the
Commutative Algebra community. One motivation for this study is that it
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is related to a classical problem in elimination theory: the implicitization
problem.

For instance consider the implicitization problem for rational curves in
P2. Algebraically the problem is this: Given an ideal I = {(a,b,c) C R where
the a, b, ¢ are homogeneous polynomials of degree d in the standard Z-graded
ring R := K[s, t] over an infinite field K, find a minimal set of generators for
the kernel of the map

h: R[z,y,z] — Rees(I), where h(z)=a, h(y) =0, h(z) =c.

ker(h) = @ Syz(I"),
r=1

ker(h) is precisely the moving curve ideal. Under certain general circum-
stances, the implicit equation F is the element of ker(h) of degree 0 in the
variables s, t.

Elements of ker(h), under the name of moving lines and moving curves,
were introduced into Computer Aided Geometric Design by Sederberg, Cox
and their collaborators in order to develop robust. In the past two years,
[Bus09], [Cox08], [CHWO08], and [HSVO08] utilized the method of moving
curves and surfaces to determine the defining equations for the Rees alge-
bra of plane algebraic curves. They each develop different methods and
algorithms for finding explicit moving curves that are a minimal set of gen-
erators for the associated Rees algebra. The approach in [Cox08], [CHWO08]
is based on iterations of Sylvester determinants, regular sequences, and local
cohomology computations

Different computational methods are developed to calculate the Rees
algebra. Below, we will provide a procedure to handle a rational planar
curve with p-basis of degree (1,d — 1). To be more specific, we assume that
the minimal free resolution of the ideal I = (a, b, c) has the following form:

0— R(—d—1)® R(—2d+1) 2% R3(—d) — I — 0.

The syzygies Syz(a,b,c) are generated by two elements p,q with degrees
1, d — 1 respectively. We can regard p, ¢ as moving lines

p = pa® +pyy + psz, where deg(p,) = deg(py) = deg(p.) =1in s,t
q= @t +qy +q.z, where deg(q;) = deg(qy) = deg(q,) =d —1in s,t.

These two elements p, ¢ are called a p-basis.
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We set R = K|s,t], A =Klzx,y,z2], C = Als,t] = Rlz,y,z]. We give C' a
bigrading by declaring that s,t have bidegree (0, 1), and z, y, z have bidegree
(1,0). Let I = {a,b,c) C R,m = (s,t) C C, and B=C/(p,q). Then

ker(h)/(p,q) = ({p.q) : m>)/(p,q) = HQ(B) C B,

where HY (B) is the zero-th local cohomology of B, which we will introduce
in the next chapter. To find the minimal generators of ker(h), we will
study the generators of HY(B). Using homological method introduced in
the later chapter, Cox, Hoffman and Wang [CHWOS8] proved that there is
an isomorphism of A-modules:

HY(B); = Ker(H2(C)p—g 2% H2(C)o—1 @ HA(C)p—as1),

and H2(B), is a free module generated by one element. Moreover, they
provided the following algorithm to produce the Rees algebra.

Algorithm 4.10.10. Given a,b,c € R homogeneous of degree d > 3 with
u =1 and ged(a,b,c) = 1, we compute d + 1 elements of C as follows.

I. Compute a p-basis p,q of Syz(a,b,c) with bidegrees (1,1),(1,d — 1)
respectively when regarded as element of C'. Write p, ¢ in the form:

D = pss + pit; bideg(ps) = bideg(p;) = (1,0)
q = q1s5 + quit; bideg(q1s) = bideg(q1;) = (1,d — 2).

II. Compute

g2 = det (ps pt) , bideg(q2) = (2,d — 2).
q1s qit

ITI. Write g2 = g2ss+qait, bideg(ges) = bideg(gar) = (2,d—3) and compute

q3 := det (ps pt) , bideg(qs) = (3,d — 3).
q2s q2t

IV. Repeat this process to obtain

Qi1 = det (ps pt) N bldeg(ql_,_l) = (Z + 1,d — 17— 1)

Gis qit
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V. The algorithm stops when we obtain

qq := det ( Ps bt > , bideg(qq) = (d,0).
d(d—-1)s d(d—-1)t

The following theorem proved that the above algorithm produce exactly
d + 1 generators for Rees algebra associated to the curve.

Theorem 4.10.11 (Theorem 2.3, [CHWO08]). Let a,b,c € R := K][s, t] have
degree d > 3, =1, ged(a,b,c) =1 and assume that the parametrization is
proper. Then Algorithm 4.10.10 gives d + 1 minimal generators of the ideal
ker(h), that is, p,q,q2,...,q94-1,q4- Furthermore, F' = q4 is the implicit
equation of the curve parametrized by a,b, c.

Here we will the example in [CHWO08] to illustrate the computational
algorithm.

Example 4.10.12. Consider
a= sd, b= sd_lt, c =t
Let the ideal I = (a,b,c¢) C R. The Hilbert-Burch resolution
0— R(—-d—1)®R(-2d+1) — R¥(—d) — I —0

shows that Syz(a, b, ¢) is a free module generated by two elements p, ¢, which
we write as

p = txr—sy

q $a=1y _ 015,

The moving curve ideal K has d 4+ 1 generators:
I. One moving line of degree 1 in s, t:

p =tz — sy.

II. One moving line of degree d — 1 in s, t:
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III. One moving quadric of degree d — 2 in s, t:

o = p2sT2 — 2402,

This is obtained by writing
p=—ys+at, q= (fzsdd)s + (ytdd)t;

and taking the determinant
_ T B B
g2 = det <—zsg_2 ytd_2> = x2s072 — 2472,

IV. Continue the process, each time use p,q; to find the new generators
@i+1 of degree one less in s,t than ¢;. For example:

-y T 2_.d—3 3,d—3
g3 = det (mzsd?’ _yQtd?)) =—x"zs" Tyttt

V. The implicit equation is ¢4 with degree zero in s, ¢:

F=qg=a%12—y%

Note, the implicit equation obtained as one of the generators of the Rees
algebra is exactly the same as computed via resultant of the pu-basis in
Example 4.10.9.

Singular code “ReesAlgebra (I)” returns the Rees algebra R[It] as an
affine ring, where I is an ideal in R. For example [GPS01],

LIB "reesclos.lib";

ring R = 0, (x,y) ,dp;

ideal I = x2,xy4,y5;

list L = ReesAlgebra(I);

def Rees = L[1];

setring Rees;

Rees;

=> // characteristic : O

=> // number of vars : 5

> // block 1 : ordering dp
=> // : names x y U(1) U(2) U(3)
==> // block 2 : ordering C
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==> ker[1]=y*U(2)-x*U(3)

==> ker [2]=y"3xU(1)*U(3)-U(2)"2

==> ker [3]=y~4*U(1)-x*U(2)

==> ker [4]=x*y~2*U(1)*U(3)"2-U(2)"3
==> ker [5]=x"2xy*U(1)*U(3)"3-U(2) "4
==> ker[6]=x"3*U(1)*U(3)"4-U(2)"5

4.10.4 Resultants

Elimination Theory deals with the problem of finding conditions on param-
eters of a polynomial system so that the equations have a common solution
in a fixed algebraic set V. In a typical situation of n + 1 polynomials

fo(x) =380 x00

fn(x) = 2520 Cn,jxa"’j ,

where x%J is a monomial with exponents a vector «; ;. The elimination
problem involves to find the necessary and sufficient conditions on the pa-
rameters ¢ = (cm);:j:g:ki such that f; = 0 have a common root in x.

Resultants are essential tool in commutative algebra and algebraic geom-
etry in solving system of polynomial equations. They can determine whether
or not a system of n + 1 polynomials in n variables have a common root
without explicitly solving for the roots. Resultants are often represented as
the determinants of matrices whose entries are polynomials in coefficients of
the original polynomial equations. There are a few different constructions
of a matrix whose determinant is the resultant or a nontrivial multiple of
the resultant.

In the classical situation, in case of the monomials of degree d;, i.e., f; are
generic homogeneous polynomials of degree d; and V = P", the projective
n-dimensional space. Then the necessary and sufficient condition on the
parameters c¢ such that the homogeneous polynomials fo = --- = f,, =0
have a common root in V' = P" is Res(fo, . .., fn) = 0, where Res(fo, ..., fn)
is the classical projective resultant.

In the geometric point of view, we are searching for the set of parameters
c such that there exists x € V such that fo =--- = f,, = 0. The parameters
¢ form a vector, which is the projection of the point (c,x) of the variety Wy,
where

WVZ{(C,X)G]P’I%x~..kanxV|f0:---:fn:0},
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and the two projections m; and o are
Wy 5 PR x PR Ty — VL

The image of 7 is the set of parameters c for which the system has a root,
and any polynomial in ¢ which vanishes on the projection mo(Wy ) is called
an inertia form, which is defined in van der Waerden [Wae95].

It is proven in Gelfand, Kapranov and Zelevinsky [GKZ94] that if 7y is
birational and 79 is of codimension one, then there exists a unique polyno-
mial (up to a scalar) such that fo = --- = f,, = 0 have a solution in V if
and only if Res(fo,..., fn) = 0. This polynomial is called the resultant of
fo,--+, fn on V. It is an irreducible polynomial in the variables ¢, and is
invariant under linear transformations of the variables. Moreover, we have
a divisibility property:

fo...,fn6<b0,...,bn> = Res(bo,...,bn) |Res(f0,...,fn).

There are various resultants corresponding to various V. If V = P", then
the resultant is called projective resultant . If V is the closure (K*)”, then
the resultant is called toric resultant , also known as the sparse resultant,
which characterizes the existence of non-trivial common zeros in (K')" for
a system of n + 1 (Laurent) polynomials in n variables.

Resultant matrix methods originate in works of Bézout, Sylvester, Cay-
ley and Dixon. In particular, Dixon [Dix08] provided algorithms to construct
three different resultant matrices for three bivariate polynomials, namely,
Sylvester resultant matrix, Cayley resultant matrix, and Cayley-Sylvester
resultant. In [SLO5], Sun and Li provide a quick review of the construction
of these three classical resultant matrices, and they generalize the construc-
tion to a system of n + 1 polynomials in n-variables, called generic mized
Cayley-Sylvester matriz.

One of the classic matrices named Macaulay matrix is a generalization of
the Sylvester matrix for a system of n+ 1 polynomials in n-variable. For ex-
ample, as a special case, the resultant of two polynomials is the determinant
of the Sylvester’s matrix we discussed in the previous chapters.

Algorithm 4.10.13. The Macaulay’s construction of the resultant of poly-
nomials £ = {fo,..., fn} of degree dy, ..., d, in the variables x = x1,...,2y,
are as follows:

1. Letv=> " d;i—n, and xB = {xV : |v| = v}.

2. Let xPo = {a* -zl 0 <w; <d;j—1}, and there is a total of dy - - - dp,
monomials.
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3. Let XBn: Lﬁzn U’ﬂzdn, Cmd . .

4. Repeat the process, let xBi =

l,'ll)l...l-?rfln GXB_Un ' XBi Y Zd], and
2% AT o<y <di -1, 1<i<j—1("
J

5. The matriz M is a square matrix, the size is the same as the number
of monomials in x1,...,x, of total degree v, i.e., M is of size (”Z") X
(”:") The columns of the matrix are indexed by the monomials x°;

the rows are indexed by the polynomials
{x50 fo; x5t fr; s xPr fo}.

The entries of the matriz are the coefficients ¢ of the polynomials f;
fori=0,...,n.

The determinant of the matriz, det(M), is a non-trivial multiple of the resul-
tant Res(fo,- .., fn). Moreover, det(M) is homogeneous of degree dy ---d,
in the coefficients of fo. Thus, the resultant Res(fo, ..., fn) is the GCD of
the determinants of all of the matrices obtained this way by a cyclic permu-
tation of the polynomials fo, ..., fn.

Example 4.10.14. Let n = 2 and fy, f1, fo € K[z, 2],

fo = a+bxry + cxo,
fi = d+exy+ fao,
fo = m+nal

To construct Macaulay’s matrix, we have that v =14+1+2—-2 = 2, we will

construction a matrix M of size (“Z”) X (”z") = 6 x 6. Thus, the columns

of the matrix M are indexed by the monomials of
XB = {Xv : |V| = 1)} = {1@1,132’5’3%7»"511132@%}7

XB0 = {17332}7 XBI = {1,$1,Z‘2}, X62 = {1}

The rows of the matrix M are indexed by the polynomials

(x50 fo; x5 f1:x52 fo} = { fo, x2 foi fr, 21 f1. 22 f1; fo)-
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a b ¢c 0 0 0

0 0a 0 b ¢
_|d e f 0 0 O
M= 0 d 0 e f O
0 0d 0 e f

l'm 0 0 0 n 0]

Now, if we do cyclic permutation of the three polynomials, we can construct
M, and Ms, where the columns still have the same index as M, and

rows of M are indexed by : {f1,z1f1; f2; fo, 1.f0, 22 fo}-

rows of My are indexed by : { f2; fo, 71 fo, f1;21/1, 22/1, }-

Therefore, we have

d e f 0 00 m 0 0 0 n O
0 d 0 e f O a b ¢ 0 0 0
m 0 0 0 n O 0 a 0 b ¢ O
M=ty coo0o0 M™T|oadao0eyo
0 a 0 b ¢ O d e f 00 0
10 0 a 0 b cf 10 0 d 0 e f]

And det(M) = Re, det(M;) = Rc, and det(Mz) = Rb where

R = Res(fo, f1, f2) = ged(det(M), det (M), det(Ma)
= a’efn — adn(bf + ce) — b f>m + be(d*n 4 2efm) — c*e*m.

In order to reduce the size of the Macaulay matrix, we introduce a new
matrix named Bézoutian matrix. We refer [CM96] and [EM96] for the details
of the theory of Bezoutians.

Definition 4.10.15. For any sequence of n+1 polynomials f = {fo,..., fn}
of degree dy,...,d, in n variables x1,...,z,, let

x0) =x = (1,0 20), xM) = (Yly oy Tn)y-ens xW =y = (Y1, Yn)-

The discrete differentiation of p for any polynomial p(x) is defined as

_p(x) = p(xth)
o Yi — X .




168 CHAPTER 4. GRADED AND LOCAL RINGS AND MODULES

The polynomial O constructed below is called Bézoutian of fy, fi1,..., fu:

fo(x) 01(fo) -+ Onl(fo)

fix) 6u(f1) - On(f1) ¢ b
) . . =) O, X%y .

fo) 02(fa) - Bu(f)

Moreover,

Or(x.y) = ) y*wa(x),

ack
defines a map

:KF 5 Koy, 2], (Ma)ace = Y Aata.
ack

The matrix of this map in the monomial basis is the matrix of the co-
efficients By = [92 blab, and is called the Bézoutian matrix of f of the
Bézoutian in the monomial basis.

Example 4.10.16. Again, let n =2 and fo, f1, fo € K[z, 2],

fo = a+bzry+ cxo,
fi = d+exy+ fro,
fo = m+nai

Then, based on the construction described above, we have

a+ bxy + cxo b c
O = det|d+exy+ fro e f
m+ nx? n(x1+y1) 0

= m(bf —ce) +n(cd —af)yr +nlcd — af)xy +n(ce —bf)yi1x1.

We will construct the Bézoutian matrix By where the columns are indexed
by the monomials in the variables y, that is {1, 41} and the rows are indexed
by the monomials in x, that is {1, z1}.

o ~ (m(bf —ce) n(cd—af)
By = [Oaplap= (n(cd —af) n(ce— bf)) .

The Bézoutian matrix is usually much smaller than the Macaulay’s
matrix. Combining Bézoutian matrix and Macaulay matrix, one obtains

another new matrix called Dixon’s matrix. We will refer the reader to
[Dix08].
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Definition 4.10.17. For any sequence of n+1 polynomials f = {fy,..., fn}
of degree dy, . ..,d, in n variables x1,...,z,, let

xO =x=(2z1,...,20), xV = (y1,...,20), .., X =y = (y1,...,yn).
The Dixon polynomial is

fo(x)  filx) - fa(x)
fO(X(l)) fi (x(l)) e fn(X(l))
det : : .
fo(x(”)) fg(x(”)) s (X(n))
H?:1(yi — ;)
where y = [y?,...,y%] and x = [x™,...,x%] are column vectors. The

matrix 0 is called the Dixon matrix.

Example 4.10.18. Again, let n =2 and fo, f1, fo € K[z, z9],

=y x fx,

@f(X7 Y) =

fo = a+bry+ cro,
i = d+ex+ fag,
fo = m+nal.

Then, based on the construction described above, we have

ef(X7Y)
a+bry+cra a+by+cry a4 by +cys
det | d+exy + fro d+eyr + frs d+eyr + fiy2
m + nx? m+ ny} m + nyj
(y1 — 21)(y2 — 22)
m(bf — ce) + n(cd — af)y1 + n(cd — af )z + n(ce — bf)y1z
— T (m(bf —ce) nfcd— af)) T

n(cd —af) n(ce —bf)
The Dixon matrix is

_ (m(bf —ce) n(cd—af)
Or = <n(cd—af) n(ce—bf)>'

In this example, the Dixon matrix is the same as the Bézoutian matrix.

In general, the size of the Macaulay matrices is larger than the size of
Bézout matrices, which is larger than that of the Dixon’s matrices. But is
more difficult to analyze the structure of a Bézoutian matrix than a structure
of a Macaulay matrix. One of the research topics is to construct smaller size
matrices and extract information from the determinants of these smaller
matrices to determine the resultant.






5. Homological Method

5.1 Complexes

Definition 5.1.1. A complex is a collection of (abelian) groups or modules
and homomorphisms,

d;

dit1
"'_>Mi+1 Mz Mi71_>"'

where M;’s are groups or modules, and d;’s are group or module homomor-
phisms, and for all i, d; o d;1; = 0. Sometimes, we will use C,, or M, or
(M, ds) to denote the complex. The elements of Z, = ker(d,) are called
the n-th cycles, and the elements of B, = im(d,11) are called the n-th
boundaries.

A complex is bounded below if M; = 0 for all i < 0; bounded above
if M; = 0 for all i > 0; and bounded if it is both bounded above and below.

A complex is exact at the i-th place if ker(d;) = im(d;+1). A complex
is exact if it is exact for all 4.

A complex is free, flat, projective, injective if all the M;’s are free,
flat, projective, or injective.

Given a complex

dit1 d;

Co: -+ — My M; My — -

then the n-th homology group or module of this complex is
H,(C,) = ker(d,)/im(dp+1).
A cocomplex is given and numbered as

Ce RN Mi—l at Mz '

then the n-th cohomology group or module of this cocomplex is

Mi-‘rl_),,.’

H™(C*) = ker(d")/im(d"1).

171
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Many results about complexes can be transposed to cocomplexes and
vice-versa. If (Cs,d,) is a complex, we can define a cocomplex (K*®,§°%) by
the rule K* = C_; and

G Ki=C; —5h 0, = KiTL

A free or projective resolution of an R-module M is a complex

dit1 d;

s Fi F; N =y )

where F; is free or projective and

dit1 d;

o= Fip F; Fg—=-—»F =9 B M0,

is exact.
An injective resolution of and R-module M is a complex

(Y S N S % L
where I”’s are injective R-modules, and
0-M-—=I"T' 1P =1 ..

is exact.
Given a complex of R-modules

Coe -+ — Ci+1 dii1 Ci di Cifl — e,
we can derive homology complex H(C,)
H(Ca): - = Hina(C) —— Hi(Ca) —— Hia(Ca) = -+

where the maps are zero maps since d; od;y1 = 0.

Definition 5.1.2. A map of complexes is a function f, : Cy — C., where
(Co,d) and (C},d’) are complexes, where f, restricted to C,, is denoted fy,
where f,, maps to CJ, and such that for all n, d,, o f,, = fn—1 0 d,,, or write
as d' o fo = fe o d, with the commutative diagram

dn+1 d
- — Chyt Chp =

fn-&—lJ/ fnl fn—ll

d/
! n+1 ! n !
' Cn+1 Cn Cn—l
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If f,g: Co — C. are two morphisms, we say that f,g are homotopic,
denoted by f ~ g if for each n, there is a linear map h,, : C,, — C},_; such
that

Jn—Ggn = d;L_th + hp—1dy.

If this occurs, then f, ¢ induce the same map H,(C.) — H,(C,) on ho-
mology. Two complex C, and C, are homotopy equivalent if there exist
morphisms f : Cy — C. and g : C, — C, such that gf ~ id¢ and fg ~ ider.
Homotopy equivalent complexes have the same homology.

Let fo : Co — C. be a map of complexes. Then we get the induced map
f«: H(Cy) — H(C)) of complexes.

Lemma 5.1.3. Let 0 — C, — C — CY — 0 be a short exact sequence of

complezes. If all modules in C, and C are projective, so are all the modules
1 Cl.

Proof. Since C! is projective, the short exact sequence splits, and C, =
Cl @ C.. Since C. is also projective, we must have that C, is projective. [

Theorem 5.1.4. A short exact sequence of complexes yields a long exact
sequence of homology sequence. That is, if

fe

0—Cl Co —25 Cl' >0

s a short exact sequence of complexes, then we have a long exact sequence
on homology

o Ha(CF) 2 Hy (0 T HL(C) =2 HL(C)
) fn

— H, 1(C) —— H,—1(Cs) — -+-

where f and g are induced by f and g is the short exact sequence, and § is
the connecting homomorphism.

Proof. First, we note that by assumption of the theorem, we have the fol-
lowing commutative diagram:

0—— ¢ Iy oo Iy oo

TV

fnfl

an—
0——c e, Lo — o
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By the Snake lemma, we have the following exact sequence S,, for all n:

Sp: 0—kerd, —"> kerd, —% kerd”

— cokerd)], LN cokerd,, —"— cokerd” — 0.

There is a mapping from the last three terms of S, to the first three terms
of S,,_1 as follows:

cokerd), LN cokerd, —2— cokerd” — 0

/ 1"
" J/ a/,L l an J/

0 — kerd]_, LN kerdp_, -~ kerd!_,.

«

Hence, by the Snake lemma again, we have the following exact sequence;

ker o, Iy kera, —2 kera!! ——
f

9
cokera, ——— cokera,, —— cokera,

where kera), = H,(C)), ker oo, = H,(C,), ker!! = H,(C.), cokera), =
H,_1(C}), cokerar, = H,_1(C,), and cokeral, = H,_1(C.). We get the
long exact sequence by splicing these together. (|

Remark 5.1.5. We observe that if 0 — C, — Cy — CJ — 0 is a short
exact sequence of complexes, and C, and C/ have zero homology, then C,
also has zero homology.

5.2 Complex of Tor

Let F : A — B be an additive (covariant) functor between the abelian
categories. We say that F is left exact (or right exact) if whenever it
is applied to a short exact sequence, it produces a complex that is exact
everywhere except possibly at the rightmost (or leftmost) non-zero module,
i.e.,
0—+M—N—P isexactinA
then
0— F(M)— F(N)— F(P) isexactin B.

A functor is exact if it is both left and right exact.
We recall that if A = B = Modp are the categories of R-modules, and
M is a fixed R-module, then F(T') =T ®@p M is right exact.
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Given a complex of R-modules

d;

d'+1
Co = Cip1 — C; Cic1 =+,

then there is a tensor product complex:

i+1®id
R

d d; ®id
C.@RMZ "'—>Ci+1®RM o

CZ'®RM —_ CZ‘_1®RM—)~~~ .
A Hom from M complex is Homg(M,C,) :

- = Homp(M, Ci1) 2% Homp(M,C;) —%2% Homp(M, Ci_y) — --- ,

and a Hom into M complex is Hompg(Ce, M) :

*od;_1

-+ — Homp(Cij—1, M) —— Homp(C;, M) xodiy Homp(Ciy1, M) — --- .

If given another complex K, of R-modules

€i4+1 €e;
K, : ~~~*>Kl'+1 K; . Ki1—-,

then the tensor product of complexes is

— 0K, — Chu1®K, — Ch,2®K,, ——
(_l)nem (*1)"_16711 (*1)"_26771,

——— O, RKyp — CL®Kpy9g —— C, @ Kyppeo ——

The bicomplex is a complex along all vertical and along all horizontal
strands. We obtain a total complex of the tensor product of Cy and K,:
the n-th module is G,, = >, C; ® K,,_;, and the map g, : G, = Gp_1 is
defined d; ® idg,,_, + (—1)%idc, ® e,—; where d; ® idg,_, is in C;—1 ® K,
and (—1)4dg, ® e, is in C; @ Ky——1

n—i

gn-1°gnlciek,;, = gn-1(di ®@idg, , + (—1)'idc,ge,_,)
= di-10d; ®idg, , + (1) d; ® e,
+(71)idi R ep_; + (*1)%1(?101. R €p_i_10€n_;
= 0.



176 CHAPTER 5. HOMOLOGICAL METHOD

Definition 5.2.1. Let M, N be R modules, and P, a projective resolution
of M
P, : ‘”%PQ*)Pl*)PO‘)O.

We define
Torf(M, N) = Hy(P, ®pg N).

Remark 5.2.2. Following are few observations concerning Tor

1. Torf%(M ,*) is independent, up to isomorphism, of the projective reso-
lution P, of M.

2. Since P; = 0 for all i < 0, Tor®(M, *) = 0 for all i < 0.

3. PP—>FP— M —0isexact, so LN - PN - M®N —01is
exact, and

Torl{(M,N) = Ho(Ps ® N) = (Py® N)/im(P, ® N) =~ M @ N.

4. If M is projective, then Py = M, and TorZ(M,*) = 0 for all i > 1.

5. If N is flat, then tensoring by IV preserves exactness, and TorlR(M ,N) =
0 for all 7 > 1.

6. Let 0 = M, - P,1 — -+ = PP > F —- M — 0 where P, is
projective, and M, is the n-th syzygy of M. Then Tor(M,, N) =
Tor%, (M, N).

In addition to these remarks, we will state a few important properties
of the functor Tor without detailed proofs. For detailed proofs, one may
consult [Wei95].

Theorem 5.2.3. Let R be a commutative ring, and M and N R-modules.
Then
Tor¥(M, N) = Tor®(N, M), Vn.

One of the important characterizations of flat modules is done via ho-
mological criteria below.

Theorem 5.2.4. (Homological Criteria for Flat Modules) The following
are equivalent for an R-module M.

1. M 1is flat.
2. For every R-module N, and every n € N, Tor®(N, M) = 0.
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3. For every ideal I C R, Tor1(R/I,M) = 0.
4. For every ideal I C R, the natural map:

IT®@r M — M s injection.

5. For every finitely generated R-module N, Tor®(N, M) = 0.
6. For every injection f: N — P, with N, P finitely generated,

fR1:N®M — P® M is also injective.

Definition 5.2.5. An R-module M is torsion if for every m € M, there
exists a non-zero divisor 7 € R such that rm = 0. A module is torsion free
if no non-zero elements is annihilated by any non-zero divisor in R.

Proposition 5.2.6. Let R be a graded ring, and m = Ry the irrelevant
ideal. Let Fq : -+ — F; - F;_1 — -+ — | — Fy be a minimal graded
free resolution of a finitely generated graded R-module M, and K = R/m
the residue field. Then any minimal set of homogeneous generators of F;
contains precisely dimg Torfz(K, M); generators of degree j.

Proof. The vector space TorlR(K,M ); is the degree j part of the graded
vector space of the i-th homology of the complex K ® g F,. The minimality
of the complex yields that the maps in K& g F, are all zero, so Tor?(K, M) =
K ®@p F;. Hence, by Nakayama’s lemma, dim Tor!*(K, M) is the number of
generators of Fj, hence dim Tor!(K, M) = rankF;, and dim Tor?(K, M); is
the number of degree j generators of Fj. |

Remark 5.2.7. 1. Any flat R-module is torsion free. If R is a principal
ring, then an R-module is flat if and only if it is torsion free. (This is
by item 4 in Theorem 5.2.4.)

2. For any R-module N, and any short exact sequence
0—-F - F—=F =0,
where F” is flat, then the sequence
0> N®RpF - NQrF - NrF"—=0

is also exact. (The short sequence tensor by N® gives us the long exact
sequence of Tor,(N,x), and Tory (N, F”) = 0 by item 5 in Theorem
5.2.4. Thus, we have the desired short exact sequence.)
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3. Given a short exact sequence
0—=F - F—F —0.

If I is flat, then F’ is flat if and only if F is flat.

5.3 Koszul Complex

In commutative algebra, if x € R, then multiplication by x is R-linear, and
this represents an R-module homomorphism x : R — R, hence, we can
construct a complex called the Koszul complex of R with respect to x

Ke(z): 0= R R—0.

We note that Ho(Ke(x)) = R/zR, and Hy(Ke(z)) = Ann(z).

Now, if x1,xzs,...,2, € R, the Koszul complex of R with respect to
T1,%2,...,Ty € R, usually denoted Ko(x1,9,...,2,), is the tensor product
over R of the Koszul complexes defined above individually for each i. The
Koszul complex is a free chain complex. There are exactly (?) copies of the
ring R in the j-th degree in the complex (0 < j < n). The matrices involved
in the maps can be written down precisely. Let e;, ., forl <igp < - <
ip < n be a free basis of K, and define d : K, — K,_1 as:

6“ lz) : § : xl] i1 enitgeip”

Jj=1

In the case of two elements x and y, the Koszul complex can then be written
down as

05 R-%2,p2 %, R o,

with the matrices dy and dy given by

Note that d; is applied on the left. The cycles in degree 1 are then exactly
the linear relations on the elements x and y, while the boundaries are the
trivial relations. The first Koszul homology Hi(K,(x,y)) therefore measures
exactly the relations mod the trivial relations.
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Proposition 5.3.1. Let R be a commutative ring, Coe a complex over R,
and Ko = Ko(x; R) the Koszul complex of v € R. Then we get a short exact
sequence of complexes

0= Co = Co @ Ko = Co[—1] — 0,

and for each n, we have the following maps

Co —L" s (Ch@R)® (Crr @ R) = Cr® Cry —22 (Ca=1])p = Cho1»
where fn(a) = (a,0) and g,(a,b) =b.
Proof. We define 6, : C,, ® C,—1 — C,,_1 ® Cj,_2 by

8(a,b) = (dn(a) + (=1)""'ab,dy1(b)), Vn,

and this makes 0 — Coy — Co @ Ko — Co[—1] — 0 into an exact sequence
of complexes. |

Remark 5.3.2. From the short exact sequence 0 — Cy — Co ® Ko —
Ce|—1] — 0, we obtain a long exact sequence

" Hy(Co) = Hy(Ce @ Ko) — Hy(Co[-1]) = Hy—1(Cs)
—— Hy1(Co) = Hp—1(Co ® Ko) = Hy1(Co[—1]) = Hp—o(Co).
Moreover, the long exact sequence also breaks into short exact sequences:

0 — Hp(Co)/rHp(Co) = Hp(Co @ Ko) — Anng, _(c,y(z) — 0.
Another construction of Koszul complex is via exterior power.

Definition 5.3.3. If M is an R-module, the n-fold tensor product of
M is denoted by M®" = M ® --- ® M, n-copies. In general, M*" = R,
M® = M, M®? = M @ M, M®™+tD) = M® @ M. The n-th exterior
power of a module M is

M = .
/\ (Mm@ @my :mi,...,my, € M, m; =m; for some i # j)

The image of an element m; ® - -- @ m,, € M®" is written as mq A --- A my,.
If eq,...,e form a basis for R?, then A"R! is generated by

B:{eil/\---Aein|1§i1<i2<~~~<in§t}.

t
Moreover, we can verify that B is a basis for A"R!, and A" R! = RrG).
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For any r1,...,7r, € R, define a complex Go(r1,...,7,; R) as below
0— A"Rt 5 A"IR oo 5 AZR 5 ATRY 5 APRT S 0

where the map f,, : A"R' — A""!R! is given by

n
fn(eil VANRERWA ein) = Z(—l)j+1$]’€il VANEERWAN 52\7 N Neg, .
j=1

We can check this is exactly the same map as the one given in the Koszul
complex, and this is other way to construct a Koszul complex.

Ge(r1,...,mn; R) = Ko(r1,...,7mn; R).
With this construction, we can observe the following remark.
Remark 5.3.4. Let M be an R-module, and ry,...,r, € R. Then

Hy(Ke(r1,...,7;R)) = Hy(Ge(11,...,mn; R)) = Annps (71, ..., 7).

Definition 5.3.5. We say that ry,...,7, € R is a regular sequence on
an R-module M or a M-regular sequence if (r1,...,r,)M # M and if
for all i = 1,...,n, r; is a non-zerodivisor on M/(x1,...,z;—1)M. We say
that r1,...,7, € R is a regular sequence if it is a regular sequence on the
R-module R.

Corollary 5.3.6. If ri,...,r, € R is a reqular sequence on a commutative
ring R, then

0 ifi>0
R/(r1,...,m) ifi=0.

Thus Ke(r1,-..,mn; R) is a free resolution of R/(r1,...,7y).

Hi(K.(T1, ... ,rn;R)) = {

Proof. We will prove the result by induction on n. If n = 1, this is true. We
assume the result is true for all n — 1 and n > 2. We will prove it is true for
n. Let Co = Ko(11,...,mn—1; R), and K¢ = Ko(ry; R). Then by induction
hypothesis, we have for ¢ > 2,

Hi(’l“l,...,’l“n;R) :HZ(C.®K.) =0.
If i = 1, we have the short exact sequence

0— Hl(C.)/rnHl(C.) — Hl(C. & K.) — AnnHO(C.)(Tn) — 0.
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Since r,, is a non-zero divisor, we have H1(C,)/r,H1(Co) = 0, and
Hl(C. X K.) = AnnHO(C.)(Tn) = AHHR/(T17_._,rn71)(Tn) =0

If ¢ = 0, we have

1

Hy(Ko(z1,...,20; R)) Hy(Co ® Ko) = Ho(Co)/mnHo(Cl)

R/(rl,...,rn).

12

O

Remark 5.3.7. If R is a graded ring, M a graded R-module, and z; ho-
mogeneous elements with deg(z;) = «;, then there are degree shifts in the
Koszul complex so that the differentials d; are all maps of degree zero.

Ke(x, M) = /\ <@ Rei> ,  where @Rei = @R(—ai).
i=1 i=1 i=1

Moreover, in the wedge products, we use the convention that R(—a) ®
R(—p) = R(—a — B). With this convention, the differentials preserve the
degrees.

5.4 Regular Sequences

Definition 5.4.1. Let R be a commutative ring, M an R-module and I an
ideal in R. The I-depth of M or the grade of M with respect to I,
denoted by depth;(M), is the supremum of the length of the sequence of
elements in I which form regular sequences on M, i.e.

depth;(M) = sup{n | r1,...,7r, € I that form a regular sequence on M}.
n

If (R, m) is local, the depth of M is the m-depth of M.

Proposition 5.4.2. Let R be a Noetherian ring, M a finitely generated

R-module, and ry,...,r, € J, where J is the Jacobson radical of R. If
Hi(Ko(r1y...,rn;M)) =0 fori =n,n—1,...,n— ¢+ 1, then there exist
$1,---,8n € R such that the ideals {ri,...,mn) = (s1,...,8n) and $1,..., 8¢

s a reqular sequence on M.

Proof. Without loss of generality, we assume that ¢ > 0. By the given
condition on H, and Remark 5.3.4, we have that

0=Hp(Ke(r1y...,mn; R)) = Annps(ry, ..., 7).
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Therefore, (r1,...,r,) is not contained in any prime ideals which are associ-
ated primes of M. Then by Prime Avoidance, there exists s1 € (r1,...,7y)
such that Annps(s1) = 0. Hence, we can let s; = r1. If £ > 1, then again by
Remark 5.3.4, fori=n—1,...,n — £+ 1,

Hi(Ko(ray...,mn; M) /1 H;(Ke(r2,...,rn; M)) =0,

and Nakayama’s lemma shows that H;(Ke(r2,...,r,; M)) =0foralli =n—

1,...,n—£¢+1. By induction, we can find elements sa, ..., s, € {(ro,..., )
such that (ro,...,r,) = (s2,...,8,) and sa,..., s, is a regular sequence on
M. Now, we are done since we may let s; = 7. O
Lemma 5.4.3. Let r1,...,7r, be in the Jacobson radical of a Noetherian
ring R. If rq,...,r, is a reqular sequence on a finitely generated R-module
M. Then for any permutation of {r1,...,mn}, the new sequence is still a

reqular sequence.

Proof. To prove the claim, we will show that if a, b form a regular sequence,
then so does b, a.

First, we will show that a is a non-zero divisor on M/bM. If am = bn
for some m,n € M. Then n = az for some z € M, so that am — bn =
a(m — bz) = 0. Since a is a non-zero divisor on M, we must have that
m —bz =0, hence m = bz = 0 € M/bM. Thus a is a non-zero divisor on
M/bM.

Second, we will show that b is a non-zero divisor on M. If bm = 0 for
some m € M, since a,b form a regular sequence, we must have m € aM,
thus m = an for some n € M. So 0 = bm = ban = a(bn), but since a is a
non-zero divisor on M, we must have that bn = 0. Repeating this process,
we know that n € aM, hence m € a?M, continue the process, we have
m € a*M for all k, thus m € ﬂzozo aF M, this is zero because a is in the
Jacobson’s radical. Thus, b is a non-zero divisor on M. Thus b, a is a regular

sequence. ]
Lemma 5.4.4. Let r1,...,7r, be in the Jacobson radical of a Noetherian
ring R. If r1,...,ry, is a regular sequence on a finitely generated R-module
M. Then the new sequence {ri"*,....rp | m; € Zso} is still a regular
sequence.

Proof. If 7, is a non-zero divisor on M/(ry,...,mn—1)M, so is 7', thus
{ri,...,rp—1,7"} is a regular sequence. We can permute the order, and

continue the process. O
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Proposition 5.4.5. Let I be an ideal in a Noetherian ring R, M a finitely
generated R-module. Let ri,...,r, € I be a maximal reqular sequence on
M. Then every mazimal reqular sequence on M of elements in I has length
n.

Proof. Let s1,...,8m € I be another maximal regular sequence on M. With-
out loss of generality, let n < m. We will show that n > m, hence m = n.

If n = 0, then every element of I is a zero divisor on M, so m = 0.

If n = 1. Then every element of I is a zero divisor on M/r1 M, then
there exists 0 # x € M/r1 M such that I C r1 M. Thus there exists s; € T
such that sjz = ri2’ for some 2/ € M. We note 2’ ¢ sy M, otherwise, if
z' € s1M, then x € r1 M since s;’s form a regular sequence, contradicting our
assumption that 0 # 2 € M/ry M. Therefore, we must have that 2’ ¢ s; M.
Thus, Iri2’ = Isyx C r1s1 M, therefore, Iz’ C sy M, thus every element of
I is a zero divisor on M /sy M. Thus m = 1.

Suppose n > 0, and m > n. Then, there exists a a € I, and a is
not a zero divisor on M, M/riM, M/siM, M/(r1,re)M, M/(s1,s2)M,
coy M/(r1, o) M, M/(81,. -, Sn—1)M, and M/(s1,...,8,)M, Then
T1,--,7n—1,0 and Si,...,Sp,a form two regular sequences on M. This
means that r1,...,7r,—1 and s1,..., s, are two regular sequences on M /aM.
But the induction hypothesis says that n < n—1, a contradiction. Therefore,
we must have that m < n. Thus, we must have m = n. O

Proposition 5.4.6. Let M, N be finitely generated modules over a Noethe-
rian local ring (R,m). If pd(M) = n is finite, and m € Ass(N), then
Tor (M, N) # 0.

Proof. We first note that there exists an exact sequence 0 - R/m — N —
L — 0. This short exact sequence gives a long exact sequence

-+ — Torl, | (M, L) — Torf(M, R/m) — Torf(M,N) — Torf(M,L) — ---

Since pd(M) = n, we must have Tor§+1(M, L) = 0, and TorZ(M, R/m) # 0.
Thus by exactness of the sequence, we must have that Torff(M ,N)#£0. O

Remark 5.4.7. As a direct consequence, if M, N are both finitely generated
modules over a Noetherian local ring (R, m) of finite dimension, and m is
associated to both, then pd(M) = pd(N).

Theorem 5.4.8. Let M be a finitely generated module of finite projective
dimension over a Noetherian local ring (R, m). Then depthM < depthR.
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Proof. Suppose that d = min{depthR,depthM} = depthR. Then there
exists a sequence ri,...,rq € m that is both regular on R and on M.
Therefore, we have free resolutions Ke(r1,...,rq; R) of R/(r1,...,r,)R and
Ko(r1,...,rq; M) of M/(ry,...,rq)M. If n = pdM, because m is associated
to R/(r1,...,7q)R, then

H,(Ko(ri,...,ra; M) = H,(M ® Ko(r1,...,7¢; R))
= Torff(M, R/(r1,...,7q)R)
#% 0, by Proposition 5.4.6,

which forces n = 0. Thus M is a projective R-module, necessarily free since
R is a local ring. Hence, depthM = depthR. O

Theorem 5.4.9. Let M be a finitely generated module of pdp(M) =n < o0
over a Noetherian local ring (R,m), and r € m a non-zero divisor on R. If
K = ker(R*M) — M) where u(M) is the number of generators of M, then
K/rK has projective dimension n — 1 over R/rR. In particular, if r is a
non-zero divisor on M, then pdg,gp(M/rM) = n.

Proof. First, we note that if r is not a zero divisor on R, then the exact
sequence

0+R —— R—>R/rR—0

shows that pdp(R/rR) = 1. Tensor the above exact sequence with M, we
obtain a complex

Ne: 0M®R —— M®R— M®R/rR— 0.
This says that

Torl(M,R/rR) = M/rM,
Torf'(M,R/rR) = (0:pr7) =0,
Tor®(M,R/rR) = 0,Vi>2.

Consider the long exact sequence of Tor(x, R/rR) applied to the sequence
0—>K—>Fy—M-—0:

cee— Torfil(M, R/rR) — TorlY(K,R/rR) — Torl*(Fy, R/rR) — --- .

Torf{(R, *) = 0 for all i > 1, and Tor;(M, R/rR) = 0 for all i > 2 yield that
Tor;(K,R/rR) =0 for all i > 1.
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Consider the long exact sequence
My 0—=F,—F, 41— —=F —K-=0.

The fact that Tor;(K,R/rR) = 0 for all ¢ > 1 means the homology of the
complex

Le: 0— F,)rEF, —» F,_1/rFy1— - — F/rF

is zero, i.e., Tor;(K,R/rR) = H;(Mes @ R/rR) = 0. Thus, the complex L,
is exact. Since Le is a free resolution of K/rK, pdg/,gr(K/rK) =n— 1.

If r is a non-zero divisor on M, then 0 — K/rK — Fy/rFy — M/rM —
0 is exact. Combining this with the exact sequence

0— F,/rF, = Fy_1/rF,_1— - — F1/rF1 - K/rK — 0,
we obtain an exact sequence
0— F,/rF, > Fy_1/rF,_1— - — F/rFy = Fy/rFy - M/rM — 0.
This is a free resolution of M/rM over R/rR, and pdg/,p(M/rM) =n. O

Theorem 5.4.10. (Auslander-Buchsbaum Formula) Let M be finitely gen-
erated module of pdr(M) = n < oo over a Noetherian local ring (R, m).
Then pdg(M) + depthM = depthR.

Proof. Let d = depthR, then there exist r1,...,rqy € m that form a regular
sequence on R, and pdg(R/(r1,...,rq)R) = d.

If depthM = 0, then m is associated to M, and m is associated to
R/(r1,...,rq)R. Therefore, by Remark 5.4.7, we have that pdp(M) = d,
and

depthM + pdp(M) = depthR.
If depthM > 0, and by Theorem 5.4.8, depthR > depthM > 0. Since

m # (UpeASSM p) U (UpeAssR p), there must be an element r € m such
that r is a non-zero divisor on M and R. Hence

depth(M) = depth(M/rM) + 1, depth(R) = depth(R/rR) + 1.
By Theorem 5.4.9, pdg/,z(M/rM) = pdg(M), and by induction,

depth(M) + pdp(M) = depthR.
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5.5 Regular Rings

Theorem 5.5.1. Let (R, m) be a Noetherian local ring. Then the following
are equivalent:

1. pdr(M) < n for all finitely generated R-modules M ;
2. pdg(R/m) < n;

3. For all finitely generated R-modules M, Tor®(M,R/m) = 0 for all
1>n.

Proof. (1 = 2) Let M = R/m, we obtain the result.

(1 = 3) Since pdr(M) <n,0 = F, -+ > F - Fyp— M — 0is a
free resolution of M of length < n. Tensor the following complex F, with
R/m

Fe: 0=F,— - —=F — F—0,

we obtain a complex with zero maps F;/mF; — F;,_;/mF;_; for all i > 1.
Thus Tor® (M, R/m) = F;/mF,. Since pdgz(M) < n, F; = 0 for all i > n,
and therefore, Tor?(M, R/m) = F;/mF; = 0 for all i > n.

3=1)Let0— F,, » -+ = F1 —» Fy = M — 0 be a free resolution of
M, and tensor the complex F, with R/m,

Fe: 0—=2F,— - —=F — F—Q0,

we obtain a complex with zero maps F;/mF; — F,_;/mF;_; for all i > 1.
Thus Tor®(M, R/m) = F;/mF;. Since Torl*(M, R/m) = F;/mF; = 0 for all
i > n, and by Nakayama’s lemma, F; = 0 for all ¢ > 0. Hence m < n.
Therefore, pdp(M) < n.

(3 = 2) Because 0 = Tor*(M, R/m) = Torf(R/m, M) for all i > n. We
must have that pdg(R/m) < n. O

The above theorem can be extended to the graded case, and we obtain
the following Hilbert Syzygy Theorem.

Theorem 5.5.2. (Hilbert Syzygy Theorem) Let R be a polynomial ring with
n variables over the field. Then every graded R-module has finite projective
dimension at most n.

Definition 5.5.3. A Noetherian local ring (R, m) is regular if pdp(R/m) <
oo. Hence, it is regular if the number of the minimal generators of m is the
same as the Krull dimension of R.
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Theorem 5.5.4. Let (R,m) be a regular local ring. Then for any prime
tdeal p in R, Ry 1s regular.

Proof. Since pdp(R/m) =n < oo, we must have that pdp(R/p) < n. Let
Fo: 0—=F,— - —F —F—R/p—0,

be the free resolution of R/p, and since localization is flat, thus we obtain a

free resolution of (R/p), = R,/pR, over R,
0= (Fp)p = - — (F1)p = (Fo)p — (R/p)y = Rp/pR, — 0.

Since pRy, is the only maximal ideal in Ry, we have (Rp, pRy) is a Noetherian
local ring, and pdg, (Ry/pRy) = n < co. Thus R, is regular. O

Proposition 5.5.5. Let R be a Noetherian ring. Suppose p = (r1,...,7q)
is a prime ideal of htp = d that lies in Jacobson radical § of R. Then
(ri,...,rq_1) 18 a prime ideal.

Proof. Let q C p be a prime ideal which is minimal over (rq,...,r4_1). Due
to the Krull Height Theorem, q # p.

If g # (r1,...,74-1), then let a € g\ (r1,...,74_1). Sincea € q Cp, a =
b+ ayry for some b € (r,...,rq—1) € q, and a; € R. Thus a;rg =a—"0 € q,
since rq ¢ q, and q is a prime, we must have that a; € q. We repeat this
process, write a; = by + agry for some by € (r1,...,r4_1) C q, and as € R.
Similar argument gives that as € q. Thus, we have a = b,, + a,r); for some
by, € (r1,...,74-1) C q, and a,, € R. We have shown that

ac m ((r1y...,rg—1) +7ryR) = (ri,...,rq_1),
n>1

where the last equality is because r4 € J, and every ideal is closed for the ry-
adic topology. But this contradicts our assumption. Thus q = (r1,...,7¢—1)
is a prime. ]

Here are some characterizations of a Noetherian regular local ring.

Theorem 5.5.6. Let (R,m) be Noetherian local ring. Then the following
are equivalent:

1. pdp(R/m) = dim R;

2. pdp(M) < dim R for any finitely generated R-module M ;
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3. TorB(M,R/m) = 0 for all i > dim R and all finitely generated R-
modules M ;

4. pdr(R/m) < n for some integer n;

5. pdr(M) < n for all finitely generated R-modules M and for some
integer n;

6. There exists an integer n such that Tor®(M, R/m) = 0 for all i > n
and all finitely generated R-modules M ;

7. Every minimal generating set of m is a reqular sequence;
8. m is generated by a regular sequence;
9. The minimal number of generators of m equals dim R.

Proof. First, we see that Theorem 5.5.1 shows that
1=23=>4< 546

and
PN {9, by Krull Height Theorem,

1, by Auslander-Buchsbaum formula.

(6 = 7) Suppose there exists an integer n such that Tor®(M, R/m) =0
for all 4 > n and all finitely generated R-module M. Then pdgr(M) <n <
0o. By Auslander-Buchsbaum formula, depthR = depthR/m + pdi(R/m).

If depthR = 0, then pdz(R/m) = 0, which means R/m is projective.
R/m must be free R-module, thus R is a field. Thus 7 is true.

If depthR = n > 0, then let r1,...,r, be any minimal generating set of
m. We will show this is a regular sequence. Since depthR > 0, at least one
of the generators, say r1 is a non-zero divisor on R, and the R/(r1)-module
m/rim is of finite projective dimension. Thus, every minimal generating set
of the ideal m/(r1) in R/(r1) is a regular sequence by induction. Hence,
r1,...,7y is a regular sequence, and n < dim R. But a minimal generating
set of m has at least dim R elements, i.e., n > dim R. Therefore, n = dim R.

(9 = 8) Assume that dim R > 0, otherwise, dim R = 0, and the hypoth-
esis of 9 means that R is a field, hence 8 is true.

If dim R = 1, then the hypothesis of 9 means that the ideals in R are
generated by one element. We claim that the generator r; is not a zero-
divisor. Otherwise, if 1 is a zero-divisor, then r{* = 0 for some m > 1,
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and the maximal ideal m is nilpotent. Hence, R is an Artinian ring with
dim R = 0, a contradiction.

If dim R > 1, and suppose the minimal number of generators of m is
dim R. Let 1 € m\m? and avoid all the minimal primes. Let R’ = R/m, and
m’ the maximal ideal of R’. We observe the minimal number of generators
of m" is dim R’ = dim R — 1. By induction, m’ is generated by a regular

sequence 1%, ..., and lift these elements in R, we obtain ra,...,rg € m.
The ideal m = (ry,r9,...,74), and {r1,r9,...,r4} form an regular sequence
by construction. [

Definition 5.5.7. A Noetherian ring R is regular if for all prime ideals p
in R, R, is regular local ring.

Proposition 5.5.8. Let R be a Noetherian regular ring. Suppose p =
(ri,...,7q) is a prime ideal that lies in the Jacobson radical J of R, and
htp = d. Then r1,...,7q is a reqular sequence in R, and (ri,...,7;) is a
prime ideal of height i for all i =0,...,d.

Proof. By Proposition 5.5.5, (r1,...,r4_1) is a prime ideal. By the definition
of a regular ring, Ry is a regular local ring of dimension d, and it suffices to
show that (ri,...,r4—1)Ry is of height d — 1. By Theorem 5.5.6, we see that

T1,...,7q is a regular sequence in Ry, therefore the ideal (r1,...,74_1)Ry is
of height d — 1. Hence ht(ry,...,74—1) = d — 1 in R. The remaining result
follows by induction. |

5.6 Complex of Ext

Definition 5.6.1. An injective resolution of an R-module M is a cocom-
plex of injective modules

': 011" —...

such that
0—=M—=1=T1"— ...
is exact.

Similar to projective resolution, we have the following proposition

Proposition 5.6.2. Let I'* and I"® be injective resolutions of M' and M"
respectively. Suppose 0 — M’ — M — M" — 0 is a short exact sequence.
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Then there exists an injective resolution I°® such that the following diagram
commute and the bottom row is a short exact sequence of complexes.

0 M M M 0
L
0 I I G 0

Theorem 5.6.3. (Theorem - Definition) Let M, N be R-modules. Then for
alln > 0, there are R-modules Ext'y (M, N') uniquely defined by the following
properties:

1. Ext% (M, N) = Homg(M, N).
2. If N — I® is an injective resolution, then

Exty (M, N) = H"(Hompg (M, I*)).

3. If Py — M is a projective resolution, then

Exty(M, N) = H"(Hompg(P,, N)).

4. If0 = M' — M — M"” — 0 is an exact sequence of R-modules, then
there is a long exact sequence

0 — Homg(M",N) — Homgr(M,N) — Homg(M',N) — -+ —
Ext’ (M, N) = Exty(M", N) = Extfy(M,N) — --- .

5. If0 = N = N — N" — 0 is an exact sequence of R-modules, then
there is a long exact sequence

0 — Hompg (M, N') — Homg(M, N) — Homg(M,N") — --- —
Bt} (M, N") - Extp(M, N') - Exth(M,N) - -

Lemma 5.6.4. Let R be a Noetherian ring, M a finitely generated R-
module, and N an R-module, then

Assp(Homp (M, N)) = Supprp(M) N Assr(N).

Proof. (C) Let p € Assg(Homp (M, N)), then pR, € Assg,(Hompg, (M, N,)).
Thus, Homg, (My, N,) # 0, and M, # 0. Hence, p € Suppg(M), and there
is an injection

Ry/pR, < Hompg, (My, Ny).
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By the adjointness property of Hom and tensor product, i.e., Hom(A4 ®
B,C) = Hom(A,Hom(B,(C)),

Hompg, (Rp/pRy @R, My, Np) = Homp, (Rp/pRp,HomR/p(Mp,Np)) # 0.

Since M,/pM, = R,/pRy, ®p, M, is a vector space over Rp/pR,, there is
a non-zero map Ry/pR, — M,/pM,. Thus, Hompg, (R,/pRy, Ny) # 0, and
there is an injective Ry,/pR, < Np. Therefore, pR, € Assg,(NNV,), and
p € Assg(N).

Therefore, we have shown that p € Suppg(M) N Assr(N).

(2) On the other hand, if p € Suppr(M) N Assr(N), then M, # 0, and
there is an injective Ry /pR, — N,. By Nakayama’s lemma,

Since Ry /pRy is a field, and M, /pM, is a vector space over this field, there
is a surjection,

My ®r, Rp/pRy — Ry/pRy # 0,
which gives a non-zero map Hompg, (My ®@r, Ry/pRy, Np). Thus,
Hompg, (Ryp/pRy, Homp, (M, Ny)) = Hompg, (M, ®g, Ry/pRp, Ny)) # 0
Thus, pRy, € Assg, (Hompg, (M,, N,)), and p € Assg(Hompg(M, N)). O

Theorem 5.6.5. Let R be a Noetherian ring, M a finitely generated R-
module, and I an ideal in R such that IM # M. Let V(I) be the set of
prime ideals in R such that p O I. Then the following are equivalent:

1. Ext%(N, M) =0 for all i <n, and for all finitely generated R-module
N such that Suppgr(N) C V(I).

2. Extly(N, M) =0 for all i < n, and for all finitely generated R-module
N such that Suppg(N) = V(I).

3. Exth(R/I, M) =0 for all i < n.
4. There exist r1,...,m, € I which form an M -sequence.

Proof. We see that 1 = 2 = 3 are clear.
(3 = 4) We prove by induction on n. If n = 1, then the hypothesis
means

Hompg(R/I, M) = 0,
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and this implies that if p a prime ideal in R,

pe ASSR(M) =P ¢ V(I>> and [ Z UpGAssR(M)p'

Thus, there exists 1 € I such that rq is a non-zero divisor on M.
Ifn > 1, and Ext(R/I, M) = 0 for all i < n—1. By the above reasoning,
there exists 1 € I which is a non-zero divisor on M, and

0—-M —"“— M — M/riM —0.
The long exact sequence
-+ = Extly(R/I, M/ M) — Ext ' (R/I, M) — Extif"(R/T,M) — -+

shows us that Exti(R/I,M/riM) = 0 for all i < n — 1, and by induction
hypothesis there is an M /ri M-sequence ro,...,r,. Thus, r1,...,r, is an
M-sequence.

(4 = 1) Suppose 71,...,r, is an M-sequence in I. Let N be a finitely
generated R-module such that Suppp(N) C V(I). Let J = Anng(N).
V(Anng(N)) = Supp(N). Thus V(J) C V(I), and therefore, /T C V/J.
Hence there exists a ¢ such that I' C J. Let f € Homg(N,M), x € N.
Then r € I yields r{ € J = Anng(N), and ! f(x) = f(rix) = f(0) = 0.
Since r! is a non-zero divisor on M, f(z) = 0, and so Hompg(N, M) = 0.

Consider the exact sequence

t
0— M — M — M/riM — 0.
Since 9, ooy Tpisan M /m1M-sequence, and by induction hypothesis we have
that Extly (N, M/r{ M) =0 for all i <n — 1, hence the long exact sequence
Ext’y (N, M/rt M) — Extiy (N, M) L SN Extly (N, M) — Extlz (N, M/rt M)

implies Ext’ (N, M) = Exth (N, M) by multiplying r% for all i < n — 1, and
Is injection for ¢ = n — 1, hence this is a zero map for all ¢ < n. Thus
Exth (N, M) =0 for all 0 <i < n. O

Definition 5.6.6. An R-module M has finite injective dimension if
there exists an injective resolution

0-M—-I" T .. 55150

of M. The least integer of n is the injective dimension of M, denoted by
injdimM.
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Proposition 5.6.7. Let R be a Noetherian ring, M a finitely generated
R-module, and I C R is an ideal such that IM # M. Then

depth; (M) = min{¢ | Ext&4(R/I, M) # 0}.

In particular, the length of a maximal M-regular sequence in I does not
depend on the sequence.

Proof. Let d = depth;(M).

If d =0, then I C p where p € Ass(M), and R/p embeds in M. Thus
0 # Homp(R/I,R/p) C Homp(R/I, M) = Ext%(R/I, M), and the equality
holds.

If d > 0. Let a € I be a non-zero divisor on M, then the exact sequence

0—-M —2— M M/aM —— 0

gives a long exact sequence

- = Ext%(R/I,M) — Ext%(R/I,M) — Exts(R/I, M/aM)
- ExtiYR/I,M) — ExtBTH(R/I, M) — -

Since a € T = Ann(R/I), multiplication by a is the zero map, that is
Exty(R/I, M) — Ext}(R/I, M) has image zero for all n > 1. Therefore,

0 — Ext}(R/I, M) = Ext(R/I, M/aM) — Ext;" (R/I, M) — 0, (5.1)

is exact sequence for all n > 1. The induction hypothesis depth; (M /aM) =
d — 1 implies Exth(R/I, M/aM)=0for alln=0,...,d—1, hence we have

0 — Ext}(R/I,M) — 0 — Ext®™ (R/I,M) -0, n=0,...,d—1,

hence Ext}(R/I,M) = 0 for all n = 0,...,d. Let n = d, then the exact
sequence (5.1) becomes

0 — ExtG(R/I,M) =0 — Exth(R/I, M/aM) # 0 — Exty™ (R/I, M) — 0,
which implies 0 # Ext%(R/I, M/aM) = Extt™ (R/I, M). Hence,
d = depth; M = min{/ | Ext&(R/I, M) # 0}.
N

Corollary 5.6.8. If0 — My — My — Mg — 0 is a short exact sequence of
finitely generated R-modules. Set d; = depth;(M;). Then
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1. di > min{dy,ds + 1}.

2. dy > min{dy,ds}.

3. d3 > min{d; — 1,ds}.
Proof. Since the short exact sequence gives a long exact sequence
Exti(R/I,Ms) — Extid ' (R/I, M) — Ext'd ' (R/I, M) — Ext’d ' (R/I, Ms)
The results follows by Proposition 5.6.7. U

Definition 5.6.9. Let R be a Noetherian ring, M a finitely generated R-
module, then the grade of M is

grade(M) = inf{¢ | Ext%h(M,R) # 0}
= depthAnn(M) (R)
= inf{depth(R,) | p € Supp(M)}.

Theorem 5.6.10. Let R be a Noetherian ring, M, N finitely generated R-
modules where grade(M) = m, and pdimg(N) =n. Then

Exth(M,N) =0, Vi<m—n.

Proof. We will prove the claim by induction on n.

If n = 0, then N is projective, and hence, it is a direct summand of a
free R-module. Thus N & T = R! for some R-module T and some t € Z.
By definition, grade(M) = m means Ext’% (M, R) = 0 for all i < m. Thus
Ext% (M, R) = 0 for all i < m, and Extly(M, N) =0 for all i < m.

Supposen > 0, and let 0 — N’ — F — N — 0 be a short exact sequence
where F is a finitely generated free R-module, i.e. Exti(M,F) = 0 for all
i < m. Since pdim(N’) = n—1, by the induction hypothesis Ext’ (M, N') =
0 for all ¢ < m — (n — 1), thus the long exact sequence

Ext’ (M, F) — Extly (M, N) — Ext! (M, N)

yields Ext’ (M, N) = 0 for i < min{m, m — (n—1) — 1} =m —n.
Therefore, we have shown that

Extl,(M,N) =0, Vi<m—n.
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Theorem 5.6.11. Let (R,m) be a local ring, and M,N finitely generated
R-modules with depth(M) = m, and dim(N) =n. Then

Ext%,(N,M) =0, Vi<m—n.

Proof. We will prove the claim by induction on n.

If n = 0, then Suppgp(N) = {m}. By Theorem 5.6.5, depth(M) = m is
equivalent to Ext’ (N, M) = 0 for all i < m.

Now, let n > 0. Then N has a filtration:

N=N{ DNy D---DO N =0, Ni/NH,lZR/]Ji,i=1,...,t—1.

To show the claim, it is equivalent to show Ext%(R/p,M ) =0 forall i <
m — n. By induction, we only need to show Ext’y(R/p,M) = 0 for all
i <m —mn with dimR/p =n. Let r € m\ p, then the following sequence is
exact

0—R/p —— R/p—R/(p+7R) =0,

dimR/(p + 7R) = n — 1, and by the induction hypothesis Ext%(R/(p +
rR), M) =0 for all i <m — (n — 1). Hence the long exact sequence on Ext
gives us

Extiy(R/p, M) = (rR) - Extiy(R/p, M), Vi <m —n.

Since r € m, by Nakayama’s Theorem, Exti(R/p, M) = 0 for all i < m — n.
[

Corollary 5.6.12. Let R be a local ring, 0 # N C M finitely generated
R-modules. Then
dim N > depth(M).

In particular, dim(M) > depth(M).
Proof. Since N C M, then there exists a non-zero map N — M, hence

Homp(N, M) # 0. Thus, Ext%(N, M) # 0. By Theorem 5.6.11, m —n < 0.
Therefore, dim(N) = n > m = depth(M) O

As a direct consequence, if M is a finitely generated R-module over
a Noetherian local ring (R, m), then for any ideal I in R, injdimp(M) >
depth;(M).

Proposition 5.6.13. If M is a finitely generated R-module over a Noethe-
rian local ring (R, m), then depthR < injdimp(M).
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Proof. Let r1,...,rqy € m be a maximal regular sequence on R. Then

Ext%(R/(rl,...,rd),M) = Hd’(HomR(K.(rl,...,rd;R),M)
M/(rla"'7rd)M7éO

1%

so injdimp (M) > d = depthR. O

Lemma 5.6.14. Let (R, m) be a Noetherian local ring, N aﬁmfely generated
module, and n € N. Then injdimp(N) < n if and only if ExtR(M,N) =0
for all i > n and for all finitely generated R-modules M.

Proof. ( =) It is clear, and we only need to show the other direction.

(<)Let 0 - N = I°— I'... — "1 — J — 0 be exact with all
I' injective. We will show that .J is also injective. First, we observe that
Extly (M, J) = Extiy™(M, N) for all i > 1. By the given condition, we have
that Ext’z(M,J) = 0 for all ¢ > 1 for all finitely generated R-module M.
Hence, for any exact sequence 0 — M’ — M — M"” — 0, we have the exact
long sequence:

0 — Homp(M",J) — Homp(M,J) — Homp(M’', J) — Exth(M",.J) = 0.

This means that Hompg(x*, J) is exact on finitely generated modules, then by
Proposition 5.6.3, the exactness of Homp(*, J) is equivalent to say that J is
an injective module. Therefore, we have at least one injective resolution of
N of length n. Thus injdimN < n. U

Theorem 5.6.15. Let (R,m) be a Noetherian local ring, N a finitely gen-
erated R-module. Then

injdimp(N) = sup{¢ | Exth(R/m, N) # 0}.

Proof. Without loss of generality, let sup{/ | Ext%(R/m, N) # 0} = n < oo,
where n € N.

First, it is clear that injdimp(N) > n. We will show that injdimp(N) <
n, and by Lemma 5.6.14, we only need to show Ext (M, N) = 0 for all i > n
and for all finitely generated R-module M.

If M = R/m, we are done by hypothesis.

If M is of finite length, we will prove the claim by induction on the length
of M. For

0—R/m—M-—M —0
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gives the following long exact sequence on Ext, where Exth(R/m,N) =
Ext®(M',N) =0 for all i > n by the induction hypothesis.

oo = Exthy(M',N) = 0 — Extl (M, N) — Exth(R/m,N) =0 —
Ext 1 (M',N) =0 — Exti (M, N) — ExtV ' (R/m,N) =0 — -
Thus, ‘
Exth(M,N) =0, VYi>n.

If M is not of finite length, then we take a prime filtration, 0 = My C
M; C--- C M, =M, where M;/M;_1 = R/p; for some prime ideal p;. We
will prove by induction on the length of the filtration. If we can show that
for any prime ideal p in R, Exth(R/p, N) = 0, then the exact sequence

0—M,_y —-M, —-R/p—0

will give a long exact sequence of Ext, and by performing the argument
similar to the above, we can obtain Ext,(M;, N) = 0 for all i > n.

Therefore, we will show that any prime ideal p in R, Ext%(R/p, N) = 0.
Let a € m\ p, then the short exact sequence

0—=R/p —2= R/p—>L—0

gives the following long exact sequence on Ext, and EXtZR(L,N ) = 0 for
¢ > n by the induction hypothesis.

0 — Exth(R/p, N) —%— Exth(R/p,N) =0 Vi>n.

Therefore, ‘ _
Exth(R/p, N) = aExtz(R/p,N), Vi>n,

and by Nakayama’s lemma,
Ext%(R/p,N) =0, Vi>n.
Hence, we have proved that injdimp(N) < n. O

Theorem 5.6.16. Let (R, m) be a Noetherian local ring, N a finitely gen-
erated R-module of finite injective dimension. Then injdimp(N) = depthR.

Proof. First, we recall that 0 < depthR < injdimpz(N), and we only need to
show that depthR > injdimp(N).
If injdimp(N) = 0, then depthR = 0.
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If 0 < injdimp(N) = n < o0o. Suppose depthR < n, then let r1,...,7 €
m be a maximal regular sequence in R where t < n. Then the exact sequence

0—R/m — R/(r1,...,7) = R/T — 0, for some ideal [ in R,
gives a long exact sequence
Exts(R/I,N) — Exti(R/(r1,...,71),N) = Exth(R/m,N) — 0,

since Exts™ (R/I, N) = 0 by Lemma 5.6.14, and Ext7(R/m, N') # 0 by The-
orem 5.6.15. But this contradicts the fact that Exty(R/(r1,...,7¢),N) =0
for a maximal regular sequence 71, ..., r; with ¢t < n. Thus, depthR > n. 0O

Below is a result concerning the behavior of depth under flat change of
rings.

Proposition 5.6.17. Let f : (R, m,K) — (S,n,1L) be a local homomorphism
of local rings. If M is finitely generated R-module, and N is a finitely
generated S-module that is flat over R, then we have:

dimy,(Homg (L, M ® N)) = dimg Homp (K, M) - dimp, (Homg (L, N/mN)).

depthg(M ®r N) = depthp M + depthg N/mN.
In particular, if f is a flat map, then

depthS = depthR + depthS/mS.
Proof. To prove the first claim, we check

Homg(IL, Homg(S/mS, M ® N))

12

Homg(L ® S/mS,M @ N)
Homg (L, M ® N); and
Homg(K® S,M @ N)
Homp(K,M)® N since N is flat
(N /m N ydimsc Homp (€M)

1

Il

Homg(S/mS, M ® N)

1%

Il

To see the second equality, we note that if depth rM = depthg N/mN = 0,
then by definition of depth depthM = min{i : Ext'(K, M) # 0} and the
first equality,

Homp (K, M) # 0, Homy (L, N/mN) # 0, Homg(LL, M ® N) # 0.

Hence, by definition of depth, we have that depthg(M @ N) = 0.
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If ¢ is a maximal M-sequence of length s, and b is a maximal N/mN-
sequence of length ¢, then

Ext®(K, M) = Hompg(K, M/cM) # 0,

Ext4 (L, N/mN) = Homg(L, (N/bN)/m(N/bN)) # 0.

Both M/cM and (N/bN)/m(N/bN) have depth zero, and N/bN is R-flat,
therefore the depth of (M/cM) ® (N/bN) is zero. Hence, we have

Homg(L, (M/cM) @ (N/bN)) # 0.

And
(M/ecM)® (N/bN) = (M ®N)/(f(c)Ub)(M @ N).

Thus,
Extit (L, M ® N) = Homg(L, (M ® N)/(f(c) Ub)(M ® N)) # 0.
Since
(M®@N)/e(M@N) = (M/cM)® N

we have that b is a (M ® N)/c(M ® N)-regular sequence. Thus, f(c),b is
a regular sequence on M ® N,

Exti(L,M @ N) =0, Vk < s+t

Thus, again by definition of depth, we have depthg(M ® N) = s + t, hence
we proved the second claim. O

5.7 Exactness Criteria for Complexes

Definition 5.7.1. : Let R be a ring, A = (a;;) an m x n matrix with
a;j € R, and I,(A) the ideal in R generated by the determinants of all the
r X r submatrices of A where r € Z~y. Let f : R" — R™ be a module
homomorphism, and M an R-module. The rank of f on M, denoted by
rank(f, M), is such that

rank(f, M) = max{r | I,(f) € Ann(M)}.

Set
I(f,M)=I.(f,M), where r =rank(f, M).

Note that if M = R, we write I(f) = I(f, R).
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We observe that if N = min{m,n}, then
In(A)=ADL(A) D ---DIN(A)=---=L(A)=---, Vi>N-+1,

and
0C (0:p7 I1(A)) C(0:pr I2(A)) C - C(0:p7 IN(A))

are submodules of M.

Theorem 5.7.2. (McCoy’s Theorem) Let R be a commutative ring, M an
R-module, and A = (a;;) an m x n matriz with a;; € R. Then the system
of equations:

anr + -+ a1y =0

9121 + -+ + agpxy, =0

Am1T1 + -+ QG Ty, =0

has no non-zero solution (z1,...,x,) € M™ if and only if
sup{? | (0 :ps I;(A)) =0} =n.

Proof. Let d =sup{¢ | (0:ar I;(A)) = 0}.

If m < n, we can always add zero equations, hence, without loss of
generality, we assume that m > n, and d < n.

First, we will show if the system has no non-zero solution then sup{¢ | (0 :ps
I;(A)) = 0} = n. Suppose d < n. Then (0 :ps I4(A)) =0 C (0 :ar Ig+1(A)),
which shows there exists m € M such that mI; 1(A) = 0. Thus, there ex-
ists a d X d submatrix B such that mdet B # 0. Without loss of generality,
we assume that B is the matrix obtained by taking the first d rows and d
columns. Let C be a (d+1) x (d+ 1) submatrix of A by taking the first d+1
rows and d + 1 columns. Note mdetC' = 0. Let z; = y;m for j < d + 1,
and z; = 0 for j > d + 1, where y; is the determinant of the submatrix
of C obtained by removing the j-th row and the last columns. Then we
see that (z1,...,2,) is a solution, because y1,...,y4t1 gives the expansion
of det C' along the last column of C, and mdet C = 0. Moreover, this is
a non-zero solution since x441 = yg+1m = mdet B # 0, contradicting the
given condition.

Now, we will show the other implication. Suppose (x1,...,z,) € M™
is a non-zero solution, and let B be an n x n submatrix of A. Then B -
(z1,...,2,)T = 0, and we know that det(B)I,x, = (adjB)B, where adjB
is the adjoint matrix of B. Thus, 0 # (0 :ps det(B)). Since det(B) € I,,(A),
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we must have (0 :ps I,,(A)) # 0. Thus, d = sup{f | (0 :ps I;(A)) =0} >n
which is absurd.

Hence, to have no non-zero solution (z1,...,%,) € M™ if and only if
d=sup{l | (0:p Is(A)) =0} =n. O

The McCoy Theorem states that if ¢ : M — N is a morphism between
two finite free R-modules of rank m and n respectively, then ¢ is injective
if and only if (0 :g det,,(¢)) = 0. Moreover, when this is the case, we have
that m <n.

Theorem 5.7.3. (Acyclicity Lemma) Let R be Noetherian ring, I an ideal
in R. If

dn dn—1 d2

My: 0— M, —— M, 1 — - — My Gl

M, My
is a compler of R-modules, such that for all i > 1,
1. depth;(M;) > i;
2. H;(M,) =0 or depth;(H;(M,)) = 0.
Then M, is exact.
Proof. By descending induction on ¢ > 1 starting with ¢ = n, we will show

H;(M,) =0, and depth;(imd;) > .

First, we note that d,, is injective, otherwise, H, (M,) = ker(d,,) # 0 contra-
dicts the condition 2. Thus, imd,, = M,, and has I-depth at least n > 1.
If + < n, we have complex

0 —imdj41 =+ M; = --- = M;
which can be split into two short exact sequences:
0— imd,-_,_l — M; — Mi/imdiﬂ — 0,

0 — H;(M,) — M;/imdiy; —%— imd; — 0.

By the induction hypothesis, I-depth of imd;+; > ¢ + 1. For all j < 4,
the long exact homology sequence induced by the first short exact sequence
gives

Extl, '(R/I,M;) = 0 — Ext), "(R/I, M;/imd; 1) — Exth(R/1,imd; 1) = 0
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so that depth;(M;/imd;+q) > i. If H;(M,) = 0, then imd; has I-depth
at least ¢. It is impossible for H;(M,) # 0, since the second short exact
sequence gives

0 — Ext%(R/I, Hy(M,)) # 0 — Ext%(R/I, M;/imd; 1)

which yields Ext%(R/I, M;/imd; 1) # 0, so depth;(M;/imd;41) = 0, con-
tradicting the condition. O

Lemma 5.7.4. Let R be a Noetherian ring, and M a non-zero R-module.
Let F\G, H be finitely generated free R-modules, and

F-1s6 25 H
a complex such that I(f, M) =1(g, M) = R. Then

FoprM —— GopM —%— Hop M

is exact if and only if
rank(f, M) + rank(g, M) = rankG.
Proof. For any R-module N, by the property of tensor product,
N@pM = N@rM@p)ann(rr) (R/Ann(M)) = (N/Ann(M)N)® g/ ann(ar) M-

Thus, we may assume Ann(M) = 0. Hence, rank(f, M) = rank(f), and
rank(g, M) = rank(g). Without loss of generality, assume that R is a lo-
cal ring. Since I(f) = R, there must be an invertible rank(f) x rank(f)
submatrix. By a change of basis, we can write

f= [(1) 1(4)1] , where A is invertible of size (rank(f) — 1) x (rank(f) —1).

By induction, we can write f as a matrix with one in the diagonal entries,
and zero elsewhere. Therefore, ker f and cokerf are free R-modules, and
G Z ker f @imf.

Since F' — kerg C G, with the similar method, we can show that ker g
is free, and ker g =2 imf & FE where F is a free module. The rank of the free
module G/ ker g = rankg, and rankf = rank(imf).

Now, FQp M — G®r M —— H ®pr M is exact if and only if
E®r M =0, if and only if E =0 or M = 0. Since M # 0, we must have
E=0.Thus Fp M —— G®r M —— H ®gr M is exact if and only
if rankG = rank(f) + rank(g). O
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Theorem 5.7.5. (Buchsbaum-FEisenbud Exactness Criteria) Let R be a
Noetherian ring, and M a non-zero R-module. Suppose F, is the complex

f2 f1

Fr: 0—-F, — F_1 —— ---—= Iy Fi

FOa

where F;’s are finitely generated free R-modules. Then Fy @ M is exact if
and only if the following condition hold for all i > 1

1. rank(f;, M) + rank(f;j+1, M) = rankF;;

2. depthy (g, ary(M) > 4, that is I(fi, M) contains a M-regular sequence
of length i.

Proof. For detailed proof, please see [BET3]. O

5.8 Local Cohomology

Let R be a commutative ring, I C R an ideal, and M an R-module. We
define the global sections with support in I to be the submodule

Iy(M)={me M| I"m =0, for some n}.

The reason for this terminology is the following. Let X = Spec(R), Y =
V(I) C X and F = M be the quasi-coherent sheaf defined by M. Then we
can define

I'y(X,F)={seI'(X,F)| support (s) C Y}.

Then the quasi-coherent sheaf associated to the R-module I'f (M) is T'y (X, F):

£/(M) = Ty(X, F).
Given any complex C,, we can form a new complex I';(C,)
I'i/(Ce): -+ =T1(Ciy1) = T1(C;) = T1(Ci1) — -+
Now, let C'* be an injective resolution of an R-module M,
c*: 011" —>71%.., where 0> M — I° - TI' - I?... is exact.
Then, apply I'r to C*°,
L(C*: 0-T(I% —>T(I"Y—>T(I%: -,

and then the i-th cohomologies of I'7(C*®) are the local cohomology mod-
ules of M with support in I, denoted by H4(M). Up to isomorphism, these
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are independent of the choice of the injective resolution of M. They are
the right derived functors of the functor I'y(M). Since I'y is a left exact, so
0 — T;(M) — (1% — Ty(I') is exact, we have that

HY(M) = ker(T;(I°) — T'; (1)) /im(0 — I';(I%)) = T';(M).

Definition 5.8.1. Let {I,} and {J,} be two decreasing chains of ideals.
The chains are cofinal if for all n, there exists k such that J; C I,,, and for
all m, there exists ¢ such that I; C J,,. Hence, if {I,} is cofinal with {I"},
then

Hi{(M) = lim Hom g(R/In, M).

Another view of the local cohomology is to write

Ty(M) = J(0:a I™), and (0:p I") = Homp(R/I", M).
1=0

Hence
HY(M)=T7(M) = lim Hom g(R/I", M), Hi{(M) = lim Ext%(R/I", M).
Remark 5.8.2.

/(M) ={me M | I"m=0, for some n} =T ;(M) if VI=J.

Definition 5.8.3. The local cohomology can also be viewed via the Cech
complex C®. Let zi,...,x2, € R, and R, the localization of R at the
multiplicatively closed set {2}, then

e . O%R%@ZRM %@ZR%% — -+ = Ryygpez, — 0,
) 1<j

where the maps are the natural maps induced from the localization with
signs attached.

C*(x; M) =C*(x1,..., 20 M) =C*(z1,...,2p; R) @ M = C*(x; R) ® M.
The i-th Cech cohomology of M is Hi(M) := H*(C*(x; M)).

Proposition 5.8.4. Suppose 0 - L — M — N — 0 is a short exact
sequence of R-modules and x = x1,...,x, € R. Then there exists a long
eract sequence:

oo = HYL) - HX(M) — HX(N) - H'PY (L) — - -
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Proof. The following commutative diagram (where the exactness of the
columns are due to the localization) gives the short exact sequence of co-
complex 0 — C*(x; L) — C*(x; M) — C*(x; N) — 0, which in turn gives
the desired long exact sequence of the cohomology.

0 0 0

0 L D, L., Lyyg, — 0

0 M P, M., My, .y, — 0

0 N P, N, Nyyw, — 0
0 0 0

|

Proposition 5.8.5. Let M be an R-module, x = x1,...,x, € R. Ify € R,
then there exists a long exact sequence

) . (71)1' . .
o= HL (M) = HL(M) —— HL(M), — H;gyl(M) — .

Proof. Let C* = C*(x; M), and C*(y) = C*(x,y; M) = C*(x; M)@C*(y; M).
Then C*(y) = C*® (0 - R — R, — 0). Hence,

C'y)"=C""®@rRy®C"@rR=C) @ C,
and the following diagram

0 — Ot — CyleC® —— C* —— 0

T

0O —— C;L '——»C;@C”“——»C"H—%O
yields a short exact sequence

0— Cy[-1] = C*(y) — C* = 0.
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This short exact sequence gives the long exact sequence

o= HEY(M), — HE (M) — HL(M) —2— HL(M), — -

where HL-Y(M), = Hi(C;[—l]) = Hiil(C;). O

Remark 5.8.6. 1. Let M be an R-module, and x = z1,...,2, € R. If
x; acts as a unit on M for some i, then HL(M) = 0 for all 4.

2. For any injective module E, HL(E) = 0 for all i > 0.
Proposition 5.8.7. Let R be a commutative Noetherian ring, I an ideal,

and M an R-module. If VI = \/(x1,...,2n), then
Hj(M) = Hi(M), Vi, and Hf(M)=My,..0,/> M.,
7

Proof. We will prove the results by induction on i. Consider the sequence

0M L% M @ oM,
and by definition,
HY(M) = ker(fo) ={me M |mz} =0, for some n; € Z}
= I'/(M) = H](M).

Now, for ¢ > 0, let E be an injective resolution of M, then the short

exact sequence
0—-M-—->FE—-C—0

gives a long exact sequence

o HEYE) —— HIYO) —— HE(M) —— HL(E)=0

X X

| | 1

= HIYE) —— HIYC) —— H{(M) —— Hi{(E)=0

where the isomorphisms are due to the induction hypothesis. By the Five
lemma, HL(M) = Hi(M).
Finally, consider the complex

D, My, ..s,zn BN My, .. — 0,

and by definition
HY (M) = My, ..., /im(f) = My,....., / Z My, iy
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Proposition 5.8.8. (Change of Rings) Let S be an R-algebra, where R and
S are Noetherian. Let I be an ideal in R, and M an S-module. Then

Hj(M) = Hig(M) Vi,

where M is considered as a left R-module and a right S-module. Moreover,
if S is a flat R-algebra, then

H}(M) @r S = Hjg(M ®p S), Vi>0.
Proof. Let I = (z1,...,2,)R. Then

Cr(x;M) = C*(x;R)®@ M =C*(x;R) ®p (S®s M) =C*(x;S) ®s M
Cs(x; M),

and,

H}(M) = Hy(M) = Hyg(M) = Hpg(M).
If S is flat, then

Hi{(M)®pS = H'(C*(x;M))®@rS=H(C*(x; M) @R S)
>~ HY(C*(xS;M @ S)) = Hig(M @5 S)
= Hig(M®pgS).

|

Theorem 5.8.9. (Mayer-Vietoris Sequence) Let R be a Noetherian ring,
1,J ideals in R, and M an R-module. Then there exists a long exact se-
quence

oo Hi (M) = HY(M) @ Hy (M) = Hip, (M) = -
Proof. Consider the short exact sequence

0—-R/(I"NJ")—> R/I"®R/J" — R/(I"+J") = 0.
Apply Hompg (%, M) to obtain a long exact sequence

o= BxtY(R/(I™ + J™), M) — Ext'(R/I", M) @ Ext"(R/J", M)
— Ext/(R/(I"NJ"), M) — ---

By the Artin-Rees Lemma, there exits a k such that m > k

mnJr = Im—k(Ik N Jn) C Im—k:Jn’
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and therefore,
Vm>n+k ImNnJmCImnJrCImrmcrjrcnJgm.

On the other hand (I N J)*» C I" N J". Thus, {I™ N J"} is cofinal with
{(InJ)"}. Moreover,

"+ J"C(I+)" and (I +J)*" C 1"+ J",

so {I™+ J"} is cofinal with {(I + J)™}. Thus, take the direct limit, we have
the desired long exact sequence. (|

5.9 Applications

5.9.1 Castelnuovo-Mumford Regularity

In chapter 14 of [Mum66], Mumford introduced the concept of regularity for
a coherent sheaf F on projective space P": F is p-regular if, for all ¢ > 1 we
have vanishing for the twists

H' (P", F(k)) =0, forall k+i=p.

This in turn implies the stronger condition of vanishing for k + 4 > p. The
definition for a finitely generated graded R-module M, which extends that
for sheaves was given by Eisenbud and Goto [EG84], and regularity was
investigated later by several people, notably Bayer and Mumford [BM93],
Bayer and Stillman [BS87], Eisenbud and Goto [EG84], and Ooishi [00i82].

Let R = Klzo,...,x,] with deg(z;) = 1 be the polynomial algebra in
n + 1 variables over a field K, graded in the usual way. If M is a finitely
generated graded R-module, then the Castelnuovo-Mumford reqularity of M,
denoted by reg(M), is an invariant that measures the “size” of its minimal
free resolution and the complexity of the given module. Recall that a graded
minimal free resolution of M as the following:

0= @ R(=45)% — - = P R(—5)™ — P R(—4j) - M =0,
J J J

where the exponents f3; ; of the shifted modules R(—j) are the graded Betti
numbers of M over R. Using the Betti number, we identify an important
invariant that measure the “growth” of the resolution of M as an R-module.
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Definition 5.9.1. Let t?(M) = sup{j | Bf;(M) # 0}, the Castelnuovo-
Mumford regularity, or regularity, regp(M), is defined as

regp(M) = sup{j — i | B5(M) # 0} = sup{t/'(M) —i | i € N}.
‘We observe that if M has a minimal free resolution of the Fj
Fo: =2 F,—-F, = —=2F—=F—=0

where F; = @; R(—a;;), then regp(M) = sup; ;{a;; —i}. An important
characterization of regularity is:

Theorem 5.9.2. Suppose K is a field and M is a graded R-module. Then
M is p-regular if and only if the minimal free graded resolution of M has
the form

0— é;Rew — = élaRea,l — éoaReap — M —0
a=1

a=1 a=1
where deg(eq,) < p+i for all i > 0.
Thus, if M is a graded R-module of finite length, then
reg(M) = max{d | My # 0}.

The most important characterization of Castelnuovol-Mumford regularity is
cohomologoical. Eisenbud and Goto [EG84| gave a connection between the
regularity for a coherent sheaf and the regularity of graded modules via local
cohomology. The following result is proved by Grothendieck, a proof can be
found in [Proposition A1.11, [Eis05]]

Proposition 5.9.3. (Local cohomology and Sheaf Cohomology) Let M be a
graded R-module, and F be the corresponding quasi-coherent sheaf on P™.
Then
0— HY(M) = M — @ H(F(d)) — Hy(M) — 0
deZ
and
Hi (M) = P HIP", F(d), Vi>1
deZ

Since the local cohomology is actually dual to the homology of the com-
plex Hom(F,, R), where F, is a free resolution of M, the regularity can be
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formulated in terms of local cohomology. In particular, the local cohomol-
ogy groups H (M) with respect to the ideal m = (zq, ..., z,,) are graded in
a natural way and we say that M is p-regular if

H: (M), =0 forallk+i>p+1.

If F is the coherent sheaf on P" associated with M in the usual way, we
have
HiFY (M), = H' (", F(k)) forall i >1,

which shows the compatibility of these definitions. Eisenbud [Theorem 4.3,
[Eis05]] provides a characterization of regularity via cohomology.

Theorem 5.9.4. Let M be a finitely generated graded R-module and
r; = max{j | H,(M); #0}, for each i.
Then the following are equivalent:
1. reg(M) < p;
2. r;+1<p foralli>0;
3. ro <pand H.(M)p—it1 =0 for all i > 0.
Moreover, it is proved in [Eis95] that

Theorem 5.9.5. If M is a finitely generated graded R = Kxg,...,z,]-
module, then M is p-reqular if and only if

Ext!(M,R), =0, Vi, Vn<-p—i—1.

In addition, if 0 > A — B — C — 0 is a short exact sequence of graded
finitely generated R-modules, then

1. regA < max(regB,regC + 1);

2. regB < max(regA,regC);

3. regC < max(regA — 1,regB);

4. If A has finite length, then regB = max(regB,regC).

Computer algebra system Singular [GPS01] can compute the regularity
of an ideal or module via code “regularity”.
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Example 5.9.6. The regularity of the ideal I = (22, zy,y?) is 3.

ring r=0, (x, y, z),dp;
ideal i=(x"2, x*y, y~3);
def L=res(i,0);
regularity(L);

W VvV VvV Vv Vv

Note, reg(I) = 3, and reg(R/I) = 2 is obtained in Example 4.8.17.

5.9.2 The MacRae’s Invariant

As before, let R be a commutative ring with unit, we will introduce the
concept of Fitting ideal and MacRae’s invariant. First, we will start with
the definition of Fitting ideal.

Definition 5.9.7. Let F' be a free R-module of finite rank n, and K a
submodule of F' (may not be finitely generated). If r1,...,r, € F is a free
basis for F, and k; = Z?Zl a;jrj for ¢ € I is a generating set for K, then
Fitt? ((r1,...,7n)/(ki, i € I)) for j = 0,...,n — 1 is the j-th Fitting ideal
of R generated by the determinant of (n — j) X (n — j) minors of the matrix

air a1z - Aip

a;1 Q2 - Qin

It is proved by Fitting [Page 197, [Fit36]] that if there are two bases {r;}" ,
and {r/}?_, for F, and two generating sets {k;}icr and {k]};cs for K, then

Fitt! ((r1,...,m0)/(ki, i € 1)) = Fitt? ((r], ... ,7},) /(K. i € 1)), 0 < j < n—1,
and we denote this ideal to be Fitt! (F/K).

A key point is that it is possible to define an invariant of the module M
from these Fitting ideals.

Proposition 5.9.8. Let M be a finitely generated module over a ring R.
Suppose that K - FF — M — 0, and L - G — M — 0 are two different
presentations of M as quotients of free modules F' and G. Then for all j > 0,
Fitt!(F/K) = Fitt/(G/L). We can define Fitt?(M) to be Fitt!(F/K) for
any presentation of M.
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Here are some useful properties of the Fitting ideals:
Proposition 5.9.9. Let M be a finitely generated R-module.

1. The Fitting ideals of M form an increasing sequence:
Fitt(M) = Fitt®(M) C Fitt!(M) C Fitt>(M) C - - -
Moreover, if M is generated by s elements, then Fitt*(M) = R.

2. Given any map R — S of rings, then

Fitt'(M ®g S) = (Fitt!(M))S, Vt € N.

3. Ann(M)Fitt'(M) C Fitt!~ (M) for all t € N. If M can be generated
by s elements, then

Ann(M)*® C Fitt(M) C Ann(M).

4. If M is finitely presented (i.e, M and its first syzygy module are both
finitely generated), then each of its Fitting ideals is a finitely generated
ideal of R.

Note that property 3 above shows that Fitt(M) is 0 if M is a faithful
module. Thus, the study of this invariant is interesting only for unfaithful
modules. This leads to the following:

Definition 5.9.10. An R-module M is coherently unfaithful if (0 :5 M)
contains a nonzero divisor.

Definition 5.9.11. Let M be an R-module, then the homological dimen-
sion of M, hdim(M), is defined as hdim(M) = 0 if M is projective module,
or hdim(M) =n > 1 if M is not projective, and there exists a short exact

sequence 0 - A — P — M — 0 where P is a projective module and such
that hdim(A) =n — 1.

It is proved by MacRae [Lemma 3.1, [Mac65]] that if R is a Noetherian
ring, M is a finitely generated R-module of finite homological dimension, and
(0 :r M) contains a non-zero divisor, then there exists an exact sequence
0— F, = Fy1 — -+ — Fy > M — 0 where F;’s are finitely generated
R-modules of homological dimension at most one, and (0 :g F;) contains a
non-zero divisor.
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Definition 5.9.12. Let M be a finitely generated R-module with R Noethe-
rian, then M is called a coherent projective module if there exists a free
module F' of finite rank such that M @ F' is also free of finite rank. If there
exists an exact sequence

0—=F, —-F_1— - —=F—>M-=0,

where F; are coherent projective modules, and there exists no shorter such
sequence, then we say hdim*(M) = n. If no such sequence exists, then we
say hdim* (M) = oo.

Below are some properties between hdim(A/) and hdim* (M) proved by
MacRae.

Lemma 5.9.13. Let M be a finitely generated R-module with R Noetherian.
1. hdim(M) < hdim* (M) and hdim* (M) < co = hdim(M) = hdim*(M).

2. If hdim* (M) =n<oo, and 0 - K - Fp_y = -+ =y > M — 0
1s exact where F;’s are coherent projective modules, then K is also a
coherent projective module.

3. If0 = Ay — Ay — A — 0 is an exact sequence of finitely generated
R-modules, hdim*(A4;) < oo, and hdim*(A;) < oo for fized i # j, then
hdim*(Ay) < oo for k #1,j.

Proof. See [Lemma 4.3-4.5, [Mac65]]. O

The most important of the Fitting invariants is the first one.
Consider the commutative diagram with exact rows and columns

0 0

K K
0 L w R™ 0
0 L R M 0
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If
fog:R"®R" =M, W={(s,t) € R"©R" [ f(s) = g(t)},

m : W — R™ and my : W — R™ are the two projections, then K = ker(m)
and L = ker(mz). MacRae [Mac65] proved that

Fitt’(R™/K) = Fitt’(R"/L) = Fitt°(R™ @ R™/W).

Thus, if M is a finitely generated R-module,we can consider any presentation
K —- R™ - M — 0, and define the 0-th Fitting ideal, or sometimes
Fitting invariant of M, Fitt(M) = Fitt’(M) = Fitt’(R™/K). Tt is proved
by MacRae that the Fitting ideal has the following properties:

Theorem 5.9.14. 1. Let M be a finitely generated R-module, and S a
multiplicatively closed set in R. Then Fitt(Mg) = Fitt(M)g, where
the Rg means the localization.

2. If0 = A— B — C — 0 is a short exact sequence of finitely generated
R-modules, then Fitt(A)Fitt(C) C Fitt(B).

3. If M is a finitely generated R-module, then Fitt(M) C (0 :g M), and
(0:r M)™ C Fitt(M) for some m.

4. If M is a finitely generated of hdim(M) < 1, and (0 :r M) contains a
non-zero divisor, then Fitt(M), is a principal ideal generated by non-
zero divisor in Ry for each prime ideal p C R. Moreover, if R is a
Noetherian ring, then Fitt(M) is an invertible ideal in R.

5. If0 > A— B — C — 0 is a short exact sequence of finitely generated
R-modules, hdim(C) < 1, and (0 :g C) contains a non-zero divisor,
then Fitt(A)Fitt(C) = Fitt(B).

Proof. For details see [Lemma 2.5 - Proposition 2.11, [Mac65]]. O

The Fitting invariant can be extended to another invariant called MacRae
mvariant.

Definition 5.9.15. Let M be a finitely generated, coherently unfaithful
R-module (i.e., (0 :g M) contains a non-zero divisor). If 0 — F,, — F,,_1 —

- — Fy - M — 0 is an exact sequence, where F;’s are finitely gener-
ated, coherently unfaithful R-module of homological dimension at most one,
then MacRae invariant of M is the invertible fractional ideal denoted by

G(M) = [T}, Fitt(F) V"
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Definition 5.9.16. An ideal I C R is said to have grade zero if [ is
contained in a prime ideal which belongs to the null ideal of R, and the

ideal I is said to have grade n if there exists a non-zero divisor a € I such
that the ideal I/(a) C R/(a) has grade n — 1.

The relationship between grade and homological dimension are studied
by a few people, here we quote some of the known results:

Remark 5.9.17. 1. If R is a local ring, p is its maximal ideal, N is
a finitely generated R-module of finite homological dimension, then
hdim(N) < grade(p), and

hdim(N) = grade(p) < p C null submodule of N.

2. If p is a prime ideal which belongs to the null submodule of a finitely
generated module N, then grade(p) < hdim(N).

3. If p is a prime ideal which belongs to the null submodule of a finitely
generated module N of finite homological dimension, and S is a multi-
plicatively closed subset of R disjoint from P, then grade(p) = grade(pg).

Proof. See [AB57] and [Mac65]. O

MacRae showed that G(M) is independent of the resolution and has the
following properties:

Proposition 5.9.18 (Proposition 3.3, [Mac65]). Let M be a finitely gen-
erated, coherently unfaithful R-module (i.e., (0 :r M) contains a non-zero
divisor) of finite homological dimension. Then

1. If0>F,—F,1— - —=>F—>M-=>0,and0 — E,, > Ep_1 —

- — Ey > M — 0 are exact sequences with F; and E; are finitely

generated, coherently unfaithful R-modules of homological dimension
at most one, then

HFltt £ —HFltt )"

2. If hdim(M) < 1, then G(M) = Fitt(M).

3. If S is a multiplicatively closed subset of R then G(M)gs = G(Mg).



216 CHAPTER 5. HOMOLOGICAL METHOD

4. If0 = A — B — C — 0 is an exact sequences of finitely generated,
coherently unfaithful R-modules of finite homological dimension, then

G(A)G(C) = G(B).

5. G(M) is an invertible ideal of R. Moreover, it is a principal ideal
generated by a non-zero divisor such that Fitt(M) C G(M), and it is
the smallest one with the property: if I is a principal ideal of R such
that Fitt(M) C I, then G(M) C I.

6. The prime ideals which belong to G(M) are precisely the same as the
grade one prime ideals which belong to the null submodule of M.

7. If hdim* (M) < oo, then G(M) is principal ideal generated by a non-
zero divisor.

8. If R is a local ring, the grade of (0 :r M) is at most one, and ay, ..., ay
is an M -sequence in the maximal ideal of R, then a1,...,a, is an R-
sequence.

Definition 5.9.19. Let I be an ideal of R. An invertible ideal J of R is
said to be common divisor of [ if I is contained in J, and is said to be
a greatest common divisor of I if it is contained in all other common
divisors of I.

It is proved by MacRae [Proposition 5.5, [Mac65]] that if I is an ideal of
positive grade and finite homological dimension, then G(R/I) is the greatest
common divisor of I. As a direct consequence, if I is an ideal of positive
grade such that hdim*(I) < oo, then any set of generators for I has a greatest
common divisor, i.e., G(R/I).

This means that any generator of the MacRae’s invariant of M may
serve as GCD of any set of generators of Fitt(M). In particular, when R us
a UFD, G(M) is generated by the GCD of a set of generators of Fitt(M).

Definition 5.9.20. Given an R-module M such that there exists an exact
sequence of finite length

0K, — K1~ =K —Ky—M-—=0 (5.2)

where the R-module K;’s are all elementary, (i.e., K; having a finite free
resolution of length one, 0 — K| — K/ — K; — 0) for all i =0, ..., n, then
we call the exact sequence (5.2) a finite elementary resolution of M.
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With the above definition of elementary resolution, we have that an R-
module has hdim(M) < 1 if and only if M admits a finite free resolution
with Euler characteristic Char(M) = 0 and Ann(M) contains a non-zero
divisor.

In general, if R is a commutative domain, and suppose an R-module M
admits a finite free resolution of length n > 1

0— F 2 Fpy 2 o 25 2 M 0

with Char(M) = 31 (—1)'r; = 0 where r; = rankF; for all i = 0,...,n.
Let Fél) = F,, and Féo) = 0. Since the map g, : F,, — F,,_1 is injective,
by McCoy’s theorem, we have that F,_q splits into F( )1 &) F( )1 where

rankF( )1 = rp, and rankF( )1 = rp_1 — Tn, and the matrix representation

of the map g, is of the form {d"] with det(c,) # 0.

Since img,, = ker g,_1, we have that F,,_5 splits into F(0)2 @ F( ) 5 where

1rankFT(LOJ2 =7Tp_1—Tn, rankFéi)Q =7rp_o—Tp_1+ 1y, and the matrlx repre-

bnfl dnfl
Continue this way, we obtain that F; splits into Fi(o) @ Fi(l) where
rankF, " = 070N (< 1) gy, and rankF) = 32073 (— 1)V, and the

sentation of the map g¢,_1 is of the form {%-1 C”_l} with det(c,—1) # 0.

matrix representation of g; is of the form {Z’ CC;] with det(c;) # 0.
7 (2

Since Char(M) = Y% (—1)'r; = 0, the decomposition ends with the
matrix representation of the map g1 of the form (a1 ¢1) with det(cy) # 0.
It is proved by Busé [Proposition 2.12, [Bus06]] that

o) ) (oo e

Furthermore, if R is graded and M is a graded R-module, then the free
resolution is graded, and we have the following graded isomorphism

(-

n T ®
M) = ® </\ F) >~ R(—d).

=0

where d is the degree of []1, det(c;)"V"™" € R, and ()21 is the dual
module.
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For instance, if an R-module M has a free resolution of length one
0—- F,— Fy— M —0,

then G(M) is an homogeneous ideal, and there is a graded isomorphisms of
degree zero
G(M) = N"™Fy @4 A" F) = R(—d),

where d is the degree of the determinant of the map F; — Fy, and A™2*(x)
is the highest non-zero exterior power.

Since G(M) is the smallest principal ideal containing the Fitting ideal
Fitt(M), G(M) is the codimension one part of Fitt(M), and the associ-
ated primes of Fitt(M) are exactly the associated primes of Anng(M). In
particular, if R is a UFD, and if Py,..., P. are the irreducible factors of a
GCD system of generators of Fitt(M), then [[;_, P{" is a generator of G(M)
where e; are the multiplicity of G(M) over R/(F;).

In fact, the Macaulay’s resultant corresponds to the case that when n
is the number of the homogeneous polynomials, which is the same as the
number of the variables. In this case, the resultant ideal is a principal
ideal, and is one of the generators of the MacRae’s invariant under certain
conditions.

Finally, the construction of the MacRae invariant is related to what is
called the determinant of a module. These determinants are also constructed
for certain kinds of complexes (“perfect complexes”) and play an important
role in many areas of algebraic geometry and K-theory. See for instance the
paper of Knudsen and Mumford, [KMT76].

5.9.3 Approximation Complex

The approximation complex was initially developed by Herzog, Simis and
Vasconcelos in a sequence of papers [HSV83b], [HSV82], and [HSV83a] to
study syzygies in conormal modules. It was first used in elimination theory
by Busé and Jouanolou [BJ03] to provide an alternative method to compute
the implicit equations of parametrized surfaces or curves. Later on, Chardin
[Cha06], Busé and Chardin [BC05], Busé, Chardin and Simis [BCS10] and
others applied this tool to study subjects such as regularity and Rees algebra.

The key ingredient of the approximation complexes in elimination theory
is to compute the determinants of a graded complex, which is similar to the
calculation of a Macaulay resultant of n homogeneous polynomials in n
variables.

In this section, we will focus our attention to the basic concepts and
properties of approximation complexes which obtained by a series papers by
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Herzog, Simis and Vasconcelos. Let R be a Noetherian ring and I an ideal
in R. We will write I™ for the usual multiplication of m copies of I for
m >0, and I®" = I ®p --- @r I m times for m > 0, where I = R = [0,
In this section, we study presentations for the following algebras:

Rr = Reesr(l) = R[It] = ®p>ol™t™;
Si = Symp(l) = @m0l /(2 QY — Yy @)y yer;
gri(R) = ©mxol™/I™ = R/I®rRy;
Syrz = Symp(I/1?) = &mo(I/I°)*" /(x @y — y @ T)g yer
= R/I®gSr.
As a matter of notation, we let ay - as - ... - a,, denote the image of a1 ® as ®

e ® am € I®™ in 8¢ = Symp(I). There are several relationships among
these algebras, and one of the main themes is to express the comparisons
implicit in the canonical diagram

S[ L) Rr

l l

e ., grr(R)

by the approximation complexes. These complexes are constructed over
Sr and Spjp2, and then related to the homology modules H;(f, R) of the
regular Koszul complex KCq(f, R) built from a sequence £ = {fo,..., fn}
that generates the ideal I.

First, let I be an ideal in a commutative ring R generated by f =
fo,- -+, fn- To introduce the measures of comparison between the symmetric
and Rees algebra of ideals, we consider the canonical surjection of R-algebras

0— A=ker(a) > S —*— Ry — 0.

Since the ideal I can be presented as

0— Z; —» Rl 150

¢ induces surjections h and k', where

h: R[To,...,Tn] —)S[, h(TZ) —>fZ‘,
ker(h) =Q =Y c:f; = 0;
=0

Wi R[Ty,...,T)) — Ri, W(T}) = fit,
ker(h') = Qoo = {F € R[Ty, ..., To) | F(fo,.... fa) = 0}.
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Therefore, we have the following commutative diagram

0 —— Q — R[Tp,....T)] —— S; 0
| |
0 —— Qoo — R[Th,..., T —2— Ry 0

and A = ker(a) = Qoo /Q

Definition 5.9.21. If ker(a)) = 0, then « is an isomorphism between R;
and Sy, and we say that [ is of linear type.

The ideals of linear type play an important role in the relationship be-
tween Sy and Ry, and it is proven in [HSV83b] that

Theorem 5.9.22. [Proposition 2.2, [HSV83b]] Let I be an ideal such that
IN(0:1I)=(0). Then I is of linear type if and only if St has no I-torsion,
(i.e., 0 is the only element of Sy annihilated by I ).

In case of S =2 R, the following result holds.

Theorem 5.9.23. [Proposition 2.4, [HSV83b]] Let I be an ideal of the
Noetherian ring R. If St = Ry, then for each prime ideal p O I, I, can
be generated by ht(p) elements.

Since S and R are graded objects, it is useful to check the graded
components of the morphism in order to compare Sy and Ry. Let

(a7 (Sj)t — It = (R])t, .At = ker(at).
It is easy to see that if i = 0,1, then «; = id, and hence A; = 0. Let
Avs (Sr)ir1r = (S, Ae(br-ba---byy1) = bi(ba -+~ bey1)

be a connecting homomorphism, then im(\;) is a submodule I((Sy);) C
(S1)t, and I((Sr)t) = ker((Sr)t — (Sp/r2)t). Thus, we obtain the following
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commutative exact diagram.

Qg1 at Bt

0 —— I+ —— 1 — Iyttt — 90

0 0 0
Valla [Val80] discovered following property.

Theorem 5.9.24. Let I be an ideal of the Noetherian ring R. Then « :
St — Ry is an isomorphism if and only if the reduction 5 : S — gry(R) is
an tsomorphism.

Following the notation introduced in [HSV83b], we denote the exterior
and symmetric algebras of a R-module M by A(M) and Sym(M), and their
components of degree ¢ are denoted by A’(M) and Sym,(M). Let

GJ—»B

‘|

be a diagram of R-module homomorphisms. To make the algebra
/\ G ®p Sym(DB)

into a double complex with commuting differentials, we let
r r—1
dy =0: /\G@Symt(B) — /\G®Symt(B),
ey Ao Nep@w) =D (1) et A Aég A Aoy @ Ble;)w;

r—1

d,l,:all /\G@Symt(B)% /\G®Symt+1(B)7
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8’(e1A---AeT®w):Z(—l)“’élA---AéiA---AeTc@w(ei)-w.

Changing our notation slightly, let x = {x1,...,z,} be a generating set of
the ideal I, and

[x1, @]
-

¢: R" R,
where [z, ,x,] denotes the mapping defined by the matrix. With this
set-up, we are now ready to give the following definition.

Definition 5.9.25. The complex £ = L£(¢,id) shown below is called the
double Koszul complex associated to the sequence x.

A"TT2(R™) ® Sym;_1 (R") ———— A"TH(R") ® Sym,(R") ———— A"(R") ® Sym; 4, (R")

| ! !

ATTH(R™) @ Sym;_1(R") ——— AT(R™) ® Sym,(R") ———— A" }(R™) ® Sym, 4, (R™)

| | |

AT(R™) ® Sym;_1(R") ———— A"TN(R™) ® Sym,(R") ———— A"T%(R") ® Sym,41(R™)

The vertical complex, £(¢), is the usual Koszul complex associated to the
sequence x tensored with S = Sym(R"™) = R[T,...,T,], and the horizontal
complex £(9') is the Koszul complex over the sequence T = {T1,...,T,}.

We have the grading

Li= Y A@®R") ®Sym (R").

r+s=t

A key property is that the £; are exact for ¢ > 0, i.e.,

R ifi=t=0

0  otherwise.

H;i(Ly) = {

Given a sequence x and a R-module M, we can construct an associ-
ated double complex L(x,M) = M @ A(R") ® S, where 0 and 0’ are ob-
tained by considering £(x, M) as the Koszul complexes K°(x, M ®@g S)
and K5(T, M ®g S) respectively. Let Z = Z(x,M), B = B(x, M) and
H = H(x,M) be the submodule of cycles, boundaries, and homologies of
K(x, M), then one can derive several other complexes listed below by the
commutativity of @ and & from L(x,M). Z,B, M are called the approxi-
mation complexes associated to x and M.

Z = Zx,M)={Z®S=Z7Z®Sym(R"), 8'};
B = B(x,M)={B®S=B®Sym(R"), d'};
M = Mx,M)={H®S=H®Sym(R"), d'}.

o]
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M, B, Z are complexes of graded modules over the ring S = R[Ty,...,T,]:
ME,M): 05 H,@S5[-n]— = H ®S-1 - Hy®S — 0,

Zx,M): 0—-Z,@8-n]—- - —=>2Z105-1] =285 —0,

where H; is the i-th homology, and Z; is the cycles of K(x, M). Moreover,
M and Z are graded. The t-th homogeneous parts M; and Z; of M and
Z respectively are the complexes of finitely generated R-modules with the
degree one on the variables T1,...,7,. They are written in the following
forms:

Miy: 0= H,®8_,— - —H ®85_1— Hy®S; — 0;
Zi: 022,038 n— - —>21085_.1 2385 — 0.

First, we will interpret the vanishing of the homology of the Z and M-
complexes, and identify a few isomorphisms.

Theorem 5.9.26.

Ho(Z(I,R)) = Sym(I),
Hy(M(I, R)) Sym(I/1%).

Proof. The first claim is obtained by considering the following two sequences
0—Z1(K) = R"—1—0,
Z1(K) @ Sym(R"™) — Zy(K) ® Syz(R") — Ho(Z(I, R)) — 0.

And the similar method can prove the second claim. |

Hence, there are natural surjections:

Ho(Z(I,R)) — Rees(I, M) = @, I’ M,
Ho(M(I,R)) — gr;(M) = ;' M/ M,

and they are isomorphic in degree zero.
Theorem 5.9.27 ([SV81]). Let H;,(Z) := H;(Z(I,R)) and H;(M) :=

H;(M(I,R)), then H;(Z) and H;(M) are independent of the generating
set of the ideal I.
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If one considers the following two exact sequences:
0= 2, — Ly — Bi1[-1] =0, 0= B — 2, — M; —0,

where B[—1] denotes the translation of B such that B[—1], = B,—1. The
first exact sequence gives the following long exact sequence

0= Hi+1(£t) — Hi—i—l(Bt—l[_lD — Hl(Zt) — HZ(Et) = 0, Vi > 1,

thus
Hi1(Bi—1[-1]) &2 Hi(Bi—1) &£ Hi(Z), Vi > 1.

Apply this in the following long exact sequence induced by the second exact
sequence

Hi1(My) = Hi(By) = Hi(Ze41) — Hi(Z) — Hi(My), Vi>0.

If H;(M) =0 for i > 1, then H;(Z:41) = H;(2;), and since H;(Z_1) = 0,
we have that
Hi(Z,) =0, Vi, and i > 1.

Since
Ho(B:) = Ho(Z2¢41) = Symy (1),
Ho(Z2;) = Symy(I),
Ho(My) = Sym,(I/I?),

we have the following sequence
o A
Hy(M;) —— Sym,,;(I) —— Sym,(I) — Sym,(I/I?) — 0,

and the commutative diagram

Hy(My) —%— Ho(Zi11) —— Ho(Z) —— Ho(M;) — 0

| el

0O — I'''yM — I'M —— I'M/I'"'M —— 0.

Theorem 5.9.28 (Corollary 4.6 and Theorem 4.7, [HSV83b]). Suppose that
R is a Noetherian ring.
1. If Hi{(M) =0 for alli > 1, then H;(Z) = 0. M is acyclic if and only
if Z is also acyclic and X is an injection.

2. o0 is a zero map if and only if A is injective if and only if a is isomor-
phic.
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