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Chapter O

Setting the stage

In this chapter we set the stage for what’s to come in the rest of the class. The definitions
and facts we collect here should be somewhat familiar to you already, and so we present
them in rapid fire succession. You can learn more about the basic theory of (commutative)
rings and R-modules in any introductory algebra book, such as [DF04].

0.1 Basic definitions: rings and ideals

Roughly speaking, Commutative Algebra is the branch of algebra that studies commutative
rings and modules over such rings. For a commutative algebraist, every ring is commutative
and has a 1 # 0.

Definition 0.1 (Ring). A ring is a set R equipped with two binary operations + and -
satisfying the following properties:

1) Ris an abelian group under the addition operation +, with additive identity 0." Explicitly,
this means that
ea+(b+c)=(a+0b)+cforallabceR,
e at+b=>b+aforallabeR,
e there is an element 0 € R such that 0 +a = a for all a € R, and
e for each a € R there exists an element —a € R such that a + (—a) = 0.
2) R is a commutative monoid under the multiplication operation -, with multiplicative
identity 1.7 Explicitly, this means that
e (a-b)-c=a-(b-c)forall a,b,c€R,
e a-b=">b-aforallabe R, and

e there exists an element 1 € R such that 1-a=a-1 for all ¢« € R.

LOr 0 if we need to specify which ring we are talking about.
2If we need to specify the corresponding ring, we may write 1z.

1



3) multiplication is distributive with respect to addition, meaning that
a-(b+c)=a-b+a-c
for all a,b,c € R.
4) 1#0.
We typically write ab for a - b.

While in some branches of algebra rings might fail to be commutative, we will explicitly
say we have a noncommutative ring if that is the case, and otherwise all rings are assumed
to be commutative. There also branches of algebra where rings might be assumed to not
necessarily have a multiplicative identity; we recommend [Pool9] for an excellent read on
the topic of Why rings should have a 1.

Example 0.2. Here are some examples of the kinds of rings we will be talking about.
a) The integers Z.
b) Any quotient of Z, which we write compactly as Z/n.

¢) A polynomial ring. When we say polynomial ring, we typically mean R = k[x1, ..., z,],
a polynomial ring in finitely many variables over a field k.

d) A quotient of a polynomial ring by an ideal I, say R = k[z1,...,x,]/I.

e) Rings of polynomials in infinitely many variables, R = k[xy, o, .. .].

f) Power series rings R = k[zy,...,x,]. The elements are (formal) power series E Cayoan @l T

a; >0

g) While any field k is a ring, we will see that fields on their own are not very exciting from
the perspective of the kinds of things we will be discussing in this class.

Definition 0.3 (ring homomorphism). A map R—1- S between rings is a ring homo-

morphism if f preserves the operations and the multiplicative identity, meaning

e f(a+b)= f(a)+ f(b) for all a,b € R,
o f(ab) = f(a)f(b) for all a,b € R, and
e f(1)=1.

A bijective ring homomorphism is an isomorphism. We should think about a ring isomor-
phism as a relabelling of the elements in our ring.

Definition 0.4. A subset R C S of aring S is a subring if R is also a ring with the structure
induced by S, meaning that the each operation on R is the restrictions of the corresponding
operation on S to R, and the 0 and 1 in R are the 0 and 1 in S, respectively.

an
n -



Often, we care about the ideals in a ring more than we care about individual elements.

Definition 0.5 (ideal). A nonempty subset I of a ring R is an ideal if it is closed for the
addition and for multiplication by any element in R: for any a,b € I and r € R, we must
have a+b € [ and ra € I.

The ideal generated by fi, ..., f,, denoted (fi,..., f), is the smallest ideal containing
fi,-- -, fn, or equivalently,

(fla"-afn):{Tlfl‘F"‘Tnfn‘TiER}.

Example 0.6. Every ring has always at least 2 ideals, the zero ideal (0) = {0} and the unit
ideal (1) = R.

We will follow the convention that when we say ideal we actually mean every ideal I # R.

Exercise 1. The ideals in Z are the sets of multiples of a fixed integer, meaning every ideal
has the form (n). In particular, every ideal in Z can be generated by one element.

This makes Z the canonical example of a principal ideal domain.

A domain is a ring with no zerodivisors, meaning that rs = 0 implies that » = 0 or
s = 0. A principal ideal is an ideal generated by one element. A principal ideal domain
or PID is a domain where every ideal is principal.

Exercise 2. Given a field k, R = k[z] is a principal ideal domain, so every ideal in R is of

the form (f) = {fg|g € R}.

Exercise 3. While R = k[z,y] is a domain, it is not a PID. We will see later that every
ideal in R is finitely generated, and yet we can construct ideals in R with arbitrarily many
generators!

Example 0.7. While Z[z] is a domain, it is also not a PID. For example, (2,x) is not a
principal ideal.

Finally, here is an elementary fact we will need, known as the Chinese Remainder Theo-
rem:

Theorem 0.8. Let R be a ring and Iy,...,I, be pairwise coprime ideals in R, meaning
ILi+1; =R foralli# j. Then I :=1,N---N1,=1y---1,, and there is an isomorphism of
7ings

R/I—=—=R/I} x ---x R/I, .

r+I——(r+5L,....,r+1,)



0.2 Basic definitions: modules

Similarly to how linear algebra is the study of vector spaces over fields, commutative algebra
often focuses on the structure of modules over a given commutative ring R. While in other
branches of algebra modules might be left- or right-modules, all our modules are two sided,
and we refer to them simply as modules.

Definition 0.9 (Module). Given a ring R, an R-module (M,+) is an abelian group
equipped with an R-action that is compatible with the group structure. More precisely,
there is an operation - : R X M — M such that

er-(a+b)=r-a+r-bforalreRanda,be M,
e (r+s)-a=r-a+s-aforallr,s€ Rand a € M,
o (rs)-a=r-(s-a)foralrse Randac M, and
e l-a=aforallae M.

We typically write ra for r - a. We denote the additive identity in M by 0, or 0, if we need
to distinguish it from Og.

The definitions of submodule, quotient of modules, and homomorphism of modules are
very natural and easy to guess, but here they are.

Definition 0.10. If N C M are R-modules with compatible structures, we say that N is a
submodule of M.

A map M L\ N between R-modules is a homomorphism of R-modules if it is a
homomorphism of abelian groups that preserves the R-action, meaning f(ra) = rf(a) for
all r € R and all a € M. We sometimes refer to R-module homomorphisms as R-module
maps, or maps of R-modules. An isomorphism of R-modules is a bijective homomorphism,
which we really should think about as a relabeling of the elements in our module. If two
modules M and N are isomorphic, we write M = N.

Given an R-module M and a submodule N C M, the quotient M/N is an R-module
whose elements are the equivalence classes determined by the relation on M given by a ~
b< a—0b€ N. One can check that this set naturally inherits an R-module structure
from the R-module structure on M, and it comes equipped with a natural canonical map
M — M /N induced by sending 1 to its equivalence class.

Example 0.11. The modules over a field k are precisely all the k-vector spaces. Linear
transformations are precisely all the k-module maps.

While vector spaces make for a great first example, be warned that many of the basic
facts we are used to from linear algebra are often a little more subtle in commutative algebra.
These differences are features, not bugs.

Example 0.12. The Z-modules are precisely all the abelian groups.

Example 0.13. When we think of the ring R as a module over itself, the submodules of R
are precisely the ideals of R.



Exercise 4. The kernel ker f and image im f of an R-module homomorphism M ERN Y
are submodules of M and N, respectively.

Theorem 0.14 (First Isomorphism Theorem). For any homomorphism of R-modules M TN ,
M/ker f =im f.

The first big noticeable difference between vector spaces and more general R-modules is
that while every vector space has a basis, most R-modules do not.

Definition 0.15. A subset I' C M of an R-module M is a generating set, or a set of
generators, if every element in M can be written as a finite linear combination of elements
in M with coefficients in R. A basis for an R-module M is a generating set I' for M such
that zz a;7y; = 0 implies a; = 0 for all 7. An R-module is free if it has a basis.

Remark 0.16. Every vector space is a free module.

Remark 0.17. Every free R-module is isomorphic to a direct sum of copies of R. Indeed,
let’s construct such an isomorphism for a given free R-module M. Given a basis I' = {~;}
for M, let

el

@ZEIR#M

(ri)ier —— ) 1o
i
The condition that I' is a basis for M can be restated into the statement that = is an
isomorphism of R-modules.

One of the key things that makes commutative algebra so rich and beautiful is that
most modules are in fact not free. In general, every R-module has a generating set — for
example, M itself. Given some generating set I" for M, we can always repeat the idea above
and write a presentation @®;c;R—— M for M, but in general the resulting map = will
have a nontrivial kernel. A nonzero kernel element (r;);c; € ker 7 corresponds to a relation
between the generators of M.

Remark 0.18. Given a set of generators for an R-module M, any homomorphism of R-
modules M — N is determined by the images of the generators.

We say that a module is finitely generated if we can find a finite generating set for M.
The simplest finitely generated modules are the cyclic modules.

Example 0.19. An R-module is cyclic if it can be generated by one element. Equivalently,
we can write M as a quotient of R by some ideal I. Indeed, given a generator m for M, the
kernel of the map R —"—— M induced by 1 ~ m is some ideal I. Since we assumed that m
generates M, m is automatically surjective, and thus induces an isomorphism R/I = M.

Similarly, if an R-module has n generators, we can naturally think about it as a quotient
of R™ by the submodule of relations among those n generators.



0.3 Why study commutative algebra?

There are many reasons why one would want to study commutative algebra. For starters, it’s
fun! Also, modern commutative algebra has connections with many fields of mathematics,
including:

Combinatorics

e Algebra Geometry

Algebraic Topology Invariant Theory

Homological Algebra Representation Theory

Differential Algebra

Category Theory

Number Theory Lie Algebras

Arithmetic Geometry Cluster Algebras



Part 1

Commutative Algebra



Chapter 1

Finiteness conditions

1.1 Noetherian rings and modules

The most common assumption in commutative algebra is to require that our rings be Noethe-
rian. Noetherian rings are named after Emmy Noether, who is in many ways the mother
of modern commutative algebra. Many rings that one would naturally want to study are
Noetherian.

Definition 1.1 (Noetherian ring). A ring R is Noetherian if every ascending chain of ideals
LCLCI3C---
eventually stabilizes: there is some N for which I,, = I,,,; for all n > N.
This condition can be restated in various equivalent forms.
Proposition 1.2. Let R be a ring. The following are equivalent:
1) R is a Noetherian ring.
2) Every nonempty family of ideals has a mazimal element (under C).
3) Every ascending chain of finitely generated ideals of R stabilizes.
4) Given any generating set S for an ideal I, I is generated by a finite subset of S.
5) Every ideal of R is finitely generated.

Proof.

(1)=-(2): We prove the contrapositive. Suppose there is a nonempty family of ideals with
no maximal element. This means that we can keep inductively choosing larger ideals from
this family to obtain an infinite properly ascending chain.

(2)=-(1): An ascending chain of ideals is a family of ideals, and the maximal ideal in the
family indicates where our chain stabilizes.

(1)=(3): Clear.

(3)=-(1): Let’s prove the contrapositive. Suppose that there is an ideal I and a generating
set S for I such that no finite subset of S generates I. So for any finite S’ C S we have

8



(S") € (S) = I, so there is some s € S~ (S). Thus, (S') € (5" U {s}). Inductively,
we can continue this process to obtain an infinite proper chain of finitely generated ideals,
contradicting (3).

(1)=(5): Clear.

(5)=-(1): Given an ascending chain of ideals

LCLCI;C---

let I = J,cn In- In general, the union of two ideals might fail to be an ideal, but the union
of a chain of ideals is an ideal (exercise). By assumption, the ideal [ is finitely generated,
say I = (ai,...,a;), and since each a; is in some I,,,, there is an N such that every q; is in

Iy. But then Iy =1, and thus [,, = I, for all n > N. ]

Remark 1.3. When we say that every non-empty family of ideals has a maximal element,
that maximal element does not have to be unique in any way. An ideal [ is maximal in
the family F if I C J for some J € F implies I = J; we might have many incomparable
maximal elements in F. For example, every element in the family of ideals in Z given by

F ={(p) | p is a prime integer}
is maximal.

Remark 1.4. If R is a Noetherian ring and S is a non-empty set of ideals in R, not only
does S have a maximal element, but every element in S must be contained in a maximal
element of S. Given an element [ € S, the subset T" of S of ideals in S that contain [ is
nonempty, and must then contain a maximal element J by Proposition 1.2. If J C L for
some L € S, then I C L, so L € T, and thus by maximality of J in T, we must J = L. This
proves that J is in fact a maximal element in .S, and by construction it contains I.

Example 1.5.
1) If R =k is a field, the only ideals in k£ are (0) and (1) = &, so k is a Noetherian ring.

2) Z is a Noetherian ring. More generally, if R is a PID, then R is Noetherian. Indeed,
every ideal is finitely generated!

3) As a special case of the previous example, consider the ring of germs of complex analytic
functions near 0,

C{z} :=={f(2) € C[z] | f is analytic on a neighborhood of z = 0}.

This ring is a PID: every ideal is of the form (2"), since any f € C{z} can be written as
2"g(z) for some g(z) # 0, and any such g(z) is a unit in C{z}.

4) A ring that is not Noetherian is a polynomial ring in infinitely many variables over a field
k, R = klx1,z,...]: the ascending chain of ideals

(1) C (21,29) C (21,29, 23) C - -+

does not stabilize.
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5) The ring R = K[z, z'/?, /3,24 2> . .] is also not Noetherian . A nice ascending
chain of ideals is
(2) € (@) S (@) S @) g

=

6) The ring of continuous real-valued functions C(R, R) is not Noetherian: the chain of ideals

Lo ={f(@) | fl-1inim = 0}

is increasing and proper. The same construction shows that the ring of infinitely dif-
ferentiable real functions C*°(R,R) is not Noetherian: properness of the chain follows
from, e.g., Urysohn’s lemma (though it’s not too hard to find functions distinguishing
the ideals in the chain). Note that if we asked for analytic functions instead of infinitely-
differentiable functions, every element of the chain would be the zero ideal!

Remark 1.6. If R is Noetherian, and [ is an ideal of R, then R/I is Noetherian as well,
since there is an order-preserving bijection

{ideals of R that contain I} «— {ideals of R/I}.

This gives us many more examples, by simply taking quotients of the examples above.
We will also see huge classes of easy examples once we learn about localization.
Similarly, we can define Noetherian modules.

Definition 1.7 (Noetherian module). An R-module M is Noetherian if every ascending
chain of submodules of M eventually stabilizes.

There are analogous equivalent definitions for modules as we had above for rings, so we
leave the proof as an exercise.

Proposition 1.8 (Equivalence definitions for Noetherian module). Let M be an R-module.
The following are equivalent:

1) M is a Noetherian module.
2) Every nonempty family of submodules has a maximal element.
3) Every ascending chain of finitely generated submodules of M eventually stabilizes.

4) Given any generating set S for a submodule N, the submodule N is generated by a finite
subset of S.

5) Every submodule of M is finitely generated.
In particular, a Noetherian module must be finitely generated.

Remark 1.9. A ring R is a Noetherian ring if and only if R is Noetherian as a module
over itself. However, a Noetherian ring need not be a Noetherian module over a subring.
For example, consider Z C Q. These are both Noetherian rings, but Q is not a Noetherian
Z-module; for example, the following is an ascending chain of submodules which does not
stabilize:

—_

1 1 1 1 1
C2C-2+-0LC =0+ -2+=-2LC---.
0+2 -2 +3 -2 +3 +5 .
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Definition 1.10. An exact sequence of R-modules is a sequence

ﬂMnL}MnHM
of R-modules and R-module homomorphisms such that im f,, = ker f,,,; for all n. An exact

sequence of the form
0 A B C 0

is a short exact sequence.

Remark 1.11. The sequence 0 M f N

is exact if and only if f is injective. Similarly,

M%N—m

is exact if and only if f is surjective. So

0—s AT B 900

is a short exact sequence if and only if

e f is injective e ¢ is surjective e im f = kerg.

So when this is indeed a short exact sequence, we can identify A with its image f(A), and
A = ker g. Moreover, since g is surjective, by the First Isomorphism Theorem we conclude
that C' = B/A, so we might abuse notation and identify C' with B/A.

Lemma 1.12 (Noetherianity in exact sequences). In an eract sequence of modules

0—s AL B2 ,0—0
B is Noetherian if and only if A and C are Noetherian.

Proof. Assume B is Noetherian. Since A is a submodule of B, and its submodules are also
submodules of B, A is Noetherian. Moreover, any submodule of B/A is of the form D/A
for some submodule D O A of B. Since every submodule of B is finitely generated, every
submodule of C' is also finitely generated. Therefore, C' is Noetherian.

Conversely, assume that A and C' are Noetherian, and let

M, C My € M3z C---
be a chain of submodules of B. First, note that
MiNnACMNAC---
is an ascending chain of submodules of A, and thus it stabilizes. Moreover,

g(My) C g(Ma) C g(M;) C -+
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is a chain of submodules of (', and thus it also stabilizes. Pick a large enough index n such
that both of these chains stabilize. We claim that M,, = M, 1, so that the original chain
stabilizes as well. To show that, take x € M,, ;. Then

9(v) € g(Mpy1) = g(M,)

so we can choose some y € M, such that g(z) = g(y). Then z —y € kerg = im f = A. Now
note that © —y € M, 11, so

r—y € M, 1NA=M,NA.
Then z — y € M, and since y € M,,, we must have x € M,, as well. O
Corollary 1.13. If A and B are Notherian R-modules, then A®B is a Noetherian R-module.
Proof. Apply the previous lemma to the short exact sequence
0—A—A®B—B——0. O

Corollary 1.14. A module M is Noetherian if and only if M™ is Noetherian for some n.
In particular, if R is a Noetherian ring then R™ is a Noetherian module.

Proof. We will do induction on n. The case n = 1 is a tautology. For n > 1, consider the
short exact sequence

0—— M1 M" M 0
Lemma 1.12 and the inductive hypothesis give the desired conclusion. O

Proposition 1.15. Let R be a Noetherian ring. Given an R-module M, M is a Noetherian
R-module if and only if M is finitely generated. Consequently, any submodule of a finitely
generated R-module is also finitely generated.

Proof. 1f M is Noetherian, M is finitely generated by the equivalent definitions above, and
so are all of its submodules.

Now let R be Noetherian and M be a finitely generated R-module. Then M is isomorphic
to a quotient of R™ for some n, which is Noetherian. n

Remark 1.16. The Notherianity hypothesis is important: if M is a finitely generated R-
module over a non-Noetherian ring, M might not be Noetherian. For a dramatic example,
note that R itself is a finitely generated R-module, but not Noetherian.

David Hilbert had a big influence in the early years of commutative algebra, in many
different ways. Emmy Noether’s early work in algebra was in part inspired by some of his
work, and he later invited Emmy Noether to join the Gottingen Math Department — many of
her amazing contributions to algebra happened during her time in Gottingen. Unfortunately,
some of the faculty was opposed to having a woman joining the department, and for her first
two years in Gottingen Noether did not have an official position nor was she paid. Hilbert’s
contributions also include three of the most fundamental results in commutative algebra —
Hilbert’s Basis Theorem, the Hilbert Syzygy Theorem, and Hilbert’s Nullstellensatz. We
can now prove the first.
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Theorem 1.17 (Hilbert’s Basis Theorem). Let R be a Noetherian ring. Then the rings
Rlzy,...,z4) and Rz, ..., x4] are Noetherian.

Remark 1.18. We can rephrase this theorem in a way that can be understood by anyone
with a basic high school algebra (as opposed to abstract algebra) knowledge:

Any system of polynomial equations in finitely many variables can be written in terms of
finitely many equations.

Proof. We give the proof for polynomial rings, and indicate the difference in the power series
argument. By induction on d, we can reduce to the case d = 1. Given I C R|x], let

J={a € R | there is some ax" + lower order terms (wrt z) € I}.

So J C R consists of all the leading coefficients of polynomials in /. We can check (exercise)
that this is an ideal of R. By our hypothesis, J is finitely generated, so let J = (ay, ..., a;).
Pick fi,..., ft € R|x] such that the leading coefficient of f; is a;, and set N = max{deg f;}.

Given any f € I of degree greater than N, we can cancel off the leading term of f by
subtracting a suitable combination of the f;, so any f € I can be written as f = g+ h where
h € (fi,...,f:) and g € I has degree at most N, so g € I N (R+ Rx + --- + Rx™). Note
that since I N (R + Rx + - -+ Rz™) is a submodule of the finitely generated free R-module
R+ Rx + --- + Ra, it is also finitely generated as an R-module. Given such a generating
set, say I N (R+ Rz + -+ Ra™N) = (fir1,..., fs), we can write any such f € I as an R|[x]-

linear combination of these generators and the f;’s. Therefore, I = (f1,..., fe, fix1,-- -, [s)
is finitely generated, and R[z] is a Noetherian ring,.
In the power series case, take J to be the coefficients of lowest degree terms. O

1.2 Algebra finite-extensions

If R is a subring of S, then S is an algebra over R, meaning that S is a ring with a (natural)
structure of an R-module that also satisfies

r(s182) = (rs1)sy for all r € R and sq, 9 € S.

More generally, given any ring homomorphism ¢ : R — S, we can view S as an algebra over
R via ¢ by setting r - s = p(r)s. We may abuse notation and write r € S for its image
o(r) € S. We will see that in a lot of situations we want to study, it is enough to consider the
case when ¢ is injective, so this abuse of notation makes sense. Giving a ring homomorphism
R — S is the same as giving an R-algebra structure to S. In particular, a ring S can have
different R-algebra structures given by different homomorphisms R — S.

A set of elements A C S generates S as an R-algebra if the following equivalent condi-
tions hold:

e The only subring of S containing ¢(R) and A is S itself.

e Every element of S admits a polynomial expression in A with coefficients in ¢(R).
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e Given a polynomial ring R[X] on |A| indeterminates, the ring homomorphism

RIX]—2> S

Ti—— N\

is surjective.

Let S be an R-algebra and A C S be a set of algebra generators for S over R. The ideal
of relations on the elements A over R is the kernel of the map v : R[X]——S above.
This ideal consists of the polynomial functions with R-coefficients that the elements of A
satisfy. Given an R-algebra S with generators A and ideal of relations I, we have a ring
isomorphism S = R[X]/I by the First Isomorphism Theorem. If we understand the ring R
and generators and relations for S over R, we can get a pretty concrete understanding of .S.
If a sequence of elements has no nonzero relations, we say they are algebraically independent
over R.

Remark 1.19. If s1,...,s, € S are algebraically independent over R, then R[si,...,s,] is
isomorphic to the polynomial ring in n variables over R.

We say that ¢ : R — S is algebra-finite, or S is a finitely generated R-algebra, or S
is of finite type over R, if there exists a finite set of elements fi,..., f; € S that generates
S as an R-algebra. A better name might be finitely generatable, since to say that an algebra
is finitely generated does not require knowing any actual finite set of generators. From the
discussion above, we conclude that S is a finitely generated R-algebra if and only if S is
a quotient of some polynomial ring R[x1,...,z4] over R in finitely many variables. If S is
generated over R by f1,..., f4, we will use the notation R[f1,..., f4] to denote S. Of course,
for this notation to properly specify a ring, we need to understand how these generators
behave under the operations. This is no problem if A and f are understood to be contained
in some larger ring. B

Remark 1.20. Any surjective ring homomorphism ¢ : R — S is algebra-finite, since S
must then be generated over R by 1. Moreover, we can always factor ¢ as the surjection
R—— R/ ker(p) followed by the inclusion R/ker(p) < S, so to understand algebra-
finiteness it suffices to restrict our attention to injective homomorphisms.

Example 1.21. Every ring is a Z-algebra, but generally not a finitely generated one.

Remark 1.22. Let A C B C C be rings. It follows from the definitions that

A C B algebra-finite

° and = A C C algebra-finite
B C C algebra-finite

e A C (C algebra-finite = B C (' algebra-finite.

However, A C C algebra-finite =& A C B algebra-finite.
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Example 1.23. Let k be a field and
B = k[xaxy7$y2axy3a v ] g C= A’}[IL‘7y]7

where x and y are indeterminates. While B and C are both k-algebras, ' is a finitely
generated k-algebra, while B is not. Indeed, any finitely generated subalgebra of B is
contained in klx,zy,...,xy™] for some m, since we can write the elements in any finite
generating set as polynomial expressions in finitely many of the specified generators of B.
However, note that every element of k[z, zy, ..., zy™] is a k-linear combination of monomials
with the property that the y exponent is no more than m times the x exponent, so this ring
does not contain xy™*!. Thus, B is not a finitely generated A-algebra.

There are many basic questions about algebra generators that are surprisingly difficult.
Let R =Clxy,...,x,) and fi,..., f, € R. When do fi,..., f, generate R over C? It is not
too hard to show that the Jacobian determinant

9h ... Ofr
ox1 Oxn
det | : oo
Ofn ... Ofn
ox1 Oxy

must be a nonzero constant. It is a big open question whether this is in fact a sufficient
condition!

Finally, note that an easy corollary of the Hilbert Basis Theorem is that finitely generated
algebras over Noetherian rings are also Noetherian.

Corollary 1.24. If R is a Noetherian ring, then any finitely generated R-algebra is Noethe-
rian. In particular, any finitely generated algebra over a field is Noetherian.

Proof. By our discussion above, a finitely generated R-algebra is isomorphic to a quotient
of a polynomial ring over R in finitely many variables; polynomial rings over Noetherian
rings are Noetherian, by Hilbert’s Basis Theorem, and quotients of Noetherian rings are
Noetherian. O]

The converse to this statement is false: there are lots of Noetherian rings that are not
finitely generated algebras over a field. For example, C{z} is not algebra-finite over C. We
will see more examples of these when we talk about local rings.

1.3 Module-finite extensions

Given a ring homomorphism ¢ : R — S, saying that S acquires an R-module structure via
@ by a-r = @(a)r is a particular case of restriction of scalars. By restriction of scalars, we
mean that any S-module M also gains a new R-module structure given by 7 -m = o(r)m.’
We may write ,M for this R-module if we need to emphasize which map we are talking
about.

!This gives a functor from the category of S-modules to the category of R-modules.
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Given an R-algebra S, we can consider the algebra structure of S over R, or its module

structure over R. So instead of asking about how S is generated as an algebra over R, we
can ask how it is generated as a module over R. Recall that an A-module M is generated
by a set of elements I' C M if the following equivalent conditions hold:

e The smallest submodule of M that contains I' is M itself.
e Every element of M can be written as an A-linear combination of elements in I'.
e Given a free R-module on |I'| basis elements R®Y | the homomorphism
R M
Yi—"%
is surjective.

We use the notation M = Zwer A~ to indicate that M is generated by I' as a module.

We say that ¢ : A — R is module-finite if R is a finitely-generated A-module. This is also
called simply finite in the literature, but we’ll stick with the unambiguous “module-finite.”

As with algebra-finiteness, surjective maps are always module-finite in a trivial way, and

it suffices to understand this notion for ring inclusions.

The notion of module-finite is much stronger than algebra-finite, since a linear combina-

tion is a very special type of polynomial expression.

Example 1.25.

a)

b)

If K C L are fields, saying L is module-finite over K just means that L is a finite field
extension of K.

The Gaussian integers Z[i| satisfy the well-known property (or definition, depending on
your source) that any element z € Z[i] admits a unique expression z = a+bi with a,b € Z.
That is, Z[i| is generated as a Z-module by {1,i}; moreover, they form a free module
basis!

If R is a ring and x an indeterminate, R C R[z] is not module-finite. Indeed, R[z] is a
free R-module on the basis {1, z, 2% 2°,...}.

Another map that is not module-finite is the inclusion k[z] C k[z,1/z]. First, note that
any element of k[x,1/z| can be written in the form f(x)/z™ for some f € k[z] and some
n > 0. Since k[x] is a Noetherian ring, k[z,1/x] is a finitely-generated k[z]-module if
and only if it is a Noetherian k[z]-module. But here is an infinite chain of submodules of
[z, 1]:

’ 1 1

k[z]- = Cklz]- — C kla] - —

K|

Remark 1.26. If R is an A-algebra,

e A C R is algebra-finite if R = A[f,..., f,] for some fi,..., f, € R.
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e A C R is module-finite if R = Af; + --- + f, for some fi,..., f, € R.

Lemma 1.27. If R C S is module-finite and N 1is a finitely generated S-module, then N 1is
a finitely generated R-module by restriction of scalars. In particular, the composition of two
module-finite ring maps s module-finite.

Proof. Let S = Ra, +---+ Ra, and N = Sb; + --- 4+ Sb,. Then we claim that
N = Z Z Raibj.
i=1 j=1
s;bj, rewrite each s; = 7, 1;;a; and substitute to get

T S

i=1 j=1

Indeed, given n = > °

Jj=1

as an R-linear combination of the a;b;. O
Remark 1.28. Let A C B C C be rings. It follows from the definitions that

A C B module-finite
) and — A C C module-finite
B C C module-finite

e A C C module-finite = B C C module-finite.

However, A C C module-finite =& A C B module-finite. Note that if A is Noetherian,
then A C C' module-finite does in fact imply A C B module-finite, so to find an example of
this bad behavior we need A to be non-Noetherian. You will construct an example in the
next problem set.

1.4 Integral extensions

In field theory, there is a close relationship between (vector space-)finite field extensions and
algebraic equations. The situation for rings is similar.

Definition 1.29 (Integral element/extension). Let R be an A-algebra. The element r € R
is integral over A if there are elements aq,...,a,_1 € A such that

4 " a4 ag = 0;

i.e., r satisfies an equation of integral dependence over A. We say that R is integral
over A if every r € R is integral over A.

Integral automatically implies algebraic, but the condition that there exists an equation
of algebraic dependence that is monic is stronger in the setting of rings.

Again, we can restrict our focus to inclusion maps A C R.
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Remark 1.30. An element r € R is integral over A if and only if 7 is integral over the
subring ¢(A) C R, so we might as well assume that ¢ is injective.

Definition 1.31. Given an inclusion of rings A C R, the integral closure of A in R is the
set of elements in R that are integral over A. The integral closure of a domain R in its field
of fractions is usually denoted by R. We say A is integrally closed in R if A is its own
integral closure in R; a normal domain is a domain R that is integrally closed in its field
of fractions, meaning R = R.

Example 1.32. The ring of integers Z is a normal domain, meaning its integral closure in
its fraction field Q is Z itself.

Example 1.33. The ring Z[\/a], where d € Z is not a perfect square, is integral over Z.
Indeed, v/d satisfies the monic polynomial 72 — d, and since the integral closure of Z is a ring
containing Z and v/d, every element in Z[\/E] is integral over Z.

Proposition 1.34. Let A C R be rings.

1) If r € R is integral over A then Alr] is module-finite over A.

2) If ri,...,1ry € R are integral over A then Alry, ... 1| is module-finite over A.
Proof.

1) Suppose 7 is integral over A, and 7" +a, 17" +---+a;r +ag = 0. Then we claim that
Alr] = A+ Ar+---+ Ar"~1. First, note that to show that any polynomial p(r) € A[r] is
in A+ Ar + .-+ Ar"! it is enough to show that r™ € A+ Ar +--- 4+ Ar"~! for all m.
Using induction on m, the base cases 1,7,...,r" ' € A4+ Ar +--- + Ar"! are obvious.
On the other hand, we can use induction to conclude that r™ € A+ Ar +--- + Ar"~! for
all m > n — 1, since we can use the equation above to rewrite " as

P =" 4 agr + ag),
which has degree m — 1 in r.
2) Write
A= AC A=Al CAyi=Alry,m] C-- C A = Alry, . 1y

Note that r; is integral over A; 1, via the same monic equation of r; over A. Then, the
inclusion A C A[ry,...,r] is a composition of module-finite maps, and thus it is also
module-finite. O

The name “ring” is roughly based on this idea: in an extension as above, the powers
wrap around (like a ring).

We will need a linear algebra fact. The classical adjoint of an n x n matrix B = [b;;] is
the matrix adj(B) with entries adj(B);; = (—1)"™ det(Bj;), where By; is the matrix obtained
from B by deleting its jth row and ith column. You may remember this matrix from linear
algebra.



19

Lemma 1.35 (Determinantal trick). Let R be a ring, B € M,«,(R), v € R®", and r € R.
1) adj(B)B = det(B)Lxn.

2) If Bv = rv, then det(rl,x, — B)v = 0.

Proof.

1) When R is a field, this is a basic linear algebra fact. We deduce the case of a general ring
from the field case.

The ring R is a Z-algebra, so we can write R as a quotient of some polynomial ring
Z]X]. Let ¢ : Z[X]—» R be a surjection, a;; € Z[X] be such that ¢ (a;;) = b;;, and let
A = [a;;]. Note that

Y(adj(A)iy) = adj(B)y;  and  ((adj(A)A)i;) = (adj(B)B)ij,

since ¢ is a homomorphism, and the entries are the same polynomial functions of the
entries of the matrices A and B, respectively. Thus, it suffices to establish

adj(B)B = det(B)I,xn

in the case when R = Z[X], and we can do this entry by entry. Now, R = Z[X] is an
integral domain, hence a subring of a field (its fraction field). Since both sides of the
equation

(adi(B)B),, = (det(B)l,n)

live in R and are equal in the fraction field (by linear algebra) they are equal in R. This
holds for all 4, j, and thus 1) holds.

ij

2) We have (rl,x, — B)v =0, so by part 1)

det(rl,xn — B)v = adj(rl,xn — B)(rlyx, — B)v = 0. O

Theorem 1.36 (Module finite implies integral). Let A C R be module-finite. Then R is
integral over A.

Proof. Given r € R, we want to show that r is integral over A. The idea is to show that
multiplication by r, realized as a linear transformation over A, satisfies the characteristic
polynomial of that linear transformation.

Write R = Ary + --- Ar;. We may assume that r; = 1, perhaps by adding module
generators. By assumption, we can find a;; € A such that

t
rr, = E CLl’jTj
=1

for each i. Let C' = [a;j], and v be the column vector (rq,...,r;). We have rv = Cv, so by
the determinant trick, det(rl,x, — C)v = 0. Since we chose one of the entries of v to be 1,
we have in particular that det(r/,., — C) = 0. Expanding this determinant as a polynomial
in r, this is a monic equation with coefficients in A. O
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Collecting the previous results, we now have a useful characterization of module-finite
extensions:

Corollary 1.37 (Characterization of module-finite extensions). Let A C R be rings. R is
module-finite over A if and only if R is integral and algebra-finite over A.

Proof. (=): A generating set for R as an A-module serves as a generating set as an A-algebra.

The remainder of this direction comes from the previous theorem. (<=): If R = Afry,..., 7]
is integral over A, so that each r; is integral over A, then R is module-finite over A by
Proposition 1.34. O

Corollary 1.38. If R is generated over A by integral elements, then R is integral. Thus, if
A C S, the set of elements of S that are integral over A form a subring of S.

Proof. Let R = A[A], with A integral over A for all A € A. Given r € R, there is a finite
subset L C A such that r € A[L]. By the theorem, A[L] is module-finite over A, and r € A[L]
is integral over A.

For the latter statement, the first statement implies that

{integral elements} C A[{integral elements}] C {integral elements},

so equality holds throughout, and {integral elements} is a ring. O

Definition 1.39. If A C R, the integral closure of A in R is the set of elements of R
that are integral over A.

So the previous result says that the integral closure of A in R is a subring of R (containing

A).
Example 1.40.

1) Let R =Clz,y] C S =Clz,y, 2]/(2* + y* + 2%). Then S is module-finite over R: indeed,
S is generated over R as an algebra by one element, z, and z satisfies the monic equation
r? + 22 + y? = 0, so it is integral over R.

2) Not all integral extensions are module-finite. Consider
A=k[z] C R =kx, a2 23 24 25 ]
R is generated by integral elements over k[z], but it is not algebra-finite over k[z].

Finally, we can prove a technical sounding result that puts together all our finiteness
conditions in a useful way. We will then be able to answer a classical question using this
result.

Theorem 1.41 (Artin-Tate Lemma). Let A C B C C be rings. Assume that
e A is Noetherian,

o C is module-finite over B, and
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o C is algebra-finite over A.
Then, B is algebra-finite over A.

Proof. Let C = Alfy,...,f,] and C = Bg; + --- + Bgs. Then,

fi=> biyg; and  gigi = bijg
: K

J

for some b;;, b;;r, € B. Let By = A[{b;j, bijr}] € B. Since A is Noetherian, so is By.

We claim that C' = By gy + - - - + Bpgs. Given an element ¢ € C', write ¢ as a polynomial
expression in fi,..., f., and since the f; are linearly combinations of the g;, we can rewrite
c € A[{bi;}lg1,---,gs]. Then using the equations for g;¢g; we can write ¢ in the form required.

Now, since By is Noetherian, C' is a finitely generated By-module, and B C C', then B
is a finitely generated By-module, too. In particular, By C B is algebra-finite. We conclude
that A C B is algebra-finite, as required. n

1.5 An application to invariant rings

Historically, commutative algebra has roots in classical questions of algebraic and geometric
flavors, including the following natural question:

Question 1.42. Given a (finite) set of symmetries, consider the collection of polynomial
functions that are fixed by all of those symmetries. Can we describe all the fixed polynomials
in terms of finitely many of them?

To make this precise, let G be a group acting on a ring R, or just as well, a group of
automorphisms of R. The main case we have in mind is when R = k[xy,...,z4] and k is a
field. We are interested in the set of elements that are invariant under the action,

RY:={rec R|g(r)=rforall gecG}.
Note that R® is a subring of R. Indeed, given r,s € R“, then
r+s=g(r)+g(s)=g(r+s) and rs=g(r)g(s)=g(rs) for all g € G,

since each g is a homomorphism. Note also that if G = {g1,...,g;), then r € R® if and only
if g;(r) =7 fori =1,...,t. The question above can now be rephrased as follows:

Question 1.43. Given a finite group G actingon R = k[zy, ..., 14|, is R a finitely generated
k-algebra?

Proposition 1.44. Let k be a field, R be a finitely-generated k-algebra, and G a finite group
of automorphisms of R that fix k. Then R® C R is module-finite.

Proof. Since integral implies module-finite, we will show that R is algebra-finite and integral
over RY.
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First, since R is generated by a finite set as a k-algebra, and k C R®, it is generated by
the same finite set as an R%-algebra as well. Extend the action of G on R to R[t] with G
fixing ¢. Now, for r € R, consider the polynomial F.(t) = [[,co(t — g(r)) € R[t]. Then G
fixes F.(t), since for each h € G,

WE®) =h ][t =g(r) = [[(h-t = hg(r)) = F,(2)
geG geG
Thus, F,(t) € (R[t])“. Notice that (R[t])¢ = RY[t], since
glat + - +ag) = apt" + - +ay = (g-a)t" + -+ (g-ap) = a,t" + -+ + ao.
Therefore, F,(t) € R%[t]. The leading term (with respect to t) of F,(t) is tI°l, so F,(t) is
monic, and r is integral over R®. Therefore, R is integral over R%. O]

Theorem 1.45 (Noether’s finiteness theorem for invariants of finite groups). Let k be a
field, R be a polynomial ring over k, and G be a finite group acting k-linearly on R. Then
RY is a finitely generated k-algebra.

Proof. Observe that k C R® C R, that k is Noetherian, k C R is algebra-finite, and R C R
is module-finite. Thus, by the Artin-Tate Lemma, we are done! n

Chapter summary

e R is a Noetherian ring <= every ideal I in R is Noetherian

general

e )M is a Noetherian R-module M is a finitely generated R-module
R Noeth

A C R extension of rings:
R=Afi+ ---+Af, — R= A"/N
for some f; € R N C A™ submod

R:A[flvvfn] — RgA[xh)xl]/]
for some f; € R x; indeterminates

o A C R module-finite <=

e A C R algebra-finite <

e A C R algebra-finite < R=A[f1,....f.), i€ R
e A C R algebra-finite, A Noetherian = R Noetherian ring

algebra-finite =4

and integral =& module-finite

o A C R module-finite < {

) CBCC(C

Artin-Tate T
Lemma: Joeth  modin

. N————

alg-fin



Chapter 2
Graded rings

2.1 Graded rings

When we think of a polynomial ring R, we often think of R with its graded structure, even
if we have never formalized what that means. Other rings we have seen also have a graded
structure, and this structure is actually very powerful.

Definition 2.1. A ring R is N-graded if we can write a direct sum decomposition of R as
an abelian group indexed by N'
P-@n.

a=>0

where R,R, C R,y for every a,b € N, meaning that for any » € R, and s € R,, we have
rs € Rq1p. More generally, given a monoid 7. The ring R is T-graded if there exists a
direct sum decomposition of R as an abelian group indexed by 7"

R=ER.

aeT

satisfying R, Ry C Ryip.
An element that lies in one of the summands R, is said to be homogeneous of degree
a; we write |r| or deg(r) to denote the degree of a homogeneous element 7.

By definition, an element in a graded ring is a unique sum of homogeneous elements, which
we call its homogeneous components or graded components. One nice thing about
graded rings is that many properties can usually be sufficiently checked on homogeneous
elements, and these are often easier to deal with.

Remark 2.2. Note that whenever R is a graded ring, the multiplicative identity 1 must be a
homogeneous element whose degree is the identity in 7'. In particular, if R is N or Z-graded,
then 1 € Ry and Ry is a subring of R.

Example 2.3.

a) Any ring R is trivially an N-graded ring, by setting Ry = R and R,, = 0 for n # 0.

I'We follow the convention that 0 is a natural number.

23
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b) If k is a field and R = k[z1, ..., x,] is a polynomial ring, there is an N-grading on R called
the standard grading where Ry is the k-vector space with basis given by the monomials
of total degree d, meaning those of the form x7" --- 20" with ). a; = d. Of course, this
is the notion of degree familiar from middle school. So z? + x,x3 is homogeneous in the

standard grading, while 22 + x5 is not.

c) If kis a field, and R = k[xy, ..., z,] is a polynomial ring, we can give different N-gradings
on R by fixing some tuple (51, ..., 3,) € N* and letting x; be a homogeneous element of
degree (3;; we call this a grading with weights (f1,. .., Bn).

For example, in k[xy, x5, 22 + 23 is not homogeneous in the standard grading, but it is
homogeneous of degree 6 under the N-grading with weights (3, 2).

d) A polynomial ring R = k[z1,...,,] also admits a natural N"-grading, with R4, 4, =
E-a® ... z% This is called the fine grading.

e) Let I' € N” be a subsemigroup of N". Then

@k-@gk@] = klxy, ..., 2,

yel

is an N"-graded subring of k[x1, ..., z,]. Conversely, every N"-graded subring of k[z1, ..., x,]
is of this form.

f) Polynomial rings in Macaulay?2 are graded with the standard grading by default. To define
a different grading, we give Macaulay2 a list with the grading of each of the variables:

i1 : R = ZZ/101[a,b,c,Degrees=>{{1,2},{2,1},{1,0}}];

We can check whether an element of R isHomogeneous, and the function degree applied
to an element of R returns the least upper bound of the degrees of its monomials:

i2 : degree (a+b)
02 = {2, 2}
02 : List

i3 : isHomogeneous (a+b)
o3 = false

Remark 2.4. You may have seen the term homogeneous polynomial used to refer to a
polynomial f(xy,...,z,) € k[xy,...,z,] that satisfies

f()\xla-"7)\xn) = )‘df(xla-"vxn>

for some d. This is equivalent to saying that all the terms in f have the same total degree,
or that f is homogeneous with respect to the standard grading.
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Similarly, a polynomial is quasi-homogeneous, or weighted homogeneous, if there exist
integers wy, ..., w, such that he sum w = a;w; + - -+ + a,w, is the same for all monomials
x{t - a8 appearing in f. So f satisfies

Qan
n

FO g, o A xy,) = A f(x, . 2),

and f(z{",...,2¥) is homogeneous (in the previous sense, so with respect to the standard

grading). This condition is equivalent to asking that f be homogeneous with respect to some
weighted grading on k[xq, ..., x,].

Definition 2.5. An ideal [ in a graded ring R is called homogeneous if it can be generated
by homogeneous elements.

Remark 2.6. Observe that an ideal is homogeneous if and only if I has the following
property: for any element f € R we have f € I if and only if every homogeneous component
of f lies in I. We can repackage this by saying that I is homogeneous if

=P

a€eT

where I, =1 N R,.

Indeed, if I has this property, take a generating set { fy} for I; by assumption, all of the
homogeneous components of each fy lie in I, and since each f) lies in the ideal generated
by these components, the set of all the components generates I, and I is homogeneous.
On the other hand, if all the components of f lie in I then so does f, whether or not I is
homogeneous. If I is homogeneous and f € I, write f as a combination of the (homogeneous)
generators of I, say fi,..., fa:

f:T1f1+"'+7‘nfn.

Now by writing each r; as a sum of its components, say 7; = 71 + -+ +7n,, €ach r; ; fi € I,
and these contain all the components of f (and potentially some redundant terms).

Example 2.7. Given an N-graded ring R, then R, = &,., R4 is a homogeneous ideal.
We now observe the following:

Lemma 2.8. Let R be an T-graded ring, and I be a homogeneous ideal. Then R/I has a
natural T'-graded structure induced by the T-graded structure on R.

Proof. The ideal I decomposes as the direct sum of its graded components, so we can write

R, R,
@ =0—. [l

R/I =
/ ®l, I,

Example 2.9.

a) The ideal I = (w?r + wyz + 2%, 2% + 3wy + Sxz + Tyz + 112%) in R = klw,z,vy, 2] is
homogeneous with respect to the standard grading on R, and thus the ring R/I admits
an N-grading with |w| = |z| = |y| = |z] = 1.
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b) In contrast, the ring R = k[z,y, z|/(2* + y* + 2°) does not admit a grading with |z| =
ly| = |z| = 1, but does admit a grading with || = 15, |y| = 10, |z| = 6.

Definition 2.10. Let R be a T-graded ring, and M an R-module. The module R is T-
graded if there exists a direct sum decomposition of M as an abelian group indexed by
T
M = @D M, such that R,M, € Mo,
acT
for all a,b € T.

The notions of homogeneous element of a module and degree of a homogeneous element
of a module take the obvious meanings. A notable abuse of notation: we will often talk
about Z-graded modules over N-graded rings, and likewise.

We can also talk about graded homomorphisms.

Definition 2.11. Let R and S be T-graded rings with the same grading monoid 7. A ring
homomorphism ¢ : R — S is graded or degree-preserving if ¢(R,) C S, for all a € T

Note that our definition of ring homomorphism requires 1z +— 1g, and thus it does not
make sense to talk about graded ring homomorphisms of degree d # 0. But we can have
graded module homomorphisms of any degree.

Definition 2.12. Let M and N be Z-graded modules over the N-graded ring R. A homo-
morphism of R-modules ¢ : R — S is graded if p(M,) C N,.4 for all a € Z and some
fixed d € Z, called the degree of ¢. A graded homomorphism of degree 0 is also called
degree-preserving.

Example 2.13.

a) Consider the ring map k[x,y,z2] — k[s,t] given by x > s%,y — st,z — 2. If k[s,t]
has the fine grading, meaning |s| = (1,0) and [¢| = (0, 1), then the given map is degree
preserving if and only if k[x,y, z] is graded by

2] = (2,0), [yl = (1,1),]2] = (0,2).
b) Let k be a field, and let R = k[xy, ..., z,] be a polynomial ring with the standard grading.

Given ¢ € k = Ry, the homomorphism of R-modules R — R given by f — cf is degree
preserving. However, if instead we take g € k = Ry for some d > 0, then the map

R——R
f——gaf

is not degree preserving, although it is a graded map of degree d. We can make this a
degree-preserving map if we shift the grading on R by defining R(—d) to be the R-module
R but with the Z-grading given by R(—d); = R;_4. With this grading, the component of
degree d of R(—d) is R(—d)q = Ry = k. Now the map

R(—d)—— R
fr——9f

is degree preserving.



27

We observed earlier an important relationship between algebra-finiteness and Noetherian-
ity that followed from the Hilbert basis theorem: if R is Noetherian, then any algebra-finite
extension of R is also Noetherian. There isn’t a converse to this in general: there are lots
of algebras over fields K that are Noetherian but not algebra-finite over K. However, for
graded rings, this converse relation holds.

Proposition 2.14. Let R be an N-graded ring, and consider homogeneous elements f1, ..., fn
R of positive degree. Then fi,..., f, generate the ideal Ry = @ ., Raq if and only if
fis--, fn generate R as an Ry-algebra.

Therefore, an N-graded ring R is Noetherian if and only if Ry is Noetherian and R is
algebra-finite over Ry.

Proof. If R = Ry[fi,..., fn], then any element r € R, can be written as a polynomial
expression r = P(f1,..., f,) for some P € Ry[z] with no constant term. Each monomial of
P is a multiple of some x;, and thus r € (fi,..., fn)

To show that R, = (fi,..., f,) implies R = Ry|fi,..., fa], it suffices to show that any
homogeneous element r € R can be written as a polynomial expression in the f’s with
coefficients in Ry. We induce on the degree of r, with degree 0 as a trivial base case. For
r homogeneous of positive degree, we must have r € R,, so by assumption we can write
r=ayf1 + -+ a,f,; moreover, since r and fi,..., f, are all homogeneous, we can choose
each coefficient a; to be homogeneous of degree |r| — | f;|. By the induction hypothesis, each
a; is a polynomial expression in the f’s, so we are done.

For the final statement, if Ry is Noetherian and R algebra-finite over Ry, then R is
Noetherian by the Hilbert Basis Theorem. If R is Noetherian, then Ry = R/R. is Noethe-
rian. Moreover, R is algebra-finite over Ry since R, is generated as an ideal by finitely many
homogeneous elements by Noetherianity, so by the first statement, we get a finite algebra
generating set for R over Ry. O]

There are many interesting examples of N-graded algebras with Ry = k; in that case,
R, is the largest homogeneous ideal in R. In fact, Ry is the only maximal ideal of R that
is also homogeneous, so we can call it the homogeneous maximal ideal; it is sometimes
also called the irrelevant maximal ideal of R. This ideal plays a very important role —
in many ways, R and R, behave similarly to a local ring R and its unique maximal ideal.
We will discuss this further when we learn about local rings.

2.2 Another application to invariant rings

If R is a graded ring, and GG is a group acting on R by degree-preserving automorphisms,
then RY is a graded subring of R, meaning R® is graded with respect to the same grading
monoid. In particular, if G' acts k-linearly on a polynomial ring over k, the invariant ring is
N-graded.

Using this perspective, we can now give a different proof of the finite generation of invari-
ant rings that works under different hypotheses. The proof we will discuss now is essentially
Hilbert’s proof. To do that, we need another notion that is very useful in commutative
algebra.

S
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Definition 2.15. Let S be an R-algebra corresponding to the ring homomorphism ¢ : R —
S. We say that R is a direct summand of S if the map ¢ splits as a map of R-modules,
meaning there is an R-module homomorphism

such that 7wy is the identity on R.

First, observe that the condition on 7 implies that ¢ must be injective, so we can assume
that R C S, perhaps after renaming elements. Then the condition on 7 is that 7(rs) = r7(s)
for all » € R and s € S and that 7|g is the identity. We call the map = the splitting of the
inclusion. Note that given any R-linear map = : S — R, if (1) = 1 then 7 is a splitting:
indeed, 7(R) = w(r-1) = rn(l) = r for all r € R.

Being a direct summand is really nice, since many good properties of S pass onto its
direct summands.

Notation 2.16. Let R C S be an extension of rings. Given an ideal I in S, we write I N R for
the contraction of R back into R, meaning the preimage of I via the inclusion map R C S.
More generally, we may use the notation I N R to denote the preimage of I via a given ring
map R — 5, even if the map is not injective.

Given a ring map R — S, and an ideal [ in R, the expansion of [ in S is the ideal of
S generated by the image of I via the given ring map; we naturally denote this by 1.S.

Lemma 2.17. Let R be a direct summand of S. Then, for any ideal I C R, we have
ISNR=1.

Proof. Let 7 be the corresponding splitting. Clearly, I C 15N R. Conversely, if r € ISN R,
we can write r = s1f1 + - -+ + s.f; for some f; € I, s; € S. Applying 7, we have

r=mw(r)=m (Zsifi) ZZW(Sz‘fz‘) ZZW(Sz‘)fi Sp

=1 =1 i=1

Proposition 2.18. Let R be a direct summand of S. If S is Noetherian, then so is R.

Proof. Let
LCLCI3C---

be a chain of ideals in R. The chain of ideals in S
LSCLSCI3SC---

stabilizes, so there exist J, N such that I, R = J for n > N. Contracting to R, we get that
I, =1,SNR=JNRforn > N, so the original chain also stabilizes. O

Proposition 2.19. Let k be a field, and R be a polynomial ring over k. Let G be a finite
group acting k-linearly on R. Assume that the characteristic of k does not divide |G. Then
RS is a direct summand of R.
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Remark 2.20. The condition that the characteristic of & does not divide the order of G is
trivially satisfied if & has characteristic zero.

Proof. We consider the map p : R — R given by

TR

gEG

First, note that the image of this map lies in R, since acting by ¢ just permutes the elements
in the sum, so the sum itself remains the same. We claim that this map p is a splitting for
the inclusion R C R. To see that, let s € R% and » € R. We have

p(sr) ‘G|Zg sr) |G|nggr |G|Z gr*5|G|Zgr*sp

geG geG gelG

so p is R%linear, and for s € RY,

p(s) |G|Zg 5§ =S5.

geG
]

Theorem 2.21 (Hilbert’s finiteness theorem for invariants). Let k be a field, and R be a
polynomial ring over k. Let G be a group acting k-linearly on R. Assume that G is finite and

|G| does not divide the characteristic of k, or more generally, that R is a direct summand
of R. Then R is a finitely generated k-algebra.

Proof. Since G acts linearly, R® is an N-graded subring of R with By = k. Since R® is
a direct summand of R, R“ is Noetherian by Proposition 2.18. By our characterization of
Noetherian graded rings, R is finitely generated over Ry = k. [

One important thing about this proof is that it applies to many infinite groups. In
particular, for any linearly reductive group, including GL,(C), SL,(C), and (C*)", we can
construct a splitting map p.



Chapter 3

Algebraic Geometry

Colloquially, we often identify systems of equations with their solution sets. We will make this
correspondence more precise for systems of polynomial equations, and develop the beginning
of a rich dictionary between algebraic and geometric objects.

Question 3.1. Let k be a field. To what extent is a system of polynomial equations

fi=0
Ji=0
where polynomials fi,..., fi € k[x1,..., 24|, determined by its solution set?

Let’s consider one polynomial equation in one variable. Over R, Q, or other fields that
are not algebraically closed, there are many polynomials with an empty solution set; for
example, 22 + 1 has an empty solution set over R. On the other hand, over C, or any
algebraically closed field, if a4, ..., a4 are the solutions to f(z) = 0, we know that we can
write f in the form f(z) = a(z —ay)™ -+ (2 — aq)™, so f is completely determined up to
scalar multiple and repeated factors. If we insist that f have no repeated factors, then (f)
is uniquely determined.

More generally, given any system of polynomial equations

fi=0

fi=20
where f; € k[z] for some field &, notice that that z = a is a solution to the system if and
only if it is a solution for any polynomial g € (f1,..., f;). But since k[z] is a PID, we have
(fi,---, ft) = (f), where f is a greatest common divisor of fi,..., f;. Therefore, z =a is a

solution to the system if and only if f(a) = 0.

3.1 Varieties

Definition 3.2. Given a field k, the affine d-space over k, denoted A¢, is the set
Ag = {((Il,...,ad) | a; € k’}

30
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Definition 3.3. For a subset T of k[zy,..., 74|, we define Z(T) C A¢ to be the set of
common zeros or the zero set of the polynomials (equations) in 7™

Z(T) ={(a1,...,aq) €AY | f(ar,...,aq) =0 forall f €T}

Sometimes, in order to emphasize the role of k, we will write this as Z(T).

A subset of A¢ of the form Z(T') for some subset T is called an algebraic subset of A%,
or an affine algebraic variety. So a variety in A¢ is the set of common solutions of some
(possibly infinite) collection of polynomial equations. A variety is irreducible if it cannot
be written as the union of two proper subvarieties.

Note that some authors use the word wvariety to refer only to irreducible algebraic sets.
Note also that the definitions given here are only completely standard when k is algebraically
closed.

Example 3.4. Here are some simple examples of algebraic varieties:

a) For k=R and n = 2, Z(y* + 2*(z — 1)) is a “nodal curve” in A%, the real plane. Note
that we’ve written x for x; and y for x5 here.

c) Fork=Randn =3, Z(z — 2> — 4?3z — 2y + Tz — 7) is circle in A}.



Q)
)
f

)

g

32

For k =R, Zg(2® + y*> + 1) = 0. Note that Z¢(z* +y? + 1) # 0.
The subset A7 \ {(0,0)} is not an algebraic subset of A if k is infinite. Why?
The graph of the sine function is not an algebraic subset of A%2. Why not?

For k =R, Z(y — 2, vz — y?, z — wy) is the so-called twisted cubic (affine) curve. It
is the curve parametrized by (¢, %, ¢*), meaning it is the image of the map

R— R3
t—— (¢, 1%,13)

We can check this with Macaulay?2:

il : k = RR;

i2 : R = k[x,y,z];

i3 : f = map(k[t],R,{t,t"2,t73});
i4 : ker f

2 2
o4 = ideal (y - x*z, x*y - z, X - y)

o4 : Ideal of R

So in our computation above, f sets x = t, y = t2, and z = t3, and its kernel consists pre-
cisely of the polynomials that vanish at every point of this form. Note that computations
over the reals in Macaulay2 are experimental, and yet we obtain the correct answer; we
can also run the same computation over £ = Q.

For any field k£ and elements aq,...,aqs € k, we have
Z(xy —ay,...,xq—aq) = {(a,...,aq)}.

So, all one element subsets of A{ are algebraic subsets.
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We can consider the equations that a subset of affine space satisfies.

Definition 3.5. Given any subset X of A¢ for a field k, define
(X)) ={g(z1,...,2q) € k[x1,...,24] | g(a1,...,aq) =0 for all (ay,...,aq) € X}.

Exercise 5. Z(X) is an ideal in k[z1,...,24) for any X C A{.
Example 3.6.
a) Z({(ay,...,aq)}) = (x1 — ay, ..., x4 — aq), for any field k.
b) Z(graph of the sine function in A%) = (0).
Exercise 6. Here are some properties of the functions Z and Z:

For any field, we have Z(0) = A7 and Z(1) = 0.

b) Z(0) = (1) = k[x1, ..., z4] (the improper ideal).

c) Z(A%) = (0) if and only if k is infinite.

d) f I CJ Cklzy,...,z4) then Z(I) D Z(J).

a)
)
)
)
e) If S C T are subsets of A} then Z(S) 2 Z(T).

f) If I = (T) is the ideal generated by the elements of T' C k[xy, ..., z4], then Z(T) = Z(I).

So we will talk about the solution set of an ideal, rather than of an arbitrary set. Hilbert’s
Basis Theorem implies that every ideal in k[xy, ..., z4] is finitely generated, so any system
of equations in k[xq,...,x4] can be replaced with a system of finitely many equations.

Example 3.7. Let
o {331 T2 56'3}
Yo Y2 Y3

be a 2 x 3 matrix of variables — we usually call these generic matrices — and let
R=k[X]=k [ml 2 x?’} .
Y Y2 Y3

Let Ay, Ag, Ag the 2 x 2-minors of X. Consider the ideal I = (A, Ay, Az). Thinking of these
generators as equations, a solution to the system corresponds to a choice of 2 x 3 matrix
whose 2 x 2 minors all vanish — that is, a matrix of rank at most one. So Z(I) is the set
of rank at most one matrices. Note that I C (xq,xq,x3) =: J, and Z(J) is the set of 2 x 3
matrices with top row zero. The containment Z(J) C Z(I) we obtain from I C J translates
to the fact that a 2 x 3 matrix with a zero row has rank at most 1.

Finally, the union and intersection of varieties is also a variety.
Exercise 7. Suppose that [ and J are ideals in k[z1, ..., z4].
a) Z(I)NZ(J)=Z(1+J).
b) Z(HUZ(J)=Z(INnJ)=Z(J).

However, note that in general I.J # I N J.
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3.2 Prime and maximal ideals

Before we talk more about geometry, let’s recall some basic facts about prime and maximal
ideals. As we will discover through the rest of the course, prime ideals play a very prominent
role in commutative algebra.

Definition 3.8. An ideal P # R is prime if ab € P implies a € P or b € P.
Exercise 8. An ideal P in a ring R is prime if and only if R/P is a domain.

Example 3.9. The prime ideals in Z are those of the form (p) for p a prime integer, and
(0).

Example 3.10. When £ is a field, prime ideals in k[z] are easy to describe: k[z] is a principal
ideal domain, and (f) # 0 is prime if and only if f is an irreducible polynomial. Moreover,
(0) is also a prime ideal, since k[x] is a domain.

The prime ideals in k[z1, ..., z4] are, however, not so easy to describe. We will see many
examples throughout the course; here are some.

Example 3.11. The ideal P = (2° — y?) in R = k[z,y] is prime; one can show that
R/P = k[t?,t3] C kl[t], which is a domain.

Example 3.12. The k-algebra R = k[s?, st, st?,t?] C k[s, t] is a domain, so its defining ideal
I in k[xq, 29, 23, x4] is prime. This is the kernel of the presentation of R sending x1, zo, 3, T4
to each of our 4 algebra generators, which we can compute with Macaulay?2:

1 k=QQ;

i2 : f = map(k[s,t],k[x_1 .. x_4],{s"3,872%t,s*t"2,t"3})
3 2 2 3
02 = map(QQ[s..t],QQx ..x J,{s , s t, s¥xt , t })
1 4

02 : RingMap QQ[s..t] <--—- QQ[x ..x ]
1 4
i3 : I = ker £
2 2
03 =1ideal (x - xx , XX - XX, X —-XX)
3 2 4 2 3 14 2 13

03 : Ideal of QQ[x ..x]
1 4

Later we will show that prime ideals correspond to irreducible varieties; more precisely,
that X is irreducible if and only if Z(X) is prime.

Definition 3.13 (maximal ideal). An ideal m in R is maximal if for any ideal I

ID2m — I=morl=R.
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Exercise 9. An ideal m in R is maximal if and only if R/m is a field.

Given a maximal ideal m in R, the residue field of m is the field R/m. A field k is a
residue field of R if £ = R/m for some maximal ideal m.

Remark 3.14. A ring may have many different residue fields. For example, the residue
fields of Z are all the finite fields with prime many elements, I, = Z/p.

Exercise 10. Every maximal ideal is prime.

However, not every prime ideal is maximal. For example, in Z, (0) is a prime ideal that
is not maximal.

Theorem 3.15. Given a ring R, every proper ideal I # R is contained in some maximal
1deal.

Fun fact: this is actually equivalent to the Axiom of Choice. We will prove it (but not
its equivalence to the Axiom of Choice!) using Zorn’s Lemma, another equivalent version of
the Axiom of Choice. Zorn’s Lemma says that

Every non-empty partially ordered set in which every chain (i.e., totally or-
dered subset) has an upper bound contains at least one maximal element.

So let’s prove that every ideal is contained in some maximal ideal.

Proof. First, we will show that Zorn’s Lemma applies to proper ideals in any ring R. The
statement will then follow by applying Zorn’s Lemma to the non-empty set of ideals J O I,
which is partially ordered by inclusion.

So consider a chain of proper ideals in R, say {I;};. Now I = |J, /; is an ideal as well,
and [ # R since 1 ¢ I, for all i. Note that unions of ideals are not ideals in general, but a
union of totally ordered ideals is an ideal. Then I is an upper bound for our chain {I;};,
and Zorn’s Lemma applies to the set of proper ideals in R with inclusion C. O

3.3 Nullstellensatz

Lemma 3.16. Let k be a field, and R = k[xy,...,2z4] be a polynomial ring. There is a
bijection

Ad SN mazximal ideals m of R
g with R/m = k
(al,...,ad) L (xl_ala"wxd_ad)
Proof. Each m = (z1 — ay,...,2q — a4) is a maximal ideal satisfying R/m = k. Moreover,

these ideals are distinct: if z; — a;, x; — a} are in the same ideal for a; # a;, then the unit
a; — a; is in the ideal, so it is not proper. Therefore, our map is injective. To see that it
is surjective, let m be a maximal ideal with R/m = k. Each class in R/m corresponds to a
unique a € k, so in particular each z; is in the class of a unique a; € k. This means that
x; —a; € m, and thus (x; — aq,...,24 — ag) C m. Since (x; — a;,..., T4 — a;) is a maximal
ideal, we must have (z1 — aq,..., x4 — ag) = m. O



36

Example 3.17. Not all maximal ideals in k[zq,..., 24| are necessarily of this form. For
example, if k = R and d = 1, the ideal (22 + 1) is maximal, but

klz]/(x* +1) =2 C 2 k.
But this won’t happen if k is algebraically closed.

Theorem 3.18 (Zariski’s Lemma). Consider an extension of fields k C L. If L is a finitely
generated k-algebra, then L is a finite dimensional k-vector space. In particular, if k s
algebraically closed then L = k.

This is a nice application of the Artin-Tate Lemma, together with some facts about
transcendent elements. We will skip the proof, but you can find it in Jeffries’ notes.

Corollary 3.19 (Nullstellensatz). Let S = k[xy,..., x4 be a polynomial ring over an alge-
braically closed field k. There is a bijection

AY —  {mazimal ideals m of S}
(ah‘"aad) — (xl_ala“-)ajd_ad)

If R is a finitely generated k-algebra, we can write R = S/I for a polynomial ring S, and
there is an induced bijection

Ze(I) € AY <— {mazimal ideals m of R}.

Proof. The first part follows immediately from Lemma 3.16 and Lemma 3.18.

To show the second statement, fix an ideal I in S, and R = S/I. The maximal ideal
ideals in R are in bijection with the maximal ideals m in S that contain [; those are the
ideals of the form (x; —ay,...,xq—aq) with I C (x;—ayq,...,2q—aq). These are in bijection
with the points (ay,...,aq) € A satisfying (ay, ..., aq) € Zi(I). O

Theorem 3.20 (Weak Nullstellensatz). Let k be an algebraically closed field. If I is a proper
ideal in R = k[xy,...,x4), then Z,(I) # @.

Proof. 1f I C R is a proper ideal, there is a maximal ideal m 2 I, so Z(m) C Z([). Since
m = (r; —ay,...,zq — ag) for some a; € k, Z(m) is a point, and thus nonempty. ]

Over an algebraically closed field, maximal ideals in k[z1, ..., z4] correspond to points in
A?. So we can start from the solution set — a point — and recover an ideal that corresponds
to it. What if we start with some non-maximal ideal I, and consider its solution set Z(I)
— can we recover [ in some way?

Example 3.21. Many ideals define the same solution set. For example, in R = k[z], the
ideals I,, = (2"), for any n > 1, all define the same solution set Z;(1,) = {0}.

To attack this question, we will need an observation on inequations.


https://jack-jeffries.github.io/CAnotes.pdf
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Remark 3.22 (Rabinowitz’s trick). Observe that, if f(z) is a polynomial and a € A4,
f(a) # 0 if and only if f(a) € k is invertible; equivalently, if there is a solution y = b € k to
yf(a) —1 =0. In particular, a system of polynomial equations and inequations

filz) =0 g1(z) #0
: and :
fm(z) =0 gn(z) # 0
has a solution z = @ if and only if the system
filz) =0 ho(z) —1=0
: and :
fm(z) =0 Yngn(z) =1 =10

has a solution (z,y) = (a,b). In fact, this is equivalent to a system in one extra variable:

fiz) =0

fnlz) =0
ygi(z) -+ gu(z) =1 =0

Theorem 3.23 (Strong Nullstellensatz). Let k be an algebraically closed field, and R =
klxy,...,2zq] be a polynomial ring. Let I C R be an ideal. The polynomial f vanishes on
Zi(I) if and only if f* € I for some n € N.

Proof. Suppose that f™ € I. For each a € Z,(I), f(a) € k satisfies f(a)” = 0 € k. Since k
is a field, f(a) = 0. Thus, f € Z,(I) as well.

Suppose that f vanishes along Z;(I). This means that given any solution a € A? to the
system determined by I, f(a) = 0. In other words, the system

{g(g):OforallgEI
f#0

has no solutions. By the discussion above, Z;(I + (yf — 1)) = @ in a polynomial ring in
one more variable. By the Weak Nullstellensatz, we have IR[y] + (yf — 1) = R[y], and
equivalently 1 € TR[y] + (yf — 1). Write I = (¢1(x),...,gm(x)), and

1=ro(z, y)(1 —yf(2)) +ri(z,9)g1(2) + - + rm(Z, ¥) gm (2)-

We can map y to 1/f to get
L=ri(z,1/f)g(z) + -+ rmlz, 1/ ) gm(z)

in the fraction field of R[y]. Since each r; is polynomial, there is a largest negative power of
f occurring; say that f” serves as a common denominator. We can multiply by f™ to obtain
f™ as a polynomial combination of the ¢’s. O
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Definition 3.24. The radical of an ideal [ in a ring R is the ideal
VI:={feR| f"el for somen}.
An ideal is a radical ideal if T = V/T.
To see that v/T is an ideal, note that if f, ¢" € I, then

m+n—1
(f + g>m+n—1 _ Z (m +n— 1) fz'gm—i-n—l—i
= fm (fn—l + (m"i_? - 1)fn—2g+ RS (m:l_ill_ 1>gn—1)

=0
n m+n—1 m—1 m+n—1 m—2 m—1
+9 T+ f" g+ +y €l
n n+1

1

and (rf)™ =r"f" e l.
Example 3.25. Prime ideals are radical.

Exercise 11. A nonzero element f € R is nilpotent if f* = 0 for some n > 1; a ring R is
reduced if it has no nilpotent elements. If R is a ring and I an ideal, then R/ is reduced
if and only if I is a radical ideal.

Using this terminology, we can rephrase the Strong Nullstellensatz: if k = k, then f €
Z(2,(I)) if and only if f € VI. Given any ideal I in k[z1,. .., x4, Z(Z(I)) = V1.

We can now associate a ring to each subvariety of A9,

Definition 3.26. Let k be an algebraically closed field, and X = Z,(I) C A% be a subvariety
of A?. The coordinate ring of X is the ring k[X] := k[zy,. .., z4]/Z(X).

Since k[X] is obtained from the polynomial ring on the ambient A¢ by quotienting out
by exactly those polynomials that are zero on X, we interpret k[X] as the ring of polynomial
functions on X. Note that every reduced finitely generated k-algebra is a coordinate ring of
some zero set X.

Remark 3.27. We showed before that Z(I.J) = Z(I N J), despite the fact that we often
have IJ # I N J. The Strong Nullstellensatz implies that v IJ =+vINJ.

Remark 3.28. Observe that Z,(v/.J) = Z,(J) whether or not k is algebraically closed, by
the same proof we used above. The containment C is immediate since J C V/J from the
definition. Moreover, if f*(a) = 0 then f(a) = 0, so if a € Z(J) and f € v/J then f(a) =0,
and the equality of sets follows.

What might fail when the field is not algebraically closed is that Z(Z(I)) is not necessarily
VI. For example, Zg(2% + 1) = @, s0

T(Zx(a® + 1)) = Z(0) = Rla] # /(22 + 1) = («* + 1),

In fact, the ingredient that is missing is precisely the fact that the Weak Nullstellensatz is
not satisfied over non-algebraically closed fields. If k is not algebraically closed, there exists
some irreducible polynomial f € k[z] with no roots, so Z(f) = @.
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Remark 3.29. Note that if I is a radical ideal and I C J, then Z(J) € Z(I). Indeed,
there is some f € J such that f ¢ /I = I, and thus Z(I) € Z(f). Since Z(J) C Z(f), we
conclude that Z(1) € Z(J).

Each variety corresponds to a unique radical ideal.

Corollary 3.30. Let k be an algebraically closed field and R = klz1,...,x4] a polynomial
ring. There is an order-reversing bijection between the collection of subvarieties of A and
the collection of radical ideals of R:

{subvarieties of Ad} — {radical ideals I C R}
T
X — {feR|XCZ()}
Zx(1) = I

In particular, given ideals I and J, we have Zy(I) = Z3,(J) if and only if VI = /J.

Proof. The Strong Nullstellensatz says that Z(Z(.J)) = /J for any ideal J, hence Z(Z(.J)) =
J for a radical ideal J. Conversely, given X we can write X = Zj(.J) for some ideal J, and
we without loss of generality we can assume .J is radical, since Z(.J) = Z,(v/J). Then
Z(T(X)) = ZT(Z(J)) = 2(J) = X.

This shows that Z and Z are inverse operations, and we are done. O

Under this bijection, irreducible varieties correspond to prime ideals.
Lemma 3.31. A variety X C A% is irreducible if and only if Z(X) is prime.

Proof. Suppose that X is reducible, say X = V; U V, for two varieties Vi and V5 such
that Vi,V € X. Note that this implies that Z(X) € Z(V4), Z(X) € Z(V3), and Z(X) =
Z(V1) NZ(Va). Then we can find f € Z(V}) such that f ¢ Z(V3), and g € Z(V5) such that
g ¢ Z(V4). Notice that by construction fg € Z(Vy) N Z(V,)Z(X), while f ¢ Z(X) and
g ¢ Z(X). Therefore, Z(X) is not prime.

Now assume that Z(X) is not prime, and fix f,g ¢ Z(X) with fg € Z(X). Then

X C Z(fg) = Z(f) U Z(y).
The intersections
Vi=Z(f)NX = Z(Z(X) + (f))

and
Vo=Z2(g)NnX =Z(Z(X) + (9))

are varieties, and X = V; U V. Finally, since f ¢ Z(X), then X ¢ V;. Similarly, X Z V.
Thus X is reducible. ]

Given a variety X, we can decompose it in irreducible components by writing it as a
union X = V3 U---UV,. We can do this decomposition algebraically, by considering the
radical ideal I = Z(X) and writing it as an intersection of its minimal primes.
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Definition 3.32. Let [ be an ideal. A minimal prime of [ is a prime ideal P containing
I and such that the only prime @) with I C @) C P is ) = P. Equivalently, a minimal prime
of I is a minimal element (with respect to containment) in the set of prime ideals containing
I. The set of minimal primes over [ is denoted Min([).

Vi= () P= () P
(1)

P prime PeMin
PDI

Soon we will show that

Later, we will prove that the set of minimal primes of an ideal in a Noetherian ring is finite,
so in particular we can write Z(X) as a finite intersection of prime ideals, say

I(X)=PN---NP,.

Then
X=Z(P)U---UZ(F)

is a decomposition of X into irreducible components.

Example 3.33. In k[z,y, 2], the radical ideal I = (zy, xz,yz) corresponds to the variety X
given by the union of the three coordinate axes.

Each of these axes is a variety in its own right, corresponding to the ideals (z,y), (x, z) and
(y,2). The three axes are the irreducible components of X. And indeed, (z,y), (z,2) and
(y, z) are the three minimal primes over I, and

(zy, xz,y2) = (x,y) N (z,2) N (y, 2).
We will come back to this decomposition when we discuss primary decomposition.

In summary, Nullstellensatz gives us a dictionary between varieties and ideals:

Algebra — Geometry
algebra of ideals — geometry of varieties
algebra of R = k[zy,...,z4] A— geometry of A?
radical ideals — varieties
prime ideals — irreducible varieties

. . :
maximal ideals D points
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(0) — variety A¢
klxy, ..., x4 — variety @
(x1 —ay,...,xq — aq) — point {(ai,...,aq)}
smaller ideals — larger varieties
larger ideals — smaller varieties

We now know that the subvarieties Z(I) of A? satisfy the following properties:
e The sets @ and A are varieties.

e The finite union of varieties is a variety.

e The arbitrary intersection of varieties is a variety.

These are the axioms of closed sets in a topology. So there is a topology on A? whose
closed sets are precisely all the subvarieties Z(I) of A9. This topology is called the Zariski
topology.

As a consequence, every variety inherits the Zariski topology, and this is the topology
that algebraic geometers usually consider.

Exercise 12. A topological space X is Noetherian if it satisfies the descending chain
condition for closed subsets: any descending chain of closed subsets

X DX, 2
stabilizes. Show that a variety with the Zariski topology is Noetherian.

Exercise 13. Show that if X is a Noetherian topological space, every open subset of X is
quasicompact.

This topology is a little weird. In particular, it is never Hausdorff, unless the space we are
considering is finite. The word compact is usually taken to include Hausdorff, so algebraic
geometers say quasicompact to mean compact but maybe not Hausdorff.

Exercise 14. Show that AZ with the Zariski topology is 77 but not Hausdorff.

3.4 The prime spectrum of a ring

In modern algebraic geometry, one often studies schemes instead of varieties. We will now
introduce the simplest scheme: the spectrum Spec(R) of a ring R. The spectra of rings are
to schemes as R” is to manifolds: while a manifold is a topological space that locally looks
like R™, a scheme is, roughly speaking, a topological space that locally looks like Spec(R)
for some ring R.
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The mazimal spectrum of a ring R, denoted mSpec(R), is the set of maximal ideals of R
endowed with the topology with closed sets given by

Vatax(I) := {m € mSpec(R) | m D I}

as I varies over all the ideals in R. By the Nullstellensatz, for polynomial rings S over an
algebraically closed field k, this space mSpec(S) has a natural homeomorphism to A" with
its Zariski topology, and for an ideal I in S = k[x, ..., x4], mSpec(S/I) has a natural home-
omorphism to Z;(I) € A™ with the subspace topology coming from the Zariski topology.
Moreover, this is functorial: for any map of finitely generated k-algebras, there is an induced
map on maximal ideals.

This is not quite the right notion to deal with general rings, for at least two reasons. First,
there are many many interesting rings with only one maximal ideal! The topological space
with one element, in contrast, is not that exciting. Second, we would like to have a geometric
space that is assigned functorially to a ring, meaning that ring homomorphisms induce
continuous maps of spaces (in the other direction). For the inclusion A = klz,y] = k[z—1, y]
into B = k(z)[y] = k(x — 1)[y], what maximal ideal in A would we assign to (y) C B? How
could one of (z,y) or (z — 1,y) have a better claim than the other?

Definition 3.34. Let R be a ring. The prime spectrum, or spectrum of R is the set of
prime ideals of R, denoted Spec(R). This is naturally a poset, partially ordered by inclusion.
We also endow it with the topology with closed sets

V(I):={p € Spec(R) | p DI}
for (not necessarily proper) ideals I C R. In particular, @ = V(R) is closed.
Soon we will justify that this indeed forms a topology.

We will illustrate posets with Hasse diagrams: if an element is below something with a
line connecting them, the higher element is > the lower one.

Example 3.35. The spectrum of Z is the following poset:

\\\(m///-,

The closed sets are of the form V((n)), which are the whole space when n = 0, the empty
set with n = 1, and any finite union of things in the top row.

Example 3.36. Here are a few elements in C[z, y]:

(x—1,y—1) (x —ivV2,y — 1)

(x —Tm,y)

(x—1) (z* — %) (z* +y*>+1) (v)
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Note that mSpec(R) is a subspace of Spec(R) (that may be neither closed nor open).
Proposition 3.37. Let R be a ring, and let I, J, and I, be ideals (possibly improper).
a) If I C J, then V(J) C V(I).

b) VIHUV(J)=V(INJ)=V(IJ]).
¢) MWV =V, D).
d) Spec(R) has a basis given by open sets of the form

D(f) := Spec(R) N V(f) = {p € Spec(R) | f ¢ p}.

e) Spec(R) is quasicompact.
Proof.
a) Clear from the definition.

b) Tosee V(I)UV(J) C V(INJ), just observe that if p O [ or p O J, then p O I'NJ. Since
[J C 1IN J, wehave V(INJ)C V(LJ). Toshow V(IJ) C V(I)UV(J), it p 2 I, J, let
fel~p, and g € J~p. Then fg € IJ ~\ p since p is prime.

c) Ideals are closed for sums, so if p D I, for all A, then p D ", I,. Moreover, ifp 2 >, Iy,
then in particular p O 1.

d) We can write any open set as the complement of V({fi\}x) = ),V (fy), which is the
union of D(fy).

e) Given a sequence of ideals I, if >, Iy = R, then 1 is in the sum on the left, and thus 1
can be realized in such a sum over finitely many indices, so

R:ZI)‘:[)‘l—i_.”_'_[)‘t'
A

Thus, if we have a family of closed sets with empty intersection,

g = mV(I)\> =V (ZI)\> = V([/\l +-o+ I)\t) = V<I)\1) n---N V([/\t)7

so some finite subcollection has an empty intersection. O]

Definition 3.38 (Induced map on Spec). Given a homomorphism of rings R—255, we
obtain a map on spectra Spec(S) ©* Spec(R) .

p——— ¢ ()
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The key point here is that the preimage of a prime ideal is also prime. We will often
write p N R for ¢~ 1(p), even if the map is not necessarily an inclusion.

This is not only an order-preserving map, but also continuous: if U C Spec(R) is open,
say U is the complement of V(1) for some ideal I, then for a prime q of S,

1€ () '(U) < qNRPI <+ qP2IS << q¢V(IS).
So (¢*)~H(U) is the complement of V(IS), and thus open.

Example 3.39. Let R—"— R/I be the canonical projection. Then

Spec(R/I) —~— Spec(R)

corresponds to the inclusion of V'(I) into Spec(R), since primes of R/I correspond to primes
of R containing I.

We can use the spectrum of a ring to give an analogue of the strong Nullstellensatz that
is valid for any ring. To prepare for this, we need a notion that we will use later.

Definition 3.40. A subset W C R of a ring R is multiplicatively closed if 1 € W and
a,beW =abecW.

Lemma 3.41. Let R be a ring, I an ideal, and W a multiplicatively closed subset. If
W NI =g, then there is a prime ideal p with p D [ and pNW = 2.

Proof. Consider the family of ideals F :={J | J D I,JNW = &} ordered with inclusion.
This is nonempty, since it contains I, and any chain J; C J, C --- has an upper bound
U;J;. Therefore, F has some maximal element A by a basic application of Zorn’s Lemma.
We claim A is prime. Suppose f,g ¢ A. By maximality, A + (f) and A + (g) both have
nonempty intersection with W, so there exist rif + ay, 129 + as € W, with ay,ay € A. If
fg € A, then

(rif 4+ a1)(r2g + a2) = rirafg +r1ifas + rega; + aras € W N A,
cW ceWw cA €A cA

a contradiction. O

Proposition 3.42 (Spectrum analogue of strong Nullstellensatz). Let R be a ring, and I be
an ideal. For f € R,
V() CV(f) <= feVI

FEquivalently,

(] p=VI
)

peV (I

Proof. First to justify the equivalence of the two statements we observe:

VI)CV(f) <= fepforallpe V()< fe () »p
peV(I)
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We prove that ﬂ p= VI
peV(I)
(2): It suffices to show that p D I implies p D VI, and indeed

frelCp = fep.

(C): If f ¢ V1, consider the multiplicatively closed set W = {1, f, f2, f>,...}. We have
W NI = & by hypothesis. By the previous lemma, there is a prime p in V(I) that does not
intersect W, and hence does not contain f. O

The following corollary follows in exactly the same way as the analogous statement for
subvarieties of A", Corollary 3.30.

Corollary 3.43. Let R a ring. There is an order-reversing bijection
{closed subsets of Spec(R)}  ¢——— {radical ideals I C R}

In particular, for two ideals I,.J, V(I) =V (J) if and only if VI =+/J.



Chapter 4

Local Rings

The study of local rings is central to commutative algebra. As we will see, life is easier in a
local ring, so much so that we often want to localize so we can be in a local ring. A lot of the
things we will say in this chapter also apply to N-graded k-algebras and their homogenous
maximal ideal — with some appropriate changes, such as considering only homogeneous
ideals.

4.1 Local rings

Definition 4.1. A ring R is a local ring if it has exactly one maximal ideal. We often
use the notation (R, m) to denote R and its maximal ideal, or (R, m, k) to also specify the
residue field £ = R/m. Some people reserve the term local ring for a Noetherian local ring,
and call what we have defined a quasilocal ring; we will not follow this convention here.

Lemma 4.2. A ring R is local if and only if the set of nonunits of R forms an ideal.
Proof. If the set of nonunits is an ideal, that must be the only maximal ideal. n
Example 4.3.

a) The ring Z/(p") is local with maximal ideal (p).

b) The ring Zy) = {§ € Q | p{ b when in lowest terms} is a local ring with maximal ideal

(p)-

¢) The ring of power series k[z] over a field k is local. Indeed, a power series has an inverse
if and only if its constant term is nonzero. The complement of this set of units is the
ideal ().

d) More generally, k[x1, ..., z4] is local with maximal ideal (x1,...,zq).

e) The ring of complex power series holomorphic at the origin, C{z}, is local. In the above
setting, one proves that the series inverse of a holomorphic function at the origin is
convergent on a neighborhood of 0.

46
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f) A polynomial ring over a field is certainly not local; we have seen it has so many maximal
ideals!

We start with a comment about the characteristic of local rings.

Definition 4.4. The characteristic of a ring R is, if it exists, the smallest positive integer
n such that
I1+---+1=0.
—_——
n times

If no such n exists, we say that R has characteristic 0. Equivalently, the characteristic of R
is the integer n > 0 such that

(n):ker<Z_>R )

a——a-1lg
Proposition 4.5. Let (R,m, k) be a local ring. Then one of the following holds:
a) char(R

char(k) = 0. We say that R has equal characteristic zero.

¢) char(R

(R)

b) char(R) = 0, char(k) = p for a prime p, so R has mixed characteristic (0, p).
(R) = char(k) = p for a prime p, so R has equal characteristic p.
(

d) char(R) = p", char(k) = p for a prime p and an integer n > 1.
If R is reduced, then one of the first three cases holds.

Proof. Since k is a quotient of R, the characteristic of R must be a multiple of the charac-
teristic of k, since the map Z——k factors through R. We must think of 0 as a multiple
of any integer for this to make sense. Now k is a field, so its characteristic is 0 or p for a
prime p. If char(k) = 0, then necessarily char(R) = 0. If char(k) = p, we claim that char(R)
must be either 0 or a power of p. Indeed, if we write char(R) = p™ - a with a coprime to p,
note that p € m, so if @ € m, we have 1 € (p,a) C m, which is a contradiction. Since R is
local, this means that a is a unit. But then, p"a = 0 implies p” = 0, so the characteristic
must be p”. O

Remark 4.6. If R is an N-graded k-algebra with Ry = k, and m = @, ., R is the homoge-
neous maximal ideal, R and m behave a lot like a local ring and its maximal ideal, and we
sometimes use the suggestive notation (R, m) to refer to it. Many properties of local rings
also apply to the graded setting, so given a statement about local rings, you might take it as
a suggestion that there might be a corresponding statement about graded rings — a state-
ment that, nevertheless, still needs to be proved. There are usually some changes one needs
to make to the statement; for example, if a theorem makes assertions about the ideals in a
local ring, the corresponding graded statement will likely only apply to homogeneous ideals,
and a theorem about finitely generated modules over a local ring will probably translate into
a theorem about graded modules in the graded setting.
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4.2 Localization

Recall that a multiplicative subset of a ring R is a set W > 1 that is closed for products.
The three most important classes of multiplicative sets are the following:

Example 4.7. Let R be a ring.
a) For any f € R, the set W = {1, f, f2, f3,...} is a multiplicative set.

b) If p C R is a prime ideal, the set W = R \ p is multiplicative: this is an immediate
translation of the definition.

c¢) The set of nonzerodivisors in R — elements that are not zerodivisors — forms a multi-
plicatively closed subset.

Remark 4.8. An arbitrary intersection of multiplicatively closed subsets is multiplicatively
closed. In particular, for any family of primes {p,}, the complement of | J, p» is multiplica-
tively closed.

Definition 4.9 (Localization of a ring). Let R be a ring, and W be a multiplicative set with
0 ¢ W. The localization of R at W is the ring

WR = {i

w

reR,wEW}/N

where ~ is the equivalence relation

r /

— ~ — if there exists u € W : u(rw’ —r'w) = 0.
woow

The operations are given by

T S rw + Sv TS s
-4 = — and - =
vow W vw VW

The zero in WIR is % and the identity is % There is a canonical ring homomorphism

R—W™IR.

et

Given an ideal I in W™ R, we write I N R for its preimage of I in R via the canonical map
R— W™R.

Note that we write elements in W~!R in the form — even though they are equivalence

classes of such expressions.

Remark 4.10. Observe that if R is a domain, the equivalence relation simplifies to rw’ =
r'w, so R C W™'R C Frac(R), and in particular W™'R is a domain too. In particular,
Frac(R) is a localization of R.
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In the localization of R at W, every element of W becomes a unit. The following universal
property says roughly that W~!R is the smallest R-algebra in which every element of W is
a unit.

Proposition 4.11. Let R be a ring, and W a multiplicative set with 0 ¢ W. Let S be an
R-algebra in which every element of W is a unit. Then there is a unique homomorphism «
such that the following diagram commutes:

R——W™R

LA

S

where the vertical map 1s the structure homomorphism and the horizontal map is the canonical
homomorphism.

Example 4.12 (Most important localizations). Let R be a ring.
a) For f € Rand W = {1, f, /%, f3,... }, we usually write R; for W™'R.

b) For a prime ideal p in R, we generally write R, for (R~\p) 'R, and call it the localization
of R at p. Given an ideal I in R, we sometimes write [, to refer to I R,, the image of I
via the canonical map R — R,.

c) When W is the set of nonzerodivisors on R, we call W~!R the total ring of fractions of
R. When R is a domain, this is just the fraction field of R, and in this case this coincides
with the localization at the prime (0).

Remark 4.13. Notice that when we localize at a prime p, the resulting ring is a local ring
(Rp,pp). We can think of the process of localization at p as zooming in at the prime p.
Many properties of an ideal I can be checked locally, by checking them for IR, for each
prime p € V(I).

If R is not a domain, the canonical map R — W ™'R is not necessarily injective.

Example 4.14. Consider R = k[x,y]/(xy). The canonical maps R —— R,y and R — R,
are not injective, since in both cases y is invertible in the localization, and thus
e P2 00
1 Y

We can now add some more local rings to our list of examples.

Example 4.15.

a) A local ring one often encounters is k[x1,...,%4)(z,,.2,)- We can consider this as the
ring of rational functions that in lowest terms have a denominator with nonzero constant
term. Note that we can talk about lowest terms since the polynomial ring is a UFD.
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b) Extending the following example, we have local rings like (k[x1, ..., 24]/1) @, 2, I k is
algebraically closed and I is a radical ideal, then k[z1,...,z4)/I = k[X] is the coordinate
ring of some affine variety, and (xy,...,24) = mg is the ideal defining the origin (as a

point in X C A?). Then we call

K[ X]mg o= (K21, al [ D @)

the local ring of the point 0 € X; some people write Ox . The radical ideals of this
ring consist of radical ideals of k[ X that are contained in my, which by the Nullstellensatz
correspond to subvarieties of X that contain 0. Similarly, we can define the local ring at
any point a € X.

We state an analogous definition for modules, and for module homomorphisms.

Definition 4.16. Let R be a ring, W be a multiplicative set, and M an R-module. The
localization of M at W is the W~ R-module

W‘lM::{g‘meM,weW}/w
,

m
where ~ is the equivalence relation — ~ — if u(mw’ — m'w) = 0 for some u € W. The
woow

operations are given by

m n mw —+ nu rm rm
—_t = and - =
v w VW vw ()

If M % N is an R-module homomorphism, then there is a W~ R-module homomorphism
-1
WM % WIN given by the rule Wla(m) = @),

w

We will use the notations My and M, analogously to Ry and R,.

To understand localizations of rings and modules, we will want to understand better how
they are built from R. First, we take a small detour to talk about colons and annihilators.

Definition 4.17. The annihilator of a module M is the ideal
ann(M) :={r € R|rm =0 for all m € M}.
Definition 4.18. Let I and J be ideals in a ring R. The colon of I and J is the ideal
(J:I):={reR|rl CJ}.
More generally, if M and N are submodules of some R-module A, the colon of N and M is
(N:gM)={reR|rM C N}.
Exercise 15. The annihilator of M is an ideal in R, and
ann(M) = (0 :p M).

Moreover, any colon (N :g M) is an ideal in R.
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Remark 4.19. If M = Rm is a one-generated R-module, then M = R/I for some ideal I.
Notice that I - (R/I) =0, and that given an element g € R, we have g(R/I) = 0 if and only
if g € I. Therefore, M = R/ ann(M).

Remark 4.20. Let M be an R-module. If [ is an ideal in R such that I C ann(M), then
IM =0, and thus M has is naturally an R/I-module with the same structure it has as an
R-module, meaning

(r+1)-m=rm

for each r € R.

Remark 4.21. If N C M are R-modules, then ann(M/N) = (N g M).

Lemma 4.22. Let M be an R-module, and W a multiplicative set. The class
m

— eW™'M iszero <= vm =0 for somev €W <= anng(m)NW # @.
w

Note in particular that this holds for w = 1.

Proof. For the first equivalence, we use the equivalence relation defining W~!R to note that
m — 9 in WM if and only if there exists some v € W such that 0 = v(1m — Ow) = vm.
The second equivalence just comes from the definition of the annihilator. O

Remark 4.23. It follows from this lemma that if N —*+ M is injective, then W~la is also
injective, since
O:W_la<ﬁ> :@ = 0 =uwua(n) = a(un) for some u € W = un=0= — =0,
w w w

We want to collect one more lemma for later.

Lemma 4.24. Let M be a module, and Ny, ..., N; be a finite collection of submodules. Let
W be a multiplicative set. Then,

WY NN NAN)=WIIN NN WIN, C WM.

Proof. The containment W=Y(N; N ---NN;) CW N, N---NW™LN; is clear. Elements of
W-IN, N ---NW™IN, are of the form Z—ll = ... = 2 we can find a common denominator

’u)z’

to realize this in W—1(N; N - N Ny). O

Later we will show that localization has good homological properties: it’s an exact func-
tor.

Theorem 4.25. Given a short exact sequence of R-modules

0 A B C 0

and a multiplicative set W, the sequence
0O—WIA——WI'IB—W1C—0

18 also exact.
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Remark 4.26. Given a submodule N of M, we can apply the statement above to the short
exact sequence

00— N —— M —— M/N ——0
and conclude that that W—1(M/N) = W'M/W~IN.
Proposition 4.27. Let W be multiplicatively closed in R.
a) If I is an ideal in R, then W' INR={r € R | wr € I for some w € W}.
b) If J is an ideal in WIR, then W= (JNR) = J.
c) If p is prime and W Np = &, then Wlp = p(W~LR) is prime.
d) The map Spec(W™'R) — Spec(R) is injective, with image

{p € Spec(R) | pNW = &}.

Proof.

a) Since WY (R/I) @ W-'R/W~I, we have ker(R — W~Y(R/I)) = RN W~'I. The
equality is then clear.

b) The containment W~1(J N R) C J holds for general reasons: given any map f, and a
subset J of the target of f, f(f~'(J)) € J. On the other hand, if £ € J, then ¢ € J,
since its a unit multiple of an element of J, and thus a € JN R, so & € W-YJNR).

c) First, since W Np = &, and p is prime, no element of W kills 1 = 1+p in R/p, so 1/1 is
nonzero in WY (R/p). Thus, W 'R/W~'p =2 W~ (R/p) is nonzero, and a localization
of a domain, hence is a domain. Thus, W~1p is prime.

d) First, by part b), the map p — W1p, for S = {p € Spec(R) | pNW = &} sends primes
to primes. We claim that

Spec(W™'R) S
q — gqNR
Wy e p

are inverse maps.
We have already seen that J = (J N R)W 'R for any ideal J in W™'R.
If WNp =g, then using part a) and the definition of prime, we have that

WlpNnR={reR|rwepforsomewecW}={reR|recp}=p. m

Corollary 4.28. Let R be a ring and p be a prime ideal in R. The map on Spectra induced
by the canonical map R — R, corresponds to the inclusion

{a € Spec(R) | q € p} € Spec(R).



23

4.3 NAK

We will now show a very simple but extremely useful result known as Nakayama’s Lemma.
As noted in [Mat89, page 8], Nakayama himself claimed that this should be attributed to
Krull and Azumaya, but it’s not clear which of the three actually had the commutative ring
statement first. So some authors (eg, Matsumura) prefer to refer to it as NAK. There are
actually a range of statements, rather than just one, that go under the banner of Nakayama’s
Lemma a.k.a. NAK.

Proposition 4.29. Let R be a ring, I an ideal, and M a finitely generated R-module. If
IM = M, then

a) there is an element r € 1 + I such that rM =0, and
b) there is an element a € I such that am = m for all m € M.

Proof. Let M = Rmy + --- + Rmg. By assumption, we have equations
mp = apmy + -+ QMg , ... , Mg = As1M] + -+ + AssMs,

with a;; € I. Setting A = [a;j] and v = [2;] we have a matrix equations Av = v. By the
determinantal trick, Lemma 1.35, the element det(I;xs — A) € R kills each m;, and hence
M. Since det(Isxs — A) = det(Isxs) = 1 mod I, this determinant is the element r we seek for
the first statement.

For the latter statement, set a = 1 — r; this is in I and satisfies am = m — rm = m for
allm e M. O

Proposition 4.30. Let (R,m, k) be a local ring, and M be a finitely generated module. If
M =mM, then M = 0.

Proof. By the Proposition 4.29, there exists an element r € 14+m that annihilates M. Notice
that 1 ¢ m, so any such r must be outside of m, and thus a unit. Multiplying by its inverse,
we conclude that 1 annihilates M, or equivalently, that M = 0. O]

Proposition 4.31. Let (R, m, k) be a local Ting, and M be a finitely generated module, and
N a submodule of M. If M = N +mM, then M = N.

Proof. By taking the quotient by N, we see that
M/N = (N +mM)/N =m(M/N).
By Proposition 4.30, M = N. O

Proposition 4.32. Let (R, m, k) be a local ring, and M be a finitely generated module. For
my,...,mg € M,

mi, ..., ms generate M <= Ty, ..., M, generate M/mM.

Thus, any generating set for M consists of at least dimy(M/mM) elements.
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Proof. The implication (=) is clear. If my,...,ms € M are such that my, ..., generate
M/mM, let N = Rmy + -+ Rmy, C M. By Proposition 4.30, M/N = 0 if and only if
M/N = m(M/N). The latter statement is equivalent to M = mM + N, which is equivalent
to saying that M /mM is generated by the image of N. O]

Remark 4.33. Since R/m is a field, M /mM is a vector space over the field R/m.

Definition 4.34. Let (R, m) be a local ring, and M a finitely generated module. A set of
elements {my,...,m;} is a minimal generating set of M if the images of my, ..., m; form
a basis for the R/m vector space M/mM.

As a consequence of basic facts about basis for vector spaces, we conclude that any
generating set for M contains a minimal generating set, and that every minimal generating
set has the same cardinality.

Definition 4.35. Let (R, m) be a local ring, and N an R-module. The minimal number
of generators of M is
(M) = dimpm (M/mM) .

Equivalently, this is the number of elements in a minimal generating set for M.

We commented before that graded rings behave a lot like local rings, so now we want to
give graded analogues for the results above.

Proposition 4.36. Let R be an N-graded ring, and M a Z-graded module such that M., =0
for some a. If M = (Ry)M, then M = 0.

Proof. On the one hand, the homogeneous elements in M live in degrees at least a, but
(Ry)M lives in degrees strictly bigger than a. If M has a nonzero element, it has a nonzero
homogeneous element, and we obtain a contradiction. O]

This condition includes all finitely generated Z-graded R-modules.

Remark 4.37. If M is finitely generated, then it can be generated by finitely many homo-
geneous elements, the homogeneous components of some finite generating set. If a is the
smallest degree of a homogeneous element in a homogeneous generating set, since R lives
only in positive degrees we must have M C RM-, C M-,, so M., = 0.

Just as above, we obtain the following:

Proposition 4.38. Let R be an N-graded ring, with Ry a field, and M a Z-graded module
such that M., = 0 for some degree a. A set of elements of M generates M if and only if their
images in M/(Ry)M spans as a vector space. Since M and (Ry)M are graded, M/(R.)M
admits a basis of homogeneous elements.

In particular, if k is a field, R is a positively graded k-algebra, and I is a homogeneous
ideal, then I has a minimal generating set by homogeneous elements, and this set is unique
up to k-linear combinations.
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Definition 4.39. Let R be an N-graded ring with Rj a field, and M a finitely generated
Z-graded R-module. The minimal number of generators of M is

(M) = dimp/p, (M/RyM).

We can use Macaulay2 to compute (the) minimal (number of ) generators of graded
modules over graded k-algebras, using the commands mingens and numgens.

Note that we can use NAK to prove that certain modules are finitely generated in the
graded case; in the local case, we cannot.



Chapter 5

Decomposing ideals

We will consider a few ways of decomposing ideals into pieces, in three ways with increasing
detail. The first is the most directly geometric: for any ideal I in a Noetherian ring, we aim
to write V(1) as a finite union of V' (p;) for prime ideals p;.

5.1 Minimal primes and support

Recall the definition of minimal primes that we mentioned before.

Definition 5.1. The primes that contain I and are minimal with the property of containing
I are called the minimal primes of I. That is, the minimal primes of I are the minimal
elements of V(I). We write Min(7) for this set.

Exercise 16. Let R be a ring, and I an ideal. Every prime p that contains I contains a
minimal prime of /. Consequently,

Vi= ] »

peMin([)

Remark 5.2. If p is prime, then Min(p) = {p}. Also, since V(I) = V(VI), we have
Min(I) = Min(v/1).

As a special case, the nilpotent elements of a ring R are exactly the elements in every
minimal prime of R, or equivalently, in every minimal prime of the ideal (0). The radical of

(0) is often called the nilradical of R, denoted N (R).

Lemma 5.3. Whenever I =p; N ---Np, for some p; < p; for each i, j, we have Min(I) =
{pla s 7pn}

Proof. 1f q is a prime containing I, then q 2 (p; N --- N p,). But if q 2 p,; for each 7, then
there are elements f; € p; such that f; ¢ q, and the product f;--- f, € (p1 N---Np,) but

fi+++ fn & q. Therefore, any minimal prime of I must be one of the p;. Since we assumed
that the p; are incomparable, they are exactly all the minimal primes of I. O

Remark 5.4. If I = p; N ---Np, for some primes p;, we can always delete unnecessary
components until no component can be deleted. Therefore, Min(I) C {p1, - ,pn}.

56
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Theorem 5.5. Let R be a Noetherian ring. Then any ideal I has finitely many minimal
primes, and thus VI is a finite intersection of primes.

Proof. Let S = {ideals I C R | Min([) is infinite}, and suppose, to obtain a contradiction,
that S # @. Since R is Noetherian, S has a maximal element J, by Proposition 1.2. If J
was a prime ideal, then Min(J) = {J} would be finite, by Remark 5.2, so J is not prime.
However, Min(.JJ) = Min(v/J), and thus v/.J D J is also in S, so we conclude that .J is radical.
Since J is not prime, we can find some a,b ¢ J with ab € J. Then J C J+ (a) C \/J + (a)
and J C +/J + (b). Since J is maximal in S, we conclude that y/J + (a) and /J + (b) have

finitely many minimal primes, so we can write

J+(a)=pN---Npyand J+ (b) = pry N -+ NP,

for some prime ideals p;. Let f € \/J + (a) N y/J + (b). Some sufficiently high power of f
is in both J + (a) and J + (b), so there exist n,m > 1 such that

freJ+(a)and f" e J+(b)
e (J+ (a)(J + (b)) € J*+ J(a) + J(b) + (Lab ) C J.

N~
eJ

Therefore, f € v/J = J. This shows that
J=(J+(@)N(J+B)=p1 N NP N Peyq NN Ps.
By Lemma 5.3, we see that Min(J) must be a subset of {pi,...,ps}, so it is finite. O

Remark 5.6. Lemma 5.3, Theorem 5.5, and Exercise 16 imply that an ideal I is equal to a
finite intersection of primes if and only if I is radical.

We now can describe the relationship between the poset structure of Spec(R) and the
topology.

Proposition 5.7. Let R be a ring, and X = Spec(R).
a) The poset structure on X can be recovered from the topology: p Cq < q € m

b) If R is Noetherian, the topology on X can by recovered from the poset structure by the
rule

Y C Xis closed<=Y ={q € X | p; C q for some i} for some py,...,p, € X.

Proof.
a) By definition of closure, we have
1= V)
peVi(I)

If p € V(I) then I C p, which implies V' (p) € V(I). It follows that {p} = V/(p), and thus
the claim.
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b) If Y is closed, we have Y = V(I) = V(/I) = V(p1N---Np,) = V(p1) U--- UV (p,). For
the converse, we can work backwards. O

We now wish to understand modules in a similar way.
Definition 5.8. If M is an R-module, the support of M is
Supp(M) := {p € Spec(R) | M, # 0}.
Proposition 5.9. Given M a finitely generated R-module over a ring R,
Supp(M) = V(anng(M)).
In particular, Supp(R/I) =V (I).
Proof. Let M = Rm; + ---+ Rm,. We have

anng(M) = nannR(mi),
V(annp(M)) = JV(annp(m;)).

i=1
Notice that we need finiteness here. Also, we claim that

Supp(M) = |_J Supp(Rm,).

=1

To show (D), notice that (Rm;), C M,, so
p € Supp(Rm;) = 0# (Rm;), € M, = p € Supp(M).

On the other hand, the images of my,...,m, in M, generate M, for each p, so p €
Supp(M) if and only if p € Supp(Rm;) for some m;. Thus, we can reduce to the case of a
cyclic module Rm. Now 5 = 0 in M, if and only if (R \ p) Nanng(m) # &, which happens
if and only if anng(m) < p. O

The finite generating hypothesis is necessary!

Example 5.10. Let &k be a field, and R = k[z]. Take
M =R,/R=k-a".

>0
With this k-vector space structure, the action is given by multiplication in the obvious way,
then killing any nonnegative degree terms.

On one hand, we claim that Supp(M) = {(x)}. Indeed, any element of M is killed by a
large power of x, so W™'M = 0 whenever z € W, so Supp(M) C {(z)}. We will soon see
that the support of a nonzero module is nonempty, and thus Supp(M) = {(z)}.

On the other hand, the annihilator of the class of 7" is 2", so

anng(M) C ﬂ(m”) = 0.

n=1

In particular, V(anng(M)) = Spec(R).
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Example 5.11. Let R = C[z|, and M = @R/(m —n).

nez
First, note that M, = @(R/(w — 1))y, SO
nez
Supp(M USuppR/:c—n UV z—mn))={(x—n)|neZ}
nez nez

On the other hand,
annp(M) = () anng(R/(z —n)) = [ )(z = n) = 0.

nez nez

Note that in this example the support is not even closed.
Lemma 5.12. Let R be a ring, M an R-module, and m € M. The following are equivalent:
1) m=0in M.
2) % =0 in M, for all p € Spec(R).
8) % =0 in M, for all p € mSpec(R).

Proof. The implications 1) = 2) == 3) are clear. If m # 0, its annihilator is a proper
ideal, which is contained in a maximal ideal, so V (anng m) = Supp(Rm) contains a maximal
ideal, so 5 # 0 in M, for some maximal ideal p. m

Lemma 5.13. Let R be a ring, L, M, N be modules. If
0 L M N 0

is exact, then Supp(L) U Supp(N) = Supp(M).
Proof. Localization is exact, by Theorem 4.25; so for any p,

is exact. If p € Supp(L) U Supp(V), then L, or N, is nonzero, so M, must be nonzero as
well. On the other hand, if p ¢ Supp(L) U Supp(NV), then L, = N, =0, so M, = 0. O

Remark 5.14. As a corollary, Supp(L) C Supp(M) for any submodule L of M.
Corollary 5.15. If M s a finitely generated R-module,

1) M =0.

2) My, =0 in M, for all p € Spec(R).

3) My, =0 in M, for all p € mSpec(R).

Proof.

The implications = are clear. To show the last implies the first, we show the contrapositive.
If m # 0, consider Rm C M. By Lemma 5.12, there is a maximal ideal in Supp(Rm), and
by Lemma 5.13 applied to the inclusion Rm C M, this maximal ideal is in Supp(M) as
well. O]

So we conclude that Supp(M) # @ for any R-module M # 0.
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5.2 Associated primes

Remark 5.16. Let R be a ring, I be an ideal in R, and M be an R-module. To give
an R-module homomorphism R — M is the same as choosing an element m of M (the
image of 1 via our map) or equivalently, to choose a cyclic submodule of M (the submodule
generated by m).

To give an R-module homomorphism R/I — M is the same as giving an R-module ho-
momorphism R — M whose image is killed by I. Thus giving an R-module homomorphism
R/I — M is to choose an element m € M that is killed by I, meaning I C ann(m).

Definition 5.17. Let R be a ring, and M a module. We say that p € Spec(R) is an
associated prime of M if p = anng(m) for some m € M. Equivalently, p is associated
to M if there is an injective homomorphism R/p — M. We write Assg(M) for the set of
associated primes of M.

If I is an ideal, by the associated primes of [ we (almost always) mean the associated
primes of R/I. To avoid confusion, we will try to write Assg(R/I).

Lemma 5.18. Let R be a Noetherian ring and M be an R-module. A prime P is associated
to M if and if and only if Pp € Ass(Mp).

Proof. Localization is exact, so any inclusion R/P C M localizes to an inclusion Rp/Pp C
Mp. Conversely, suppose that Pp = ann() for some ™ € Mp. Let P = (f1,..., f,). Since
%% = %, there exists u; ¢ P such that w;fym = 0. Then u = u; - - - u,, is not in P, since P is
prime, and uf;m = 0 for all i. Since the f; generate P, we have P(um) = 0. On the other

hand, if r € ann(um), then 5 € ann(%) = Pp. We conclude that ru € Pp N R = P. Since
u ¢ P, we conclude that r € P. O

Lemma 5.19. If p is prime, Assgr(R/p) = {p}.

Proof. For any nonzero 7 € R/p, we have anng(r) = {s € R | rs € p} = p by definition of
prime ideal. [

Let’s recall the definition of zerodivisors on M.

Definition 5.20. Let M be an R-module. An element r € R is a zerodivisor on M if
rm = 0 for some m € M. We sometimes write the set of zerodivisors of M as Z(M).

Lemma 5.21. If R is Noetherian, and M is an arbitrary R-module, then
1) For any nonzero m € M, anng(m) is contained in an associated prime of M.
2) Ass(M) =@ <= M =0, and

3) U p=2M).

peAss(M)

Additionally, if R and M are Z-graded and M # 0, M has an associated prime that is
homogeneous.
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Proof. Even if R is not Noetherian, M = 0 implies Ass(M) = @ by definition. So we focus
on the case when M # 0.

First, we are going to show that | implies 2 and 3. To do that, let’s suppose that we
have shown 1. If M # 0, then M contains a nonzero element m, and ann(m) is contained in
an associated prime of M. In particular, Ass(M) # 0, and 2 holds. Now if r € Z(M), then
by definition we have r € ann(m) for some nonzero m € M. Since ann(m) is contained in
some associated prime of M, so is r. On the other hand, if p is an associated prime of M,
then by definition all elements in p are zerodivisors on M. This shows that 3 holds. So all
that is left is to prove 1.

Now we show 1| for any M # 0. The set of ideals S := {anng(m) | m € M, m # 0} is
nonempty, and any element in .S is contained in a maximal element, by Noetherianity. Note
in fact that any element in S must be contained in a maximal element of S. Let I = ann(m)
be any maximal element, and let rs € I, s ¢ I. We always have ann(sm) 2 ann(m),
and equality holds by the maximality of ann(m) in S. Then r(sm) = (rs)m = 0, so
r € ann(sm) = ann(m) = I. We conclude that [ is prime, and therefore it is an associated
prime of M.

For the graded case, replace the set of zerodivisors with the annihilators of homogeneous
elements. Such annihilator is homogeneous, since if m is homogeneous, and fm = 0, writing
f = fa, +- -+ fa, as a sum of homogeneous elements of different degrees a;, then 0 = fm =
faym+- -+ fa,m is a sum of homogeneous elements of different degrees, so f,,;m = 0 for each
i. The same argument above works if we take {anng(m) | m € M, m # 0 homogeneous },
using the following lemma. O]

Lemma 5.22. If R is Z-graded, an ideal with the property
for any homogeneous elementsr,s € R rsel=rel orsel
1S prime.

Proof. We need to show that this property implies that for any a,b € R not necessarily ho-
mogeneous, ab € I implies a € I or b € I. We induce on the number of nonzero homogeneous
components of a plus the number of nonzero homogeneous components of b. The base case is
when this is two, which means that both a and b are homogeneous, and thus the hypotheses
already gives us this case. Otherwise, write a = a’ + a,, and b = b’ + b,, where a,,, b, are
the nonzero homogeneous components of a and b of largest degree, respectively. We have
ab = ('t + a,b' + b,d’) + anby,, where a,,b, is either the largest homogeneous component of
ab or else it is zero. Either way, a,,b, € I, so a,, € I or b, € I; without loss of generality, we
can assume a,, € I. Then ab = a’'b + a,,b, and ab, a,,b € I, so a’b € I, and the total number
of homogeneous pieces of a’b is smaller, so by induction, either a’ € I so that a € I, or else
bel. m

Lemma 5.23. If
0 L M N 0

is an exact sequence of R-modules, then Ass(L) C Ass(M) C Ass(L) U Ass(N).

Proof. It R/p includes in L, then composition with the inclusion L < M gives an inclusion

R/p — M. Therefore, Ass(L) C Ass(M).
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Now let p € Ass(M), and let m € M be such that p = ann(m). First, note that
p C ann(rm) for all r € R.

Thinking of L as a submodule of N, suppose that there exists r ¢ p such that rm € L.
Then

s(rm)=0<= (sry)m=0 = srep = senp.

So p = ann(rm), and thus p € Ass(L).

If rm ¢ L for all » ¢ p, let n be the image of m in N. Thinking of N as M/L,
if rn = 0, then we must have rm € L, and by assumption this implies » € p. Since
p = ann(m) C ann(n), we conclude that p = ann(n). Therefore, p € Ass(N). O

Note that the inclusions in Lemma 5.23 are not necessarily equalities.

Example 5.24. If M is a module with at least two associated primes, and p is an associated
prime of M, then
0 R/p M

is exact, but {p} = Ass(R/p) C Ass(M).

Example 5.25. Let R = k[z], where k is a field, and consider the short exact sequence of
R-modules

0— (2) — R—— R/(z) —— 0.
Then one can check that:
o Ass(R/(z)) = Ass(k) = {(z)}.
o Ass(R) = Ass((z)) = {(0)}.
In particular, Ass(R) C Ass(R/(x)) U Ass((x)).
Corollary 5.26. Let A and B be R-modules. Then Ass(A® B) = Ass(A) U Ass(B).

Proof. Apply Lemma 5.23 to the short exact sequence
0O—A—APB——B——0.

We obtain Ass(A) C Ass(A @ B) C Ass(A) U Ass(B). Repeat with
00— B—A®B—A——0,

to conclude that Ass(B) C Ass(A @ B). So we have shown both Ass(A) C Ass(A @ B) and
Ass(B) C Ass(A® B), so Ass(A)UAss(B) C Ass(A® B). Since we have also already shown
Ass(A @ B) C Ass(A) U Ass(B), we must have Ass(A & B) = Ass(A) U Ass(B). O

We will need a bit of notation for graded modules to help with the next statement; we
saw a simple use of this notation back in Example 2.13.

Definition 5.27. Let R and M be T-graded, and ¢t € T'. The shift of M by ¢ is the graded
R-module M (t) with graded pieces M (t); := M;,,;. This is isomorphic to M as an R-module,
when we forget about the graded structure.
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Theorem 5.28. Let R be a Noetherian ring, and M is a finitely generated module. There
exists a filtration of M

M:MtQMt_IQMt_QQ"'QMlQM():O

such that M;/M;_1 = R/p; for primes p; € Spec(R). Such a filtration is called a prime
filtration of M.

If R and M are Z-graded, there exists a prime filtration as above where the quotients
M;/M;—y = (R/p;)(t;) are graded modules, the p; are homogeneous primes, and the t; are
mntegers.

Proof. It M # 0, then M has at least one associated prime, so there is an inclusion R/p; <
M. Let M; be the image of this inclusion. If M/M; # 0, it has an associated prime, so
there is an My C M such that R/py = My/M; C R/M;. Continuing this process, we get a
strictly ascending chain of submodules of M where the successive quotients are of the form
R/p;. If we do not have My = M for some ¢, then we get an infinite strictly ascending chain
of submodules of M, which contradicts that M is a Noetherian module.

In the graded case, if p; is the annihilator of an element m; of degree t;, we have a
degree-preserving map (R/p;)(t;) = Rm; sending the class of 1 to m;. O

Example 5.29. Let’s build a prime filtration for the module M = R/I, where I = (22, yz)
and R = Q[z,y, z]. With a little help from Macaulay2, we find that

i4 : associatedPrimes M
o4 = {ideal (y, x), ideal (z, x)}

o4 : List

So our first goal is to find m € M such that ann(m) = (z, 2) or ann(m) = (x,y). Let’s start
from (x, z). To find such an element, we can start by searching for all the elements killed by

(x,2):

i5 : I : ideal"x,z"

2
o5 = ideal (y*z, x*y, x )

o5 : Ideal of R

Now yz and 22 are both 0 in M, so the submodule of M generated by wy is precisely the set
of elements killed by (z, z). Is ann(R - zy) = (z, 2)?

i6 : ann ((I + ideal(x*y))/I)
06 = ideal (z, x)

o6 : Ideal of R
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Yes, it is! So our prime filtration starts with

I + (zy)

MOZOQMIZfa

where our computations so far show that ann(M;) = (z, z). For step 2, we start from scratch,
and compute the associated primes of M/M; = R/(I + (y)):

i7 : associatedPrimes (R"1/(I + ideal'"xy"))
o7 = {ideal (y, x), ideal (z, x)}

o7 : List

Unfortunately, we will again have to find another element killed by (x, z). So we repeat the
process:

i8 : (I + ideal"xy") : ideal"x,z"

2
08 = ideal (y, x )

o8 : Ideal of R
i9 : ann((I + ideal"y")/(I + ideal"xy"))
09 = ideal (z, x)

09 : Ideal of R

So in My, ann(y) = (x, z), so we can take the submodule generated by y for our next step,
so our prime filtration for now looks like

My=0 C M=—> ¢ M=
(= (z

So now we repeat the process with M /M, = R/(I + (y)):

i10 : associatedPrimes (R"1/(I + ideal"y"))

o010

{ideal (y, x)}
010 : List
i11 : (I + ideal"y") : ideal'x,y"

ol1l

ideal (y, x)
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oll : Ideal of R
i12 : ann((I + ideal"x")/(I + ideal"y"))
012 = ideal (y, x)

012 : Ideal of R

This gives us

My=0 C My=—>7"+ C M=
R/(z,2) 1 R/(z

Next, we take M /M; = R/(I 4 (x,y)) and find that

i13 : associatedPrimes (R"1/(I + ideal"x,y"))

ol3

{ideal (y, x)}
013 : List
i14 : (I + ideal"x,y") : ideal'x,y"

ol4d ideal 1

ol4 : Ideal of R

This last computation actually says we are done: since (z,y) kills everything inside M /M3,
we can now complete our prime filtration with

I I I
N S e B o

R/(w,2) I Ri@z I Ry I R/(zy)

Prime filtrations often allow us to reduce statements about finitely generated modules to
statements about quotients of R that are also domains: modules of the form R/p for primes

p.
Corollary 5.30. If R is a Noetherian ring, and M is a finitely generated module, and
M=M2OM_12M52---2M 2My=0
is a prime filtration of M with M;/M; 1 = R/p;, then
Assr(M) C {p1,...,p:}.

Therefore, Assg(M) is finite. Moreover, if M is graded, then Assg(M) is a finite set of
homogeneous primes.
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Proof. For each 7, we have a short exact sequence

0 Mz'—l Mz Mi/Mi—l —0.

By Lemma 5.23, Ass(M;) C Ass(M;_1) U Ass(M;/M;_1) = Ass(M;_1) U{p;}. Inductively, we
have Ass(M;) C {p1,...,p;}, and Assgr(M) = Assp(M;) C {p1,...,p:}. This immediately
implies that Ass(M) is finite. In the graded case, Theorem 5.28 gives us a filtration where
all the p; are homogeneous primes, and those include all the associated primes. O

Example 5.31. Any subset X C Spec(R) (for any R) can be realized as Ass(M) for some

M: take M = @ R/p. However, M is not finitely generated when X is infinite.
peX

Example 5.32. If R is not Noetherian, then there may be modules (or ideals even) with
no associated primes. Let R = |J, .y C[z'/"] be the ring of nonnegatively-valued Puiseux
series. We claim that R/(z) is a cyclic module with no associated primes, i.e., the ideal
() has no associated primes. First, observe that any element of R can be written as a
unit times ™™ for some m,n, so any associated prime of R/(z) must be the annihilator
of 2™/™ + () for some m < n. Hpwever, we claim that these are never prime. Indeed,
we have ann(xz™/™ 4 (z)) = (x'~™/™), which is not prime since (z/27"/2")2 ¢ (z'=™/") but
r1/2—m/2n ¢ (l.l—m/n).

In a Noetherian ring, associated primes localize.

Theorem 5.33 (Associated primes localize in Noetherian rings). Let R be a Noetherian
ring, W a multiplicative set, and M a module. Then

Assyag(W M) = {W™p | p € Assp(M), pNW = o},

Proof. Given p € Assgr(M) such that p N W = &, Proposition 4.27 says that W~ lp is a
prime in W~!R. Then W—'R/W1p = W~ (R/p) — W~IM by exactness, so W~1p is an
associated prime of W1 M.

Now suppose that Q € Spec(W™!R) is associated to W~'M. By Proposition 4.27, we
know this is of the form W~'p for some prime p in R such that p N W = &. Since R is
Noetherian, p is finitely generated, say p = (f1,..., fn) in R, and so Q = (J;—l, cee an)

By assumption, @ = ann(2) for some m € M, w € W. Since w is a unit in W~'R, we
can also write () = ann(%'). By definition, this means that for each i

%? :% <= wu;fim = 0 for some u; € W.
Let w = uy---u, € W. Then uf;ym = 0 for all ¢, and thus pum = 0. We claim that in fact
p = ann(um) in R. Consider v € ann(um). Then u(vm) = 0, and since v € W, this implies
that Y = 0. Therefore, ¥ € ann(%t) = W'p, and vw € p for some w € W. But pnW = &,
and thus v € p. Thus p € Ass(M). O

Corollary 5.34. Let R be Noetherian, and M be an R-module.
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a) Suppp(M) = | V().

peAssp(M)

b) If M is a finitely generated R-module, then Min(anng(M)) C Assg(M). In particular,
Min(7) C Assg(R/I).

Proof.

a) Let p € Assg(M) and let p = anng(m) for m € M. Let q € V(p), which in particular
implies that q € Supp(R/p), by Proposition 5.9. Since 0 — R/p = M is exact, so is
0 — (R/p)qg = M,. Since (R/p)q # 0, we must also have M, # 0, and thus q € Supp(M ).

Suppose that q ¢ Upe Assr(M) V(p), so that g does not contain any associated prime of M.
Then there is no associated prime of M that does not intersect R~ ¢, so by Theorem 5.33,
Assg,(M,) = @. By Lemma 5.21, M, = 0.

b) We have that V(anng(M)) = Suppg(M) = Upepsspan V (P); so the minimal elements of
both sets agree. In particular, the right hand side has the minimal primes of anng (M) as
minimal elements, and they must be associated primes of M, or else this would contradict
minimality. [l

So the minimal primes of a module M are all associated to M, and they are precisely
the minimal elements in the support of M.

Definition 5.35. If I is an ideal, then an associated prime of I that is not a minimal prime
of I is called an embedded prime of I.

5.3 Prime Avoidance

We take a quick detour to discuss an important lemma.

Lemma 5.36 (Prime avoidance). Let R be a ring, Iy,...,1I,,J be ideals, and suppose that
I is prime for i > 2." If J € I; for all i, then J € \J, I;. Equivalently, if J C \J; I;, then
J C I; for some i.

Moreover, if R is N-graded, and all of the ideals are homogeneous, all I; are prime, and
J L I; for all i, then there is a homogeneous element in J that is not in |J, ;.

Proof. We proceed by induction on n. If n = 1, there is nothing to show.
By induction hypothesis, we can find elements a; such that

a; ¢ U[j and a; € J
i

for each i. If some a; ¢ I;, we are done, so let’s assume that a; € I; for each i. Consider
a=a,+a---a,_1 € J. Notice that a;---a,_1 = a;(a1---a;--an,_1) € I;. If a € I; for

190 all the ideals are prime, except we may allow two of them to not be prime.
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1 < n, then we also have a,, € I;, a contradiction. If a € I,,, then we also have a;---a,_1 =
a— a, € I,, since a, € I,. If n = 2, this says a; € Iy, a contradiction. If n > 2, our
assumption is that [, is prime, so one of a4, ...,a,_1 € I,, which is a contradiction. So a is
the element we were searching for, meaning a ¢ I; for all i.

If all I; are homogeneous and prime, then we proceed as above but replacing a, and
ai,...,a,_1 with suitable powers so that a, + a1 - - - a,_1 is homogeneous. For example, we

could take
a = a(ribeg(m)—&-mdeg(an_l) + (al . an_l)deg(an) ‘

The primeness assumption guarantees that noncontainments in ideals is preserved. O]

Corollary 5.37. Let I be an ideal and M a finitely generated module over a Noetherian ring
R. If I consists of zerodivisors on M, then Im = 0 for some nonzero m € M.

Proof. The assumption says that

rc {J .

peAss(M)

By the assumptions, Corollary 5.30 applies, and it guarantees that this is a finite set of
primes. By prime avoidance, I C p for some p € Ass(M). Equivalently, I C anng(m) for
some nonzero m € M. O

We will also need a slightly stronger version of Prime Avoidance.

Theorem 5.38. Let R be a ring, Py, ..., P, prime ideals, xt € R and I be an ideal in R. If
(x) + I & P; for each i, then there exists y € J such that

$+y¢(jﬂ.
=1

Proof. We proceed by induction on n. When n = 1, if every element of the form = + y with
y € Risin P = Py, then multiplying by r € R we conclude that every rz 4+ y € P, meaning
(x)+1C P.

Now suppose n > 1 and that we have shown the statement for n — 1 primes. If P; C P,
for some ¢ # j, then we might as well exclude P; from our list of primes, and the statement
follows by induction. So assume that all our primes P; are incomparable.

If x ¢ P, for all i, we are done, since we can take x + 0 for the element we are searching
for. So suppose x is in some P;, which we assume without loss of generality to be P,. Our
induction hypothesis says that we can find y € I such that x +y ¢ PLU---U P,_;. If
x4y ¢ P,, we are done, so suppose x +y € P,. Since we assumed z € P,, we must have
I & P,, or else we would have had (z) + 1 C P,. Now P, is a prime ideal that does not
contain Py,..., P,_1, nor I, so

P2IP - P,

Choose z € IP,---P,_; not in P,. Then z +y+ 2z ¢ P,, since z ¢ P, but x +y € P,.
Moreover, for all i < n we have x +y+ 2 ¢ P, since z € P, and x +y ¢ P,. O
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5.4 Primary decomposition

We refine our decomposition theory once again, and introduce primary decompositions of
ideals. One of the fundamental classical results in commutative algebra is the fact that
every ideal in any Noetherian ring has a primary decomposition. This can be thought of as
a generalization of the Fundamental Theorem of Arithmetic:

Theorem 5.39 (Fundamental Theorem of Arithmetic). Every nonzero integer n € Z can
be written as a product of primes: there are distinct prime integers py,...,p, and integers
ai,...,a, = 1 such that

_.al a
n_pl ...pn"‘

Moreover, such a a product is unique up to sign and the order of the factors.

We will soon discover that such a product is a primary decomposition, perhaps after some
light rewriting. But before we get to the what and the how of primary decomposition, it is
worth discussing the why. If we wanted to extend the Fundamental Theorem of Arithmetic
to other rings, our first attempt might involve irreducible elements. Unfortunately, we don’t
have to go far to find rings where we cannot write elements as a unique product of irreducibles
up to multiplying by a unit.

Example 5.40. In Z[\/-5],
6=2-3=(1++v-5)(1—-+V-5)

are two different ways to write 6 as a product of irreducible elements. In fact, we cannot
obtain 2 or 3 by multiplying 1 + +/—5 or 1 — 4/—5 by a unit.

Instead of writing elements as products of irreducibles, we will write ideals in terms of
primary ideals.

Definition 5.41. We say that an ideal is primary if
zyel = zelorye VI
We say that an ideal is p-primary, where p is prime, if I is primary and VI = p.

Remark 5.42. Note that a primary ideal has indeed a prime radical: if ) is primary, and
ry € /Q, then 2"y" € Q for some n. If y ¢ \/Q, then we must have 2" € Q, so z € /Q.
Thus, every primary ideal () is \/Q-primary.

Example 5.43.
a) Any prime ideal is also primary.

b) If R is a UFD, we claim that a principal ideal is primary if and only if it is generated by
a power of a prime element. Indeed, if a = ", with f irreducible, then

zy € (f") <= f oy <= ["lwor fly <=z € (f") ory € /(f") = (f).

Conversely, if a is not a prime power, then a = gh, for some g, h nonunits with no

common factor, then take gh € (a) but g ¢ a and h ¢ /(a).
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¢) As a particular case of the previous example, the nonzero primary ideals in Z are of the
form (p™) for some prime p and some n > 1. This example is a bit misleading, as it
suggests that primary ideals are the same as powers of primes. We will soon see that it
not the case.

d) In R = k[z,y, 2], the ideal I = (y2,yz, 2?) is primary. Give R the grading with weights
ly| = |z| = 1, and |z| = 0. If g ¢ VT = (y, 2), then ¢ has a degree zero term. If f ¢ I,
then f has a term of degree zero or one. The product fg has a term of degree zero or
one, so is not in I.

If the radical of an ideal is prime, that does not imply that ideal is primary.

Example 5.44. In R = k[z,y, ], the ideal g = (22, 2y) is not primary, even though /q = ()
is prime. The offending product is zy.

The definition of primary can be reinterpreted in many forms.
Proposition 5.45. If R is Noetherian, the following are equivalent :
(1) q is primary.
(2) Every zerodivisor in R/q is nilpotent on R/q.
(3) Ass(R/q) is a singleton.
(4) q has ezxactly one minimal prime, and no embedded primes.
(5) /9 =1 is prime and for all r,w € R with w ¢ p, rw € q implies r € q.

(6) \/q =1y is prime, and qR, N R = q.

Proof. (1) <= (2): y is a zerodivisor mod ¢ if there is some = ¢ q with zy € q; the primary
assumption translates to a power of y is in g.

(2) <= (3): On the one hand, (2) says that the set of zerodivisors on R/q and coincide
with the elements in the nilradical of R/q. By Lemma 5.21 and Exercise 16, respectively,
these agree with the union of all the associated primes and the intersection of all the minimal
primes.

U »p=2R0a) ={reR|r+taeNER/}= () p= () »

peAss(R/q) peMin(q) peAss(R/q)

This holds if and only if there is only one associated prime.

(3) <= (4) is clear, since each statement is just a restatement of the other one.

(1) <= (5): Given the observation that the radical of a primary ideal is prime, this is
just a rewording of the definition.

(5) <= (6): We secretly already know this from the discussion on behavior of ideals in
localizations, in Proposition 4.27, which says that

qR,NR={r € R|rs € qfor some s ¢ p}.



71

If the radical of an ideal is maximal, that does imply the ideal is primary.

Remark 5.46. Let I be an ideal with v/I = m a maximal ideal. If R is Noetherian, then
Assg(R/I) is nonempty and contained in Supp(R/I) = V(I) = {m}, so Assg(R/I) = m,
and hence [ is primary.

Note that the assumption that m is maximal was necessary here. Indeed, having a prime
radical does not guarantee an ideal is primary, as we saw in Example 5.44. Moreover, even
the powers of a prime ideal may fail to be primary.

Example 5.47. Let R = k[z,y, z]/(xy — 2z"), where k is a field and n > 2 is an integer.
Consider the prime ideal P = (z, z) in R, and note that y ¢ P. On the one hand, zy = 2" €
P*, while x ¢ P and y ¢ /P = P. Therefore, P" is not a primary ideal, even though its
radical is the prime P.

The contraction of primary ideals is always primary.

Remark 5.48. Given any ring map RLS, and a primary ideal ) in S, then the
contraction of ) in R (via f) QN R is always primary. Indeed, if zy € QN R, and x ¢ QN R,
then f(x) ¢ Q, so f(y") = f(y)" € @ for some n. Therefore, y* € QN R, and Q@ N R is

indeed primary.

Lemma 5.49. If I1,...,I; are ideals, then

Ass (R/ ﬁ Ij> C OASS(R/I]').

j=i
In particular, a finite intersection of p-primary ideals is p-primary.

Proof. There is an inclusion R/(I;N1Iy) € R/I;® R/I>. Hence, by Lemma 5.23, Ass(R/(I; N
1)) C Ass(R/1;) U Ass(R/I5); the statement for larger ¢ is an easy induction.
If the I; are all p-primary, then

t t

Ass(R/( 1)) €| JAss(R/I)) = {p}.

Jj=1 Jj=

On the other hand, ﬂ;zl I; C I # R, so R/(ﬂ;z1 I;) # 0. Thus ASS(R/(ﬁ;:1 I;)) is non-
empty, and therefore the singleton {p}. Then ﬂ;:l I; is p-primary by the characterization
of primary in Proposition 5.45 (3) above. O

Definition 5.50 (Primary decomposition). A primary decomposition of an ideal I is an
expression of the form
I'=qn---Ng,

with each g; primary. A minimal primary decomposition of an ideal [ is a primary

decomposition as above in which /q; # /q; for i # j, and q; 2 ﬂ q; for all 4.”
J#

2Some authors use the term irredundant instead of minimal.
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Remark 5.51. By the previous lemma, we can turn any primary decomposition into a
minimal one by combining the terms with the same radical, then removing redundant terms.

Example 5.52 (Primary decomposition in Z). Given a decomposition of n € Z as a product
of distinct primes, say n = pi* ---p*, then the primary decomposition of the ideal (n) is
(n) = (pi*) N --- N (py*¥). However, this example can be deceiving, in that it suggests that
primary ideals are just powers of primes; as we saw in Example 5.47 they are not!

The existence of primary decompositions was first shown by Emanuel Lasker (yes, the
chess champion!) for polynomial rings and power series rings in 1905 [Las05], and then
extended to Noetherian rings (which weren’t called that yet at the time) by Emmy Noether
in 1921 [Noe21].

Theorem 5.53 (Existence of primary decompositions). If R is Noetherian, then every ideal
of R admits a primary decomposition.

Proof. We will say that an ideal is irreducible if it cannot be written as a proper intersection
of larger ideals. If R is Noetherian, we claim that any ideal of R can be expressed as a
finite intersection of irreducible ideals. If the set of ideals that are not a finite intersection of
irreducibles were non-empty, then by Noetherianity there would be an ideal maximal with
the property of not being an intersection of irreducible ideals. Such a maximal element must
be an intersection of two larger ideals, each of which are finite intersections of irreducibles,
giving a contradiction.

Next, we claim that every irreducible ideal is primary. To prove the contrapositive,
suppose that ¢ is not primary, and take zy € q with = ¢ q, y ¢ \/q. The ascending chain of
ideals

stabilizes for some n, since R is Noetherian. This means that 4" f € ¢ = y"f € q. We
will show that

(@+ @) N+ () = q,

proving that g is not irreducible.
The containment q C (q + (y™)) N (q + (x)) is clear. On the other hand, if

a € (q+(y")N(a+(x)),
we can write a = ¢ + by™ for some ¢ € g, and
a€q+(r) = ay€q+(zy) =q.

So
by =ay—ag€q = be(q:y") =(q:y").

By definition, this means that by™ € q, and thus a = ¢ + by" € q. This shows that q is
not irreducible, concluding the proof. n

Primary decompositions, even minimal ones, are not unique.
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Example 5.54. Let R = k[z,y|, where k is a field, and I = (2%, zy). We can write

I =(z)N (2% zy,y%) = (z) N (2% ).

These are two different minimal primary decompositions of I. To check this, we just need to
see that each of the ideals (22, zy, y*) and (22, y) are primary. Observe that each has radical
m = (x,y), which is maximal, so by an earlier remark, these ideals are both primary. In fact,
our ideal [ has infinitely many minimal primary decompositions: given any n > 1,

I=(z)N(2® 2y, y")

is a minimal primary decomposition. One thing all of these have in common is the radicals
of the primary components: they are always (x) and (z,y).

In the previous example, the fact that all our minimal primary decompositions had
primary components always with the same radical was not an accident. Indeed, there are
some aspects of primary decompositions that are unique, and this is one of them.

Theorem 5.55 (First uniqueness theorem for primary decompositions). Suppose I is an
tdeal in a Noetherian ring R. Given any minimal primary decomposition of I, say

I=gqN---Nqy,

we have
{Vai, .-,V = Ass(R/I).

In particular, this set is the same for all minimal primary decompositions of I.

Proof. For any primary decomposition, minimal or not, we have
Ass(R/T) € | JAss(R/a:) = {v/ar, ... vai}

from the lemma on intersections we proved, Lemma 5.49. We just need to show that in a
minimal decomposition as above, every p; := /¢; is an associated prime.
So fix 7, and let
Iy = ﬂ q 2 1.
i#]

Since the decomposition is minimal, the module [;/I is nonzero, hence by Lemma 5.21 it
has an associated prime a. Let a be such an associated prime, and fix z; € R such that a is
the annihilator of Z; in I;/1. Since

q;; QCIj'ﬂCIi CqnN---Nag, =1,
i#]
we conclude that q; is contained in the annihilator of z;, meaning q; C a. Since p; is the
unique minimal prime of q; and a is a prime containing q;, we must have p; C a. On the
other hand, if r € a, we have rz; € I C q;, and since z; ¢ q;, we must have r € p; = ,/q; by

the definition of primary ideal. Thus a C p;, so a = p;. This shows that p; is an associated
prime of R/I. O
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We note that if we don’t assume that R is Noetherian, we may or may not have a primary
decomposition for a given ideal. It is true that if an ideal I in a general ring has a primary
decomposition, then the primes occurring are the same in any minimal decomposition. How-
ever, they are not the associated primes of I in general; rather, they are the primes that
occur as radicals of annihilators of elements.

There is also a partial uniqueness result for the actual primary ideals that occur in a
minimal decomposition.

Theorem 5.56 (Second uniqueness theorem for primary decompositions). If I is an ideal in
a Noetherian ring R, then for any minimal primary decomposition of I, say I = q1N---Nqy,
the set of minimal components {q; | \/q; € Min(R/I)} is the same. Namely, q; = IR g NR.

Proof. We observe that a localization q4 of a p-primary ideal q at a prime A is either the
unit ideal (if p € A), or a py-primary ideal; this follows from the fact that the associated
primes of R/q localize, Theorem 5.33.

Now, since finite intersections commute with localization, then for any prime A,

Iy = (qu)a -0 (qe)a

is a primary decomposition, although not necessarily minimal. In a minimal decomposition,
choose a minimal prime A = p,. Then when we localize at A, all the other components
become the unit ideal since their radicals are not contained in p;, and thus I,, = (g;)p,t. We
can then contract to R to get I,, N R = (q;),, N R = q;, since q; is p;-primary. O

It is relatively easy to give a primary decomposition for a radical ideal:

Example 5.57. If R is Noetherian, and [ is a radical ideal, then we have seen that [
coincides with the intersection of its minimal primes p;, meaning I = p; N --- N p;. This is
the only primary decomposition of a radical ideal.

For a more concrete example, take the ideal I = (xy,zz,yz) in k[z,y, z]. This ideal
is radical, so we just need to find its minimal primes. And indeed, one can check that
(xy,zz,yz) = (x,y) N (x,2) N (y,z). More generally, the radical monomial ideals are pre-
cisely those that are squarefree, and the primary components of a monomial ideal are also
monomial.

Example 5.58. Let’s get back to our motivating example in Z[v/—5], where some elements
can be written as products of irreducible elements in more than one way. For example, we

saw that
6=2-3=(1++v=5)(1—+V-5).

So (6) = (2) N (3), but while (2) is primary, (3) is not. In fact, (3) has two distinct minimal
primes, and the following is a minimal primary decomposition for (6):

(6) =(2)N (3,1 +V=5)N (3,1 —V/=5).

In fact, all of these come components are minimal, and so this primary decomposition is
unique. Primary decomposition saves the day!
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Finally, we note that the primary decompositions of powers of ideals are especially inter-
esting.

Definition 5.59 (Symbolic power). If p is a prime ideal in a ring R, the nth symbolic
power of p is p(™ := p"R, N R.

This admits equivalent characterizations.
Proposition 5.60. Let R be Noetherian, and p a prime ideal of R.
a) p" ={r e R | rs€p" for some s ¢ p}.
b) p™ is the unique smallest p-primary ideal containing p".
c) p(”) 1s the p-primary component in any minimal primary decomposition of p".

Proof. The first characterization follows from the definition, and the fact that expanding
and contraction to/from a localization is equivalent to saturating with respect to the multi-
plicative set, which we proved in Proposition 4.27.

We know that p™ is p-primary from one of the characterizations of primary we gave in
Proposition 5.45. Any p-primary ideal satisfies qR, N R = ¢, and if q 2 p", then p™ =
p"R, N R C qR, N R = q. Thus, p™ is the unique smallest p-primary ideal containing p™.

The last characterization follows from the second uniqueness theorem, Theorem 5.56. [

In particular, note that p* = p™ if and only if p” is primary.
Example 5.61.

a) In R = k[z,y, 2], the prime p = (y, z) satisfies p(™ = p" for all n. This follows along the
same lines as Example 5.43 d.

b) In R = k[z,y, z] = (xy — "), where n > 2, we have seen in Example 5.47 that the square
of p = (y, 2) is not primary, and therefore p® # p2. Indeed, zy = 2" € p?, and = ¢ p, so
y € p® but y ¢ p*.

c) Let X = X3x3 be a 3 x 3 matrix of indeterminates, and k[X] be a polynomial ring over

a field k. Let p = I5(X) be the ideal generated by 2 x 2 minors of X. Write A;;, for the
gl
determinant of the submatrix with rows ¢, 7 and columns k,[. We find

T11 det(X) = $11$31A1\2 - 51711513'32A1\1 + 1’11$33A1\1

23 2|3 2|2
= (z1123101)2 — 21123211 + T11033A 1)
2|3 2|3 2|2
- ($11$31A1\2 - »’U12$31A1\1 + $13$31A1\1)
2|3 2|3 2|2
2
= — AjpAgp + ApAg € L(X)7
32 23 313 22

Note that in the second row, we subtracted the Laplace expansion of the determinant of
the matrix with row 3 replaced by another copy of row 1. That is, we subtracted zero.
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While we will not discuss symbolic powers in detail, they are ubiquitous in commutative
algebra. They show up as tools to prove various important theorems of different flavors, and
they are also interesting objects in their own right. In particular, symbolic powers can be
interpreted from a geometric perspective, via the Zariski-Nagata Theorem [Zar49, NMO91].
Roughly, this theorem says that when we consider symbolic powers of prime ideals over
Clxy, ..., 14), the polynomials in p™ are precisely the polynomials that vanish to order n
on the variety corresponding to p. This result can be made sense of more generally, for any
radical ideal in C[zy, ..., z4] over any perfect field k [H79, FNS14], and even when k = Z
[DSGJ20].

5.5 The Krull Intersection Theorem

Lemma 5.62. Let R be a ring. If I C J are ideals, J C VI, and J is finitely generated,
then there is some n with J" C I. Therefore, if R is Noetherian, for every ideal I, there is
some n with \/Tn c .

Proof. Write J = (f1,..., fm). By definition, each f € I for some ay,...,a,. Let
n:=ay +---+am+1. Now J" is generated by products of the form f{'--- fom with by +
-+++b,, = n. By the Pigeonhole Principle, at least one b; satisfies b; > a;, so fl R <

The second statement is a consequence of the first, since v/I is a finitely generated ideal

with /T D I. O

Theorem 5.63 (Krull intersection theorem). Let (R, m, k) be a Noetherian local ring. Then

ﬂm":O.

n=1

Proof. Let J = ﬂ m". First, we claim that J C mJ.

neN
Let mJ = q:N---Ng; be a primary decomposition. To show that J C m.J, it is sufficient to

prove that J C g, for each i. If /4, # m, pick € m such that ¢ \/q;. Then zJ C mJ C g,
but = ¢ /q;, so J C q; by definition of primary. If instead \/q; = m, there is some N with
m" C g; by Lemma 5.62. By definition of .J, we have J C m" C g,, and we are done.

We showed that J C m.J, hence J = mJ, and thus J = 0 by NAK 4.30. O

Remark 5.64. As an easy corollary, we obtain that

ﬂfnzo

n=1

for any proper ideal I in a Noetherian local ring (R, m), since I" C m™ for all n.

In the non-local setting, it is not true in general that ﬂ I"=0.
n>1
Exercise 17. Let k be a field and let R = k x k be the product of k£ with itself. Show that
the ideal I = {(a,0) | a € k} is idempotent, meaning I? = I, and thus ﬂ I"=14#0.

n=1



But it is true if R is a domain.

Theorem 5.65 (Krull Intersection Theorem for domains). If R is a domain, then

ﬂ[”:O.

n=>1
for any proper ideal I in R.

Proof. Exercise.

7



Chapter 6

Dimension theory

6.1 Dimension and height
Definition 6.1. A chain of primes of length n in a ring R is a chain
poCp1 & - Cp, with p; € Spec(R).

We say a chain of primes is saturated if for each ¢, there isno q € Spec(R) with p; € q C p;41.
The dimension or Krull dimension of a ring R is the supremum of the lengths of chains
of primes in R. Equivalently, it is the supremum of the lengths of saturated chains of primes
in R. We denote the Krull dimension of R by dim(R).

The height of a prime p is the supremum of the lengths of chains of primes in R that end
in p, i.e., with p = p,, above. Equivalently, it is the supremum of the lengths of saturated
chains of primes in R that end in p. We denote the height of p by ht(p). The height of an
ideal I is the infimum of the heights of the minimal primes of I:

ht(I) := inf {ht(p) | p € Min(])}
To get a feel for these definitions, here are some easy observations.

Remark 6.2.

a) If p is prime, then dim(R/p) is the supremum of the lengths of (saturated) chains of
primes in R
o&EnsE S

with each q; € V(p).

b) If I is an ideal, then dim(R/I) is the supremum of the lengths of (saturated) chains of
primes in R
Go G a1 G & dn

with each q; € V/(I).
c¢) If W is a multiplicative set, then dim(W'R) < dim(R).

d) If p is prime, then dim(R,) = ht(p).
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e) If ¢ D p are primes, then dim(R,/pRy) is the supremum of the lengths of (saturated)
chains of primes in R
p=aGa & Ga,=q.
f) dim(R) = sup{height(m) | m € mSpec(R)}.
) dim(R) = sup{dim(R/p) | p € Min(R)}.

h) If p is prime, dim(R/p) + height(p) < dim(R).

d
d

o

i) If I is an ideal, dim(R/I) + height(/) < dim(R).
j) The ideal (0) has height 0.
k) A prime has height zero if and only if it is a minimal prime.

We will need a few theorems before we compute the height and dimension of many
examples, but we can handle a few basic cases.

Example 6.3.

a) The dimension of a field is zero.
b) A ring is zero-dimensional if and only if every minimal prime is maximal.

¢) The ring of integers Z has dimension 1: there is one minimal prime (0) and every other
prime is maximal. Likewise, a principal ideal domain has dimension 1.

d) In a UFD, I is a prime of height 1 if and only if I = (f) for a prime element f.

To see this, note that if I = (f) with f irreducible, and 0 C p C I, then p contains some
nonzero multiple of f, say af" with a and f coprime. Since a ¢ I, a ¢ p, so we must have
f€p,sop=1(f). Thus, I has height one. On the other hand, if I is a prime of height
one, we claim [ contains an irreducible element. Indeed, I is nonzero, so it contains some
f # 0, and primeness implies one of the prime factors of f is contained in I. Thus, any
nonzero prime contains a prime ideal of the form (f), so a height one prime must be of
this form.

e) If k is a field, then dim(k[z,...,24)) = d, since there is a saturated chain of primes
(0) € (21) C (21, 22) & -+ G (21, 2a)-

= =

We pose a related definition for modules.
Definition 6.4. The dimension of an R-module M is defined as dim(R/anng(M)).

Note that if M is finitely generated, dim(M/) is the same as the supremum of the lengths
of chains of primes in Suppg(M).

Definition 6.5. A ring is catenary if for every pair of primes q O p in R, every saturated
chain of primes

pzpogplg...gpn:q
has the same length. A ring is equidimensional if every maximal ideal has the same finite
height, or equivalently dim(R/P) is the same finite number for every minimal prime P.
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Here are some examples of what can go wrong.

Example 6.6. Consider the ring

Kz, y, 2]

(zy, x2)°

We can find the minimal primes of R by computing Min((zy,x2)) in k[z,y, z]. The prime
ideals (z) and (y, z) are incomparable, and (x) N (y, z) = (xy, xz), so Min(R) = {(z), (y, 2) }.
We claim that the height of (x —1,y, z) is one: it contains the minimal prime (y, z), and any
saturated chain from (y, z) to (z—1,y, z) corresponds to a saturated chain from (0) to (z—1)
in k[x], which must have length 1 since this is a PID. The height of (z,y — 1, z) is at least
2, as witnessed by the chain (z) C (z,y — 1) C (x,y — 1,2). So R is not equidimensional.

R:

Even domains may fail to be equidimensional.

Example 6.7. The ring Z)[z] is a domain that is not equidimensional. On the one hand,
the maximal ideal (2, x) has height at least two, which we see from the chain

(0) € (z) € (x,2).
On the other hand, the ideal (2x — 1) has height 1, and it is maximal since the quotient is Q.
Remark 6.8.
a) If R is a finite dimensional domain, and f # 0, then dim(R/(f)) < dim(R).

b) If R is equidimensional, then dim(R/(f)) < dim(R) if and only if f ¢ (J »p.
peMin(R)

¢) In general, dim(R/(f)) < dim(R) if and only if f ¢ U p.

peMin(R)
dim(R/p)=dim(R)

d) f ¢ U p if and only if dim(R/(p + (f))) < dim(R/p) for all p € Min(R).
peMin(R)

Before we get too optimistic, know that there are Noetherian rings of infinite dimension,
as the following example due to Nagata [Nag62, Appendix, Example 1] shows.

Example 6.9. The ring R = k[xy, x9,...] is infinite-dimensional. Let
W = R ~ ((‘/El) U (fL’Q,ng) U (x47‘r57'r6) o )

and S = W~'R. This ring has primes of arbitrarily large height, given by the images of
those primes we cut out from W. Thus, it has infinite dimension. The work is to show that
this ring is Noetherian. We omit this argument here.

Note also that a ring might have finite dimension but not be Noetherian.

Example 6.10. Let R = k[z1,zo,...]/(2%,23,...). On the one hand, R is not Noetherian,
since
(1) € (21, 32) C (21, T2, 23) C -+

is an infinite ascending chain of ideals. On the other hand, R has only one prime ideal, and

thus dim(R) = 0.
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6.2 Artinian rings

To prepare for our next big theorems in dimension theory, we need to understand the struc-
ture of zero-dimensional Noetherian rings. In order to do that, we will take a theorem on
primary decomposition for certain ideals in not necessarily Noetherian rings.

Theorem 6.11. Let R be a ring, not necessarily Noetherian. Let I be an ideal such that
V(I) = {my,...,my} is a finite set of mazximal ideals. There is a primary decomposition

I'=qi1N---Ngqs, and moreover I =qy---q; and R/I = R/q; X -+- X R/qy.

Proof. First, we claim that I Ry, is m; Ry,-primary. The local ring (R/I)m, = Rum;/I R, has a
unique maximal ideal m; Ry, /I Ry, so if x,y € Ry, are such that xy € IR, and x ¢ m; Ry,,,
then z is a unit modulo I, so y € I Ry,. Now the contraction of a primary ideal is primary,
by Remark 5.48, so q; = [ Ry, N R is m;-primary, and I € q; N - N q.

On the other hand, equality of these modules is a local property, so let’s check it at each
prime. When p ¢ V(I), then both I and q; N--- N g, are the unit ideal in R,. On the other
hand, for each m; € V(I), Iy, = (q;)m, in Ry,. Therefore, I = q; - - - q¢, and this is a primary
decomposition, since each q; is m;-primary.

Now notice that q; +q; = R for each pair g; # q;, so Theorem 0.8 applies. Therefore, we
obtain the fact that our intersection is a product and the quotient ring is a direct product
as a consequence of Theorem (.8, ]

Definition 6.12. A module M # 0 is simple if its only submodules are (0) and M.

Remark 6.13. If m is a maximal ideal in R, then R/m is a simple R-module. On the other
hand, if M is any cyclic R-module, then given any nonzero element m € M, Rm is a nonzero
submodule of M, and thus it must be all of M. Therefore, any simple module must be cyclic.
If I is a proper ideal contained in some maximal ideal m 2 I, then m/I is a proper nonzero
submodule of R/I. Therefore, the simple modules of any ring R are precisely those that are
isomorphic to R/m for some maximal ideal m.

In particular, if R is a local, then R has only one simple module up to isomorphism: the
residue field.

Definition 6.14. A module M has finite length if it has a filtration of the form
O0=MyC M CM;,C---CM,=M

with M;.1/M; simple for each i; such a filtration is called a composition series of length
n. We say a composition series is strict if M; # M, for all i. Two composition series are
equivalent if the collections of composition factors M, /M; are the same up to reordering.
The length of a finite length module M, denoted ¢(M), is the minimum of the lengths of a
composition series of M. If M has does not have finite length, we say that M has infinite
length, or ¢(M) = oc.

You may have seen the Jordan—Holder theorem in the context of groups:

Theorem 6.15 (Jordan—Holder theorem). Let M be a module of finite length.
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1) Any proper submodule N of M has {(N) < £(M).

2) Any filtration of M can be refined to a composition series.

3) All strict composition series for M are equivalent, and hence have the same length.

Proof. If n := (M), consider a strict composition series of M of length n, say

1)

O0=MyC M C M, C---CM,=M.
Given a submodule N of M, consider the filtration
O0=MyNNCMNNCMyNNC---CM,NN=N.
By the Second Isomorphism Theorem, its composition factors satisfy
(M1 N N)/(M; N N) = (M;41 0NN + M;)/M,.
This is a submodule of M;;/M;, which by assumption is simple. Then either
(Mijx1 "N+ M) /M; =0 or (Mg NN+ M;)/M; = M;1/M;.

The quotients that are zero correspond to terms that we can delete; the remaining ones
are simple modules. The resulting filtration is a strict composition series for N, so this
shows that ¢/(N) < n. Moreover, if there are no zero coefficients to delete, then

for all 7z, and in particular when we take 7 + 1 = n we obtain
N+M, =M,N"NN+ M, =M, =M,

Since M /M,,_4 is simple by assumption, we must have N = M. If N is a proper submod-
ule, this cannot happen, and thus at least one of the terms can be deleted, so {(N) < n.

Let us use induction on n to show that any chain of submodules of M, say
No & N1 C My C--- & Ny,

has length at most n. If n = 0, then M = 0 and there is nothing to prove. Now assume
that n > 1 and that the statement holds for modules of length < n. Since N;_; must be
a proper submodule of N, 1) tells us that ¢(Ny_1) < n, and thus k—1 < n—1. Therefore,
k < n. This shows our claim that all chains of submodules of M have length at most n.

Now notice that if we are given a chain of submodules of length < n, then it cannot be a
compositions series, since by definition the smallest composition series has length n. That
means that some of the quotients are not simple, so we can extend the chain by adding
a term, as follows: if N;y;/N; is not simple, and N’/N; is a.proper nonzero submodule,
then N; C N;; can be extended N; C N C N;,;. Therefore, every chain of submodules
can be extended to a composition series.
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3) Suppose that
0=NoCNC---CN=M

is a strict composition series of M # 0. Since ¢(M) is the smallest possible length of
a composition series, we have ¢(M) < k. Moreover, notice that for each i > 1, NN, is a
proper submodule of N;;1, and thus by 1) we have

K(M) > K(Nk_l) > é(Nk_l) > e > E(Nl) > 0.
Therefore, ((M) > k, so we must have ((M) = {(k). O

Let’s collect some basic consequences of this theorem.

Lemma 6.16. Length is associative on short exact sequences, that is, if

0—A-LsB-210—0
is a short exact sequence of R-modules, then ({(B) = ((A) + {(B).

Proof. Given filtrations of lengths a and ¢ for A and C, respectively, we can construct a
filtration for B of length a + ¢, so ¢(B) > ¢(A) + ¢(C). On the other hand, if

0=ByCB CBC---CB,=B

is a filtration for B, then B; N A and g(B;) are filtrations for A and C|, respectively. Suppose
that both ¢(B;) = g(B;y1 and B;N A = B;;1 N A, and let b € B;,;. Then g(b) € g(B;), so
there is b’ € B; such that b — 0 € ker g = im f. Since b and b are both in B;,;, we conclude
that b — bV € By1NA = B;,NA. Butl € B;, so we conclude that b € B;. Therefore,
B; = B;;1. This shows that sum of the lengths of the filtrations B; N A and ¢(B;) is at most
the length of the filtration B;. We conclude that ¢(B) < ((A) + ¢(C). O

Using an homological trick we haven’t seen yet, one can actually show that if

0 Ay A, 0,

n
is an exact sequence, then ZE(AZ-) =0.
i=1

Remark 6.17.
a) Given a chain of submodules 0 = My C M; C My C--- C M, =M,

n—1

(M) = U( M1 /M),

i=0
b) If M C N, then {(M) < ¢(N), with equality only when M = N.

Remark 6.18. If M is annihilated by a maximal ideal m, so that M is an R/m-module,
then (M) = dimp/m(M/mM).
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Example 6.19. Let R = R[z,y|,). Then M = R/m* has length 3, since we have a
composition series 0 C zM C (z,y)M C M. However, M is not an R/m-vector space.

Back when we discussed Noetherian rings, we could have also considered the dual notion
of Artinian rings. The reason we have waited so long to do so is that as we will soon show,
Artinian rings are just Noetherian rings of dimension 0.

Definition 6.20. A ring is Artinian if every descending chain of ideals eventually stabilizes.
A module is Artinian if every descending chain of submodules eventually stabilizes.

Adapting the proofs of the analogous statements for Noetherian rings and modules, one
can easily show the following:

Exercise 18.

a) If R is an Artinian ring, then R/I is Artinian for any ideal I of R.

b) If R is an Artinian ring, then any nonempty family of ideals has a minimal element.

¢) If M is an Artinian module, and N C M, then N and M/N are Artinian.

Lemma 6.21. A module M has finite length if and only if it is both Noetherian and Artinian.

Proof. If M has finite length, then all chains of submodules of M must have length at
most ¢(M), and thus in particular all ascending and descending chains of submodules must
stabilize.

On the other hand, suppose that M is both Noetherian and Artinian. If M = 0, there
is nothing to show, so we might as well assume M # 0. The set of proper submodules of
M is then be nonempty, and thus it has a maximal element M; by Noetherianity. This
forces M /M to be simple, so we can start constructing a composition series for M by taking
M D M. At each step, if we have constructed modules

My=M 2O M DMy2D--- 2 M,

such that M;/M;,, is simple, either M} = 0 and we can stop, or My # 0 and it has a proper
submodule. Repeating the initial construction for M}, which is again Noetherian, we can
continue to build a descending chain of submodules of M. But M is Artinian, and thus this
process must eventually stop, since M is Artinian. O

Over a field, things are a bit easier.

Remark 6.22. If M is a k-vector space, M is Artinian if and only it is Noetherian if and
only if it has finite length.

Lemma 6.23. Let R be a Noetherian ring. An R-module M has finite length if and only if
M s finitely generated and dim(M) = dim(R/ann(M)) = 0.
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Proof. Suppose M has finite length. Then M is Noetherian, by Lemma 6.21, and in partic-
ular finitely generated. Moreover, consider a composition series

0CM G My G G My =M

for M. For each i > 1, M;/M; 1 = R/m; for some maximal ideal m;. Also, our composition
series breaks into short exact sequences

0 Mz Mi+1 Mi+1/Mi —0.

When i = 1, M; = M;/My = R/m;. Using Lemma 5.23 repeatedly, we conclude that
Ass(M;) C {my,...,m;} for each 7, and in particular Ass(M) C {my,...,m;}. So all the
minimal primes over ann(M) are maximal, and dim(R/ann(M)) = 0.

Now suppose that M is finitely generated and dim(R/ann(M)) = 0. Since M is finitely
generated over a Noetherian ring, by Theorem 5.28 there exists a filtration of M

M=M2M_12M_52---2M 2My=0
such that M;/M;_y = R/p; for primes p; € Spec(R). For each i,
ann(M)Mi =0 g Mi*l — ann(M) g (MZ',1 ‘R Ml) = P;.

Since dim(R/ann(M)) = 0, all the primes containing ann(M ) must be maximal, and thus
the p; are all maximal ideals. So our prime filtration is a composition series, and M has
finite length. m

Equivalently, an R-module M over a Noetherian ring has finite length if and only if it is
finitely generated and all of its associated primes are maximal ideals of R.

Exercise 19. Let (R,m) be a Noetherian local ring. An R-module M has finite length if
and only if M is finitely generated and m"” M = 0 for some n.

Example 6.24. Let (R, m) be a local ring. Then M = (R/m)" is a finite length module for
any n > 1. Note that (M) = dimpg/w((R/m)") = n, while mM = 0.

Finally, we can show that Artinian rings are just zero-dimensional Noetherian rings.
Theorem 6.25. The following are equivalent:
a) R is Noetherian of dimension zero.
b) R is a finite product of local Noetherian rings of dimension zero.
¢) R has finite length as an R-module.

d) R is Artinian.
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Proof. (1)=-(2): Since R is Noetherian of dimension zero, every prime is maximal and min-
imal. Since there are finitely many minimal primes in R, by Theorem 5.5, there are finitely
many primes in R. By Theorem 6.11, R decomposes as a direct product of Noetherian local
rings, which all must have dimension zero.

(2)=(3): It suffices to deal with the case when (R, m) is a local Noetherian ring of
dimension 0. In this case, the maximal ideal is the unique minimal prime, so m = 1/(0).
Since R is Noetherian, Lemma 5.62 yields m™ = 0 for some n. Then R has finite length by
Exercise 19.

(3)=-(4): This follows by Lemma (.21, noting that R is an Artinian R-module if and
only if R is an Artinian ring.

(4)=(1):

First we show that R has dimension zero. If p is any prime, then R/p is Artinian, since
the ideals of R/p are in bijection with the ideals of R containing p. Pick a € R/p some
nonzero element. The ideals

(@)2(a) 2 (@) 2

stabilize, so a™ = a0 for some b. Since R/p is a domain, ab = 1 in A, so a is a unit. Thus,
R/p is a field, so every prime is maximal. In particular, dim(R) = 0.

Second, note that there are only finitely many maximal ideals. Otherwise, of m; are
distinct primes for all ¢ > 1, consider the chain

m oM NmeOom NmeNmg D --- .

This stabilizes, since R is Artinian, so m,,;1 2 m; N---Nm, DO my---m,. Since m, . is
prime, m, ;1 2 m; for some ¢ < n, and since m; is maximal, we conclude that m; = m,,1.
This contradicts the hypothesis that the m; are all distinct maximal ideals, so we conclude
that R has finitely many primes, all maximal. Now, we apply Theorem .11 to conclude that
R is a finite direct product of local rings of dimension zero. Each of the factors is a quotient
of R, and thus each is Artinian. It suffices to show that each factor is Noetherian. So our
proof will be complete if we show that any Artinian local ring (R, m) with only one prime
must be a Noetherian ring.

The chain m O m? D m® D ... stabilizes, so that m” = m"*!. Notice that we cannot
apply NAK yet, since we don’t know m” is finitely generated. If m™ # 0, consider the family
S of ideals I € m such that Im™ # 0. This family contains m, so in particular it is nonempty;,
and thus it must have a minimal element since R is Artinian. Take J minimal in S. For
some x € J, zm”™ # 0, and () € J C m, so J = (z) is principal by minimality. Now,
((z)m) - m™ = (z)m" ™! = (z)m" # 0, so (z)m C (z) is in S, and by minimality, (z) = m(z).
Now we can apply NAK 4.30, so (z) = (0), contradicting that m™ # 0. Therefore,

n+1

0=m"Cm"!'C.--CmCR.

Each of the quotient modules m’/m®*! has annihilator m, so it is a vector space over the field
R/m. Since R is Artinian, so is m’ and therefore also m’/m*™!. While this only shows that
m’/m* is Artinian as an R-module, its R/m structure is the same, and thus m’/m**! is
Artinian over the field R/m. As noted in Remark 6.18, this implies that m’/m**! is a finite
length R/m-module, but again that implies it is also finite length over R.
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As a consequence, we can stitch together composition series for each quotient and con-
clude that R has finite length as an R-module; this also follows by Lemma 6.16. Therefore,
R is a Noetherian R-module by Lemma 6.21. We conclude that R is also a Noetherian
ring. [

Example 6.26. Some Artinian local rings include k[z,y]/(z?%,y?), klz,y]|/(z* zy,y*), and
Z(p").

Note that dim(R) = 0 does not imply R Artinian unless R is also Noetherian.

Example 6.27. As we saw in Example 6.10, there are rings of dimension 0 that are
not Noetherian, and thus also not Artinian. In Example 6.10 we considered the ring
klzy,xq,...]/(x3,23,...), which in fact has only one prime ideal. Note however that

($17$2,...) 2 (il?g,[[g,...) 2 ($3,I4,...) 2
is an infinite descending chain.

Even though every Artinian ring is Noetherian and has finite length, it is not true that
Artinian modules are always Noetherian or of finite length.

Example 6.28. Let R = C[z], and M = R[1/z]/R. Note that R[1/z] is the ring of Laurent
series, so M is the module of “tails” of these functions. This module does not have finite
length; it is not even finitely generated! Observe that any submodule IV of M either contains
1/x™ for all n, or else there is a largest n for which 1/2™ € N, and N = R - 1/2™ for this n.
The module R - 1/2™ C M has length n, so it is Artinian, Then every proper submodule of
M is Artinian, and thus M itself is Artinian.

Definition 6.29. If (R, m, k) is local, a coefficient field for R is a subfield K C R such
that the map K — R — R/m = k is an isomorphism.

Rings like K[z](,)/] have coefficient fields: the copy of K. Some rings without coefficient
fields are Z,) and R[z]241). Other rings have lots of coefficient fields: C|xz,y](,) contains
C(y) and C(z + y), which both are coefficient fields!

Remark 6.30. If (R, m, k) is local with coefficient field K, then a finite length R-module M
may not be a k-module (it may not be killed by m), but it is a K-vector space by restriction
of scalars, and ¢(M) = dimg (M).

6.3 Height and number of generators

Theorem 6.31 (Krull’s Principal Ideal theorem). Let R be a Noetherian ring, and f € R.
Then, every minimal prime of (f) has height at most one.

Note that this is stronger than the statement that the height of (f) is at most one: that
would only mean that some minimal prime of (f) has height at most one.
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Proof. Suppose the theorem is false, so that there is some ring R, a prime p, and an element
f such that p is minimal over (f) and ht(p) > 1. If we localize at p and then mod out by
an appropriate minimal prime, we obtain a Noetherian local domain (R, m) of dimension at
least two in which m is the unique minimal prime of (f). Let’s work over that Noetherian
local domain (R, m). Note that R = R/(f) is zero-dimensional, since m is the only minimal
prime over (f). Back in R, let q be a prime strictly in between (0) and m, and notice that
we necessarily have f ¢ q.

Consider the symbolic powers g™ of q. We will show that these stabilize in R. Since
R = R/(f) is Artinian, the descending chain of ideals

stabilizes. We then have some n such that ¢ R = q'™ R for all m > n, and in particular,
q™R = q*YR. Pulling back to R, we get ¢ C g™V + (f). Then any element a € g™
can be written as a = b+ fr, where b € q"*Y C q™ and r € R. Notice that this implies
that fr € q™). Since f ¢ q, we must have r € q™. This yields g™ = q®*) + fq™. Thus,
q™ /gt = f(q™ /g0 tY), so gt /gt = m(q™ /g Y). By NAK 4.30, ¢ = q** in
R. Similarly, we obtain q™ = q(™ for all m > n.

Now, if a € q is nonzero, we have a” € q* C q™ = g™ for all m, so

M a™ = () a = .

m>=1 m>=n

Notice that q" # 0 because R is a domain, and so ¢ D ¢" is also nonzero. So

M at™ = g 0.

m>1

On the other hand, q(™) = q™ Ry N R for all m, and
m q(m)Rq C m q" Ry = ﬂ (qRy)" =0

m>=1 m>=1 m>1

by the Krull intersection theorem 5.63. Since R is a domain, the contraction of (0) in R,
back in R is (0). This is the contradiction we seek. So no such q exists, so that R has
dimension 1, and in the original ring, all the minimal primes over f must have height at
most 1. [

We want to generalize this, but it is not so straightforward to run an induction. We will
need a lemma that allows us to control the chains of primes we get.

Lemma 6.32. Let R be Noetherian, p C q C a be primes, and f € a. Then there is some ¢’
withp Cq Caand f €q.

Proof. 1f f € p, there is nothing to prove, since we can simply take ¢’ = q. Suppose f ¢ p.
After we quotient out by p and localize at a, we may assume that a is the maximal ideal.
We want to find a nonzero prime ¢’ C a. Our assumption implies that f # 0, and then by
the principal ideal theorem 6.31, minimal primes of (f) have height one, hence are not a nor
p. We can take q’' to be one of the minimal primes of f. O
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Theorem 6.33 (Krull’s Height Theorem). Let R be a Noetherian ring. If I is an ideal
generated by n elements, then every minimal prime of I has height at most n.

Proof. By induction on n. The case n = 1 is the Principal Ideal Theorem 6.31.

Let I = (fi,..., fa) be an ideal, p a minimal prime of I, and po C p;1 S -+ C pp =P
be a saturated chain of length h ending at p. If f; € p;, then we can apply the induction
hypothesis to the ring R = R/((f1) + po) and the ideal (fs,..., fo)R. Then by induction
hypothesis, the chain p; R C --- C p, R has length at most n — 1, so h —1 < n —1 and p has
height at most n.

If fi ¢ p1, we use the previous lemma to replace our given chain with a chain of the same
length but such that f; € p;. To do this, note that f; € p; for some ¢; after all, f; € I C p.
So in the given chain, suppose that f; € p, 41 but f; ¢ p,;. If i > 0, apply the previous lemma
with a = p;11, ¢ = p;, and p = p,_; to find g; such that f; € q;. Replace the chain with

PCEmS - CPhian CaHCh S Ch=0
Repeat until f; € p;. ]
Example 6.34.

a) The bound is certainly sharp: an ideal generated by n variables (x1,zs,...,z,) in a
polynomial ring has height n. There are many other such ideals. For example, (u® —
ryz, x? + 22 — 6Y°, vx + Tvy) € klu,v,w,x,y, z]. An ideal of height n generated by n

elements is called a complete intersection.
b) The ideal (zy,xz) in k[x,y, z] has minimal primes of heights 1 and 2.

c¢) It is possible to have associated primes of height greater than the number of generators.
For a cheap example, in R = k[z,y]/(z? xy), the ideal generated by zero elements (the
zero ideal) has an associated prime of height two, namely (z,y).

d) The same phenomenon can happen even in a nice polynomial ring. For example, consider
the ideal I = (23,93, 2%u + xyv + y*w) C R = ku,v,w, x,y]. Note that (u,v,w,x,y) =
(I : 2%y?), so I has an associated prime of height 5.

e) Noetherianity is necessary. Let R = klz,xy, zy?,...] C k[z,y]. For all a > 1, zy* ¢ (x),
since y* ¢ R, but (zy*)?> = z-xy** € (x). Then (z) is not prime in R, and moreover m =
(z, 2y, xy?,...) C y/(z). Since m is a maximal ideal, we have equality, so Min (z) = {m}.
However, p = (zy, zy? xy>,...) = (y)k[r,y] N R is prime, and the chain (0) C p T m
shows that ht(m) > 1.

Lemma 6.35. Let R be a Noetherian ring, and I be an ideal. Let fi,...,f; € I, and
Ji = (f1,..., fi) for each i. Suppose that for each i,

fi ¢ U a.
aeMin(Ji_l)
ag¢V (I)

Then any minimal prime of J; either contains I or has height 1.
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Proof. We use induction on i. For i = 0, Jy = (0), and every minimal prime has height
zero. Suppose know the statement holds for ¢ = m, and consider a minimal prime q of J,,41.
Since J,, C J,,11, q must contain some minimal prime of J,,, say p. If p D I, then q O I.
If g does not contain I, then neither does p. On the one hand, f,,11 € Jne1 € q. On the
other hand, since p € Min(J,,) and p ¢ V(I), our assumption implies that f,,+1 ¢ p. In
particular, p C gq. By the induction hypothesys, p has height m, and thus the height of q is
at least m + 1. But J,,,11 is generated by m + 1 elements, so by the Krull Height Theorem
6.33, the height of q is then exactly m + 1. H

Theorem 6.36. Let R be a Noetherian ring of dimension d.

a) If p is a prime of height h, then there are h elements fi,..., fn € p such that p is a
minimal prime of (f1,..., fn)-

b) If I is any ideal in R, then there are (at most) d+ 1 elements fi,..., far1 € I such that

VI = V (f1, ) far)-

¢) Suppose that R is either a local ring or an N-graded ring with Ry a field. Let I is an ideal
in R, homogeneous in the graded case. There are d elements, which can be chosen to be

homogeneous in the graded case, say fi, ..., fs € I, such that VT = \/(f1,..., fa).

Proof. We will use the notation from the previous lemma.

a) If p is a minimal prime in R, then p is minimal over the ideal generated by 0 elements,
(0). Otherwise, we will use the recipe from the lemma above with I = p. First, we need
to show that we can choose h elements satisfying the hypotheses. So we will show that
starting from Jy = (0), we can find elements fi,..., fn € p such that J; = (f1,..., f;)

pZz |J @

aeMin(J;)
agV(I)

fori=0,...,h —1. As long as the set on the right is nonempty,

(fi,--, fi) € U a,
a€Min(J;)
agV(I)
so the previous statement allows us to choose f;11 as in the Lemma. So fix any i < h—1,
and suppose we have constructed J;. The Krull Height Theorem 6.33 implies that all the
elements in Min(J;) have height strictly less than h. Since p has height h, that implies
that the sets Min(J;) and V' (p) are disjoint. So we want to show that

p g U a= U a

aeMin(f1,...,fi) aeMin(f1,..,fi)
agV (I)

This is immediate by prime avoidance 5.36, again because p is not contained in a minimal
prime of (fi,..., fi). Thus, we can choose (fi,..., fn) C p as in the lemma, and by the
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lemma its minimal primes either have height h or contain p. Since (f1,..., fn) C p, some
minimal prime q of Jj is contained in p. We know that this ¢ either contains p, and hence
is p, or else is contained in and has the same height as p, so again must be equal to p.
Therefore, p is a minimal prime of (f1,..., fx).

Again, we use the recipe from Lemma 6.35. We again need to see that we can do
this. Inductively, we will choose elements inside of I, so each J; is contained in I, and
V(1) C V(J;). We start with Jy = (0).

If for some i we have Min(J;) \ V(I) = &, then each minimal prime of J; lies in V'(I),
so V(J;) CV(I). Then V(.J;) = V(I), so v/J; = VI. If Min(J;) ~ V(I) # @, then I g
for any q € Min(J;) N\ V(I), and I € Upin(s,)-v(1) 9 by prime avoidance 5.30, so we can
choose elements as in the lemma.

If \/(fi,..., fi) = VI for i < d, we are done. Suppose not. Then we get elements
(fi,---, far1) = Jay1 C I such that the minimal primes of J;;, either contain I or have

height at least d + 1. By the assumption that dim(R) = d, no prime has height d + 1,
so all the minimal primes of J;,; must contain I. Since J;,1 C I, any minimal prime of
Ja+1 must also be minimal over I. Thus, Min(Jz41) € Min(7), so V(Jy11) € V(I), and
equality holds, so the radicals are equal.

We again run the same argument, using homogeneous prime avoidance in the graded case.
The point is that the only (homogeneous, in the graded case) ideal of height d already
contains [. O

Corollary 6.37. Let (R, m, k) be a Noetherian local ring. Then

dim(R) = min{n | \/(f1,..., fa) =m for some fi,..., fn} < p(m).

In particular, a Noetherian local ring has finite dimension.

Proof. The dimension of a local ring is the height of its maximal ideal. Thus, by Krull’s
Height Theorem (.33, the minimum 7 in the middle is at least dim(R), and Theorem (.36
gives the other direction. Since m is generated by u(m) elements, there are in particular
p(m) elements whose radical is m. O

Definition 6.38. The embedding dimension of a local ring (R, m) is the minimal number
of generators of m, p(m). We write embdim(R) := u(m) for the embedding dimension of R.

So Corollary 6.37 can be restated as dim(R) < embdim(R).

Corollary 6.39. Let k be a field and R = k[xy,...,z4). Then dim(R) = d.

Proof. Let m = (z1,...,24). The strict chain of primes

0) € (1) € (w1, 22) © -+ C (21, -, 2a)

shows that dim(R) > d. On the other hand, the images of xy,..., 74 in m/m? are linearly

independent, so p(m)

d. By Corollary 6.37, dim(R) = d. O
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Rings whose dimension and embedding dimension agree are very nicely behaved.
Definition 6.40. A Noetherian local ring (R, m) is regular if dim(R) = embdim(R).

So we just showed that power series rings k[z1, ..., z4] are regular local rings.

In general, a ring is regular if all its localizations are regular local rings. In order for this
definition to make sense, we need to first make sure that regularity localizes, meaning that
if (R, m) is a regular local ring, then Rp is also regular for all primes P. But to do that, we
need some homological algebra. However (spoiler alert!), things do work out alright, and as
you might expect, polynomial rings over fields are also regular.

Definition 6.41. A sequence of d elements x1,..., x4 in a d-dimensional Noetherian local
ring (R, m) is a system of parameters or SOP if \/(z1,...,24) = m. If k is a field, a
sequence of d homogeneous elements 1, . . ., x4 in a d-dimensional N-graded finitely generated
k-algebra R, with Ry = k, is a homogeneous system of parameters if \/(z1,...,xq4) = Ry.

We say that elements 1, ..., z; are parameters if they are part of a system of parame-
ters; this is a property of the set, not just the elements.

By Theorem 6.306, every local (or graded) ring admits a system of parameters, and these
can be useful in characterizing the dimension of a local Noetherian ring, or the height of a
prime in a Noetherian ring.

To help characterize systems of parameters, we pose the following definition:

Definition 6.42. Let R be a Noetherian ring. A prime p of R is absolutely minimal if
dim(R) = dim(R/p).

An absolutely minimal prime is minimal, since dim(R) > dim(R/p) + height(p).
Theorem 6.43. Let (R, m) be a Noetherian local ring, and x4, ..., x; € m.
1) dim(R/(zq,...,x¢)) = dim(R) — t.

2) x1,...,x; are parameters if and only if dim(R/(z1,...,x)) = dim(R) — t.

3) x1,...,x; are parameters if and only if x1 is not in any absolutely minimal prime of
R and x; is not contained in any absolutely minimal prime of R/(x1,...,x,_1) for each
i=2,...,L

Proof.

1) If dim(R/(x1,...,2:)) = s, then take a system of parameters y1, ...,y for R/(z1,...,x¢),
and pull back to R to get z1,..., 2,9, ...,y. in R such that the quotient of R modulo
the ideal generated by these elements has dimension zero. By Krull height, we get that
t+ s> dim(R).

2) Let d = dim(R). Suppose first that dim(R/(z1,...,2;)) = d — t. Then, there is
a SOP y1,...,yq for R/(xq,...,x¢); lift back to R to get a sequence of d elements
L1,y T4, Y1, - - -, Yg_¢ that generate an m-primary ideal. This is a SOP, so x1,...,x; are
parameters.
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On the other hand, if x4,...,z;, are parameters, extend to a SOP xy,...,z4. If I is the
image of (z¢41,...,24) in R' = R/(x1,...,x;), we have R'/I is zero-dimensional, hence
has finite length, so Assgp/(R'/I) = {m}, and [ is m-primary in R. Thus, dim(R’) is equal
to the height of I, which is then < d — ¢ by Krull height. That is, dim(R’) < d — ¢, and
using the first statement, we have equality.

This follows from the previous statement and the observation that dim(S/(f)) < dim(S5)
if and only if f is not in any absolutely minimal prime of S. m

It is worth comparing the characterization in part three with our existence proof: we

constructed a system of parameters by inductively avoiding all the minimal primes; a system
a parameters is a sequence where we inductively avoid all of the absolutely minimal primes.



Chapter 7

Dimension theory 11

7.1 Over, up, and down

Given a ring homomorphism R —-— S, we want to study the behavior of chains of primes
under ¢, meaning how chains in R behave under expansion to S or chains in .S behave under
contraction to R.

First, we need a technical definition.

Definition 7.1. Let R—- S be a ring homomorphism, and consider a prime p in R. The
ring

ko(p) = (R~ p)~(S/pS)
is the fiber ring of ¢ over p. As a special case, we write k(p) for the fiber of the identity
map; this is R, /pR,, the residue field of the local ring R,.

The point of this definition is that the primes ideals in this ring correspond to the primes
in S that contract to p.

Lemma 7.2. Let R—2— S be a ring homomorphism, and p € Spec(R). The set of primes

Y

in S that contract to p correspond to the primes in ky(p). More precisely, Spec(kg(p)) =

()~ (p).

Proof. Consider the maps S —"—S5/pS —2= (R~ p)~(S/pS). In Example 3.39 we saw
that the map on spectra induced by 7 can be identified with the inclusion of V(psS) into
Spec(S). For the second map, g, we saw in Proposition 4.27 that the map on spectra can
be identified with the inclusion of the set of primes that do not intersect R \ p, i.e., those
whose contraction is contained in p. Together, these say (gom)* is an inclusion, whose image
is the set of primes in S that contract to p. ]

We have seen that taking I.S N R does not always recover the ideal I. When [ is a prime
ideal, we can characterize this in terms of the induced map on Spec.

Lemma 7.3 (Image criterion). Let R—%5 5 be a ring homomorphism. For any p €
Spec(R), p € im(*) if and only if pS N R = p.

94
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Proof. If pS N R = p, then
R R S
p pSNR - pS’
so localizing at (R ~\p), we get an inclusion x(p) C k,(p). Since x(p) is nonzero, so is k,(p),
and thus its spectrum is nonempty. By Lemma 7.2, there is a prime mapping to p.
FpSNR#p, then pSNRDp. If gN R =p, then g D pS, so qN R 2D p. So no prime
contracts to p. 0

Note that pS may not be prime, in general.

Example 7.4. Let R = C[2"] C S = C|z]. The ideal (2™ — 1)R is prime. On the other
hand, if ¢ is a primitive nth root of unity, then

which is not prime. However, each of its minimal primes (z — (*)S contracts to (2" — 1) R, so
(2" =1)SN R = (2™ — 1)R. Similarly, the ideal "R is prime, while S is not even radical.

Example 7.5. Consider the inclusion R := k[zy, 2z, yz] —— S := k[z,y, 2] and the prime
p = (zy) in R. Notice that (zz)(yz) € pS N R, but not in p, so pS N R 2 p, and thus
p ¢ im(¢*). We can check this more directly, by noting that any prime @) in S contracting
to p would contain pS = () N (y), so Q D (z) or @ 2 (y). But (z) N R = (zy,xz) 2 p and
(y) N R = (xy,yz) 2 p, so no prime in S contracts to p.

Corollary 7.6. If R C S is a direct summand, then Spec(S) — Spec(R) is surjective, so
Lemma 7.5 says the map on Spec is surjective.

Proof. By Lemma 2.17, we know IS N R = [ for all ideals in this case. ]
We want to extend the idea of the last corollary to work for all integral extensions.

Definition 7.7. Let R be a ring, S an R-algebra, and I an ideal. An element r of R is
integral over [ if it satisfies an equation of the form

M ar™ e @y Fan =0 with a; € I' for all 1.
An element of S is integral over [ if
"+ as" 4+ 4 aps+a, =0 with a; € I* for all 7.

The integral closure of I in R is the set of elements of R that are integral over I, denoted
1. Similarly, we write T’ for the integral closure of I in S.

The convention is that I° = R for any ideal I of R.

Remark 7.8. Notice that YS N R = I is immediate from the definition.
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Exercise 20. Let R C S, I be an ideal of S, and ¢ be an indeterminate. Consider the rings
R[It] C R[t] C S[t]. Here R[It] is the subalgebra of R[t] generated by elements of the form
at for all @ € I. Notice that we can give this a structure of a graded ring by setting all
elements in R to have degree 0 and ¢ to have degree 1, so

= @I”t“.

n=>0

This is usually called the Rees algebra of I.
a) T = {s € S | st € S[t] is integral over the ring R[It]}.
b) T’ is an ideal of S.

In older texts and papers (e.g., Atiyah-Macdonald [AMG9] and [[Kun69]) a different defi-
nition is given for integral closure of an ideal. The one we use here is now the more universally
used notion.

Lemma 7.9 (Extension—contraction lemma for integral extensions). Let R C S be integral,
and I be an ideal of R. Then IS C TS, and hence ISNR C 1.

Proof. Let x € IS. We can write x = a1 + - -+ + a;s; for some a; 6 I Moreover taking

S" = Rl[s1,...,5, we also have x € I15’. We will show that x € 7 , SO T € T’ follows
as a corollary. So we might as well replace S with S’, so that R C S is also integral and
module-finite. By Corollary 1.37, the extension is also module-finite.

Let S = Rby + --- + Rb,. We can write

t
ZEbl = (Z ak3k> bz = Zaijbj

k=1 J

with a;; € I. We can write these equations in the form zv = Av, where v = (b,...,b,), and
A = [a;;]. By the determinantal trick, Lemma 1.35, we have det(z — A)v = 0. Since we
can assume b; = 1, we have det(xz] — A) = 0. The fact that this is the type of equation we
want follows from the monomial expansion of the determinant: any monomial is a product
of n terms where some of them are copies of x, and the rest are elements of I. Since this is
a product of n terms, a term in 2’ has a coefficient coming from a product of n — i elements
of I.

So this shows that 1.5 C YS. Now notice that TSﬂR = [ is immediate from the definition,
as noted in Remark 7.8. O]

Theorem 7.10 (Lying over). If R C S is an integral extension, then pS N R =p for every
p € Spec(R), so the induced map Spec(S) — Spec(R) is surjective.

Proof. We claim that 7 C v/I. Indeed, if r € T, then

a4 b ap g r +a, =0
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for some n and some a; € I* for all 4, so

1

r" = —ar" " — - —ap_1r —a, € 1.

Therefore, if p is a prime in R, by Lemma 7.9 we have pS N R C p, and

PSNRCPCVp=p.

Then pS N R = p, and by Lemma 7.3 we conclude that p is in the image of the map on
Spec. O

Example 7.11. We saw in Example 7.5 that the map induced on Spec by the inclusion
klxy, xz,yz] C k[x,y, 2] is not surjective. So Theorem 7.10 does not apply — indeed, this
inclusion is not module-finite, and thus it is not integral. For example, the infinite set
{1,2™,y", 2" | n > 1} is a minimal generating set for k[z,y, z] over k[zy, zz, yz]

Both assumptions that the extension is integral and that it is an inclusion are needed in
Theorem 7.10.

Example 7.12.

a) Suppose f is a regular element on R, but not a unit. Since f is regular, the map R — Ry
is an inclusion, but we claim it is not integral. If % was integral over R, there would be

a; € R such that

Loy B =0

—_— DRI E— CLO o .

VA S
After multiplying by f™ all terms are of the form {, and thus in R, since the localization
map is injective. So

1= (lnflf + -+ Cllfnil + CLofn € (f),
and f must be a unit.

So R — Ry is an example of an inclusion that is not integral. Note that the image of
the map on Spec is the complement of V(f), so in particular the map is not surjective.

b) In contrast, the map R — R/(f) is integral, but it is not an inclusion. The map on
Spec is again not surjective: its image is V(f).

Remark 7.13. Let [ be an ideal in S. Suppose R — S is an integral extension. There
is an induced map R/(I N R) — S/I, and that map is integral: an equation of integral
dependance for s € S over R give an equation for integral dependance of its class in S/I
over R/(I N R).

Lemma 7.14. If R—2- S is integral, Q N R is mazimal if and only if Q is mazimal in S.
If R C S is an integral extension of domains, R is a field if and only S is a field.

Proof. By Remark 7.13, the induced map R/(Q N R) C S/Q is an integral extension of
domains, and @ (respectively, @ N R) is maximal if and only if S/Q (respectively, R/(QNR))
is a field. So it is sufficient to show the second statement, about inclusions of domains.
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Now suppose R C S is an integral extension of domains. Assume R is a field, and take
any nonzero s € S. Consider some equation of integral dependance of s over R, say

S 4 Gy 4 a1s+ap = 0.
Since ag is a unit in R C S, we can divide by ag, so that
—s(s" Mt ap_ 18" ) = 1

The s is a unit, and S is a field.
If S is a field, and r € R is nonzero, then there exists an inverse s for r in .S, which is
integral over R. Then
"t aps" T ot ars+ag =0

for some a; € R, and multiplying through by "~ gives
s=—(n_1+ anor--+arr" *+agr" ) € R.
Then R is a field. O

Theorem 7.15 (Incomparability). If R — S is integral and P C @ are such that PN R =
QN R, then P= Q.

Proof. Since the map on spectra induced by R — R/ ker(R) is injective, we can replace R
by the quotient and assume ¢ is an integral inclusion.

So suppose R C S is integral, and let p = PN R = Q N R. We claim that localizing at
(R~ P) preserves integrality: if z € S and w € R ~\ p, then we have equations of the form

n n—1
" e, =0 = (£> +ﬂ(£) TR )
w w \w wn

By localizing R at (R~ p), the image of p is a maximal ideal. So we reduced to the situation
where RN P = RN @ is a maximal ideal. By Lemma 7.14, P C () are both maximal ideals.
Therefore, P = (). O

Corollary 7.16. Suppose R — S s integral and that S is Noetherian. If S is Noetherian,
then only finitely many primes contract to each p € Spec(R).

Proof. If P € Spec(S) contracts to p, then P D pS, so in particular P contains some prime
(2 minimal over pS. Then

pPSCQCP = pCQNRCPNR=p,

so QN R =PNR. By Theorem 7.15, Q = P. So all the primes contracting to p are in
Min(psS), which is a finite set since R is Noetherian. O

Corollary 7.17. If R — S is integral, then ht(q) < ht(q N R) for any q € Spec(S). In
particular, dim(S) < dim(R).

Proof. Given a chain of primes ay C --- C a,, = q in Spec(S), we can contract to R, and by
Theorem 7.15 we get a chain of distinct primes in Spec(R). O
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Theorem 7.18 (Going up). If R — S is integral, then for every p C q in Spec(R) and
P € Spec(S) with PN R = p, there is some @ € Spec(S) with P C Q and QN R = q.

The picture looks something like this:

P PCqQ

Ul «NE\Q/M Ul Ul

pCyq pCyq
Proof. Consider the map R/p — S/pS — S/P. This is integral, as we observed in
Remark 7.13. It is also injective, so Lying Over, Theorem 7.10, applies. Thus, there is a
prime a of S/P that contracts to the prime q/p in Spec(R/p). We can write a = Q/P for
some () € Spec(S), and we must have that ) contracts to q. O]

Corollary 7.19. If R C S is integral, then dim(R) = dim(S5).

Proof. We have already shown that dim(S) < dim(R) in Corollary 7.17, so we just need to
show that dim(R) < dim(S). Fix a chain of primes pg C --- C p,, in Spec(R). By Lying
Over, Theorem 7.10, there is a prime gy € Spec(S) contracting to po. Then by Going up,
Theorem 7.18, we have qo € ¢q; with q; N R = p;. Continuing, we can build a chain of
distinct primes in S of length n. So dim(R) < dim(S), and equality follows. O

Recall that a domain is normal if it is integrally closed in its field of fractions. In a
previous problem set, you showed that Z is normal; we now extend that result to any unique
factorization domain.

Lemma 7.20. A unique factorization domain is normal. In particular, a polynomial ring
over a field is normal.

Proof. Let R be a UFD, and £ € frac(R) be integral over R. We can assume that r and s
have no common factor. Then we have some a; € R such that
rh Tnfl

_+CL1
s™ sn—

-t ta, =0 — "= —(ar" s+ -+ aps™).

Any irreducible factor of s must then divide ™, and hence divide r. If s is not a unit in R,
then this contradicts that there is no common factor. Therefore, /s € R. O

Lemma 7.21. Let R be a normal domain, x be an element integral over R in some larger
domain. Let k be the fraction field of R, and f(t) € k[t] be the minimal polynomial of x over
k.

a) If x is integral over R, then f(t) € R[t] C k[t].

b) If x is integral over a prime p, then f(t) has all of its nonleading coefficients in p.
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Proof. Let x be integral over R. Fix an algebraic closure of k£ containing x, and let z; =
X, Ty, ..., T, be the roots of f. Since f(t) divides any polynomial with coefficients in k that
x satisfies, it also divides a monic equation of integral dependance for x over R. Therefore,
each x; is a solution to such an equation of integral dependence, and thus must be integral
over R.

Let S = R[zy,...,2,] C k. This is a module-finite extension of R, so all of its elements
are integral over R. The leading coefficient of f(¢) is 1, and the remaining coefficients of f(t)
are polynomials in the z;, hence they lie in S. On the other hand, R is normal, so SNk = R.
We conclude that all the coefficients of f are in R, and f € RJ[t].

Now let x be integral over p. By the same argument as above, all of the x; are integral
over p. Since each z; € ES, any polynomial in the z; lies in ﬁs . S0 the nonleading coefficients
of f lie in p° N R = p, by Theorem 7.10. O

Theorem 7.22 (Going down). Suppose that R is a normal domain, S is a domain, and
R C S is integral. Then, for every p C q in Spec(R) and @ in Spec(S) with Q N R = q,
there is some P € Spec(S) with P C Q and PN R = p.

The picture looks like

Q PCqQ
u ~%w u uy
pCq p Cq

Proof. As before, we can replace R and S by their localizations at the multiplicatively closed
set R\ q without loss of generality, since that extension is still integral. So now q is the
unique maximal ideal in R, and want to show that p is the contraction of some prime ideal
P C @), so it suffices to find some prime ideal in Sg. Se we can further compose with the
localization of S at (), and as before R — S is still an integrally closed extension. We
have thus reduced to the case when (R, q) and (5, Q) are local. By Lemma 7.3, it suffices to
show that pS N R = p.

Let r € pSN R. Then r = syay + -+ ,+s,a, for some s; € S and a; € p, sor €
Ris1,. .., Sn].

Let W = (SN Q)(R~p) be the multiplicative set in .S consisting of products of elements
in S~ @ and R~ p. Note that each of these sets contains 1, so each set is contained in
W, the product of the two. We will show that W N pS is empty. Once we do that, it will
follow from Lemma 3.41 that there is a prime ideal P in S containing p.S such that W NP is
empty. Notice that such a prime is necessarily contained in (), since S~ @Q € W. Moreover,
R\p CW,s0 (QNR)N(R\p) is empty, or equivalently, @ N R C p. We conclude that
QNR=p.

So our goal is to show that W N pS is empty. We proceed by contradiction, and assume
there is some x € pSNW. We can write x = rs for some r € R~ p and s € S~ (. Moreover,
since z € pS, x is integral over p, by Lemma 7.9.

Consider the minimal polynomial of x over frac(R), say

h(z) = 2" + a2" ' + - +a, = 0.
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By Lemma 7.21, each a; € ¢ C R. Then substituting z = rs in frac(R) and dividing by r"
yields

a Qp,
g(S)ZSn—F—lSn_l—F"'—F—n:O.
r r

We claim that this is the minimal polynomial of s. If s satisfied a monic polynomial of degree
d < n, multiplying by r? would give us a polynomial of degree d that z satisfies, which is
impossible. So indeed, this is the minimal polynomial of s.

Since s € S, and thus integral over R, Lemma 7.21 says that each % =: v; € R. Since
r ¢ p and 7'v; = a; € p, we must have v; € p. The equation g(s) = 0 then shows that
s € v/pS. Since Q € Spec(S) contains ¢S and hence pS, we have s € v/pS C Q. This is the
desired contradiction. O

Corollary 7.23. If R is a normal domain, S is a domain, and R C S is integral, then
ht(q) = ht(q N R) for any q € Spec(S5).

Proof. We already know from Corollary 7.17 that ht(Q)) < ht(q N R). Given a saturated
chain up to g N R, we can apply Going Down, Theorem 7.22 to get a chain just as long that
goes up to Q. n

7.2 Noether normalization and dimension of affine rings

Lemma 7.24 (Making a pure-power leading term).

a) Let A be a domain, and f € R = Alxy,...,z,] be a (not necessarily homogeneous)
polynomial of degree at most N. The A-algebra automorphism of R given by ¢(z;) =
i+ 2N fori < n and ¢(x,) = x, maps f to a polynomial that, viewed as a polynomial
in x, with coefficients in Alxy, ..., x,_1], has leading term dx® for some d € A and a € N.

b) Let k be an infinite field, and let R = k[z1, ..., x,) be standard graded, meaning deg(z;) =
1. Let f € R be a homogeneous polynomial of degree N. There is a degree-preserving k-
algebra automorphism of R given by ¢(x;) = x;+a;x, fori <n and ¢(z,) = z,, that maps
f to a polynomial that viewed as a polynomial in x, with coefficients in klxy, ..., Tp 1],
has leading term ax® for some (nonzero) a € k.

Proof.

a) The map ¢ sends a monomial term dz{*---z% to a polynomial with unique highest

degree term dzp@N" ' HeaN"*+otanaN+tan - Ror each of the monomials dz? .-z in f
with nonzero coefficient d # 0, we must have each a; < N, so the map (aq,...,a,) —
arN" ' +a;N" 2+ ... +a, 1N + a, is injective when restricted to the set of exponent
tuples of f. Therefore, none of the terms can cancel. We find that the leading term is of

the promised form.

b) We just need to show that the zV coefficient of @(f) is nonzero for some choice of
a;. One can check that the coefficient of the =V term is f(=ay,...,—a,1,1). But
f(=aq,...,—a,_1,1), when thought of as a polynomial in the a;, is identically zero, then
f must be the zero polynomial. O
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Theorem 7.25 (Noether Normalization). Let A be a domain, and R be a finitely generated
A-algebra. There is some nonzero a € A and x1,...,x; € R algebraically independent over
A such that R, is module-finite over Aglxy, ..., x. In particular, if A =k is a field, then R
is module-finite over klxy, ..., xy.

Proof. We proceed by induction on the number of generators n of R over A. There is nothing
to prove in the case when n = 0.

Now suppose that we know the result holds for A-algebras generated by at most n — 1
elements, and let R = A[ry,...,r,]. If r,...,r, are algebraically independent over A, we
are done. If not, there is some f(x1,...,2,) € Alry,...,x,] such that f(rq,...,r,) = 0.
After possibly applying Lemma 7.24 to change our choice of algebra generators, we can
assume that f has leading term ax’) for some a. Then f is monic in x, after inverting a,

so R, is module-finite over A,[ry,...,r,_1]. By hypothesis, Ag[ri, ..., 7,—1] is module-finite
over Aglxy,..., x4 for some b € A and xq,...,z, that are algebraically independent over
A. Since Ry, is module-finite over Agp[ri, ..., 7 1], R must also be module-finite over
Applz, ..., xs], and we are done. O

Theorem 7.26 (Graded Noether Normalization). Let k be an infinite field, and R be a
finitely generated N-graded k-algebra with Ry = k and R = k[Ry]. There are homogeneous
elements x1,...,x; € Ry algebraically independent over k such that R is module-finite over
k[l’l, Ce ,xt].

Proof. We repeat the proof of Theorem 7.25 but use Lemma 7.24 (2), the graded version. []

Remark 7.27. There also exist Noether normalizations for quotients of power series rings
over fields: after a change of coordinates, one can rewrite any nonzero power series in
k[z1,...,r,] as a series of the form u(x? +ag 1221+ -+ap) for a unit w and ag, . .., aq_1 €
k[zi,...,xn—1]. This is called Weierstrass preparation. The proof of the Noether normal-
ization theorem proceeds in essentially the same way. Thus, given k[z1,...,x,]/I, we have
some module-finite inclusion of another power series ring k[z1, ..., zq] C k[z1,...,z,.]/1.

Theorem 7.28. Let R be a domain that is a finitely generated algebra over a field k, or a
quotient of a power series ring over a field. Let k[z1,...,z4] be any Noether normalization
for R. For any mazimal ideal m of R, the length of any saturated chain of primes from 0 to
m is d. In particular, dim(R) = d.

Proof. We will show the proof in the case when R is a finitely generated domain over a
field k; the power series case is similar, and left as an exercise. We prove by induction on
d that for any finitely generated domain with a Noether normalization with d algebraically
independent elements, any saturated chain of primes ending in a maximal ideal has length
d.

When d = 0, R is a domain that is integral over a field, hence R is a field by Lemma 7.14.
So suppose the statement holds for d— 1, and let R be a finitely generated domain over some
field & with Noether normalization k[zi, ..., z4]. Consider a maximal ideal m of R, and a
saturated chain

0Cq G Cap=m.

= =



103

Consider the contraction of this chain to A = k[zy,..., 24], which by Theorem 7.15 are
distinct primes in R:
0C P& & pp

Our assumption that the original chain is saturated implies that q; has height 1. If p; had
height 2 or more, then by Going Down, Theorem 7.22; so would qy, so p; has height 1 as
well. Since k[z1,...,24] is a UFD, p; = (f) for some prime element f, by Example 6.3 d.
After a change of variables, as in Lemma 7.24, we can assume that f is monic in z4 with
coefficients in k[z1,...,24-1]. So k[z1,...,24-1] € A/(f) € R/q, are module-finite, and the
induction hypothesis applies to R/q;. Now

O=q1/q: Ca2/qm S-S q/q1 =m/qu

is a saturated chain in the affine domain R/q; going up to the maximal ideal m/q;. The
induction hypothesis then says that this chain has length d — 1, so k — 1 = d — 1, and
k=d. O

Corollary 7.29. The dimension of the polynomial ring klz1, ..., x4 is d.

Proof. The polynomial ring k[zi,..., x4 is a Noether normalization of itself, and Theo-
rem 7.28 says that it must have dimension d. O]

This matches our geometric intuition: k[xy,...,z4] corresponds to A% and we are used
to thinking of A? as a d-dimensional space. Moreover, if R is a finitely generated k-algebra,
then R is a quotient of k[xy, ..., z4], where d is the number of generators of R as a k-algebra.
Therefore, dim(R) < d.

Corollary 7.30. If R is a k-algebra, the dimension of R is less than or equal to the minimal
size of an algebra generating set for R over k. If R = k[f1, ..., fa| and dim(R) = d, then R is
isomorphic to a polynomial ring over k, and the generators f; are algebraically independent.

Proof. The first statement is trivial unless R is finitely generated, in which case we can write
R=k[f1,..., fs) = k[xq,...,xs]/I for some ideal I, so

dim(R) < dim(k[zy, ..., z4]) = d.

Suppose we chose s to be minimal. If I # 0, then dim(R) < s, since the zero ideal is not
contained in /. O]

Corollary 7.31. Let R be a finitely generated algebra or a quotient of a power series ring
over a field.

1) R is catenary.
If additionally R is a domain, then
2) R is equidimensional, and

2) ht(I) = dim(R) — dim(R/1I) for all ideals I.
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Proof.

1)

Let p C q be primes in R. We can quotient out by p, and assume that R is a domain
and p = 0. Fix a saturated chain C from q to a maximal ideal m. Given two saturated
chains C’, C" from 0 to q, the concatenations C'|C' and C”|C'" are saturated chains from
0 to m, so by Theorem 7.28 they must have the same length. It follows that C’ and C”
have the same length.

Equidimensionality is immediate from Theorem 7.28.
We have

ht(I) = min{ht(p) | p € Min(I)}
and

dim(R/I) = max{dim(R/p) | p € Min(])}.

Therefore, it suffices to show the equality for prime ideals, since if p € Min(/) attains the
minimal ht(p), then it also attains the maximal dim(R/p). Now, take a saturated chain
of primes C' from 0 to p, and a saturated chain C’ from p to a maximal ideal m. Since
R is catenary, C' has length ht(p). Moreover, C’ has length dim(R/p) by Theorem 7.28,
and C|C" has length dim(R) by Theorem 7.28.

O

Example 7.32. Let’s use our dimension theorems to give a few different proofs that R =
k[z,y,2]/(y* — z2) has dimension 2 for any field k.

1)
2)

k|x, z] is a Noether normalization for R, so the dimension is 2.

We observe that y? — xz is irreducible, e.g., by thinking of it as a polynomial in y and
applying Eisenstein’s criterion. Then (y? — xz) is a prime of height one, so the dimension
of R is dim(k[z,y,2]) — ht((y* —x2)) =3 — 1= 2.



Chapter 8

Hilbert functions

8.1 Hilbert functions of graded rings

We now introduce a useful combinatorial book keeping tool for the vector space dimensions
of the graded components of a finitely generated k-algebra.

Definition 8.1. Let k be a field. If R is an N-graded k-algebra, the Hilbert function' of
R is the function Hg: Z —— N U oo defined by

HR(t) = dlmk(Rt)

If M is a Z-graded R-module, the Hilbert function of M is the function Hr: Z—— N U oo
defined by

We may write H%(t) or HY/(t) if we want to emphasize what field k we are considering.

Sometimes it’s useful to collect the values of the Hilbert function in the form of a power
series.

Definition 8.2. If R is Z-graded or N-graded we define the Hilbert series of R or of a
graded R-module M by hg(z) = Y,c, Hr(i)z" and hy(2) = 3,0 Hu(i)2"

Example 8.3. Consider the standard graded ring

R =k[z,y]/ (2% ¢*) = Lk ,@(kxjifky)/@\(kxyﬁ k) P kay’.
Ry R,

Ry Rs
1 ift=0
Then Hp(t) = i iiz;’z and hp(z) =1+ 22+ 222 + 23
0 ift>4

Notice that in this example Hg(t) is eventually the zero function, which we will take
by convention to have degree —1 as a polynomial. Note also that R is a finite dimensional
k-algebra, hence Artinian. So dim(R) = 0.

!Some authors call the Hilbert series the Poicaré series, but in modern terminology that means something
else.
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The key example of a Hilbert function is what happens in the case of a polynomial ring.

Example 8.4. Let k be a field, and R = k[z1, ..., x4] be a polynomial ring with the standard
grading, meaning degx; = 1 for each 7. To compute the Hilbert function of R, we need to
compute the size of a k-basis for Hg(t) for each t. Such a basis is given by all the monomials

in zy,...,24 of degree t:
R al aq
R, = @ k-a{t---ay
a1+--+aq=t

We can easily count the number of monomials of degree ¢ using elementary combinatorics,

and we find that 1 e
+d-— +d-—
H t: f—
w = (" = (1

We claim that the binomial function here can be expressed as a polynomial in ¢t for ¢ > 0.
Consider

) for t > 0.

(t+d—1)(t+d—2)--(t+1)

Py(t) = =1 € Q[t].
Observe that P,(t) has —1,—2,...,—(d — 1) as roots. Then
Pd(t) ift > —d
Hg(t) =
=lt) {o it ¢ <0.

Note that the two cases overlap for —(d — 1) <t < —1.

Notice that in this example the Hilbert function is eventually (for ¢ > —d) equal to a
polynomial of degree d — 1. Moreover, recall that dim(R) = d.

To compute the Hilbert series, notice that the number of monomials of degree t is equal
to the number of ordered tuples (aq, ..., aq) with a; + - -+ ag = t. This is the coefficient of
2! in the product

(1+Z+Z2+“'+2a1+"')(1+Z+22—|—"‘—|—2a2+“’)"‘(1+Z+22+"'+2ad+"')

hence
1

hR(z):(1+z+22+...+zi—|—...)d:m.

While the Hilbert function is a polynomial for any n € N in this example, this is not
always the case. Here’s a cheap example:

Example 8.5. Let k be a field, and R = k[z1,...,z,] a polynomial ring with the standard
grading |z;| = 1 for each i as in the previous example and let d be an integer. Then

HR(—d) (t) = dlmk(R(—d)t> = dlmk(R(—d)t,d) = HR(t — d)

and hp(—q)(z) = 2%hp(z). In particular, we see that Hg(_a)z) = Pn(t —d) for t —d > —n, can
be expressed as a polynomial in ¢ when t — d > —n, so for ¢t > d — n. This Hilbert function
is no longer a polynomial for all nonnegative integers, but it is a polynomial for high enough
values of t.
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To compute more sophisticated examples, we use short exact sequences. Unsurprisingly,
Hilbert polynomials behave well with respect to short exact sequences.

Lemma 8.6. Let R be a graded ring, and

0 L M N 0
be a degree-preserving short exact sequence of graded R-modules. Then Hy = Hp + Hy.
Proof. In each degree t we get short exact sequences of vector spaces

f

0 L M, %~ N, 0.
The claim follows from the Rank—Nullity Theorem from Linear Algebra:

dim(M;) = dim(im g) 4+ dim(ker f) = dim(im g) + dim(im g) = dim(N;) + dim(Ly).

We can now compute a more sophisticated example.

Example 8.7. Let f be a homogeneous element of degree d in a Z-graded ring R. We have
the short exact sequence

0— R(—d)— R—— R/(f) —0.
By Lemma 8.6 and the definition of shift, this gives

Hp = HR(—d) + HR/(f) — HR/(f)(t) = HR(t) - HR(,d)(t) = HR(t) — HR(t — d)

and
hR = hR(fd) + hR/(f) — hR/(f)(Z) = hR(Z) — hR(,d)(Z) = hR(Z) — Zth(Z).
Then
Hpyp)(t) = Hr(t) — Hp(t — d)
and

hiy(n)(2) = (1= 2%)hg(2).

When R = klzy,...,x,|, we saw in Example 8.4 that Hg(t) = P,(t) is a polynomial for
t>-—n.Ifd<n,thent—d> —nforall t >0, so

Hpy(p)(t) = Po(t) — Po(t — d) = (H”_ 1) B (t—d+n— 1)

t t

is still given by a polynomial. When d > n, Hpg/y)(t) still agrees with a polynomial eventu-
ally: for all t > d — n.

We can now show that Hilbert function is always eventually equal to a polynomial, as in
Example 8.7.
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Theorem 8.8. Let k be a field, and R be a finitely graded k-algebra such that Ry = k and
R is generated by elements of degree one. Let M be a finitely generated graded R-module.”
There is a polynomial Py (t) € Q[t] and some n € N such that Hy(t) = Py (t) fort > n.
Moreover, deg(Py) = dim(M) — 1, and we can write

Py(t) = (dim(]\f[) - 1)!tdim(M)_1 + lower order terms

for some positive integer e. Finally, if dim(M) = 0 then Py = 0.

Proof. We will use induction on the dimension of M.

If dim(M) = 0, then M has finite length by Lemma 6.23. In particular, it must be finite
dimensional as a k-vector space, so only finitely many graded pieces can be nonzero. So for
t >0, Hy(t) =0, which is a polynomial of degree —1, by our convention.

Now suppose that the theorem holds for every ring R satisfying our hypotheses and for
every R-module of dimension n — 1. Assume M has dimension n, and take a homogeneous
prime filtration of M, which we constructed in Theorem 5.28. Say this prime filtration is

M:MmQMmflngfZQQMlgMO:O

with M;/M;_1 = R/p;(d;) for some homogeneous primes p; and integers d;. This breaks into
short exact sequences

0 Mz Mi+1 Mz+1/Mz—>0 .

Using Lemma 8.6 inductively on i, we get that Hy(t) = Hpyp,a)(t) + -+ + Hryp(am) (1)
Observe that Hp/p,a,)(t) = Hpgyp,(t + d;) for each 7. Since the associated primes of M
are contained in V(anng(M)), we have dim(R/p;) < dim(M). Moreover, there must be
some p; for which equality occurs, since every associated prime of M occurs among the
p;, so in particular all the minimal primes of anng(M) are among the p,;. If we can show
that each module of the form R/p; verifies the conclusion of the theorem, then we are
done: all of the claims of polynomiality, degree, and positivity of leading term pass to
Hy(t) by the equality above, as the shifting does not change degree or the leading term,
dim(M) = max{dim(R/p;)}, and the leading term satisfies the hypotheses again.

If M = R/p;, then take a homogeneous Noether normalization A for this k-algebra M,
and consider a homogeneous prime filtration for M as an A-module. Every factor is either
a shift of A, or else has dimension less than a := dim(A) = dim(M), since A is a domain.
Applying the induction hypothesis and the formula

Hy(t) = Hrypy(a)(t) + -+ Hrypdn) (F)

from above to this context, we find that Hy(t) is a sum of shifts of the polynomial P,(t)
from Example 8.4, plus polynomials of lower degree. Notice that

t —1)(¢ —2)---(t+1 1
P,(t) = (t+a—1) (:_a i ).+ 1) = = 1)!75“_1 + lower degree terms.
Thus, the claims hold for M. O

2Recall that the dimension of a module M is the dimension of R/ anng(M).
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Definition 8.9. The Hilbert polynomial of a graded module is the polynomial Py;(t)
that agrees with H),(t) for ¢ > 0. The multiplicity of an R-module M # 0 is the positive
integer e(M) such that

e(M)

Py(t) = (@m (M) = 1)!tdim(M)_1 + lower order terms.

Example 8.10. The multiplicity of a standard graded ring is e(k[z1, ..., x,]) = 1.

Proposition 8.11. Let k be a field, and R be a finitely graded k-algebra such that Ry = k
and R is generated by elements of degree one. Let

0 L M N 0

be a short exact sequence of graded R-modules. Then Py(t) = Pp(t) + Py(t). If dim(L) =
dim(M) = dim(N), then e(M) = e(L) + e(N).

Proof. Both claims follow immediately from the fact that Hilbert functions are additive on
short exact sequences, Lemma &.0. O

Example 8.12. If R is a polynomial ring, then e(R) = 1. If R = S/fS for a polynomial
ring S and a homogeneous element f of degree d, then e(R) = d.

Example 8.13. If k[zy, ..., z,] is a standard N-graded ring and f is a homogeneous element
of degree d, then R = k[zy,...,z,]/(f) satisfies e(R) = d. We can compute this using
Example 8.7.

We can use Theorem 8.8 something about the Hilbert series as well, thanks to the fol-
lowing lemma.

Lemma 8.14. Let ¢: N — N, and consider its generating function g(z) = Zqﬁ(z)zZ The
i=0

following are equivalent:

a) there is a polynomial P € Q[t] of degree d — 1 such that ¢(n) = P(n) for n >0

) 9(e) = 2

Proof sketch. Use the “negative binomial” formula
1 — (i+d—1\
- = L O
(1 2) Zg( d—1 )Z

Corollary 8.15. Let k be a field, and R be a finitely graded k-algebra such that Ry = k and
R is generated by elements of degree one. Let M be a finitely generated graded R-module.
Then the Hilbert series of M 1is of the form

for some q € Z[z] such that q(1) #0 and d > 0.

for some q € Z|z], where d = dim(M).
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Proof. Immediate from Theorem .8 and Lemma 8.14. O]

We have now given many different characterizations for the dimension for a finitely gen-
erated graded k-algebra. Here’s a summary:

Theorem 8.16 (The dimension theorem — graded version). Let k be a field, and R be a
finitely generated graded k-algebra such that Ry = k and R is generated by elements of degree
one, i.e. R = Ry[Ry]. The following numbers are equal:

a) The Krull dimension of R.
b) The smallest d such that \/(z1,...,xq) = Ry for some homogeneous x1,...,xq.
¢) 1+ deg(Pr), where Pg is the Hilbert polynomial of R.

d) The order of pole of the Hilbert series of R at 1, that is, the number d such that hg(z) =

(lq_(zz)d and this fraction is in lowest terms, i.e. q(1) # 0.

Finally, we also want to consider the case when the ring is not necessarily generated in
degree one. The key fact we will need is the following:

Exercise 21. Let k£ be a field, and R be a finitely generated positively graded k-algebra
with Ry = k. There is some d € N such that the subring R?Y = @ R;q is generated as a
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k-algebra by R,.

The Hilbert function of a non-standard graded k-algebra is no longer eventually a poly-
nomial. But it is eventually a quasipolynomial.

Definition 8.17. A function f: Z — R is a quasipolynomial if there exists an integer b
and polynomials py,...,pp—1 € R[t] such that f(n) = p.(n) for ¢ = n mod b for each n € Z.

So a quasipolynomial alternates between various polynomials.

Theorem 8.18. Let k be a field, and R be a finitely graded k-algebra such that Ry = k. Let
M be a finitely generated graded R-module. Then there is a quasipolynomial with rational
coefficients Py (t) such that Hy(t) = Py(t) fort > 0.

Proof. Let d be such that R is generated by Ry, which exists by Exercise 21. We can
think of R? as a standard graded k-algebra, where we consider the elements of R;; to have
degree i. Since R is finitely generated as a k-algebra, it is also a finitely generated R(@-
algebra. Moreover, any homogeneous element x € R satisfies a monic equation of the form
t? — 2% € R9[t], so R is integral over RY. By Corollary 1.37, R is module-finite over R(®.
So M is a finitely generated R(Y-module. However, its grading over R is not consistent with
the grading of R@. We can decompose M as an R@-module as

M=No@&N @ ®Ngy, where N; = M; i

€N

Set [N;]; := M;;q. This gives us a grading on each N; that is compatible with R Note
also that each N; is a submodule of a finitely generated module over a Noetherian ring, so
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is also finitely generated. Therefore, each IN; admits its own Hilbert polynomial. Taking
each of these, we obtain a quasipolynomial that agrees with the Hilbert function for large
values. O

One can then show (see [Mat89, Theorem 13.2]) that the Hilbert series of a finitely
generated graded module over a non-standard graded k-algebra with Ry = k is of the form

q(?)
(1—t)yh - (1 —t)dn’

where the integers d; are the degrees of the algebra generators of R.

8.2 Associated graded rings and Hilbert functions for
local rings

We next wish to give a version of the dimension theorem from the previous section in the
local case. For this, we need a notion of Hilbert function that applies to local rings. We get
this by associating a graded ring to each local ring.

Definition 8.19. The associated graded ring of an ideal [ in a ring R is the ring

gr/(R) =P/

n>0
with n-th graded piece I"/I"™! and multiplication
(a+ 1"+ I =ab+ ™" forae ", be I™
If (R, m) is local, then gr(R) := gr,,(R) will be called the associated graded ring of R.
Note that the multiplication is well-defined.

Remark 8.20. If a € I", b € I™, u € I, v € I} that is, a +u € a + I"™! and
b+wve€b+ 1™ then

(a+u)(b+v) =ab=av +bu+uv € ab+ """,
So the multiplication on the associated graded ring is indeed well-defined.
Remark 8.21.
a) [gr;(R)]o = R/I, so if (R, m, k) is local then [gr(R)]p = R/m = k.

b) Each graded piece [gr(R)], = I"/I""! is an R-module annihilated by I, so it is an R/I-
module. If (R, m, k) is local then [gr(R)], is a k-vector space.

c) Let R be Noetherian and I = (f1,..., f,). Then f; + I* ..., f, + I? € [gr;(R)]; and
gr;(R) = (R/I)[f1,- .., fa] is finitely generated as a [gr(R)]o-algebra by elements of degree
one. If (R, m, k) is Noetherian and local, then by NAK Proposition 4.32 a basis for [gr(R)],
corresponds to a minimal set of generators for m™, and in particular dimg[gr(R)], =
pu(m™) < oo.
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Example 8.22. Take R = k[z,y] and I = (z,y). Then
g (R)=R/I®I/IPo’)P®- =k® (kadky) ®(kr*Dkaydky®)®---

so we see that in fact gr(, . (k[z,y]) = k[x,y]. Similarly, for any graded k-algebra generated
in degree 1, grp, (R) = R.

Example 8.23. Let R = k[2, y](ay)-

a) Let I = (z,y). The same computation as above applies to show
8 (wy) K, Yl (@) = Kz, 9.
b) Now take I = (z?,y*). Then
gri(R) = R/I® (2*R/I ®y*R/I) ® (¥*R/I © 2*y*R/I ® y*R/I) & - - -

so we get

gt (R) = (R/I)[2* y’]
with deg (%) = deg (y?) = 1 and deg (r + 1) = 0 for all r € R. In this case the R/I-
algebra generators for gr;(R) are algebraically independent.

c¢) Finally take I = (2% zy). Then
gr,(R) = (R/1)[2* xy),

with deg(2?) = deg(zy) = 1 and deg(r + I) = 0 for all r € R. However, in this case
the algebra generators 2%, xy are not algebraically independent over R/I. For example,
— 2 —

yre —zry = 0.

Definition 8.24. Let (R, m) be a local ring. The Hilbert function of R is
Hilt) i= Hyr (1),

and Hilbert series of R is
hR(t) = hgr(R)(t>

Example 8.25. When R = k[z, y](.y),

More generally, if R = k[z1,..., %), ) then

as in Example 8.4.

To get a completely satisfactory analogue of the Hilbert function theory in this setting,
we would like to understand the dimension of the associated graded ring. To understand
this, we use the following related object.
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Definition 8.26. Let R be a ring, and / an ideal. Recall that the Rees algebra of I is the
N-graded ring
RIt]=@ " =relte - C R[],

n=1

The extended Rees algebra of [ is the Z-graded ring
RIt,t = @R *eR"eRe It I’ ®--- . CR[t,t7].
In both cases, the grading is given by setting degt = 1, and degr = 0 for all r € R.
Note that t ¢ R[It,t7] since 1 ¢ I, so t~! is not a unit, even though it looks like one.

Example 8.27. If R = k[z,y] and I = (2% ¢?) then R[It,t7'] = R[z*t,y*,t!]. Think
about ¢ as being a constant which is allowed to vary in k. Then the extended Rees algebra
of I can be viewed as a family of R-algebras, one for each value of t~!. Let’s explore some
of the algebras in this family by plugging in values for ¢—!:

e if t1 =0, which is ok to do since ¢! is not actually a unit, then we get

R[It,t7 120 = R[2°t,y°t] = gry[t].

o If t7! =1 then we get 2%t = 2%t -1 = 2%t~ ! = 2% € R and similarly y*t = y?> € R so
R[It,t7|;-1-1 = R[v%,y%] & R.
In fact the same is true for every value t=! € k*.

The following lemma makes these observations rigorous.

Lemma 8.28. There are isomorphisms
R[It,t71/(t7") 2 er;(R) and RlIt,t7 ')/t ' —1) 2R,

Proof. For the first isomorphism, since ¢ is homogeneous, we can use the graded structure.
We have
tR[It,t )= - @Rt?ORtT IO IHO PP D,

so matching the graded pieces, we see that

- ORtT2ORtT ORIt I D -

R[It,t7Y/(t7) =
L7t/ B RtZPORT eI Pt P2 S -

~R/IIGI/PO*/P@---
= gr;(R).
For the second isomorphism, we consider the map R[It,t"!] — R given by sending

t — 1. This is surjective, and the kernel is the set of elements a,,t™ + - - - + a,t"™ such that
Um + -+ +a, = 0. We claim that this ideal is generated by (¢! — 1). We proceed by
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induction on n — m. The case n — m = 0 corresponds to there being at most one nonzero
term, say at™, in which case at™ is in the kernel if and only if a = 0. In n —m = 1, we have
an element of the form at"~' — at™ for some a, which is of the form (at™)(¢~! — 1). For the
inductive step, if a,, + - - - + a, = 0, write

Amt™ + -+ apt" = (apt™ 4+ (A + @) )+ (—ant" T+ ant™).

Observe that —a,t" ' + a,t" — —a, + a, = 0, and thus a,,t™ + --- + (@p_1 + an)t”_1 must
also be in the kernel. The induction hypothesis now applies to both —a,t" ! + a,t" and
At ++ -+ (ay_1+a, )", which must then be in (7! —1). Therefore, 80 is @, t™+- - - +a,t",
and we are done. O

Lemma 8.29. Let R be a Noetherian ring, and I an ideal in R. The minimal primes of
R[It,t7'] are exactly the primes of the form pR[t,t~] N R[It,t™'] for p € Min(R).

Proof. Let (0) = g1 N---Ngq; be a minimal primary decomposition of (0) in R, and p; = /4.
One can check (exercise!) that q,R[t] is primary with radical p;R[t]. Then the same is true
in R[t,t71], by localizing at {1,¢,¢?,...}. Contracting to R[It,t7!], we get primary ideals
that intersect to (0); none is contained in the intersection of the others, since this is the case
after contracting to R, and likewise the radicals are distinct since they contract to different
primes in R.

Therefore, setting q, = q;R[t,t7'] N R[It,t7], ¢, N--- N q} is a minimal primary de-
composition of (0) in R[It,t71], and thus the minimal primes in R[It,t7'] are p;R[t,t7] N
R[It,t71] O

Theorem 8.30. Let (R, m) be a Noetherian local ring, and I C m an ideal. Then
dim(R) = dim(R[It,t']) — 1 = dim(gr;(R)).

Proof. First, let’s show dim(R) = dim(R[It,t7']) — 1. By Lemma 8.29, we can reduce to the
case when R is a domain by localizing at each of the minimal primes of R. In particular,
R[It,t7'] is also a domain.

By Lemma 8.28, R[It,t7']/(t7' — 1) & R, so dim(R[[t,t7']) > dim(R). Also, since
(7' — 1) is principal, ht(t~! — 1) < 1, by Theorem 6.33. But R[It,t7!] is a domain, so
ht(¢t~! — 1) = 1. By Corollary 7.31,

dim R = dim(R[It,t7']) — ht(t™' — 1) = dim(R[I¢,t"']) — 1.
Now, we claim that
Q= ORt’OoR'ome It I’ o= (m, It,t R[It,t ]

is a maximal ideal of height dim(R) + 1 in R[[t,t']. The quotient ring is R/m, so it
is clearly maximal. Given a chain py C --- C pp = m of length h = dim(R), let q; =
piR[t,t71] N R[It,t7]. Since q; N R = p;[t,t~!] N R = p;, this is a proper chain of primes in
R[It,t7']. We have

p=-om?omt 'emete o - = (m I)R[It,t ] CQ
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so the height of @) is at least dim(R) + 1, and hence equal to dim(R) + 1 using the previous
upper bound on the dimension.
For the last equality, since ¢t~! is a nonzerodivisor on R[It,t™!], we have

dim(gr;(R)) < dim(R[It,t7']) — 1.
For the other inequality, let @ = Q/(t7!). Then

dim(gr;(R)g) = dim(R[[t, 1~ No/™h)

dim(gr;(R)) >
> dim(R[It,t ]g) — 1

= dim(R)
[
Theorem 8.31. . Let (R,m, k) be a local ring. Then there is a polynomial Pr(t) € Q[t] of
degree equal to dim(R) — 1 such that Hg(t) = Pgr(t) for t > 0. Moreover, if dim(R) > 0
then . .
P+ R(t) = iR =1 L Jower order terms.

(dim(R) — 1)!

Proof. Because Hg(t) = Hg(pg)(t), we already know by Theorem 8.8 that Hp(t) is eventually
equal to a polynomial of degree dim(gr(R)) — 1 and that (dim(gr(R)) —1)! times the leading
coefficient is positive. So the theorem follows as long as dim(R) = dim(gr(R))). O

Definition 8.32. The Hilbert polynomial of a local ring R is the polynomial Pg(t) that
agrees with Hg(t) for £ > 0. The multiplicity of R is the positive integer e(R) such that

R .
Pg(t) = ﬁtdlmw )=1 4 lower order terms.
This gives an analogue of the dimension theorem in the local case:

Theorem 8.33 (The dimension theorem — local version). Let (R, m, k) be a Noetherian
ring. The following numbers are equal:

a) the Krull dimension of R.
b) 1+ deg(Pgr), where Pg is the Hilbert polynomial of R (and gr(R)).

c) The order of pole of the Hilbert series of R (really, of gr(R)) at 1, that is, the number d
such that
q(2)

(1—-2)¢

and this fraction is in lowest terms with q(1) # 0.

hR(Z) =
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Chapter 9

What is homological algebra?

Homological algebra first appeared in the study of topological spaces. Roughly speaking,
homology is a way of associating a sequence of abelian groups (or modules, or other more
sophisticated algebraic objects) to another object, for example a topological space. The ho-
mology of a topological space encodes in topological information about the space in algebraic
language — this is what algebraic topology is all about.

Despite its very concrete origins, modern homological algebra lives somewhere in the
realm of abstract nonsense, and can be described as the study of abelian categories. An
abelian category is, roughly speaking, modeled after Ab, the category of abelian groups
and abelian group homomorphisms. It is this more general setting, rather than the classical
topological setting, that we are interested in. However, it is very hard to understand general
abelian categories without some good concrete examples we can get our hands on, so we
should first start from a reasonable middle ground. While it might be very difficult to get
a concrete handle on a general abelian category, it turns out that every reasonable abelian
category embeds into R-mod, the category of R-modules and R-module homomorphisms.
In this first chapter we introduce the main characters — complexes, homology, categories —
and then we will spend most of our time studying R-mod, while keeping in mind that what
happens in a general abelian category is simply an abstraction of what happens in R-mod.

9.1 Complexes and homology

Homological algebra is a branch of abstract algebra that studies the homology of chain
complexes.

Definition 9.1. A chain complex of R-modules (Cs,d,), also referred to simply as a
complex, is a sequence of R-modules C; and R-module homomorphisms

67L+1 6n
e Oy L Oy O

such that 6,,0,.1 = 0 for all n. We refer to C,, as the module in homological degree n.
The maps 9,, are the differentials of our complex. We may sometimes omit the differentials

0, and simply refer to the complex C, or even C'; we may also sometimes refer to d, as the
differential of C,.

117
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In some contexts, it is important to make a distinction between chain complexes and
co-chain complexes, where the arrows go the opposite way: a co-chain complex would look
like

5’”
e O, I O
We will not need to make such a distinction, so we will call both of these complexes and
most often follow the convention in the definition above. We will say a complex is bounded
above if F,, = 0 for all n > 0, and bounded below if F,, = 0 for all n < 0. A bounded
complex is one that is both bounded above and below. If a complex is bounded, we may
sometimes simply write it as a finite complex, say

CnLCn_1—>---—>Cm.
Remark 9.2. The condition that §,,0,.1 = 0 for all n implies that imd, ., C kerd,.

Definition 9.3. The complex (C,, d,) is exact at n if im d,,.; = ker d,,. An exact sequence
is a complex that is exact everywhere.

Historically, chain complexes first appeared in topology. To study a topological space, one
constructs a particular chain complex that arises naturally from information from the space,
and then calculates its homology, which ends up encoding important topological information
in the form of a sequence of abelian groups.

Definition 9.4 (Homology). The homology of the complex (C,,d,) is the sequence of

R-modules
ker 6,

im 5n+1 .
The nth homology of (C., d.) is H,,(C,). The submodules Z,,(C,) := ker §,, C C,, are called
cycles, while the submodules B, (C,) := imd,+; C C, are called boundaries.

H,(C,) :=

The homology of a complex measures how far our complex is from being exact at each
point. Again, we can talk about the cohomology of a cochain complex instead; we will for
now not worry about the distinction.

Remark 9.5. Note that (C,,d,) is exact at n if and only if H,,(C,) = 0.

Example 9.6. Let Z——7/27Z be the canonical projection map. Then

C=7-—57-"57/27

2 1 0

is a complex, since the image of multiplication by 4 is 47, and that is certainly contained in
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ker m = 27Z. The homology of C' is

H,(C)=0 forn>3
ker(Z 5 Z) 0
L,(C) = im0 —Z) 0 .
ker(Z — Z /27 27
H,(C) = ( . /22) :E%’Z/QZ
im(Z — 7Z)

 ker(Z)2Z —0)  ZJ2Z
H(C) = im(Z — Z/272) ~ 7)27.
H,(C)=0 forn <0

0

Notice that our complex is exact at 2 and 0. The exactness at 2 says that the map Z N/
is injective, while exactness at 0 says that Z — 7 /27 is surjective.

Those last remarks were not a coincidence. We repeat Remark .11 but now in this more
general context.

Remark 9.7. The sequence 0 —— A 1, B is exact if and only if f is injective. Similarly,

B—1 40 —0 is exact if and only if f is surjective. So

0—s A1 B2 c— 0

is a short exact sequence if and only if

e f is injective e ¢ is surjective e im f = kerg.

Requiring that f be injective is the same as asking that ker f = 0, while ¢ is surjective if
and only if coker g = 0." When this is indeed a short exact sequence, we can identify A with
its image f(A), and A = kerg. Moreover, since g is surjective, by the First Isomorphism
Theorem we conclude that C' = B/A, so we might abuse notation and identify C' with B/A.
Remark 9.8. The complex 0 ML
phism.

N 0 is exact if and only if f is an isomor-

Remark 9.9. The complex 0 —— M —— 0 is exact if and only if M = 0.

Example 9.10. Let 7 be the canonical projection Z — 7Z/27. The following is a short
exact sequence:

0 7257 —"57)2L 0.

We will most often be interested in complexes of R-modules, where the abelian groups
that show up are all modules over the same ring R.

!The cokernel of a homomorphism f: M — N is the R-module N/im f.
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Example 9.11. Let R = k[x] be a polynomial ring over the field k. Then following is a
short exact sequence:
0 R—— R—7"> R/(x)—0.

The first map is multiplication by x, and the second map is the canonical projection.
Here are some more examples of complexes.

Example 9.12. Let R = k[z]/(2?). The following complex is exact:

R—R—/>R

Indeed, the image and the kernel of multiplication by x are both (z).

Example 9.13. Let R = k[z]/(2*). Consider the following complex:

2 2
Fo=--- R—=-R-7"-R
The image of multiplication by z? is (2?), while the the kernel of multiplication by z? is

() D (2?). For all n,
Ha(F) = (2)/(z*) = R/(2).

9.2 Categories for the working homological algebraist

Most fields in modern mathematics follow the same basic recipe: there is a main type
of object one wants to study — groups, rings, modules, topological spaces, etc — and a
natural notion of arrows between these — group homomorphisms, ring homomorphisms,
module homomorphisms, continuous maps, etc. The objects are often sets with some extra
structure, and the arrows are often maps between the objects that preserve whatever that
extra structure is. Category theory is born of this realization, by abstracting the basic
notions that make math and studying them all at the same time. How many times have we
felt a sense of déja vu when learning about a new field of math? Category theory unifies all
those ideas we have over and over in different contexts.

Category theory is an entire field of mathematics in its own right. As such, there is a lot
to say about category theory, and unfortunately it doesn’t all fit in the little time we have
to cover it in this course. We include here some basic definitions and ideas from category
theory we will need throughout the course, but you are strongly encouraged to learn more
about category theory, for example from [MLIg] or [Riel7].

First, we want to note that there is a long and fun story about why we used the word
collection when describing the objects in a category. Not all collections are allowed to be
sets, an issue that was first discovered by Russel with his famous Russel’s Paradox. Russel
exposed the fact that one has to be careful with how we formalize set theory. We follow the
ZFC (Zermelo—Fraenkel with choice, short for the Zermelo—Fraenkel axioms plus the Axiom
of Choice) axiomatization of set theory, and while we will not discuss the details of this
formalization here, you are encouraged to read more on the subject.
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Definition 9.14. A category % consists of three different pieces of data:

e a collection of objects, ob (%),

e for each two objects, say A and B, a collection Hom¢ (A, B) of arrows or morphisms
between A and B, and

e for each three objects A, B, and C', a composition
Homy (A, B) x Homyg (B, C') —— Homg (A, C) .
(f.9) golf

We will often drop the o and write simply fg for fog.

These ingredients satisfy the following axioms:

1)
2)

3)

The Homy (A, B) are all disjoint. In particular, if f is an arrow in €, we can talk about
its source A and its target B as the objects such that f € Homg (A, B).

For each object A, there is an identity arrow 14 € Homg (A, A) such that 140 f = f
and go 14 = g for all f € Homy (B, A) and all g € Homy (A, B).

Composition is associative, meaning fo (goh) = (fog)oh.

Here are some categories you have likely encountered before:

Example 9.15.

The category Set with objects all sets and arrows all functions between sets.

The category Grp whose objects are the collection of all groups, and whose arrows are
all the homomorphisms of groups. The identity arrows are the identity homomorphisms.

The category Ab whose objects are the collection of all abelian groups, and whose ar-
rows are the homomorphisms of abelian groups. The identity arrows are the identity
homomorphisms.

The category Ring of rings and ring homomorphisms.”

The category R-mod of modules over a fixed ring R and with R-module homomorphisms.
Sometimes one writes R-Mod for this category, and reserve R-mod for the category of
finitely generated R-modules with R-module homomorphisms.

The category Top of topological spaces and continuous functions.

While the objects and arrows might not actually be sets, sometimes they are.

Definition 9.16. A category % is locally small if for all objects A and B in ¢, Homy (A, B)
is a set. A category % is small if it is locally small and the collection of all objects in € is
a set.

2Contrary to what you may expect, this is not nearly as important as the next one.



122

Many important categories one would think about are at least locally small. For example,
Set is locally small but not small. In a locally small category, we can now refer to its Hom-
sets.

Not all categories consist of sets with extra structure and functions between them.

Example 9.17. Given a partially ordered set X, we can regard X as a category: the objects
are the elements of X, and Homy (z,y) is either a singleton if z < y or empty if z £ y.

This category is clearly locally small, since all nonempty Hom-sets are in fact singletons.

There are some special types of arrows we may want to consider.

Definition 9.18. Let € be any category.

e An arrow f € Homyg (A, B) is an isomorphism if there exists g € Home (B, A) such
that gf = 14 and fg = 1. Unsurprisingly, such an arrow g is called the inverse of f.

e An arrow f € Hom(B, () is monic, a monomorphism, or a mono if for all arrows
91 ¥
A—B—C
g2

if fg1 = fg2 then g1 = go.

e Similarly, an arrow f € Hom(A, B) is an epi or an epimorphism if for all arrows
A-L.p—"=C
92

if g1f = gof then g1 = go.

We follow a familiar pattern and define the related concepts one can guess should be
defined.

Definition 9.19. A subcategory % of a category & consists of a subcollection of the
objects of & and a subcollection of the morphisms of & such that the following hold:

e For every object C' in €, the arrow 1¢ € Homy(C, C) is an arrow in %
e For every arrow in %, its source and target in & are objects in %.

e For every pair of arrows f and ¢ in % such that fg is an arrow that makes sense in Z,
fg is an arrow in €.

In particular, ¢ is a category in its own right.

Example 9.20. The category of finitely generated R-modules with R-module homomor-
phisms is a subcategory of R-mod.

Of course that once we have categories, we want maps between categories as well.
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Definition 9.21. Let ¥ and Z be categories. A covariant functor F: 4 — 2 is
a mapping that assigns to each object A in € an object F(A) in &, and to each arrow
f € Homg (A, B) an arrow F/(f) € Homy(F(A), F(B)), such that

e [ preserves the composition of maps, meaning F'(fg) = F(f)F(g) for all arrows f and
g in ¢, and

e [ preserves the identity arrows, meaning F'(14) = 1p(4) for all objects A in %

A contravariant functor F: ¥ — & is a mapping that assigns to each object A in € an
object F'(A) in 2, and to each arrow f € Homg (A, B) an arrow F(f) € Homgy(F(B), F(A)),
such that

e [ preserves the composition of maps, meaning

F(fg) = F(9)F(f)
for all composable arrows f and ¢ in %, and

o F preserves the identity arrows, meaning F'(14) = 1p(a) for all objects A in €.

So a contravariant functor is a functor that flips all the arrows. We can also describe
a contravariant functor as a covariant functor from % to the opposite category of &, Z°P,
which is a category built out of Z by flipping all the arrows.

Definition 9.22. Let € be a category. The opposite category of %, denoted €°P, is a
category whose objects are the objects of ¢, and such that each arrow f € Homgen (A, B) is
the same as some arrow in Homgop (A, B). The composition of two morphisms fg in €°P is
defined as the composition gf in €.

Many objects and concepts one might want to describe are obtained from existing ones
by flipping the arrows. Opposite categories give us the formal framework to talk about such
things. We will often want to refer to dual notions, which will essentially mean considering
the same notion in a category % and in the opposite category % °P; in practice, this means
we should flip all the arrows involved. We will see examples of this later on.

In particular, we can now make our previous remark more precise.

Remark 9.23. A contravariant functor F': € — & can be thought of as a covariant functor
C°P — P, or also as a covariant functor ¥ — Z°P. If using one of these conventions, one
needs to be careful, however, when composing functors, so that the respective sources and
targets match up correctly. While we haven’t specially discussed how one composes functors,
it should be clear that applying a functor F: ¥ — % and G: ¥ — & is the same as
applying a functor ¥ — &, which we can write as GF.

For example, if F: € — 2 and G: 2 — & are both contravariant functors, the
composition GF: € — & is a covariant functor, since

A F(A) GF(A)
fl ~ P ~ GF()|
B F(B) GF(B)
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So we could think of F' as a covariant functor ¥ — 2° and G as a covariant functor
9P — &. Similarly, if F': € — & is a covariant functor and G : 4 — & is a
contravariant functor, GF': ¥ — & is a contravariant functor. In this case, we can think
of GG as a covariant functor 4 — &°P, so that GF is now a covariant functor € — &°P.

But back to functors, let’s see some examples.

Example 9.24. Here are some examples of functors you may have encountered before.

a)

In many categories one may think about, the objects are sets with some extra structure,
and the arrows are functions between those sets that preserved that extra structure. The
forgetful functor from such a category to Set is the functor that, just as the name says,
forgets that extra structure, and sees only the underlying sets and functions of sets. For
example, the forgetful functor Gr — Set sends each group to its underlying set, and
each group homomorphism to the corresponding function of sets.

The identity functor on any category ¢ does what the name suggests: it sends each object
to itself and each arrow to itself.

Localization is a functor. Let R be a ring and W be a multiplicatively closed set in
R. There is localization at W induces a a functor R-mod — W~'R-mod that sends
each R-module M to W~'M, and each R-module homomorphism a: M — N to the
R-module homomorphism W=ta : WM — W-IN.

Remark 9.25. Any functor sends isomorphisms to isomorphisms, since it preserves compo-
sitions and identities.

If we think about functors as functions between categories, it’s natural to consider what

would be the appropriate versions of the notions of injective or surjective.

Definition 9.26. A covariant functor F : € — % between locally small categories is

e faithful if all the functions of sets
Homg (A, B) —— Homg (F(A), F(B))
fi F(f)

are injective.

e full if all the functions of sets
Homy (A, B) —— Homg(F(A), F(B))
fi F(f)

are surjective.
e fully faithful if it is full and faithful.

e an embedding if it is fully faithful and injective on objects.
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Example 9.27. The forgetful functor R-mod — Set is faithful since any two maps of
R-modules with the same source and target coincide if and only if they are the same function
of sets. This functor is not full, since there not every functions between the underlying sets
of two R-modules is an R-module homomorphism.

Remark 9.28. A fully faithful functor is not necessarily injective on objects, but it is
injective on objects up to isomorphism.

Definition 9.29. A subcategory % of Z is a full subcategory if ¢ includes all of the
arrows in 2 between any two objects in 4. In other words, a subcategory is full if the
inclusion functor F': ¢ — & is full.

Example 9.30.
a) The category Ab of abelian groups is a full subcategory of Grp.

b) The category whose objects are all sets and with arrows all bijections is a subcategory of
Set that is not full.

And finally, because mathematicians do not lack a sense of humor, things do not stop
there. We can then consider mappings between functors, because why not.”

Definition 9.31. Let F' and G be covariant functors ¥ — 2. A natural transfor-

mation between F' and G is a mapping that to each object A in % assigns an arrow
na € Homgy(F(A), G(A)) such that for all f € Homg (A, B), the diagram

F(A) - G(A)

)
F(f)l lc(n

F(B) —— G(B)

nB

commutes. A natural isomorphism is a natural transformation n where each 74 is an

F

isomorphism. We sometimes write € @ 2 or simply n: FF = G.

a
Saying that the diagram commutes means that the resulting compositions are all the
same whichever way we go, meaning 75F(f) = G(f)74. We could have started our story
by saying that homological algebra is the study of commutative diagrams, and we wouldn’t
exactly be far off from reality.
Often, when studying a particular topic, we sometimes say a certain map is natural to
mean that there is actually a natural transformation behind it.

Example 9.32. The abelianization of a group G is the abelian group G** = G/[G, G|, where
|G, G] denotes the commutator subgroup of G, the subgroup generated by all commutators
of elements in G, given by

G,G] = <ghg_1h_1 | g,h € G>.

3And also because they are useful.
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It turns out that [G, G] is a normal subgroup of G, and so G?" is simply a quotient of G. In
particular, the abelianization comes equipped with a natural projection map 7o : G — G2°,
the usual quotient map from G to a normal subgroup. Here we mean natural in two different
ways: both that this is common sense map to consider, and that this is in fact coming
from a natural transformation. What’s happening behind the scenes is that abelianization
is a functor ab : Grp — Grp. On objects, the abelianizations functor is defined as

G — G*. Given an arrow, meaning a group homomorphism G ENY S , one can check that
|G, G] is contained in the kernel of 7y f, so my f factors through G#| and there exists a
group homomorphism f* making the following diagram commute:

G5 G
|

fJ/ |fab
3

H -2, geab

So the abelianization functor takes the arrow f to f2*. The commutativity of the diagram
above says that 7_ is a natural transformation between the identity functor on Grp and the

id
abelianization functor, which we can write more compactly as Grp @ Grp.
ab

Definition 9.33. Let F,G : € — & be two functors between the categories ¢ and . We
write
Nat(F, G) = {natural transformations F' — G}.

Given two categories € and 2, one can build a functor category’ with objects all
covariant functors ¥ — &, and arrows the corresponding natural transformations. This
category is denoted 2%. Sometimes one writes Hom(F, G) for Nat(F,G), but we will avoid
that, as it might make things even harder to follow.

For the functor category to truly be a category, though, we need to know how to compose
natural transformations.

Remark 9.34. Consider natural transformations

F G
¢+ 29 and ¢ U139
G H

We can compose them for form a new natural transformation

F
/_\
‘K\g&@

We should think of this composition as happening vertically. For each object C' in €, ny

4Yes, the madness is neverending.
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sends C' to the arrow F(A) 2 G(A) —2+ H(A) . This makes the diagram

P
=

F(A

) F(B)
@A}A) &%(13)
)

a

H(f) H(B)

Q
Q

m|

H(A
commute.

Even though this is only a short introduction to category theory, we would be remiss not
to mention the Yoneda Lemma, arguably the most important statement in category theory.
For that, we will need some of the most important functors we will discuss in this class.

Definition 9.35. Let % be a locally small category. An object A in & induces two Hom
functors:

e The covariant functor Homy(A,—) : € — Set sends each object B to the set
Homy (A, B), and each f € Homg (B, C) to the function Homg (f, B) =: f.

Homg (A, B) —— Homg (A, C) .

gt fg

e The contravariant functor Home(—, B) : € — Set sends each object A to the set
Homg (A, B), and each f € Homg (A, C) to the function Homy (A, f) =: f*

Homy (A, B) —— Homg (C, B) .

gt qf

Theorem 9.36 (Yoneda Lemma). Let € be a locally small category, and fiz an object A in
€. Let F: € — Set be a covariant functor. Then there is a bijection

Nat(Homy (A, —), F) —— F(A) .
Moreover, this correspondence is natural in both A and F.

Proof. Let ¢ be a natural transformation in Nat(Home (A, —), F'). The proof of Yoneda’s
Lemma is essentially the following diagram:
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Home (A, f)

Homy (A, A)
La

N } X
u

Our bijection will be defined by v(¢) := pa(la). We should first check that this
makes sense: arrows in Set are just functions between sets, and so ¢4 is a function of
sets Homg (A, A) — F(A). Also, Homy (A, A) is a set that contains at least the element
14, and p4(14) is some element in the set F'(A).

Given any fixed f € Homg (A, X), the fact that ¢ is a natural transformation trans-
lates into the outer commutative diagram. In particular, the maps of sets F(f)pa and
wx Homg (A, f) coincide, and must in particular take 14 to the same element in F/(X). This
is the commutativity of the inner diagram, with u := pa(14).

The commutativity of the diagram above says that ¢ is completely determined by ¢ 4(14),
since for any other object X in & and any arrow f € Homg(A, X), we necessarily have
ox(f) = F(f)pa(14). In particular, our map (@) = pa(la) is injective. Moreover, note
that each choice of u € F(A) gives rise to a different natural transformation ¢ by setting
wx(f) = F(f)u. So our map 7 is indeed a bijection.

We now have two naturality statements to prove. Naturality in the functor means that
given a natural isomorphism 7n: F' — G, the diagram

HOIIlcg(A, X)

Nat(Homy (A, —), F) 2, F(A)

ml lm

Nat(Homy (A4, —),G) —— G(A)

G

commutes. Given a natural transformation ¢ between Homg (A, —) and F,

na o vr(p) = nalpa(la)) by definition of ~
= (no)a(ls) by definition of composition of natural transformations
=a(noy) by definition of
=6 °© n:(p) by definition of 7,

so commutativity does hold. Naturality on the object means that given an arrow f: A — B,
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the diagram
Nat(Homg (A, —), F) —— F(A)
(f*)*l lF(f)
Nat(Homg (B, —), F) T>F(B)

commutes. Given a natural transformation ¢ between Homg (A, —) and F,

F(f) ovalep) = F(f)(wa(la)),

while

VB (f)(¢) =vB(po f*) = (vo [)s(ls).
Now notice that

Hom%(B,B)LHom%(A,B)& (B) .

Ipt I vB(f)

Let’s look back at the big commutative diagram we started our proof with. It says, in
particular, that ¢p(f) = F(f)(pa(la)). So again commutativity does hold, and we are
done. 0

One can naturally (pun intended) define the notion of functor category of contravariant
functors, and then prove the corresponding Yoneda Lemma, which will instead use the
contravariant Hom functor.

Exercise 22 (Contravariant version of the Yoneda Lemma). Let € be a locally small cate-
gory, and fix an object B in €. Let F': ¥ — Set be a contravariant functor. Then there
is a bijection

Nat (Homg(—, B), F) —— F(B) .

In a way, the Yoneda Lemma says that to give a natural transformation between the
functors Homg (A, —) and F' is choosing an element in F'(A).

Remark 9.37. Notice that the Yoneda Lemma says in particular that the collection of all
natural transformations from Hom¢ (A, —) to F is a set. This wasn’t clear a priori, since the
collection of objects in % is not necessarily a set.

Remark 9.38. If we apply the Yoneda Lemma 9.36 to the case when F' itself is also a Hom
functor, say F' = Hom¢(B, —), the Yoneda Lemma says that there is a bijection between
Nat(Homg (A, —), Homg (B, —)) and Homg (B, A). In particular, each arrow in ¢ determines
a natural transformation between Hom functors.

One of the consequences of the Yoneda Lemma is the Yoneda Embedding, which roughly
says that every locally small category can be embedded into the category of contravariant
functors from % to Set. In particular, the Yoneda embedding says that natural transforma-
tions between representable functors correspond to arrows between the representing objects.
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Theorem 9.39 (Yoneda Embedding). Let € be a locally small category. The covariant
functor

© Set””

A Homy (—, A)
fl — lf*

B Homg (—, B)

from € to the category of contravariant functors € — Set is an embedding. Moreover, the
contravariant functor

¢ Set”
A Homy (A, —)
fl —_ Tf*
B Home (B, —)

from the category € to the category of covariant functors € — Set is also an embedding.

Proof. First, note that our functors are injective on objects because the Hom-sets in our
category are all disjoint. We need to check that given objects A and B in %, we have
bijections

Homy (A, B) = Nat(Homy(—, A), Homg(—, B))

and
Homgor (A, B) = Nat(Homy (A, —), Homg (B, —)).

We will do the details for the first one, and leave the second as an exercise.

First, let us take a sanity check and confirm that indeed our proposed functors take arrows
f: A — B in € to natural transformations between Hom¢(—, A) and Homg(—, B). This
is essentially the content of Remark 9.38, but let’s carefully check the details. The Yoneda
Lemma 9.36 applied here tells us that each natural transformation ¢ between Homg(—, A)
and F' = Homy(—, B) corresponds to an element u € Homg(A, B), which we obtain by
taking u := @a(14). As we discussed in the proof of the Yoneda Lemma 9.36, we can
recover ¢ from wu by taking the natural transformation ¢ that for each object X in ¥ has
¢x : Homeg (X, A) — Home (X, B) given by ¢ (f) = Home(f, B)(u) = f.(u).

We can see that different arrows f give rise to different natural transformations by ap-
plying the resulting natural transformation f;* to the identity arrow 1,4, which takes it to
f. Moreover, the Yoneda Lemma 9.36 tells us that every natural transformation ¢ between
Homy (—, A) and Homg (—, B) is the image of some u, as described above. O

The functors that are naturally isomorphic to some Hom functor are important.

Definition 9.40. A covariant functor F': ¥ —> Set is representable if there exists an
object A in ¥ such that F' is naturally isomorphic to Homy (A, —). A contravariant functor
F: ¢ — Set is representable if there exists an object B in ¢ such that F is naturally
isomorphic to Homg(—, B).
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Example 9.41. We claim that the identity functor Set — Set is representable. Let 1 be
a singleton set. Given any set X, there is a bijection between elements x € X and functions
1 — X sending the one element in 1 to each x. Moreover, given any other set Y, and a
function f: X — Y, our bijections make the following diagram commute:

o

Homget (1, X) — X

T

~

Homget(1,Y) — Y.
This data gives a natural isomorphism between the identity functor and Homge (1, —).

A representable functor encodes a universal property of the object that represents it.
For example, in Example 9.41, mapping out of the singleton set is the same as choosing
an element x in a set X. We have all seen constructions that are at first a bit messy but
that end up satisfying some nice universal property that makes everything work out. At the
end of the day, a universal property allows us to ignore the messy details and focus on the
universal property, which usually says everything we need to know about the construction.
And as you may have already realized, universal properties are everywhere. Here is a formal
definition.

Definition 9.42. Let € be a locally small category. A universal property of an object C'
in € consists of a representable functor F': ¥ — Set together with a universal element
X € F(C) such that F' is naturally isomorphic to either Homg¢ (C, —) (if F' is covariant) or
Homy (—, C) (if F' is contravariant), via the natural isomorphism that corresponds to X via
the bijection in the Yoneda Lemma 9.30.

We can rephrase this in terms of universal arrows.

Definition 9.43. Let F': ¥ — & be covariant functor. Given an object D € %, a
universal arrow from D to F is a unique pair (U,u) where U is an object in ¢ and a
unique arrow v € Homg (D, F(U)) with the following universal property: for any arrow
f € Homg (D, F(Y)), there exists a unique arrow h € Home (U,Y") such that the following
diagram commutes:

(IJ D%F(U)
I
Rl I F(h)
4 \ +
Y F(Y)

There is a dual to this definition. A universal arrow from F to D is a unique pair
(U,u), where C'is an object in ¢ and v € Homg (F(U), D) that satisfy the following univer-
sal property: for any arrow f € Homg(F(Y), D), there exists a unique h € Home (Y, U)
such that the following diagram commutes:

U D+ F(U)

T +
g NG

Y F(Y)
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Remark 9.44. Let F': € — 2 be a covariant functor, and fix an object U in %', an object
DD in 9, and an arrow u € Homg (D, F(U)). Notice that Homgy(D, F(—)) determines a
covariant functor ¥ — Set. By the Yoneda Lemma 9.36, the following is a recipe for a
natural transformation between Home (U, —) and Homgy (D, F(—)): for each object Y in ¥
and each arrow h € Homy (U,Y), set px(h) := Homg(D, F(h))(u). Notice that

Homg (D,F(h))

Homy (D, F(U)) Homg (D, F(Y)),
fi F(h)ou

so px (h)(f) = F(h)ou.
We get the following commutative diagram:

Home (U,h)

HOIIIcg(U, U)

Homg (U,Y)

YU Py

ur—— F'(h) ou =: ¢y (h)

Homg (D, F(U)) » Homg (D, F(Y))

Homg, (D,F(h))

Given an arrow f € Homg (D, F(Y)), ¢y(h) = f for some h € Homy(U,Y') if and only
if F(h)ou=f.

On the one hand, ¢ is a natural isomorphism if and only if for every object Y in € and
every f € Homg (D, F(Y)) there exists a unique h € Home (U,Y') such that F'(h) ou = f.
On the other hand, that is exactly the condition required for (U, u) to be a universal arrow
from D to F'. So we have shown that the following are equivalent:

e (U,u) is a universal arrow from D to F.

e U represents the functor Homy (D, F(—)): ¢ — Set, via u € Homg (D, F(U)).
Similarly, one can prove the dual statement:

e (U,u) is a universal arrow from F' to D.

e U represents the functor Homg (F(—), D): ¢ — Set, via u € Homg(F(U), D).

Products and coproducts are a great example of constructions with universal properties.

Definition 9.45. Let € be a locally small category, and consider a family of objects {A; }ier
in ¥. The product of the A; is an object in ¢, denoted by [[, A; or Ay x --- x A, if I
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is finite, together with arrows m; € Home (][, A, A;) for each j, satisfying the following
universal property: given any object B in € and arrows f;: B — A; for each 1,

> 'f\

Ai—1LA

The coproduct of the A; is an object in ¢, denoted by [[, A; or in some contexts P, A4;,
together with arrows ¢; € Home (A;, [[, A;,) for each j, satisfying the following universal
property: given any object B in € and arrows f;: A; — B for each i, the following diagram
commutes:

B
T

fl
|

fi by

Let’s phrase the universal property of products as a universal property in this formal
sense, at least in the case of the product of two object C; and C5 in €. To do that, we need
to consider the product category ¢ x ¢ with objects given by pairs (C4, Cy) of objects in €
and arrows in (C, Cy) — (C5, Cy) given by pairs of arrows (f1, f2) with fi € Homg (Ch, Cs)
and fo € Homy(Cy, Cy). The diagonal functor A: € — € x € is exactly what it sounds
like: A(C) = (C,C) for every object C' in ¢ and A(f) = (f, f) for every arrow f in €.

Given objects X and Y in ¥, consider the projection arrows 7; : X x Y — X and
mo: X XY — Y. We claim that the object X x Y together with the arrow (my, m) in € X ¢
form a universal arrow from A to (X,Y) in € x ¥. Why? This means that given any arrow
(f1, f2) € Homgwo (X1, X2), A(Y)), there exists a unique h € € (X; x X5,Y) such that

(m1,m2)

X1 X XQ (Xl,X2> A(Xl X XQ)
+ A
hl I A(h)
| (f1,f2) |
y A(Y)

commutes. This is indeed the universal property of products we just described less formally
above: given f1: Y — Xj and fy: Y — X, there is a unique h: Y — X; x X5 such that

(m1,m2)

Xl X Xg (Xl,XQ) — (Xl X XQ,Xl X XQ)
+ T
h | Ah)
| (f1.f2) |
Y (Y,Y)

Equivalently, following the recipe we described in Remark 9.44, the universal property
of the product is encoded in the representable functor Homg w4 (A(—), (X1, X)), which is
represented by X; x Xy via (m, 7). So more precisely, that says that there is a natural
isomorphism

Homg (—, X7 X X5) = Homyg o (A(—), (X1, X2)),
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and that is precisely the natural transformation that the Yoneda bijection we constructed in
Theorem 9.36 takes to (71, m) € Homg (A(X; x X5), (X1, X)). If we follow that bijection,
our natural isomorphism ¢ sends an object Y in € to the arrow

Homg (Y, X1 x X5) oy Homgyo (A(Y), (X1, X5))

e (A(Y) I A X % Xp) T2, (Xl,X2)> .

Since py is a bijection, every arrow (fi, fo) € Homgye(A(Y), (X7, X2)) is ¢y (f) for some
f € Homg (Y, X7 x X3). Ultimately, this means that there exists f such that f; = 7 f and
fo = mof. And suprise surprise: we just rediscovered the universal property of the product.

Universal properties are closely related to adjoint functors.

Definition 9.46. Let ¥ and Z be locally small categories. Two covariant functors
F

CK<_G 7
form an adjoint pair (F,G) if given any objects C' € € and D € 2, there is a bijection
between the Hom-sets

Homg (F(C), D) —— Homy (C, G(D))

which is natural on both objects, meaning that for all f € Homg(C4, Cs) and g € Homg (D1, D»),
the diagrams

Homy (F(C,), D) —— Home (Cs, G(D)) Homg (F(C), Dy) —— Homy (C, G(Dy))
F(f)*l Jf* and g*l JG(g)*
Homg (F(Cy), D) —— Homg (Cy, G(D)) Homg (F(C), Dy) —— Homg (C, G(D,))

commute for all C' € ¥ and all D € . We say that F' is the left adjoint of G, or that F
has a right adjoint, and that G is the right adjoint of F', or that G has a left adjoint.

We can think of adjoint functors as solutions to optimization problems. A particular
adjoint functor gives the most efficient functorial solution to some problem.

Example 9.47. Given a set I, what is the most efficient way to assign an R-module to [
in a functorial way? The solution to this problem is the construction of free modules, the
functor Free: Set — R-mod that sends each set I to the free R-module R on I. The
free functor is precisely a left adjoint to the forgetful functor R-mod — Set.

As Mac Lane said [ML98], “the slogan is adjoint functors arise everywhere”.

Remark 9.48. We can rephrase the condition that G: ¥ — € has a left adjoint functor
F:. % — 2 as follows: for every object C' in %, there is a universal arrow from C' to
G, and for every object D in & there exists a universal arrow from F' to D. To see that,
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let np € Homgy(F(G(D)), D) be the image of the identity on Homg(G(D), G(D)) via the
bijection
Homg (G(D), G(D)) —— Homy (F(G(D)), D)

idg(p) ! 1D

given by the definition of adjoint functors, and let e € Homg (C, GF(C)) be be the image
of the identity on Home (F(C), F(C)) via the bijection

Homy (F(C), F(C)) — Homg (C, GF(C)) .

idF(C) f Ec

We claim that (F(C),e¢) is a universal arrow from C' to G. That would mean that given
arrow f € Homg (C, G(Y)), there must exist a unique arrow h € Homg(F(C),Y') such that
the following diagram commutes:

F(C) D25 G(F(C))
" \ a0y
Y G(Y)

This says that G(h).«(ec) = G(h) o e¢c = f, which means that

Lroy! £c

Homy (F(C), F(C)) ———— Homg (C, GF(C))

h*‘ ‘G(h)*

Homg (F(C),Y) ————— Homy (C, G(Y))
Iy f
On the one hand, such an h does exist: just take h € Homg (F(C),Y) that is sent to f via
the bijection between Homg(F(C'),Y) and Hom¢ (C,G(Y)). Since this map is a bijection,
such an h is unique.
Similarly, we claim that (G(D),np) is a universal arrow from F' to D. That would mean

that for any arrow f € Homgy(F(Y), D), there exists a unique h € Homy (Y, G(D)) such
that the following diagram commutes:

G(D) D <2 F(G(D))
" \ e
Y F(Y)

This means that (F'(h))*(np) = np o F'(h) = f, which means that
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Loy "D
Home (G(D), G(D)) ———— Homy (D, FG(D))

h* F(h)*

Homg (G(D),Y) ———F—— Homgy(D, F(Y))
h f

Again, such an h exists and it is unique because it must correspond to f via the bijection
between Homg (D, F(Y')) and Homg(G(D),Y).

We can talk about the left or right adjoint to a given functor.

Exercise 23. Left and right adjoints are unique up to natural isomorphism. More precisely,
given an adjoint pair of functors (F, &), show that if G’ is also a right adjoint to F', then G’
and G are naturally isomorphic. Similarly, one can show that if F’ is also a left adjoint to
G, then F' and F’ are naturally isomorphic.

Example 9.49. Fix a ring R. The forgetful functor F': R-mod — Set has a left adjoint.
That left adjoint is the functor G: Set — R-mod that takes a set S to the free R-module
@sR on S, meaning the R-module whose elements are finite formal linear combinations
7181 + -+ +1rps, of elements s; € S with coeflicients r; € R. This is the same free module
we described much earlier. Each function of sets defines an R-module map by sending each
basis element to its image via the given function.

Even without any category theory, one often describes the free R-module on a set S by
the following universal property: given a function f from a set S to an R-module M, there
exists a unique R-module homomorphism from the free module ©gR to M that agrees with
f on the basis elements. And indeed, one can check that this is the universal property we
formally obtain from the fact that the free R-module functor is left adjoint to the forgetful
functor from R-mod.

This type of free construction is quite common, and often gives rise to adjunctions. We
can think about the free functor from Set to R-mod as the most efficient way of defining
an R-module from a given set. It’s efficient because it comes with a nice universal property.

We close this short detour into the wonderful world of category theory to point out that if
we wanted to sound really obscure, we could have defined chain complexes in this categorical
language.

Remark 9.50. First, we view Z as a partially ordered set under >. Asin Example 9.15 9.17,
Z now gives us a category whose objects are the integers, and where we have an arrow in
Homgy(n,m) if n > m. If we ignore the identity maps Homgz(n,n) and composite maps, we
can represent this category in the following diagram:

io—n+1l—n—n—-1—.--.
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From this perspective, a chain complex is a functor F: Z — Ab: for each n € Z, we get
an R-module F),, and we also get an R-module homomorphisms F,,.; — F}, for each n.
Indeed, this can all be represented as a sequence

i P —— Fy—— Fy  —— -

For our functor to truly be a complex, though, we must require that all compositions
F,.1—— F,—— F,_1 be 0. A map of complexes, also known as a chain map, is a natural
transformation between two such functors.

9.3 Maps of complexes

Unsurprisingly, we can form a category of complexes, but to do that we need the right
definition of maps between complexes. We also take this section as a chance to set up some
definitions we will need later.

Definition 9.51. Let (F,, ) and (G, 8¢) be complexes. A map of complexes or a chain
map, which we write as h: (F,,0) — (G, %) or simply h: F, — G,, is a sequence of
homomorphisms of R-modules h,: F,, — G,, such that the following diagram commutes:

"'—>Fn+1 Fn Fn—l

hn+1J/ th/ hn—lJ

i Gyt —— Gy —— Gy —— - -

This means that h, 6%, = 65, 11 for all n.

Example 9.52. The zero and the identity maps of complexes (Fy, ds) — (F4, ds) are exactly
what they sound like: the zero map Og, is 0 in every homological degree, and the identity
map 1lp, is the identity in every homological degree.

This is the notion of morphism we would want to form a category of chain complexes.

Definition 9.53. Let R be a ring. The category of chain complexes of R-modules,
denoted Ch(R —mod) or simply Ch(R), is the category with objects all chain complexes of
R-modules and arrows all complex maps between them. When R = Z, we write Ch(Ab) for
Ch(Z), the category of chain complexes of abelian groups.

Exercise 24. Show that the isomorphisms in the category Ch(R) are precisely the maps of
complexes

"'—>Fn+1 Fn Fn—l

hn+1l th/ hnlJ

e — G — G, — G ——
such that h,, is an isomorphism for all n.

This is a good notion of map of complexes: it induces homomorphisms in homology.
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Lemma 9.54. Let h: (F,,6f) — (G,,65) be a map of complexes. For all n, h, restricts
to homomorphisms By(h) : B,(F,) — Bn(G.) and Z,(h) : Z,(F,) — Z,(G.). As a
consequence, h induces homomorphisms on homology H, (h) : H,(F,) — H,(G,).

Proof. Since h,, 6L, 1 = 6. 1 hy11, any element a € B,(F,), say a = 6%, (b), is taken to
hn(a) = hn65+1(b) = 5n+1hn+1 (b) € im 51?—&—1 = B, (G.).
Similarly, if a € Z,(F,) = ker %', then
Ouha(@) = hn16; (a) =0,

o h,(a) € keré6¢ = Z,(G,). Finally, the restriction of h, to Z,(F,) — Z,(G,) sends
B,(F,) into B (G,), and thus it induces a well-defined homomorphism on the quotients

Hy,(Fo) — Ha(Go). O

In particular, this says that taking nth homology is a functor H,,: Ch(R) — R-mod,

which takes each map of complexes h: F,, — G, to the R-module homomorphism H, (k) :
H,.(F,) — H,(G,).

Definition 9.55. A map of chain complexes h is a quasi-isomorphism if it induces an
isomorphism in homology, meaning H, (k) is an isomorphism of R-modules for all n.

Remark 9.56. Note that saying that if f is a quasi-isomorphism between F' and G says
more than just that H, (F') = H,(G) for al n: it says that there are such isomorphisms that
are all induced by f.

Exercise 25. Let 7 denote the projection map from Z to Z/27. The chain map
0 7—2-7 0

| ol k]

0 0 7)27 — 0 —s -

is a quasi-isomorphism.

Definition 9.57. Let f,g: FF — G be maps complexes. A homotopy, sometimes referred
to as a chain homotopy, between f and g is a sequence of maps h,,: F,, — G411

On42 On+1 on On—1
Fn+1 Fn anl
In+1 frn+1 gn fn In—1 frn-1
hn
hnfl
G G
On42 n+l On41 n On n—1 On—1

such that
5n+1hn + hn—lén = fn — Gn
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for all n. If there exists a homotopy between f and g, we say that f and g are homotopic.
If f is homotopic to the zero map, we say it is null-homotopic. If f: (F,, ) — (G., %)
and g: (G,, %) — (F,, 6L are maps of complexes such that fg is homotopic to the identity
map on (G, 6¢) and gf is homotopic to the identity chain map on (F,,df), we say that f
and g are homotopy equivalences and (F,,!) and (G,, 6¢) are homotopy equivalent.

Exercise 26. Homotopy is an equivalence relation.
This is an interesting relation because homotopic maps induce the same map on homology.
Lemma 9.58. Homotopic maps of complexes induce the same map on homology.

Proof. Let f,g: (F,,6) — (G,,6%) be homotopic maps of complexes, and let h be a
homotopy between f and g. We claim that the map of complexes f — g (defined in the
obvious way) sends cycles to boundaries. If a € Z,,(F,), then

(f = 9)nla) = ps1hy + hn_10n(a) = 0t (hn(a)) € Bu(G.).
iy

The map on homology induced by f — g must then be the 0 map, so f and g induce the
same map on homology. O]

Corollary 9.59. Homotopy equivalences are quasi-isomorphisms.

Proof. If f: (F,,0F) — (G,, %) and g: (G,,65) — (F,, 6L are such that fg is homotopic
to 1g, and gf is homotopic to 1g,, then by Lemma 9.58 fg induces the identity map on
homology. Then for each n, H,(f) H,(9) = H,(fg) is an isomorphism, and thus H,(f) and
H,,(g) must both be isomorphisms. O

The converse is false.

Exercise 27. Let m denote the projection map from Z to Z/2Z. The chain map

0 0 7)27 ——0—s - --

is a quasi-isomorphism but not a homotopy equivalence.

Remark 9.60. In fact, the relation “there is a quasi-isomorphism from F to G” is not
symmetric: in the example in Exercise 27, there is no quasi-isomorphism going in the opposite
direction of the one given.

Now that we know about maps between complexes, it’s time to point out that we can
also talk about complexes and exact sequences of complexes. While we will later formalize
this a little better when we discover that Ch(R) is an abelian category, let’s for now give
quick definitions that we can use.
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Definition 9.61. Given complexes B and C', B is a subcomplex of C'if B,, is a submodule
of C,, for all n, and the inclusion maps ¢,,: B, C C,, define a map of complexes + : B — C.
Given a subcomplex B of C, the quotient of C' by B is the complex C'/B that has C, /B,
in homological degree n, with differential induced by the differential on C,,.

Exercise 28. If B is a subcomplex of C, then the differential d on C satisfies d,,(B,,) C B, _1.
Therefore, d,, induces a map of R-modules C,, /B, — C,_1/B,_; for all n, so that our
definition of the differential on C'/B actually makes sense.

We can also talk about kernels and cokernels of maps of complexes.

Definition 9.62. Given any map of complexes f: B, — C,, the kernel of f is the
subcomplex ker f of B, that we can assemble from the the kernels ker f,,. More precisely,
ker f is the complex

- ——ker f,,g ——ker f, — ker f,, 1 —— -

where the differentials are simply the corresponding restrictions of the differentials on B,.
Similarly, the image of f is the subcomplex of C,

M fo g —— i fy —— i fy g - -

where the differentials are given by restriction of the corresponding differentials in C. The
cokernel of f is the quotient complex C,/im f.
Again, there are some details to check.

Exercise 29. Show that the kernel, image, and cokernel of a complex map are indeed
complexes.

Definition 9.63. A complex in Ch(R) is a sequence of complexes of R-modules C™ and
chain maps d,,: O™ — C™ ! between them

dnl d
...—)Cn+1_+>cn—n)cn_1_>...

such that d,d,,.1 = 0 for all n.

Given a complex C' in Ch(R), we can talk about cycles and boundaries, which are a
sequence of subcomplexes of the complexes in C', and thus its homology. Such a complex is
exact if imd,, .1 = ker d,, for all n.

Definition 9.64. A short exact sequence of complexes is an exact complex in Ch(R) of
the form

0— AL p-2.c—0.
Equivalently, a short exact sequence of complexes is a commutative diagram

00— Ay fit1 B gi+1 Ciiy 0

6i+lJ/ 6i+1l 6i+1J/

6il 5il 521
fi—1

9i—1
e A By Cia

where the rows are exact and the columns are complexes.
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9.4 Long exact sequences

A long exact sequence is just what it sounds like: an exact sequence that is, well, long.
Long exact sequences arise naturally in various ways, and are often induced by some short
exact sequence. The first long exact sequence one encounters is the long exact sequence on
homology. All other long exact sequences are, in some way, a special case of this one. The
main tool we need to build it is the Snake Lemma.

Theorem 9.65 (Snake Lemma). Consider the commutative diagram of R-modules

Ay NG 0

0 A——DB C
If the rows of the diagram are exact, then there exists an exact sequence

ker f —— ker g ker h —2— coker f —— coker g —— coker h

Given ¢ € C', pick b € B such that p'(0') = ¢, and a € A such that i(a) = g(V'). Then
d(c') =a+1im f € coker f.

The picture to keep in mind (and which explains the name of the lemma) is the following:

ker f ——— kerg ker h
N
4 B <

a i al
A B C

Ll

coker f —— coker g —— coker h
Definition 9.66. The map 0 in the Snake Lemma is the connecting homomorphism.

Proof. 1f a' € ker f, then b’ := i'(a’) must satisfy ¢g(V') = if(a’) = 0, by commutativity, so
b € ker g. Similarly, the image of b’ € ker g by p’ is in the kernel of h. So the maps

ker f —— ker g —— ker h

are restrictions of the maps A’ —— B’ —2—~ (" | so i'(ker f) C ker( B'—2—=C"). Ift/ € kerg
is such that p/(b') = 0, then there exists a’ € A’ such that #(a") = '; we only need to check
that a’ € ker f. An indeed, by commutativity we have

if(a) = gi'(a’) = g(V') =0,

and since 7 is injective, we must have f(a") = 0.
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Similarly, if a € im f, the commutativity of the diagram guarantees that i(a) € im g, and

if b € im g, then p(b) € im h. So the maps A 3 B2, restrict to maps

im f im g imh ,

which then induce maps
coker f —— coker g —— coker h .

Again, we automatically get i(coker f) C ker( coker g —— coker h ), so we only need to check

equality. If b € B is such that p(b) = 0 in coker h, meaning p(b) € imh, let ¢ € C be such
that k(') = p(b). Since p is surjective, there exists ¥ € B’ such that p'(b') = ¢, and by
commutativity,
pg(b) = hp'(t') = h(c) = p(b).

Then b — g(b') € ker p = imi. Since b = b — g(V’) in coker g, this shows that the class of b in
coker g is in i(coker f). So we have shown exactness at ker g and coker g.

So everything we need to prove concerns the connecting homomoprhism 9. Our definition
of 0 can be visualized as follows:

c €kerh
Al d VeBr-"-sdec
f l :
a€A————g(t)) € B——F—0€ C==yg(V') € kerp =imi
a+im f € coker f
We need to show the following:
1) 0 is well-defined. 3) im 9 = ker( coker f —— coker g ).

2) p/(kerg) = ker 0.

The last two points together say that the sequence

ker g ker h —2— coker f——cokerg
1s exact.

To show that 0 is well-defined, let’s fix some ¢ € kerh C C’. Since p’ is surjective,
¢ €imyp’. Consider 0,0, € B’ such that p'(b}) = p'(by) = . Then p/'(b} — b)) = 0. We will
show that our definition of §(0) is independent of the choice of ' € ker g, which implies that
our definition of §(¢) is independent of our choice of b} or b,. Given b’ € ker p’ = im ¢, there
exists a’ € A’ such that '(a’) = '. Notice that a := f(a’) € A is such that

i(a) = if(d') = gi'(t')
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so 6(0) is defined as a +1im f € coker f. Since a = f(a') € im f, we conclude that 6(0) =0
for any choice of &'. This shows that § is well-defined, and 1) holds.

If ¥ € kerg, then g(b') = 0 and the only a € A such that i(a) = ¢g(t/) = 0is a = 0.
Therefore, §(p'(V')) = 0, so p'(kerg) C kerd. On the other hand, let ¢ € ker h be such that
J(c') = 0. That means that for any &' € B’ such that p'()') = ¢’ we must have g(b') = i(a)
for some a € im f. Let a’ € A’ be such that f(a’) = a. Then

gi'(d') =if(d') = i(a) = g(V)

so b —i'(a’) € kerg. Since p'i' =0, p'(b/ —'(d’)) =p'(b') =, so ¢ € imp’. We conclude
that ker 0 = p/(ker g), and this shows 2).

Let a € A. The statement i(a 4+ im f) = 0 lifts to B as i(a) € img, so we can
choose V' € B’ such that g(b') = i(a). Then O(p'(t)) = a + im f, and moreover p'(V') is
in ker h, since by commutativity we have hp'(b') = pg(t') = pi(b') = 0. This shows that
ker( coker f —i>cokerg) C im0. Finally, if ¢/, ¥/, and a are as in the diagram above,
ila+im f) =g(b') +img =0, so im 9 C ker( coker f ——— coker ¢ ). This shows 3). O]

This proof is what we call a diagram chase, for reasons that may be obvious by now: we
followed the diagram in the natural way, and everything worked out in the end.

Now that we have the Snake Lemma, we can construct the long exact sequence in ho-
mology:

Theorem 9.67 (Long exact sequence in homology). Given a short ezact sequence in Ch(R)

0 AL ¢ 0,

there are connecting homomorphisms 0 : H,,(C')) — H,_1(A) such that

e H1 (O) =2 Hy(A) —L o H(B) —2— Ho (C) — 2 Hyy g (A) —— - -

s an exract sequence.

Proof. For each n, we have short exact sequences

The condition that f and ¢ are maps of complexes implies, by Lemma 9.54, that f and ¢
both take boundaries to boundaries, so that we get exact sequences

A,/imd},, —— B,/imd} , —— C,/imd{, , ——0.

Again by Lemma 9.54, the condition that f and g are maps of complexes also implies that
f and g take cycles to cycles, so we get exact sequences

0—— Zp(A) — Z,(B) — Z,(C) .
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Let F' be one of A, B, of C. The boundary maps on F' induce maps F, — Z,_1(F)
that send imd, 1 to 0, so we get induced maps F,/imd,, 1 — Z,_1(F). Putting all this
together, we have a commutative diagram with exact rows

A,/imd},, —— B,/imd3 , —— C,/imd{,, —0.

dfl dfl ds$ l

0—— Z,(A) —— Z,(B) ——— Z,,(C)

F
For each F' = A, B, C, the kernel of F,/imd?,, N Zn—1(F) is H,(F), and its cokernel is

Zn1(F)/imd: = H, _1(F). The Snake Lemma now gives us exact sequences

H,(A) — H,(B) — H,(C) —% H, 1 (A) — H,_1(B) — H,_,(C)
Finally, we glue all these together to obtain the long exact sequence in homology. O]

Remark 9.68. It’s helpful to carefully consider how we compute the connecting homomor-
phisms in the long exact sequence, which we can easily put together from the proof of the
Snake Lemma. Suppose that ¢ € ker d7€+1' When we view ¢ as an element in C),11, we
can find b € B, such that g,1(b) = ¢, since g,41 is surjective by assumption. Since
dB._,(b) € ker g,, we can find a € A, with f,(a) = dZ_,(b). Finally, d(c) = a +imdZ, .

We will soon see that long exact sequences appear everywhere, and that they are very
helpful. Before we see more examples, we want to highlight a connection between long and
short exact sequences.

Remark 9.69. Suppose that

Oy o

is a long exact sequence. This long exact sequence breaks into the short exact sequences

0 —— ker f,, —— C,, —= coker f,. 1 ——0.

The first map ¢ is simply the inclusion of the submodule ker f,, into C),, while the second
map 7 is the canonical projection onto the quotient. While it is clear that ¢ is injective and
7 is surjective, exactness at the middle is less obvious. This follows from the exactness of
the original complex, which gives im? = ker f,, = im f, 11 = ker 7.

The long exact sequence in homology is natural.

Theorem 9.70 (Naturality of the long exact sequence in homology). Any commutative
diagram in Ch(R)
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with exact rows induces a commutative diagram where the rows are long exact sequences

oo Hy 1 (O) =25 H, (A) —— H,(B) 2= H, (C) —% Hy 1 (A) — - - -

R L T
- ——H, 1 (C") — H,(A") — H,(B) — H,(C) — H, 1(4)—---
Proof. The rows of the resulting diagram are the long exact sequences in homology induced
by each row of the original diagram, as in Theorem 9.67. So the content of the theorem
is that the maps induced in homology by f, g, and h make the diagram commute. The
commutativity of

H,(A") —— H,(B) T H,(C)

~

follows from the fact that H,, is a functor, so we only need to check commutativity of the
square

H,(C)—2H,_,(A)

| |

H,(€) —— H,1(A)

that involves the connecting homomorphisms 0 and @'. Consider the following commutative
diagram:

0 A, : B, b c, 0
/ : / : / :
| | |
0— S A, —:> B, 1 : C, 4 : 0
| | |
4 4 4
0 Al B o4 0
v v e
0———— 4, —— B, - Chy 0

Given ¢ € ker(d,: C,, — C,,_1), we need to check that f,,_1(9(c)) = &h,(c) in H,—1(A). To
compute J(c), we find a lift b € B, such that p,(b) = ¢, and a € A,,_; with i,,_1(a) = d, (D),
and set d(¢) = a+imd, € H,—1(A). So f,—10(c) = fn-1(a) +imd,. On the other hand, to
compute 0'h,(c), we start by finding &’ € B, such that p/,(b') = h,(c). By commutativity of

the top square

B, 2 C,

o

/ /
B n / Cn
Pn
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we can choose b’ = g,(b), since

Pp(b) = P9 (b) = hapn(b) = hn(c).
Next we take a’ € A/, such that i/, _,(a’) = d,(V'), and set &' (h(c)) = o’ +imd,, € H,_1(A").

n—1
By commutativity of the middle square

dr
B, —— B, _1

gnl J/gn 1

/ /
Bn dn anl

we have
dn(b,) = dngn(b) = gn—ldn(b)'

By our choice of a, we have

dn(b,) = gn—ldn(b) = gn—lin—l(a)a
and by commutativity of the front left square

7;77.—1

Anfl — anl

fn—lJ J{gnl

/ /
Anfl - anl

/
Tn—1

we have
Z.:7,—1fn—1(a) = gn—lin—l(a) - dn(b/)

So we can take @’ = f,,_1(a). Finally, this means ' (h,(c)) = fn.-1(a)+imd,_;, as we wanted
to prove. ]

Remark 9.71. Let ‘
0 A——B—"5C—0

be a short exact sequence in Ch(R). We can think of Theorem 9.70 as saying that the
induced maps on homology i, : H,(A) — H,(B) and p.: H,(B) — H,(C) and the
connecting homomorphism 0: H,(C) — H,,_1(A) are all natural transformations. More
precisely, consider the category SES of short exact sequences of R-modules, which is a full
subcategory of Ch(R). Homology gives us functors SES — R-mod that given a short
exact sequence

0—A—5B—"5C—0
return the R-modules H,,(A), H,(B), or H,,(C)). A map between two short exact sequences
then induces R-module homomorphisms between the corresponding homologies. With this
framework, Theorem 9.70 says that i,: H,(A4) — H,(B), and p,: H,(B) — H,,(C) and the
connecting homomorphism 0 : H,(C) — H,_;(A) are all natural transformations between
the corresponding homology functors.




Chapter 10
R-mod

Before we study abelian categories in general, we want to understand our best prototype
for what an abelian category looks like: the category R-mod of R-modules and R-module
homomorphisms.

10.1 Hom

From now on, let’s fix a ring R. Our goal is to get to know the category R-mod, which as
we are about to discover is a very nice category. To make the notation less heavy, we write
Hompg(M, N) instead of Hompg.moa (M, N) for the Hom-set between M and N in R-mod.
The arrows in Hompg(M, N) are all the R-module homomorphisms from M to N. This is
a locally small category, meaning that the Hom-sets are actual sets, but more even is true:
the Hom-sets are actually R-modules.

Given f,g € Homg(M, N), f + g is the R-module homomorphism defined by

(f +9)(m) == f(m) + g(m).
Given r € R and f € Homg(M, N), r- f is the R-module homomorphism defined by
(r- f)(m) :=r- f(m).
Exercise 30. Let M and N be R-modules. Then Hompg(M, N) is an R-module.
Some Hom-sets can easily be identified with other well-understood modules.
Exercise 31. Let M be an R-module, and I an ideal in R. Then:
a) Homp(R, M) = M.
b) Hompg(R", M) = M™ for any n > 1.
¢) Homp(R/I,M) = (0:pr I):={m € M | Im = 0}.

Since R-mod is a locally small category, we saw in Definition 9.35 that there are two
Hom-functors from R-mod to Set, the covariant functor Homg(M, —) : R-mod — Set
and the contravariant functor Hompg(—, N): R-mod — Set. In light of Exercise 30, we
can upgrade these functors to land in R-mod, not just in Set. And they are indeed functors
to R-mod, since they preserve identities and compositions.

147
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Definition 10.1. Let R and S be rings. A functor 7T: R-mod — S-mod is an additive
functor if

T(f+9)=T(f)+T(g)
for all f,g € Homg(M, N).

So an additive functor is one that restricts to a homomorphism of abelian groups for all
Hom-sets.

Exercise 32. Show that Hompg(M, —) and Hompg(—, N) are both additive functors.
Lemma 10.2. Let T': R-mod — S-mod be an additive functor.

a) If 0 is the 0 map between any two R-modules M and N, then T'(0) = 0.

b) If 0 is the 0 R-module, T(0) = 0 is the zero S-module.

Proof.

a) As a function defined on each fixed Homg(M, N), T is a group homomorphism, so it
must send 0 to 0.

b) An R-module M is the zero module if and only if the zero and identity maps on M
coincide. Let N be the image of the zero R-module via T'. On the one hand, any functor
must send identity maps to identity maps, so the identity map on the zero module must
be sent to the identity on N. On the other hand, we have shown that the zero map must
be sent to the zero map on N, so the zero and identity maps on N must coincide, so
N =0. O

We want to study some of the properties of the Hom functor." For starters, it behaves
well with direct sums and products.

First, a note on direct sums versus (direct) products. When we have finitely many
Ni, II; Ni = @, N; = N. The only difference is when we take infinitely many direct
sums or products: the direct sum €, N; is the submodule of [[, N; whose elements, when
written as tuples of elements in each NV;, have only finitely many nonzero entries. These two
constructions are dual to each other, and have the following universal properties:

e Mapping out of a direct sum is completely determined by mapping out of each factor.
More precisely, given homomorphisms f; : M; — N for each ¢, then there exists a

unique homomorphism f: @ M; — N such that the following diagram commutes:

SN

M—>@M<—M

)

'Indeed there are two of them, but they are so similar that we will sometimes refer to the Hom functor
when talking about properties that are common to both of them.
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e Mapping in to a product is completely determined by mapping in to each of the factors.
More precisely, given homomorphisms f;: M — N; for each ¢, there exists a unique
homomorphism f: M — [], N; making the following diagram commute:

i
/ Ifx
3

In categorical language, this says that the product of R-modules is the product in R-mod,
while the direct sum of modules is the coproduct in R-mod.

Given this, it should not be surprising that Hom behaves well when we map into products
or out of corpoducts.

Theorem 10.3. Let M, N, M;, and N; be R-modules. There are isomorphisms

Homp (M, [ [ Vi) = [ [ Homg(M, N;) and Homp(ED M;, N) = [ [ Homz(M;, N).

In particular,

Homp(A @ B,C) = Homg(A, C) @ Homg(B, C)

and
Hompg(A, B® C) = Homg(A, B) @ Homg(A, C).

Proof. For each i, let 7; : Hj N; — N; be the canonical projection map. Consider the map
Homp (M, ], N;) —=— T[], Homg (M, N;) .
[ (mif)

We claim this map is the desired isomorphism. First, take (f;); € [[, Hompg(M, N;). Define
a map

ML N .
m——(fi(m))

This makes the diagram

commute, so that a(v) = (m); = (f;). This shows that « us surjective. Now suppose
f inHompg(M, ], N;) is such that a(f) = 0. For each m € M, let f(m) = (n;);, so
m;f(m) = n;. By assumption, (m;f(m)) = 0, which means that m;a = 0 for all ¢, and thus
n; = 0 for all 2. So f = 0. We conclude that « is an isomorphism.



150

Now consider the map

Hompg(@D M;, N) — [ Homg(M;, N)

J (fu)

where ¢;: M; — €D, M; is the inclusion of the jth factor. Given (f;); € HHomR(Mi, N),

let
Pm——N

(m;) —— Z fi(m;)

Then S(¢) = (¢1;);, so for each ¢ and each m; € M;, Y¥i;(m;) = fi(m;), and 5(¢) = (fi)i-
This shows that [ is surjective. Now assume ((f) = 0, which implies that f¢; is the zero
map for each i. Consider any (m;); € @, M;. For each i, fi;(m;) = 0. On the other
hand, (m;); = >, t:(m;), so f((m;);) = >, ti(m;) = 0. We conclude that f = 0, and 3 is
injective. [

Another important property of Hom is how it interacts with exact sequences.

Definition 10.4. A covariant additive functor 7 : R-mod — S-mod is left exact if it
takes every exact sequence

0—sA-—L B9 ¢

of R-modules to the exact sequence

to the exact sequence of S-modules

) T(f) ) T(g)

T(A T(B T(C) 0.

Finally, T" is an exact functor if it preserves short exact sequences, meaning every short
exact sequence

0 A

is taken to the short exact sequence
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A contravariant additive functor T: R-mod — S-mod is left exact if it takes every exact
sequence

AL p 9.0 0

of R-modules to the exact sequence

T(g) ()
) ) —

0——T(C

T(B T(A)

of S-modules, and right exact if it takes every exact sequence of R-modules

0 AL . 9. ¢

to the exact sequence of S-modules

T(A) ——0.

Finally, T is an exact functor if it preserves short exact sequences, meaning every short
exact sequence

0 A

is taken to the short exact sequence

0——T(C

Exercise 33. The definitions above all stay unchanged if for each condition we start with
a short exact sequence. For example, a covariant additive functor 7T is left exact if for every
short exact sequence

of R-modules,

is exact.

Remark 10.5. Left exact covariant functors take kernels to kernels, while right exact co-
variant functors take cokernels to cokernels. Similarly, left exact contravariant functors take
kernels to cokernels, and right exact contravariant functors take cokernels to kernels.

Exactness is preserved by natural isomorphisms

Remark 10.6. Suppose that F,G: R-mod — S-mod are naturally isomorphic additive
functors. We claim that F'is exact if and only if G is exact. Let’s prove it in the case when
F and G are covariant. Given any short exact sequence

0 A B C 0
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applying each of our functors yields complexes of R-modules which may or may not be exact.
Our natural isomorphism gives us an isomorphism of complexes (displayed vertically)

0 F(A) F(B) F(C) 0
0 G(A) G(B) G(O) 0

Isomorphisms of complexes induce isomorphisms in homology, so the top sequence is exact
if and only if the bottom sequence is exact.

The same argument shows that F' is left (respectively, right) exact if and only if G is left
(respectively, right) exact.

Hom is left exact.
Theorem 10.7. Let M be an R-module.
a) The covariant functor Homg(M, —) is left exact: for every exact sequence

0 AL, 9. ¢

of R-modules, the sequence

Hompg(M,f) Hompg(M,g)

0 —— Hompg(M, A) Hompg (M, B) Hompg (M, C)

18 exact.

b) The contravariant functor Hompg(—, M) is left exact: for every exact sequence

A-l.p9.¢ 0

of R-modules, the sequence

Hompg(g,M) Hompg/(f,M)

0 —— Homg(C, M) Hompg (B, M) Hompg(A, M)
15 ezact.

Proof. To make the notation less heavy, we will write f, := Homg(M, f), g« := Homg(M, g),
f*:=Homg(f, M), and g* := Hompg(g, M).

a) We have three things to show:

e f, is injective.
Suppose that h € Hompg(M, A) is such that f.(h) = 0. By definition, this means
that fh = 0. But f is injective, so

fh(a) =0 = h(a) =0.

We conclude that h = 0, and f, is injective.
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e im f, C ker g,.
Let h € Homg(M, A). Then g, f.(h) = gfh, but gf = 0 by assumption, so g, f.(h) =
gfh =0.

e kerg, Cim f,.
Let h € Hompg(M, B) be in the kernel of g.. Then gh = g.(h) = 0, so for each
m € M, gh(m) = 0. Then h(m) € kerg = im f, so there exists a € A such that
f(a) = h(m). Since f is injective, this element a is unique for each m € M. So
setting k(m) := a gives us a well-defined function k: M — A. We claim that k
is in fact an R-module homomorphism. To see that, notice that if k(m,) = a; and
k(ms) = as, then

flar + a2) = f(a1) + f(a2) = h(ma) + h(mz) = h(mi + ma),
so that k(my + me) = a3 + ay = k(my) + k(my). Similarly, given any r € R,
f(ra) = rf(ar) = rh(my) = h(rma),
so k(rmy) = ra; = rk(my). Finally, this element k& € Hompg(M, A) satisfies

fo(k)(m) = f(k(m)) = h(m)
for all m € M, so f.(k) = h and h € im f..

b) Again, we have three things to show:

e g* is injective.
If g*(h) = 0 for some h € Homg(C, M), then hg = g*(h) = 0. Consider any ¢ € C.
Since g is surjective, there exists b € B such that g(b) = c¢. Then h(c) = hg(b) = 0,
so h must be the zero map.

e img* C ker f*.
Let h € Hompg(B, M) be in im ¢g*, so that there exists k& € Homg(C, M) such that
kg = g*(k) = h. Then

fr(h)=hf=kgf =0,

N~
0

so h € ker f*.
e ker f* Cimg*.

Let h € Homg(B, M) be in ker f*, so that hf = 0. Given any ¢ € C, there exists
b € B such that g(b) = ¢, since g is surjective. Let k: C' — M be the function
defined by k(c) := h(b) for some b with g(b) = ¢. This function is well-defined,
since whenever g(v') = g(b) = ¢, b—V € kerg = im f, say b — b’ = f(a), and thus
h(b—10) = h(f(a)) = 0. Moreover, we claim that k is indeed a homomorphism of
R-modules. If ¢1, ¢ € C, and g(by) = ¢1, g(by) = ¢, then g(by + be) = ¢1 + ¢9, SO

k’(Cl + 02) = h(bl + b2> = h(bl) + h(bg) = k?(bl) + k’(bg)
Finally, this element k& € Hompg(C, M) is such that ¢*(k) satisfies
(9+(F))(b) = K(g(b)) = h(b)

for all b € B, so g*(k) = h, and h € im g*. O
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So Hompg (M, —) preserves kernels, and Hompg(—, N) sends kernels to cokernels. However,
Hom is not right exact in general.

Example 10.8. Consider the short exact sequence of abelian groups

0—Z—Q—Q/Z—0,

where the first map is the inclusion of Z into QQ, and the second map is the canonical
projection. The elements in the abelian group Q/Z are cosets of the form £ + Z, where
§ € Q, and whenever § € Z, § + Z = 0. While Theorem 10.7 says that

0 —— Homgy(Z/2,7) —— Homgy(Z/2,Q) —— Homy(Z/2,Q/7Z)

is exact, we claim that this cannot be extended to a short exact sequence, since the map
Homgz(Z/2,Q) — Homgy(Z/2,Q/Z) is not surjective. On the one hand, there are no non-
trivial homomorphisms from Z/2 to either Z nor Q, since there are no elements in Z nor Q
of order 2. This shows that Homz(Z/2,Q) == 0. On the other hand, Homgz(Z/2,Q/Z) is
nonzero, since % + Z is an element of order 2 in Q/Z, so the map sending 1 in Z/2 to % + Z
in Z/Q is nonzero. So after applying Homgz(Z/2, —), we get the exact sequence

0 0 0 Homy(Z/2,Q/Z) .

So this shows that Homy(Z/2, —) is not an exact functor, only left exact.
Similarly, we can show that Homz(—,Z) is not exact by applying it to the same original
short exact sequence. This time, Theorem 10.7 says that

0 —— Homy(Q/Z,Z) — Homz(Q, Z) —— Homy(Z,Z) .

is exact. We claim that the last map is not surjective. By Exercise 31, Homy(Z,Z) = Z. On
the other hand, we claim that Homgz(Q,Z) = 0. Indeed, if f: Q — Z is a homomorphism
of abelian groups, then for all n > 1 we have f(1) = nf(%) This says that f(1) is an integer
that is divisible by every integer, which is impossible unless f(1) = 0. We conclude that

f=0.
10.2 Tensor products

Definition 10.9. Let M, N, and L be R-modules. A function f: M x N — L is R-bilinear
if for all m,m’ € M, all n,n’ € N, and all r € R we have

e f(m+m/,n)= f(m,n)+ f(m' n) e f(rm,n) = f(m,rn) =rf(m,n).
b f(m7n+nl>:f(mvn)+f(mvn/)

Example 10.10. The product on R is a bilinear function R x R — R.
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Definition 10.11. Let M and N be R-modules. The tensor product of M and N is an R-
module M ®g N together with an R-bilinear map 7: M X N — M ®g N with the following
universal property: for every R-module A and every R-bilinear map f: M x N —> A there
exists a unique R-module homomorphism f : M ®gr N — A such that the following diagram
commutes:

M ®r N

N ~

N
T \f
N

MXNTNA

Remark 10.12. We can express this universal property in the framework of Definition 9.42.
Consider the functor Bilin(M x N, —): R-mod — Set that sends an R-module A to the
set of R-bilinear maps M x N — A, and a map of R-modules f A — B to the function of
sets induced by post-composition of functions. The universal property of the tensor product
is encoded in the representable functor Bilin(M x N,—) : R-mod — Set together with
the bilinear map 7 € Bilin(M x N, M ®g N). Indeed, this says that 7 induces a natural
isomorphism between Homgz(M ®r N, —) and Bilin(M x N, —) by sending each R-module
A to the bijection

Homp(M ®r N, A) — 5 Bilin(M x N, A)
f————Bilin(M x N, f)1 = f.(7) = fT.

The fact that this is a bijection says that for every R-bilinear map ¢ there exists a unique
R-module homomorphism f such that

M ®r N
N
1
N
MxN——A
commutes. So this is indeed the universal property we described before.
Tensor products exist.

Theorem 10.13. Given any two R-modules M and N, their tensor product exists.

Proof. Let F' be the free R-module on the set M x N, meaning that F' has a basis element
for each (m,n) with m € M and n € N. In what follows, we identify (m,n) with the
corresponding basis element for F'. Let S be the submodule of F' generated by

(m,n+n') — (m,n) — (m,n) m,m' € M
S = (m+m/,n) — (m,n) — (m',n) n,n' € N
(rm,n) —r(m,n), (m,rn) —r(m,n) renR

Let M ®g N := F/S, and let m ® n denote the class of (m,n) in the quotient. We claim
that this module M ®g N is a tensor product for M and N, together with the map

Mx N—"—=M®N

(m,n)——m®n
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Notice 7 is the restriction of the quotient map F' — F/S to the basis elements of F.
Moreover, by construction of M ®z N, the following identities hold:

mn+n)=men+men
(m+m)@n=men+men'
(rm)®@n=m® (rn)

Together, these make 7 an R-bilinear map. The map M x N — F' that sends each pair

(m,n) to the corresponding basis element is R-bilinear by construction. Moreover, there is
a natural quotient map F' — M ®pz N, which, and these maps make the diagram

MxN—"—M®rN

commute.

Now suppose that A is any other R-module, and consider any R-bilinear map M x N ENy'Y
Since F is the free R-module on M x N, f induces a homomorphism of R-modules ¢: FF — A
such that fi = ¢, meaning f(m,n) = ¢(m,n) for all m € M and all n € N. Finally, the fact
that f is bilinear implies that S C ker ¢. Therefore, ¢ induces an R-module homomorphism
on F/S =M ®g N. All this fits in the following commutative diagram:

Finally, this map f we constructed agrees satisfies f(n®mn) = f(m,n), and since M @p N
is generated by such elements, f is completely determined by the images of m ® n, and thus
unique. ]

The construction in Theorem 10.13 gives us generators m ® n for M ®r N. These are
usually called simple tensors. So any element in M ®pg N is of the form

k
g m; Q@ n,;.
i=1

Such expressions are not unique. For a cheap example, consider the relations we used to
construct M ®pr N from the free R-module on M x N, which gives us nontrivial ways to
write the 0 element in M ®pz N:
O=mn+n)—men—men
O=(m+m)@n—men—maen
0=(rm)®@n—m® (rn).
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This makes things unexpectedly tricky. For example, a particular tensor product might
unexpectedly be the zero module. Also, whenever we try to define some R-module homo-
morphism from M ®gr N into some other R-module, we must carefully check that our map
is well-defined, which is in principle not an easy task. Therefore, the easiest way to define
some R-module homomorphism from M ®z N is to give some R-bilinear map from M x N
into our desired R-module.

Before we get in too deep with such details, we point out that we can talk about the
tensor product of two R-modules.

Lemma 10.14. The tensor product of M and N is unique up to unique isomorphism. More
precisely, if M x N 25 Ty and M x N 2 Ty are two tensor products, then there exists a

unique isomorphism Ty = Ty such that

Proof. First, note that the universal property of the tensor product implies that there exists
a unique ¢ such that
T

N
N e
i AN
N
N
K

commutes. Since the identity map 7; — T; is such a map, it must be the only such map.
Similarly, there are unique maps ;: 77 — 15 and py: Ty — T3 such that

T1 T2
N N
T N P T N P2
T1 N T2 N
AN AN
N N
M x N T—2> T2 M x N T—1> T1

both commute. Stacking these up, we get commutative diagrams

Ty 15
N N
N @1 N2
N N
N N
N Y
T1 T2 T2 Tl
AN AN
™ N2} T1 \ Pl
AN AN
N N
MxN—— T MxN—— T

so that 1 must be the identity on 77 and ¢;p9 must be the identity on 7T5. In particular,
Ty and T3 are isomorphic, and the isomorphisms ¢, and ¢, are unique. O
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From now on we talk about the tensor product M ®z N of M and N, which is generated
by the simple tensors m ® n. It’s also important to remember (though we’re all bound to
forget once or twice) that not all elements in M @z N are simple tensors, and that even
though M and N are nonzero, M ®gr N could very well be zero.

So let’s study some properties of and get some practice with tensor products.

Remark 10.15. Two R-module maps M ®r N — L coincide if and only if they agree on
simple tensors, since these are generators for M ®g N.

Lemma 10.16. Let f: A— C, g: B— D be R-module homomorphisms. There exists a
unique homomorphism of R-modules f ® f: AQr B — C ®gr D such that

(f @ g)a®b) = fa) @ g(b)
foralla€e A and b € B.

Proof sketch. The function
AxB——C®grD

(a,b) —— f(a) @ g(b)

is R-bilinear, so the universal property of tensor products gives the desired R-module homo-
morphism, which is unique. [

Lemma 10.17. Given R-module maps A; EELEN Ao LN As and By LIEN B, ELLEN Bs , the
composition of fi ® g1 satisfies fo ® go

(f2®92) o (f1 ® g1) = (faf1) ® (9291)-

Proof. 1t’s sufficient to check that these maps agree on simple tensors, and indeed they both
take a ® b to (fafi(a)) ® (g2g1(D)). O

We are particularly interested in tensor products because of the tensor functor.
Theorem 10.18. Let M be an R-module. There is an additive covariant functor
M ®gr —: R-mod — R-mod

that takes each R-module N to M ®gr N, and each R-module homomorphism f: A — B to
the R-module homomorphism 1y @ f: M @gr A — M ®pr B.
Similarly, there is an additive covariant functor

— ®r N: R-mod — R-mod

that takes each R-module M to M ® RN, and each R-module homomorphism f: A — B
to the R-module homomorphism f @ 1y: AQr N — B ®pr M.
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Proof. We do the case of T':= M ®p —, and leave — ®r N as an exercise.

First, note that T" preserves identities, meaning T'(1x) = 17, since the identity map on
M®pgN agrees with T'(1y) = 13;®1y on simple tensors. Moreover, T preserves compositions,
since by Lemma 10.17 we have

T(NHT) =1 fHileg) =1 (fg) =T(fg).

Thefore, T is a functor. To check that it is an additive functor, we need to prove that
T(f+g9)=T(f)+T(g) for all f,g € Hompg(A, B). Again, the maps T'(f +¢) = 1® (f + g)
and T'(f) +T(g) = 1® f + 1 ® g agree on simple tensors, and so they are equal. O

Lemma 10.19. If f and g are isomorphisms of R-modules, then f ® g is an isomorphism.

Proof. On the one hand, 1 ®p ¢ is the image of an isomorphism by a functor, and thus an
isomorphism. Similarly, f ® g 1 must be an isomorphism. Finally, f® g = (f®1)(1®g), by
Lemma 10.17, which is a composition of isomorphisms, and thus an isomorphism. O

We can now prove some useful properties of tensor products.

Lemma 10.20 (Commutativity of tensor products). Let M and N be R-modules. Then
M ®r N = N ®gr M, and this isomorphism is natural.

Proof sketch. The map M x N — N ®g M given by (m,n) — n ® m is R-bilinear. The
universal property of the tensor product M ®r N gives us an R-module homomorphism ¢

such that the diagram
M ®r N

~
~
P
~
~

~
M x N N ®r M

| nQm

~—

(m,n
commutes. Similarly, we get a map 1 and a commutative diagram

N®gM
\\\7/}

~
N x M M ®@r N

(m,n) n@m

Then 1) agrees with the identity on N ®z M on simple tensors, so it is the identity.
Similarly, ¥ is the identity on M ®x N, and these are the desired isomorphisms.

The statement about naturality is more precisely the following: for every R-module
maps f: M; — M, and g: Ny —> Ny, our isomorphism maps M; ®gr N1 = N; ®g M; and
M2 KRR NQ = NQ XRnr M2 make the diagram

M, ®g N1i>N1 ®r M,

f ®gl lg®f

My, ®p N2i>N2 ®pr Mo
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commute. To check this, it’s sufficient to check commutativity on simple tensors, and indeed

m®n n@m

M, ®r N1i>N1 ®r M,

f ®gl ‘g®f

M; ®r Nziﬂvz ®pr My

f(m) @ g(n) g(n) @ f(m).

Lemma 10.21 (Associativity of tensors). Let A, B, and C' be R-modules. Then

(ARr B)@rC = A®g (B®g ().
Proof. Fix c € C. The map

AX B—— A®g (B®grC)
(a,b)———a® (b®c)
is R-bilinear, so it induces a homomorphism of R-modules ¢.: A®r B — A®pg (B ®gC).

Then
(ARr B) x C —— A®p (B®grC)

(a®b,c)————a® (b® c)
is also R-bilinear, and it induces a homomorphism of R-modules that sends (a ® b) ® ¢ to
a® (b®c). Similarly, we can define a homomorphism of R-modules AQg(BRrC) — (A®g
B)®p C that sends a® (b® ) to (a®b) ® c¢. The composition of these two homomorphisms

of R-modules in either order is the identity on simple tensors, and thus they are both
isomorphisms. O

Lemma 10.22. There is a natural isomorphism between R Q@pr — and the identity functor
on R-mod. In particular, R®@r M = M for every R-module M.

Proof. The R-bilinear map
RxM——M

(r,m) ——rm

induces a homomorphism of R-modules R ®z M —2% M. By definition, ¢y is surjective.
Moreover, the map

MDY Rer M
m———1Qm

is a homomorphism of R-modules, since

fula+b)=1®(a+b)=10a+1®band fy(ra) =1® (ra) =r(1 ®a) =rfy(a).
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For every m € M, oy fu(m) = ou(l ® m) = Im = m, and for every simple tensor,
fauem(r@m) = far(rm) =1® (rm) = r ® m. This shows that ¢, is an isomorphism.
Finally, given any f € Homg(M, N), since f is R-linear we conclude that the diagram

r®m! Tm

Ropg M —2 5 M

o lf

r® f(m) rf(m) = f(rm)
commutes, so our isomorphism is natural. O

Example 10.23. We claim that Z/(2) ®7z Q = 0, despite the fact that both of these Z-
modules are nonzero. To see that, simply note that given any a € Z/2 and any p € Q,

2p D D
Z=0.
2

ARp=a® 5 (2a) ® 5 ®
Since Z/(2) ®z Q is generated by simple tensors, which are all 0, we conclude that Z/(2) ®z

Q=0.

Example 10.24. Consider the abelian group Q/Z. Again, this is very much nonzero, and
yet we claim that Q/Z ®z Q/Z = 0. For any simple tensor,

b
Eiz)e(f+z)=(p+z)e(3+2) = (L+z)eb(;+2)
q b bq b bq b
— (£+Z> ®0=0®0=0.
bq
Example 10.25. Let p and ¢ be distinct prime integers. Then p has inverse modulo ¢, say

ap = 1 mod ¢, and ¢ has an inverse modulo p, say bg = 1 mod p. Given any simple tensor
n®@m in Z/(p) @z Z/(q),

n®m = ((bg)n) ® ((ap)m) = (pbn) @ (gam) = 0 0.

Since all simple tensors are 0 and Z/(p) ®zZ/(q) is generated by simple tensors, we conclude
that Z/(p) ®z Z/(q) = 0.

Of course not all tensor products are 0. But showing an element in a tensor product
is nonzero is somehow harder than showing an element is zero. Usually, to show that a
particular element in M ® g N is nonzero, one shows there is a homomoprhism from M ®z N
to some R-module L that takes that particular element no some nonzero element in L
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Example 10.26. Consider the abelian group 2Z ®z Z/(2). The map

97 x L/(2) —— L/(2)

(a,b)»—ﬂ’?b

is Z-bilinear, and thus it induces an R-module homomorphism 27 ®z Z/(2) — Z/(2). Via
this map, 2® 1+ 1 # 0, so 2® 1 is nonzero in 27Z ®z Z/(2), and 2Z @z Z/(2) # 0.

Exercise 34. Show that if d = ged(m,n), then Z/(n) ®z Z/(m) = Z/(d).
Similarly to the Hom functor, tensor behaves well with respect to arbitrary direct sums.

Theorem 10.27. Let M be and R-module, and let {N;};c; be an arbitrary family of R-
modules. There is an isomorphism

M ®p (@ie] N%) — @ie[ M ®p N;

which is natural, meaning that given two families of R-modules {A;}icr and {B;}jes, and
R-module homomorphisms o;j: A; — Bj, the R-module homomorphisms

Pa——Ps and & =EP o PMer A — PMexB,

iel jedJ icl el jed

(a;)ier —— (Uij<ai>>j€J

gwe a commutative diagram

h@UJ‘ l~
M ®g (EB Bj> ——@®,., M @ B;.

jed

Proof. First, note that the function

M x (@Al) —>@(M®RAZ')

el el

(m, (a;);) ———— (M ® a;)

is R-bilinear, so it induces a homomorphism M ®p (@ AZ-) —/ @ (M ®gr A) .

iel i€l
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For each k € I, let ¢), denote the inclusion map A, C @, A;. The universal property of
the coproduct (which in the case of R-modules, means the direct sum) gives an R-module
homomorphism

DM @5 A) 2 M or D (A)

el icl

(m & ai)i P—m® Z Li(ai)

7

which we obtain by assembling the R-module homomorphisms 1 ® ¢;. It is routine to check
that A is the inverse of 7, which must then be an isomorphism. Finally, we can check
naturality by checking commutativity of the square above, element by element:

m® (a;); — (M @ a;);

I I

m® (o45(a;))i— (M @ 0ij(a;)).

Tensor is right exact.

Theorem 10.28. Let M be an R-module. The functor M ®p —: R-mod — R-mod is
right exact, meaning that for every exact sequence

A—sB- 2. 0— 0

the sequence

M&p A2 M @p B—2 M @p C —— 0

18 exact.
Proof. We have three things to show:

e (1®p)(1®i)=0.

It is sufficient to show the map is 0 on simple tensors. And indeed,
(l@p)(l®i)(m®a)=(1®p)(m&pla)) =m&ipla) =m®0=0.

e 1 ® p is surjective.

Consider any my ® ¢ +---+m,, ® ¢, € M ®r C. Since p is surjective, we can find
bi,...,b, € B such that p(b;) = ¢;. Therefore,

(1®p) (M1 &by +- - 4+m,®b,) = mi@p(b1) +- - +mp,@p(by) = M1 @cy+- - +mp @y,
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e ker(1®p) =im(1®1)
Let I = im(1 ® 7). We have already shown that I C ker(1 ® p), so 1 ® p induces a

map q: (M ®g B)/l — M ®rC. Let 1: M @g B — (M ®gr B)/I be the canonical
projection. By definition, gm = 1 ® p.

Consider the map
MxC—1s(MopB)/I,
(m,c)———m®b

where b is such that p(b) = c. First, we should check this map f is well-defined. To
see that, suppose that 0’ € B is another element with p(V') = ¢, so that p(b — V') = 0.
Then b — b € kerp = imi, so m® (b —¥b') € im(1 ® ) C I. Therefore, n®@b=m &/
modulo I, and f is well-defined.

Moreover, we can easily check that f is R-bilinear, so f induces a homomorphism of
R-modules M @ C — (M ®g B)/I, which we will denote by f. We will show that f
is a left inverse of ¢, so ¢ is injective. And indeed, given m; € M and b; € B, we have

fQ<Zmi®bi> (Zmz@)p > Zf m; @ p(b Zmz®b

We conclude that ¢ is injective, and thus
ker(1 ® p) = ker(qm) = kerm = I = im(1 ® 7).

]

Exercise 35. Let M be an R-module. The functor — ®r M : R-mod — R-mod is right
exact, meaning that for every exact sequence

A—‘sB- 2.0

the sequence

Ar MY Boy M 225 0 @p M —— 0

is exact.
However, tensor is not exact.

Example 10.29. Consider the short exact sequence

0 Z—-5Q—2-Q/Z 0.

Applying the functor Z/2 ®z —, we get an exact sequence

2]2R057——7])2 R, Q——7Z/2®,Q/Z ——0.

However, we claim that 1 ® ¢ is not injective. On the one hand, Z/2 ®7 Z = Z/2. On the
other hand, we have seen in Example 10.23 that Z/2 ®; Q = 0, so the map 1 ® i cannot
possibly be injective.
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10.3 Hom-tensor adjunction

The Hom and tensor functors are closely related.

Theorem 10.30 (Hom-tensor adjunction I). Let M, N, and P be R-modules. There is an
tsomorphism of R-modules

Hompz(M ®g N, P) = Homg(M, Homg(N, P))
that is natural on M, N, and P.

Proof. The universal property of the tensor product says that to give an R-module homo-
morphism M ®zr N — P is the same as giving an R-bilinear map M x N — P. Given
such a bilinear map f, the map n +— f(m ® n) is R-linear for each m € M, so it defines an
R-module homomorphism N — P. Now the assignment

M ——— Homg(N, P)
m——(n+— f(m®n))

is R-linear, f is an R-module homomorphism, and m — m ® n is R-linear on m.
Conversely, given an R-module homomorphism f € Hompg(M,Hompg(N, P)), one can
easily check (exercise!) that (m,n) — f(m)(n) is an R-bilinear map, so it induces an R-
module homomorphism M ®r N — P.
So we have constructed a bijection of Hom-sets

Hompr(M ®g N, P) —— Hompz(M,Hompg(N, P)) .
f (m = (n— f(m®n)))
(m®mn — g(m)(n)) g

It’s routine to check that both of these bijections are indeed homomorphisms of R-modules,
so we leave it as an exercise.
Finally, we have the following commutative diagrams:

A Homp(A ®p N, P) —— Hompg(A, Homg (N, P)) ,
fl ~r (f®1N)*l lf"

B Hompg(B ®g N, P) —— Homp(B, Homg(N, P))
A Homp(M ®5 A, P) —— Homp(M, Hompg(A, P)) ,
fl e (1A{®f)*l l(f*)*

B Homp(M ®p B, P) —— Homp(M, Homg(B, P))

and N

A Homg(M ®g N, A) —— Hompg(M, Homg(N, A)) .
|- Jir

B Homp(M ®p N, B) —— Hompz(M, Homg(N, B))

We leave checking these do indeed commute as an exercise. O
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Corollary 10.31 (Tensor and Hom are adjoint functors). Let R be a ring, and M an
R-module. The functor — @ M : R-mod — R-mod is left adjoint to Homg(M,—) :
R-mod — R-mod.

Proof. The adjointness translates into the fact that for all R-modules N and P there is a
bijection

Hompg(N ®r M, P) = Hompg(N, Homg(M, P))
which is natural on N and P, which is a corollary of Theorem 10.30. O

Later, when we talk about more general abelian categories, we will see that this adjunction
implies that Hom is left exact and that tensor is right exact; in fact, this is a more general fact
about adjoint pairs. For now, we want to discuss a more general version of this Hom-tensor
adjunction.

One of the reasons tensor products are useful is the fact that we can use tensor products
to extend modules to ring extensions.

Lemma 10.32. Let R 5 S be a ring homomorphism. Then S ®gr — determines a functor
from R-modules to S-modules.

Proof. First, we claim that S®r M is an S-module for every R-module M. Since S®rM is an
R-module, it is in particular an abelian group. For each fixed s € S, the multiplication map
S 2 S is an R-module homomorphism, and thus it induces an R-module homomorphism
ps:S®@r M — S ®r M. For each s € S and each ), 5, ® m; € S ®r M, we define

S - (2:5Z ®mi> = g (Z‘Sl ®mi> .
We claim that this determines an S-module structure on S ®p M.
o 1-(D . si®@m;) =-(,s ®my), since yy is the identity on S ®p M.

e Since S 2% S % S is the multiplication by ss1, we conclude that pg, s, = fis,s,, and
So(s1t) = (s289)t for allt € S ®@pg M.

o Similarly, pts, + fts, = flsi 4555 SO (S1 4 S2)t = s1t + sot for all t € S ®@r M.

e Finally, all the ug are R-module homomorphisms, so s - (t] + t3) = s - t; + s - to for all
se Sandall t;,to € S®r M.

Now given any R-module homomorphism f: M — N, idg ®; is an R-module homo-
morphism, which we claim is also an S-module homomorphism via the S-module structure
we just discussed. O]

Definition 10.33. Let R & S be a ring homomorphism. The extension of scalars from
R to S is the functor S ®p — : R-mod — S-mod we discussed above. For each R-module
M, we get an S-module S ®r M with

5+ (Z 5 ® mi) = 2(331) & My,

)
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and for each R-module homomorphism f: M — N we get the S-module homomorphism
1®g f.

This is in closely related to restriction of scalars, which we discussed before, although we
did not phrase it in this categorical language.

Definition 10.34. Let R & S be a ring homomorphism. The restriction of scalars
functor from S to R is the functor f*: S-mod — R-mod that takes each S-module M
to the R-module f*M with underlying abelian group M and R-module structure

r-m:= f(r)m

induced by f. Moreover, for each S-module homomorphism g: M — N we get the R-
module homomorphism f*(g): f*(M) — f*(N) defined by f*(g)(m) := g(n).

Exercise 36. Check that restriction of scalars as defined above is indeed a functor.

Theorem 10.35 (Hom-tensor adjunction II). Let S be an R-algebra, M be an R-module,
and P and N be S-modules. There is an isomorphism of abelian groups

Homg(M ®r N, P) = Homg(M,Homg(N, P)).

Moreover, this isomorphism is natural on M, N, and P, meaning that it induces natural
1somorphisms

e between Homg(— ®@g N, P) and Homg(—, Homg(N, P)).

e between Homg(M ®g —, P) and Homg(M, Homg(—, P)).

e between Homg(M ®gr N, —) and Hompg (M, Homg (N, —)).
Proof. Consider the map

HOIIls(M KRR N, P)%HOIHR(M, HOIIls(N, P)) .
fr mi— (n— f(m®n))

Fix f. For each m € M, let 7,,, be the map N — P defined by 7,,(n) := f(m ® n). Note
that 7, is indeed a homomorphism of S-modules, since it is the composition of two S-module
maps, f and m ®g idy, where m is the constant map M — M equal to m.

We should check that our proposed map 7 is indeed a map of abelian groups. It is
immediate from the definition that 7 sends the O-map to the 0-map. Moreover, given S-
module homomorphisms f,g: M ® N — P, and any n € N, we have

Tm(f +9)(n) = (f + g)(m @ n) by definition
= f(m®n)+g(men) since f and g are S-module maps
=T (f)(n) + Tn(g)(n) by definition

$O T (f + 9) = T (f) + Tin(g) for all m € M, and thus 7(f + g) = 7(f) + 7(g).
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Suppose that 7(f) = 0. Then for every m € M and every n € N,

0=7(f)(m)(n) = 7m(f)(n) = f(m &@mn),

so f vanishes at every simple tensor, and we must have f = 0. On the other hand, if
we are given g € Hompg(M,Homg(N, P)), consider the map M x N — P defined by
f(m, n) = g(m)(n). Since g is a homomorphism of R-modules, it is R-linear on m. Moreover,
for each fixed m, g(m) is a homomorphism of S-modules, so in particular g(m) is R-linear.
Together, these say that f is an R-bilinear map. Let f be the homomorphism of R-modules
M ®r N — P induced by f. By definition, f(m @ n) = f(m,n) = g(m)(n), so 7(f) = g.
We conclude that 7 is a bijection.

We leave the statements about naturality as exercises. O

Corollary 10.36 (Adjointness of restriction and extension of scalars). Let f R — S be a
ring homomorphism. The restriction of scalars functor f*: S-mod — R-mod is the right
adjoint of the extension of scalars functor f: R-mod — S-mod.

Proof. We need to show that for every R-module M and every S-module N there are bijec-
tions

Homg(fi(M), N) = Homg(M, f*(N))

which are natural on both M and N. By Theorem 10.35, we have natural bijections
Homg(M ®r S, N) = Hompg(M, Homg(S, N)).

The module M ®pg S is precisely fi(M). By Exercise 31, Homg(S, N) =2 N as an S-module.
An isomorphism of S-modules Homg(S, N) — N is in particular an R-linear map, and thus
also an isomorphism of R-modules. So Homg(S, N) = f*(N) as R-modules. Therefore, the
Hom-tensor adjuntion gives us the natural bijections we were looking for. O]

The idea is that restriction of scalars and extension of scalars are the most efficient ways
of making an R-module out of an S-module, and vice-versa.



Chapter 11

Enough (about) projectives and
injectives

11.1 Projectives

While the Hom functors on R-mod are not exact, they are always left exact. Modules M
that make Hompg (M, —) or Hompg(—, M) exact functors are special.

Definition 11.1. An R-module P is projective if given any surjective R-module homo-

morphism A % B and any R-module homomorphism P ENS , there exists an R-module
homomorphism ¢ such that the diagram

commutes.

Remark 11.2. The commutativity of the diagram
P
e

AT>B—>O

says that p.(g) = f, where p, is the map Homg(P, A) — Hompg(P, B) induced by p.
Whenever this happens, we say that g is a lifting of f.

Free modules are projective.

Theorem 11.3. If F' is a free R-module, then F is projective.

Proof. Suppose we are given R-module homomorphisms A % C and P I, B such that P
is surjective. Fix a basis B = {b;}; for F. Since p is surjective, for each i we can choose

169
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a; € A such that p(a;) = f(b;). Consider the function u: B — A given by u(b;) = a;.
The universal property of free modules says that there exists an R-module homomorphism
g: P — A that coincides with u for all basis elements. Now

pg(b;) = pu(b;) = p(a;) = f(b;),
so pg agrees with f for all basis elements. Since B generates F', we conclude that pg = f. O
Projective modules are precisely those that make the covariant Hom functor exact.

Theorem 11.4. Let P be an R-module. The functor Homg(P,—) is exact if and only if P
18 projective.

Proof. By Theorem 10.7, Hompg(P,—) is left exact. So the statement is really that P is
projective if and only for any short exact sequence

0 A—‘sB-2.C 0,

the induced map p, : Homg(P, B) — Hompg(P,C) is surjective. So say we are given a
surjective map

B-rY,0—-0.

The induced map p, is surjective if and only of for every f € Hompg(P,C) there exists a
lifting ¢ € Hompg(P, B) of f, meaning p.(g) = f. By Remark 11.2, the existence of such a g
for all such surjective maps p is precisely the condition that P is projective. O

We can rephrase the condition that a module is projective or injective in terms of split
exact sequences.

Definition 11.5. We say that a short exact sequence

0 A B C 0

splits or is a split short exact sequence if it is isomorphic to

0—>A;>A@CP—>C—>O

where ¢ is the inclusion of the first component and p is the projection onto the second
component.

Lemma 11.6 (Splitting Lemma). Consider the short exact sequence

0—s AL B2 0—0

of R-modules. The following are equivalent:
a) There exists a homomorphism of R-modules q: B — A such that qf = id 4.

b) There exists a homomorphism of R-modules r: C — B such that gr = idc.
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c) The short exact sequence splits.

Proof. If the sequence splits, then consider an isomorphism of complexes

0—sA—1 B9 o0
I
O—>A—>AGBC’L>C’—>O,

meaning that the diagram commutes and a, b, and ¢ are isomorphisms of R-modules, 7 is
the inclusion in the first component, and p is the projection onto the second component. Let
m: A@® C — A be the projection onto the first component, and j: C — A ® C be the
inclusion onto the first component. Now consider the maps ¢ := a~'7b and r := b~'jc. Then

qf =a 'wbf
= a 'mia by commutativity
=ala because mi = idy
=14

and
gr =gb~jc

= ¢ (eg)b~je multiplied by ¢ 'c = 1¢

= (ph)b~ e by commutativity

= ¢ 'pje because b = 15

=cle because pj = id¢

le

Therefore, ¢ implies a and b.

Now suppose that a holds, and let’s show that the sequence splits. First, we need to
show that B= A& C.

Every b € B can be written as

b= (b— fq(b)) + fa(b),
where fq(b) € im f = A, and

q(b = fq(b)) = q(b) (q(b)) = q(b) — q(b) =0,

- af
-~
ida
so b — fq(b) € kerq. This shows that B = im f + kerq. Moreover, if f(a) € kergq, then
a=qf(a)=0,s0im fNkerqg =0, and B =im f @ ker q. Now when we restrict g to kerq, g
becomes injective. We claim it is also surjective, and thus an isomorphism. Indeed, for any
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¢ € C we can pick b € B such that g(b) = ¢, since g is surjective, and we showed that we
can write b = f(a) + k for some k € ker q. Then

g(k) :\QL(G) +g(k) =g(b) =c.

0

Finally, note that im f & A, so we conclude that B =2 A @ C, via the isomorphism ¢ given
by

B——imf@kerq—— ApC
b——(fq(b),b— fq(b)) — (q(b), g(b)).

Since gf = 0 and ¢f = ida, ¢f(a) = (¢f(a),0) = (a,0), so ¢f =i, wherei: A — A®C
is the inclusion on the first factor. If p: A@® C — C denotes the projection onto the second
factor, p = g. Together, these two facts say that the following is a map of complexes:

0 B 0

A

0—A— A6 C—F>C—0.

Since ¢ is an isomorphism, so is our map of complexes, and thus our original sequence is a
split exact sequence. This shows that a implies c.
Now assume b holds. Every b € B can be written as

b= (b—rg(b)) +rg(b),

where rg(b) € imr and

g(b—rg(b)) = g(b) — \gf_,(g(b)) = g(b) — g(b) =0,

so b —rg(b) € ker g. This shows that B = ker g + imr. Moreover, if r(c) € ker g, then
c=1ide(c) = gr(c) = 0.

Therefore, B = ker g @ imr. Now r is injective, since r(c) =0 = ¢ = gr(c) =0, and thus
imr = C. Since ker g = im f = A, we conclude that B = A @ C, via the isomorphism

A@C#B

(a,c)—— f(a) + r(c).

Finally, let :: A — A @ C denote the inclusion of the first factor, and p: A C — C
denote the projection onto the second factor. By construction, ¢z = f. Moreover,

gi(a.c) = af (@)+ gr (0)=c.

0 ide
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so gi» = p. Together, these say that the diagram

0—s A" AcC-L50—50

‘|

0——A——B——C—0

commutes, and must then be an isomorphism of short exact sequences. O
Not every short exact sequence is split.

Example 11.7. The short exact sequence

0 7217 7.2 0
is not split. Indeed, Z does not have any 2-torsion elements, so it is not isomorphic to
7ZSL)2.

An alternative explanation is that there is no splitting to the inclusion 7Z —2,7 . On the
one hand, every Z-module map is given by multiplication by a fixed integer n, so a splitting
f:Z — 7Z would be of the form f(a) = na for some fixed n. On the other hand, our
proposed splitting f must send 2 to 1, but there is no integer solution n to 2n = f(2) = 1.

More surprisingly, a short exact sequence of the form

0—>AL>A@CL>C—>O

is not necessarily split, not unless f is the inclusion of the first component and ¢ is the
projection onto the second component.

Example 11.8. Consider the short exact sequence

0——7/(2)—1s7/(4) 2> 7/(2) 0

where f is the inclusion of the subgroup generated by 2, so f(1) = 2, and ¢ is the quotient
onto that subgroup, meaning g(1) = 1. This is not a split short exact sequence, because
Z](4) 27Z/(2) ®Z/(2). Now let M = P(Z/(2) ® Z/(4)) be the direct sum of infinitely
many copies of Z/(2) & Z/(4). Then

Z)(2)®M=M=~M&L/(4),

and the sequence

0 7)2) 7)) e M—57/12)& M—0

with h(a) = (f(a),0) and t(a,m) = (g(a),m) is still exact. The middle term is indeed
isomorphic to the direct sum of the other two, and yet this is not a split exact sequence: a
splitting ¢: Z/(4) ® M — Z/(2) of h would restrict to a splitting Z/(4) — Z/(2) of f,
which we know cannot exist.
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Given splittings ¢ and r for a short exact sequence as in Lemma 11.6, we can quickly
show that our short exact sequence splits using the Five Lemma.

Exercise 37 (The Five Lemma). Consider the following commutative diagram of R-modules
with exact rows:

A/ B/ O/ D/ E/
£ I R
A—sB—C——D——FE

Show that if a, b, d, and e are isomorphisms, then c¢ is an isomorphism.

Remark 11.9. Given a short exact sequence, suppose we have R-module homomorphisms
q and r

0—s AL sB 90— 0
K~ <R~
q T

such that ¢f = ids and rg = id¢. Then we get an induced map

B—Y2 sApC
br——(q(b), g(b))

such that the diagram
0 B 0

|
4
4

0—A— A6 C—F>C—0.

commutes. The Five Lemma 37 guarantees that ¢ must be an isomorphism, so our diagram
is an isomorphism of short exact sequences.

There are many ways in which R-mod behaves better than the category of groups, and
this is one of them.

Remark 11.10. Lemma 11.6 does not hold if we replace R-modules with the category Grp
of groups. For example, consider the symmetric group on 3 elements S3 and the inclusion
Az — S5 of the alternating group in S3. Notice that Aj is precisely the kernel of the sign
map sign : S3 — Z/2, so that

0 Ag 53 Z/2—>0

is a short exact sequence. Moreover, this exact sequence is not split, since S3 is not abelian
but A3®Z/2 is, and thus S3 ¥ A3 B7Z/2. However, any group homomorphism u: Z/2 — Ss3
defined by sending the generator to any two cycle is a splitting for our short exact sequence,
meaning sign o u = idzs.

Funny enough, there is no splitting for the inclusion A3 C S3, since there are no nontrivial
homomorphisms S3 — Ajz: Az has no elements of order 2, so a group homomorphism
S3 — Az must send every 2-cycle in S3 must be sent to the identity, but 2-cycles generate Sj.
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We can now characterize projective modules in term of split short exact sequences.

Theorem 11.11. An R-module P is projective if and only if every short exact sequence

0 A B P 0
splits.

Proof. Consider a short exact sequence

0—sA—1sB-2sp—0.
If P is projective, the identity map on P lifts to a map P — B, meaning that
P

s
h
s
¥

BT>P—>O

commutes. This says that our map h

0 AL .p_2.p 0

is a splitting for our short exact sequence, which must then be split, by Lemma 11.6.
Conversely, suppose that every short exact sequence

0 A B P 0

splits, and consider any diagram

P

s

BT>C’—>O.

Let F be a free module that surjects onto P — for example, the free module on a set of
generators of P — and fix a surjection 7: F' — P. By assumption, the short exact sequence

0 ker p FK P 0

splits, so by Lemma 11.6 there exists h such that 7h = idp. Now since F' is free, we can
define an R-module map ¢: ' — B that such that

h
X O\
—

™

P
f

9

we T -

T>C’—>0
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commutes, by sending each basis element b € F' to any lift of fr(b) in B via p. Now set
g = gh. Now

pg = pgh by definition
= frh by commutativity
=/ since Th = idp,
so g is a lift of p by f. n

We have seen that free modules are projective; what other modules are projective?

Definition 11.12. An R-module M is a direct summand of an R-module N if there exists
an R-module A such that A M = N.

Remark 11.13. Saying that M is a direct summand of N is equivalent to giving a splitting

s of the inclusion map M - N, meaning that si = idy. As we've argued in Lemma 11.6,
such a splitting s gives
N =1im1 @ ker s.

Essentially repeating the argument we used in Lemma 11.6, every element in N can be
written as
n=(n—1is(n)) +is(n),

where is(n) € imi and n —is(n) € kers, and ker s Nimé = 0 because if i(a) € kers then
a=si(a) =0.

When we are dealing with graded modules over a graded ring, the kernels and images of
graded maps are graded modules, and the equality N = im: & ker s is a graded direct sum
of graded modules.

Theorem 11.14. An R-module is projective if and only if it is a direct summand of a free
R-module. In particular, a finitely generated R-module is projective if and only if it is a
direct summand of R" for some n.

Proof. Let P be a projective module, and fix a free module F surjecting onto P. If P is
finitely generated, we can take F' = R" for some n. The short exact sequence

0 ker p F-T-Pp 0

must split by Theorem 11.11, so P is a direct summand of F'.

Now suppose P is a direct summand of a free module F. In particular, we have an
inclusion map ¢: P — F and a projection map n: F' — F, and 7i = idp. Given any
diagram

P
|7

BTC—>O,
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we can again define an R-module homomorphism

KZ\
I
hl f

4
B——C——0,

such that ph = fm. Setting g := hi, we do indeed obtain pg = f, since

pg = phi by definition
= fmi because ph = fr
=f since i = idp .[]

Corollary 11.15.

1) Every direct summand of a projective module is projective.
2) Every direct sum of projective modules is projective.
Proof.

1) Suppose M & A = P for some projective module P. By Theorem 11.14, there exists a
free R-module F' and an R-module B such that P& B = F. Then M @ A® M = F, and
by Theorem 11.14 this implies M is projective.

2) Suppose { P, }ic; are all projective modules. By Theorem 11.14, there exist free modules
F; such that each P; is a direct summand of F;. Therefore, ®F; is a direct summand of
@; F;, which is also free. By Theorem 11.14, this implies that & F; is projective.

[
Projective modules are not necessarily free.

Example 11.16. The ring R = Z/(6) can be written as a direct sum of the ideals
I =(2) and J = (3).

Indeed, R=1+Jand INJ =0,s0 R=1® J. By Corollary 11.15, I and J are projective
R-modules. However, I and J are not free. This can easily be explained numerically: every
finitely generated free R-module is of the form R", so it has 6" elements for some n, while
I and J have 3 and 2 elements respectively.

However, over a local ring, every projective module is indeed free.

Theorem 11.17. Let (R, m) be a local ring. Every finitely generated projective R-module is
free.
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Proof. Let P be a finitely generated projective module. Let n := p(P) be the minimal

number of generators of P, and let my, ..., m, be a minimal generating set. The map
R" z P
(ri, ..., ) ——rimy + -+ rymy,
is surjective, and an element (ry, ..., r,) € ker 7 corresponds to a relation rym+- - -+ r,m, =
As we saw in Proposition 4.32 and Definition 4.34, our assumption that mg,...,m, form a
minimal generating set means that their images in P/mP are linearly independent, and thus
form a basis for P/mP. Therefore, if (ry,...,7,) € ker 7 then we must have rq,...,r, € m.

In particular, kerm C mF.
By Theorem 11.11, the short exact sequence

0 ker 7 F~5p 0

splits, and there exists an injective map j: P — F' such that F' = im j & ker m. We have
shown that ker m# C mF’,| so we must have ker 7 = m(ker 7). Since ker 7 is a finitely generated
module, NAK 4.31 implies that ker m = 0. We conclude that 7 is an isomorphism, and P is
free. O]

Kaplansky [Kap58] showed that this holds even for modules that are not necessarily
finitely generated, but only generated by countably many elements.

Theorem 11.18. Let R be an N-graded k-algebra with Ry = k, and m = R,. If M is a
graded R-module. which is a direct sum of a finitely generated graded R-module, then M s
free.

Proof. Let f1,..., fs be aminimal set of homogeneous generators for M, of degrees d, . . ., ds,
respectively. The surjective R-module homomorphism

F:=R(—d)&® - ®R(—d,) —=—— M

(r1y...,rs) —————————rifi+ -+ 715 fs

is a graded map of degree 0. We claim this is an isomorphism, so we just need to show
that kerm = 0. Our elements fi, ..., fs give a basis for the R/m-vector space M /mM, so if
(r1,...,7s) € kerm, or equivalently r1f; + -+ + rgfs = 0, then r,..., 7, € m. In particular,
kerm C mF.

Now suppose that M @& N = G for some graded free R-module G, and let ¢1,...,¢g; be a
homogenous basis for G. Let p be the degree 0 graded projection map G — M. Now both
m and p are degree 0 surjective maps, so for each 7 there exists some homogeneous element
h; € F of the same degree such that m(h;) = p(g;). Since G is a free graded module, we
can define a degree 0 graded homomorphism of R-modules G =+ F by setting a(g;) = h;.
Let 5: M — F be the restriction of a to M. Now notice that 7/ is the identity on M
by construction, and thus 7 is a splitting of 5. In particular, as described in Remark 11.13,
F =im 8 & ker . We showed above that kerm C mF', so in particular F' = im  + mF. By
NAK 4.30, we must have F' = im . Then ker 7 = 0 and 7 is an isomorphism. In particular,
M is a graded free R-module. O
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Finally, we record an easy result that we have used repeatedly at this point.

Lemma 11.19. For every R-module M, there exists a free module F' surjecting onto M. If
M s finitely generated, we can take F' to be finitely generated.

11.2 Injectives

Injective modules are dual to projectives.

Definition 11.20. An R-module [ is injective if given an injective R-module homomor-
phism i: A — B and an R-module homomorphism f: A — I, there exist an R-module
homomorphism ¢ such that

commutes.
These are precisely the modules I such that Hompg(—, I) is exact.

Theorem 11.21. An R-module I is injective if and only if Homg(—, ) is exact, meaning
that for every short exact sequence

0—sA—"B-20—0

we get an exact sequence

0 —— Hompg(C, I) P, Homp(B, I) —— Homp(A, I) —— 0.

Proof. By Theorem 10.7, Hompg(—, I) is left exact, so for any short exact sequence

0—A—B—"5C—0
we get an exact sequence
0 —— Hompg(C, I) —2— Homp(B, I) —— Homp(A, I).
So the content of the theorem is that I is injective if and only if every injective R-module

homomorphism i: A — B, the induced map ¢* is surjective. Now notice that ¢* is surjective
if and only if every f € Homg(A, I) lifts to some g € Homg(B, I), meaning

O—>A—Z,>B

commutes. That is precisely what we want for I to be injective. O
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The product of injectives is injective.

Lemma 11.22. Given any family {M;}icr of injective modules, [],., M; is injective.

Proof. Let m;: [[,o; Mi — M; be the projection onto the jth factor. Given any diagram

iel

Hz’e] M;

the fact that M; is injective gives us R-module homomorphisms g; such that

M;

1N

0—>A—i>B

commutes for each 7. Now the R-module homomorphism

B—"=T1,c; M
bi—— (gi(b))
makes the diagram
Hiel M;
N
0 A———B)—g
commute, so [[,.; M; is injective. O

Direct summands of injective modules are also injective.
Lemma 11.23. If M & N = E is an injective R-module, then so are M and N.

Proof. Any diagram
M

1

O—>AT>B

can be extended to a map A — E by composing f with the inclusion of the first factor.
Since F is injective, there exists h such that

J
f

Ud‘;*bj
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commutes. Let m: E — M be the projection onto M, so that 77 = id,;. Now if we set
g :=mh,

™

PN
M B gi =mhi by definition
f h o . [
=m)f by commutativity
0— A—— =f because 77 = idy .

7

We can reduce injectivity to the ability to extend maps from ideals to the entire ring.

Theorem 11.24 (Baer Criterion). An R-module E is injective if and only if every R-module
homomorphism I — E from an ideal I in R can be extended to the whole ring, meaning
that there exists g making the diagram

commute.

Proof. On the one hand, if E is injective then our condition is simply a special case of the
definition of injective module. On the other hand, suppose that this condition holds, and
consider any diagram

E

|
0—— M ——N.

To simplify notation, let’s assume our map M — N is indeed the inclusion of the submodule
M, so we can write m € N for the image of m in N. Consider the set

X :={(4,9) | Ais a submodule of N;,M C A C N, and g extends f}.

First, notice X is nonempty, since (M, f) € X. Moreover, we can partially order X by
setting (A, g) < (B, h) if A C B and h|4 = g. So we have a non-empty partially ordered set;
let’s show we can apply Zorn’s Lemma to it.

Given a chain in X, meaning a sequence

(A1, 91) < (A2,92) < -+
of nested submodules A; C A, C --- and maps g¢; that extend all g; with j < 1, let
A :=J,; 4;, and define
A—7 L F
a——gi(a) if a € A;.
This map g is indeed a map of R-modules, since so are all the g;, and it is well-defined, since

the g;(a) = g;(a) whenever a € A; N A;. By construction, this map extends all the g;, so
we conclude that (A, g) is an upper bound for our chain. Moreover, M C A C N follows
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immediately from our construction, and since each g; extends f, so does g. We conclude that
(A, g) € X, and more generally that any chain in X has an upper bound in X. So Zorn’s
Lemma applies.

By Zorn’s Lemma, X has a maximal element, say (A, g). Now we claim that A = N.
Suppose not, and let n € N be an element not in A. One can easily check that

I'={reR|rne A}

is an ideal in R, and that

I—" B

r——g(rn)

is an R-module homomorphism. By assumption, we can extend h to an R-module homo-
morphism R — FE, which we will write as h as well. Now the R-module homomorphism

A+ Rn—2——F

a-+rn——-sg(a)+ h(r)
is well-defined by construction, since any rn € A satisfies g(rn) = h(r), and if rn = 'n then
h(r) = rn =1r'n = h(r"). Finally, this map agrees with g on A, and thus it agrees with f on
M, so (A+ Rn,p) € X and (4, g) < (A+ Rn, ). By the maximality of (A, g), we conclude

that A+ Rn = A, and thus n € A, which is a contradiction. We conclude that A = N.
Therefore, g makes the diagram

commute. [
Over a Noetherian ring, a direct sum of injective modules is injective.

Corollary 11.25. Let R be a Noetherian ring. If {M,;};ec; are all injective R-modules, then
s0 is e ; M;.

Proof. By Theorem 11.24, it is enough to show that any R-module map

@jeJ Mj

d

0 I R

from an ideal I into jes M extends to R. Since R is Noetherian, [ is finitely generated,
solet I = (ay,...,a,). Foreach i =1,...,n, f(a;) = (bi;);jes has b;; # 0 only for finitely
many values of j € J. Then

K:={jeJ]| f(a;); #0 for some i =1,...,n}
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is a finite set, and f(I) C € iex M. Direct sums of finitely many modules coincide with
their product, so by Lemma 11.22, € iexc Mj is injective. Therefore, there exists g such that

®keK M

k
x
f ~J
N

0 I R

commutes. Now B, M, is a submodule of P ; M;, so we can think of g as an R-module
homomorphism with codomain P, ; M;, and

®jEJ Mj
X
fT AN
0 I SR
commutes. O

It is very easy to see that every R-module is a quotient of a free module. The dual
statement is true as well, but it is a little more delicate.

Definition 11.26. An R-module D is divisible if for every nonzero r € R and every d € D
there exists b € D such that rb = d.

Remark 11.27. Given r € R, and an R-module M, the multiplication by » map M —— M
is an R-module homomorphism. The module M is divisible if and only if multiplication by
r is surjective for all nonzero r € R.

Example 11.28. If R is a domain, the fraction field Frac(R) of R is an injective R-module.

Remark 11.29. We claim that any quotient of a divisible module is also divisible. Indeed,
given r € R and any class d € D/FE, let d € D be a lift of d. By assumption, there exists
e € D such that re = d. The image € of e in D/F is still a solution to re = d.

Lemma 11.30. Over a domain, every injective module is divisible.

Proof. Suppose that F is an injective R-module, where R is a domain. Fix r € R and
a € E. Since R is a domain, we have sr = s'r = s = ¢’ for any s,s',r € R, so the map of
R-modules

(r)y— FE

ST — sa

is well-defined. Since E is injective, we can extend this to a homomorphism f: R — FE.
Finally, f(1) € F is an element such that e = f(r) = rf(1), and E is divisible. O

This not true in general if we do not assume R is a domain.
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Example 11.31. Let k be a field and R = k[z]/(2?). On the one hand, R is not a divisible
R-module, since there is no y € R such that xy = 1. On the other hand, R is actually
an injective module over itself, although we do not yet have the tools to justify that this is
indeed an injective R-module.!

The converse of Lemma 11.30 does not hold in general.

Example 11.32. Consider the domain R = k[z,y] and its fraction field ). The R-module
M = @Q/R is divisible but not injective.

The converse of Lemma 11.30 does hold for some special classes of rings.
Lemma 11.33. Let R be a principal ideal domain.
a) An R-module E is injective if and only if it is divisible.
b) Quotients of injective modules are injective.
Proof.

a) Given Lemma 11.30, we only need to show that divisible modules are injective. So let £
be a divisible R-module, and consider any map I — E from an ideal [ to E. If [ =0,
we could extend our map by taking the 0 map from R to E, so we might as well assume
that I # 0. By assumption, I = (a) for some a € R, and since F is divisible, there exists
e € F such that f(a) = ae. Now consider the multiplication by r map,

g
R——F
r——re.

For every r € R, g(ra) = rae = rf(a) = f(ra), so g extends f. Therefore, by Theo-
rem |1.24, F is injective.

b) if E is injective, it is also divisible, by Lemma 11.30. Given any submodule D C E, any
e € I, and a nonzero r € R, there exists y € F such that ry = e, and so this also holds
in £/D. Then E/D is divisible, and thus injective by a.

]

Given an injective abelian group, we can always construct an injective R-module over
our favorite ring R.

Lemma 11.34. Given an injective abelian group D, Homy(R, D) is an injective R-module.

1Using fancy words we haven’t learned yet, this ring R is an example of a complete intersection, which
is a subclass of Gorenstein rings. One thing we do know how to justify is that dim R = 0. Now it turns out
that Gorenstein rings of dimension 0 are injective modules over themselves.



185

Proof. Let E := Homgz(R, D). This abelian group F is an R-module, via

r-fi=(aw f(ra)).

We claim that E is actually an injective R-module. To show that, we will prove that
Hompg(—, Homgz(R, D)) is an exact functor, which is sufficient by Theorem 11.21. By Corol-
lary 10.31, Hompg(—, Homgz(R, D)) is naturally isomorphic to Homz(— ®z R, D). This last
functor is the composition of

Homz(— ®Z R, D) = HOmz(—, D) o} (— ®Z R)

On the one hand, —®z R is naturally isomorphic to the identity on R-mod, by Lemma 10.22,
so it is exact. On the other hand, D is an injective Z-module, so Homy(—, D) is exact by
Theorem 11.21. The composition of exact functors is exact, and thus Homg(—, Homgz(R, D))
is exact. 0

Theorem 11.35. Every R-module M is a submodule of some injective R-module.

Proof. First, let us show that M includes in some injective abelian group. On the one hand,
M is a quotient of some free abelian group, say M = (#,Z)/K. Now Z embeds in Q, and
thus M embeds into a quotient of &;Q. By Example 11.28, QQ is an injective abelian group,
and by Corollary 11.25, ¢;Q is an injective abelian group. By Lemma 11.33, any quotient
of ®;Q is also injective, so we have shown that M embeds into an injective abelian group,
say D. Let i: M — D be the inclusion map.

Let E := Homgz(R, D). By Lemma 11.34, E is an injective R-module. Since Hom is left
exact, by Theorem 10.7, we have an inclusion Homgz(R, M) C Homgz(R, D). Now consider
the map

M~ Homy (R, M)
m———(r — rm).

This is an R-module homomorphism, since

e Given a,b € M,
Y(a+b)(r) =r(a+b) =ra+rb=1(a)(r)+(b)(r),
so (a4 b) = (a) 4+ (b).
e Givenr € R, m€ M, and s € R,
Y(rm)(s) = s(rm) = r(sm) = riy(m)(s),

so Y(rm) = ry(m).

Moreover, if ¥(m) = 0 then m = ¥(m)(1) = 0. So ¥ is injective, and thus composing
with our previous inclusion Homgz (R, M) C Homg(R, D) gives us an inclusion ¢ of M into
the injective R-module Homy(R, D). However, the inclusion Homgz (R, M) C Homy(R, D)
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is only a map of abelian groups, so we should check that ¢ is indeed R-linear. For each
m € M, p(m) is the map ¢,,: R — D given by

om(r) =i(rm).

For every r € R, m € M, and s € R,

Orm(s) = i(s(rm)) by definition
= i(r(sm))
=r-i(sm) by definition of R-module structure on Homgy(R, D)
= 7Pm(s) by definition,
50 p(rm) = ro(m). O

We can even do better and talk about the smallest injective module that M embeds in.

Definition 11.36. Let M C E. We say F is an essential extension of M if every nonzero
submodule N C F intersects M nontrivially, meaning £ N M # 0. More generally, an
injective map a: M — E' is an essential extension if a(M) C FE' is an essential extension in
the sense above.

Exercise 38. The property of being an essential extension is transitive, meaning that if
A C B and B C (C'is an essential extension, then A C (' is an essential extension.

Moreover, if A C B is an essential extension, and C'is a submodule of B with A C C C B,
then A C C and C' C B are both essential extensions.

A module M always has the trivial essential extension M C M. If only has more
interesting essential extensions when it is not injective.

Theorem 11.37. An R-module M is injective if and only if it has no proper essential
extensions.

Proof. Suppose that M is injective, and that M C E is an essential extension. By Theo-
rem 11.40, the short exact sequence

0——+M——E——E/M——0

splits, so E = M @& N for some submodule N. If N # 0, we must have N N M # 0, which is
a contradiction. Therefore, £ = M.

Now suppose M has no nontrivial essential extensions, and let £ be an injective module
such that M C FE, which exists by Theorem 11.35. We claim that the extension M C F is
essential, and thus we must have M = E. Suppose not, so that there exists some nonzero
submodule N C E with N N M = 0. Then the set

S :={N C E submodule | NN M =0}

is nonempty. It is also partially ordered by inclusion, and we claim that we can apply Zorn’s
Lemma to find a maximal element in S. To see that, consider a chain

N1 C Ny C -



187

of submodules of E such that M N N; # 0. Then N := |J, N; is a submodule of E, and
any element in N N M must be in N; N M for some i, so N WM = 0. This shows that
our increasing chain has an upper bound, and thus Zorn’s Lemma says there is a maximal
element in S. More precisely, there exists a submodule N of E maximal with respect to the
property that N N M = 0, meaning that if A D N, then AN M # 0.

Now consider the canonical projection map 7: £ — E/N. We assumed that NNM = 0,
and since N = ker, 7 is injective. For simplicity, identify M with its image in E/N via
7. Submodules of E/N are of the form A/N for some submodule A O N of E, and if
A/N N M = 0 then we must have AN M = 0. We conclude that M = «(M) C E/N
is an essential extension. By assumption, this essential extension must be trivial, and thus
m: M — E/N is surjective. Finally, this shows that £ =2 N@ M, so M is a direct summand
of an injective module. By Lemma 11.23, M is an injective module. O

Theorem 11.38. Given R-modules M C E, the following are equivalent:

1) M C FE is a maximal essential extension, meaning that if M C E C N is such that
M C N s an essential extension, then E = N.

2) M C E is an essential extension and E is injective.
3) E is injective and for every injective R-module I, if M C 1 C E then I = E.

Proof. 1f 1 holds, and £ C N is an essential extension, then so is M C N, by Exer-
cise 38. Therefore, E has no nontrivial essential extensions, and it must be injective by
Theorem 11.37.

Suppose 2 holds, and let I be an injective R-module with M C I C E. Then I C E is
an essential extension, by Exercise 38, but since [ is injective, Theorem 11.37 says we must
have I = F.

Now if 3 holds, let us show that M C F is an essential extension. First, consider the set

S := {N submodule of £ | M C N is an essential extension}.

This set is nonempty, since it contains M, and it is partially ordered by inclusion. Given an
ascending chain
Ny C Ny C-oe

in S, let N := |J, N;. This is a submodule of E and it contains M. Given a nonzero
submodule A C N, take any nonzero a € A. Then a € N; for some i, so Ra C N; and we
must have Ra N M # 0. Therefore, AN M # 0, and M C N is an essential extension.

Now let us show that N has no proper essential extensions. We know it has no proper
essential extensions within £, but not that it has no proper essential extensions elsewhere.
Let i : N — FE denote the inclusion map, and suppose that j: N C E’ is an essential
extension. Since E is injective, there exists g such that
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commutes. Since N C E’ is an essential extension, kerg N N = kergNimj # 0. But gj =
is injective, so ¢ must also be injective. So we have submodules N C ¢g(FE’) C E, and since
N is a maximal essential extension of M inside E', M C g(E’) is not an essential extension.
On the other hand, N C E’ is an essential extension, and since g is injective, N C g(E') is
also an essential extension. By Exercise 38, M C g(E’) must also be an essential extension,
which is a contraction unless j(N) = FE'.

Ultimately, this says that N has no nontrivial essential extensions. By Theorem 11.37, N
must be injective. But by assumption, that implies that N = E. So this shows that M C F
is an essential extension and also that it is maximal. O]

So now we can define the smallest injective module that M embeds in.

Definition 11.39. Let M be an R-module. An R-module F(M) is said to be an injective
hull or injective envelope of M if M C E(M) is a maximal essential extension.

Exercise 39. Any two injective hulls of M must be isomorphic.

The story of the structure of injective modules then continues in a beautiful way. Over
a Noetherian ring, it turns out that every injective module can be decomposed into a direct
sum of injective modules of the form E(R/P), where P is a prime ideal in R. Moreover, the
injective modules E(R/P) are the indecomposable injective modules, so the basic building
blocks of injective modules. We can in fact compute the injective hull of any finitely generated
R-module very explicitly. This story begins in Eben Matlis’ beautiful PhD thesis [Mat58].

And finally, just like we did for projectives, we can characterize injectives in terms of
split short exact sequences.

Theorem 11.40. An R-module I is injective if and only if every short exact sequence

0 I B C 0

splits.

Proof. Let I be an injective R-module, and consider any short exact sequence

0 I—sp-2.C 0.

Since [ is injective, there exists a map g making

1

S
N9
N
AN

0—>IT>B

commute, and such a g gives a splitting for our short exact sequence.
Conversely, suppose that every short exact sequence 0 1 B C 0
splits, and consider a diagram

I

d

O—>AT>B.
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By Theorem 11.35, I embeds into some injective R-module E, say by the inclusion j. By
assumption, the short exact sequence

0 Ny coker j —— 0

splits, so there exists a map q: F — [ such that g = id;. Since F is injective, we can lift
1 through j f, obtaining an R-module homomorphism ¢ such that

q
K N
—

1
J
1

0——A—

-z

commutes. Now g := ¢/ satisfies

gt =qli by definition
=qjf by commutativity
=f since ¢j = idy,
SO
1
|
f AN
b N
0— A —— B.
commutes. O

11.3 Flat modules

Finally, we turn to the modules that make tensor exact.
Definition 11.41. An R-module M is said to be flat if M ®z — is an exact functor.

Remark 11.42. By Theorem 10.28, M ®g — is right exact. Therefore, M is flat if and only

if for every injective R-module map i: A — B, M ®r A N ®pr B is injective.

Lemma 11.43. Given a family of R-modules {M;}icr, ®:M; is flat if and only if every M,
is flat.

Proof. Given a family of R-module homomorphisms f;: M; — N;, there is an R-module
homomorphism
(fi)i
@iGI M; —= ®i61 N;
(m;) ——— (fi(mi))

which is injective if and only if every f; is injective.
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Let f: A — B be an injective R-module homomorphism. There is a commutative
diagram

(@Mi) o A )M, A

el el

“0::1@% (18 )=
(@ M,») ®p B~ @,c; M; @r B

iel

where the horizontal maps are the isomorphisms from Theorem 10.27. In particular, ¢ is
injective if and only if ¢ is injective. Moreover, 1 is injective if and only if each component
is injective, meaning 1 ® f: M; ® A — M; ® B is injective for all 1.

On the one hand, @,.; M; is flat if and only if for every injective map f, the corresponding
map 1 is injective. On the other hand, all the M; are flat if and only if for every injective
maps f, 1® f: M; ® A — M; ® B is injective for all 7, or equivalently, as explained above,
if ¢ is injective for any given injective map f. This translates into the equivalence we want
to show. O

All projectives are flat.
Theorem 11.44. FEvery projective R-module is flat.

Proof. First, recall that R®z— is naturally isomorphic to the identity functor, by Lemma 10.22,
and thus exact (see Remark 10.6). This shows that R is flat, and thus any free module, being

a direct sum of copies of R, must also be flat, by Lemma 11.43. Finally, every projective
module is a direct summand of a free module, by Theorem 11.14. Direct summands of flat
modules are flat, by Lemma 11.43, so every projective module is flat. O]

We can test whether a given module if flat by looking at the finitely generated submodules.
Theorem 11.45. If every finitely generated submodule of M s flat, then M 1is flat.
Proof. Let 1: A — B be an injective map of R-modules. We want to show that

Mop A2 M op B

is injective. Suppose that u € ker(1); ® i). We are going to construct a finitely generated
submodule j : N C M and an element v € N ®p M such that v € ker(ly ® i) and
u=(j®14)(v). Once we do that, our assumption will say that 1y ® i is injective, so v =0
and thus v = 0. This will show that 1,; ® ¢ is also injective, and M is flat.

Let’s say that u = m; ®ay + - - - +m, ®a,. In Theorem 10.13, we constructed the tensor
product M ®r B as a quotient of the free module F' on M x B by the submodule S with all
the necessary relations we need to impose. This gives us a short exact sequence

0 S F—- M ®p B——0.
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The fact that m; ® i(a;) + -+ + m, ® i(a,) = 0 means we can rewrite this element as
m(s) for some s € S. This element s is a linear combination of elements of finitely many
(m,b) € M x B. Let ny,...,ns be all the M-coordinates of those elements.

Now we take N to be the finitely generated submodule of M generated by mq,...,m,
and ny,...,ng,andv=m ®a1+---+m, a, € N®A. Now

(@1 (mi®a+ - +m,®a,) =m @a+ - +m, @a, € M Qr A,

and
(Iy®@i)(mi®@a;+ - +m, ®a,) =my Qi(a) + - +my, Ri(a,) =0,
as desired.
The reason we needed to add in these extra elements n; is that a priori N ® B is not neces-
sarily a submodule of M ® B, so we do not necessarily have m; ®i(a;)+---+m,® i(a,) = 0
in (Rmy + ---+ Rm,,) ® B without adding in all relations that make it true. O

Definition 11.46. Let R be a domain and M be an R-module. The torsion submodule
of M is
T(M):={m e M | rm = 0 for some regular element r € R}.

The elements of T'(M) are called torsion elements, and we say that M is torsion if
T(M) = M. Finally, M is torsion free if T'(M) = 0.

Lemma 11.47. If R is a domain and M is a flat R-module, then M 1is torsion free.

Proof. Let () = frac(R) be the fraction field of R, which is a torsion free R-module. Now
M ®pr Q is a Q-vector space, so isomorphic to a direct sum of copies of (). In particular,
M ®pg (@ is torsion free as an R-module. Since M is flat, the inclusion R C () induces an
injective R-module map

O—>M®RR—>M®RQ,

and since M = M ®r R, by Lemma 10.22, we conclude that M is isomorphic to a submodule
of M ®gr (). Submodules of torsion free modules are also torsion free, so M ®p () is torsion
free. O

In general, the converse does not hold.

Example 11.48. Let k be a field and R = k[z,y|. Consider the ideal m = (z,y). This is a
submodule of the torsion free module R, and thus torsion free. However, it is not flat. For
example, when we apply R/m ®g — to the inclusion m C R we obtain a map of R/m-vector
spaces

m/m? —— R/m.

This map cannot possibly be injective: m/m? is a 2-dimensional R/m-vector space, and R/m
is 1-dimensional.

The converse does over a PID.

Lemma 11.49. If R is a principal ideal domain, an R-module M is flat if and only if it is
torsion free.



192

Proof. Suppose M is a torsion free finitely generated R-module. The structure theorem for
PIDs says that M must be isomorphic to a direct sum of copies of cyclic modules. The
cyclic module R/I has torsion (all the elements are killed by I) unless I = 0. Therefore,
M must be isomorphic to a direct sum of copies of R, and thus free. By Theorem 11.3 and
Theorem 11.44, M is flat.

Now let M be any torsion free R-module. All of the finitely generated submodules of R
are also torsion free, and thus flat. O

Not all flat modules are projective.

Example 11.50. The Z-module Q is torsion free and thus flat, by Lemma 11.49. However,
Q is not a projective Z-module. Suppose Q is a projective Z-module. By Theorem 11.14,
Q must be a direct summand of a free module, say F' = €;Z. Consider the inclusion
t: Q — F, and pick i € I such that the image of QQ contains some element with a nonzero
entry in the ¢ component. Now consider the projection 7 : FF — Z onto the ith factor.
By assumption, the composition 7i: Q — 7Z is nonzero. However, there are no nontrivial
abelian group homomorphisms Q — Z, contradicting the fact that mi is nonzero. We
conclude that Q is not projective.

We now turn to an important example: localization. In particular, we can finally prove
Theorem 4.25, a theorem we claimed a long time ago.

Theorem 11.51 (Flatness of localization). Let R be a ring, and W > 1 a multiplicative
subset of R. Then

1) For every R-module M, there is an isomorphism W 1R ®@p M = WM of W™ R-
modules, and given an R-module map M = N, W™'R ® a corresponds to W a un-

der these isomorphisms. In fact, we have a natural isomorphism between W~1(—) and
WIR®R —.

2) W™IR is flat over R.
3) W’l(—) 18 an exact functor; i.e., it sends exact sequences to exact sequences.
Proof.

1) The bilinear map
WIRX M —W™M

(L,m)—— ™

w? w

induces a map v from the tensor product that is clearly surjective. For an inverse map,
set p() 1= % ® m. To see this is well-defined, suppose 2 = ™ so there exists some

v € W such that v(mw’ — m'w) = 0. Then, R

/

¢(T>_¢(ﬁ):%®m—%®m’.

w
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We can multiply through by Zgg: to get

v’ vw ,

- @m — -@m = - @ v(mw' —m'w) = 0.
vww vww vww

To see this is a homomorphism, we note that

B4 Iy = g A I

w w’

1 S 1 1
—) = — @ (mw' +m'w) = — @mu' +
ww ww ww ww

and

The composition ¢ o 1) sends

r rm 1 r
—@Mm= — = —Qrm=—Qm.
w w w w

Since this is the identity on simple tensors, it must be the identity.

For the claim about maps, we need check that ¢y o (W™IR ® a) = Wla o 4y, for every
M 2% N. And indeed,

ra(m)

(bxo (WR®a)) (% “ m) =y (% ® a(m)> _

w

= —a(rm) =W la (@> = (W laovy) (L ® m) .
w w w
Finally, we note that our isomorphisms W R®pr M = W~1M give a natural isomor-

phism between the localization functor W~ and the tensor functor W 'R ®p —. Indeed,

given a map of R-modules M ENSY , the diagram

WARQM —— WM

id ®fl lW‘l(f)

WIR®Q N——WIN
commutes, since it commutes for simple tensors:
T rm
- —> —_—

id ®fl lW’l(f)

i ® f(m) rf(m) — f(rm)‘

This follows from the earlier observation that W~!(—) preserves injective maps, Re-
mark 4.23.
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3) This is immediate from part 2). O

Corollary 11.52 (Hom and localization). Let R be a Noetherian ring, W be a multiplicative
set, M be a finitely generated R-module, and N an arbitrary R-module. Then,

Homyy 1 (WM, W 'N) = W' Hompg(M, N).
In particular, if p is prime,



Chapter 12

Resolutions

12.1 Projective resolutions

Definition 12.1. Let M be an R-module. A projective resolution is a complex

C,=-- P, P, B, 0

n 1 0

where all the P; are projective, Hyo(C) = M, and H;(C) = 0 for all i # 0. We may also write
a projective resolution for M as an exact sequence

P, e P F M 0

n 1 0

where all the modules P; are projective.

You'll find both these definitions in the literature, often indicating the second option as
an abuse of notation. We will be a bit sloppy and consider both equivalently, since at the
end of the day they contain the same information.

Theorem 12.2. Every R-module has a projective resolution.

Proof. Let M be an R-module. We are going to construct a projective resolution quite
explicitly. The first step is to find a projective module F, that surjects onto M. In fact, we
can find a free module surjecting onto M, by Lemma 11.19. Now consider the kernel of that
projection, say

0 Ky——Py——=M 0.

Set 0y := mp. There exists a free module P; surjecting onto Ky. Now the map 0, = igm

satisfies im 0; = Ky = ker 0.
0 \
Py

K

o)

0
4
0 \
I

M.

0
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Now the process continues analougously. We find a free module P, surjecting onto K; := ker 0y,

and set
0 \ / 0
K
Py

0

P, o ) %, M.
01
Ky
0 0.
At each stage, m;: P, — K,;_1 is a surjective map, K; := ker 0;, i; is the inclusion of the
kernel of 0; into P;, and we get short exact sequences
00— Koy 2 Py ML KL 0,

In fact, im(i,,1) = ker 0,41 = ker(i,m,11) = kerm,11. We can continue this process indef-
initely for as long as P, # 0, and the resulting sequence will be a projective resolution for
M. O

In fact, we showed that every R-module has a free resolution.

Definition 12.3. A free resolution of an R-module M is a projective resolution for M by
free modules, meaning each P; is free.

We can think of a free resolution

F2 F1 Fo M

as giving a detailed description of our module M. The first free module, Fj, gives us
generators for M. The second free module, Fj, gives us generators for all the relations
among our generators for M. The next module describes the relations among the relations
among our generators. And so on.

More interestingly, we can do this minimally as long as some reasonable assumptions are
satisfied.

Definition 12.4. Let (R, m) be either a local ring or an N-graded graded k-algebra with
Ry = k and homogeneous maximal ideal m = R,. A complex

is minimal if im 0,,.; C mF), for all n.
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Remark 12.5. A complex

o)) o1

F=-... F,

£y Fy

is minimal if and only if the differentials in the complex F' ®r R/m are all identically 0.
If all the F; are free, our complex is minimal if and only if all the entries in the matrices
representing 0; are in m, whatever our bases are.

Lemma 12.6. Let (R,m) be either a local ring or a N-graded graded k-algebra with Ry = k
and homogeneous mazimal ideal m = Ry. Let M be a (graded) finitely generated R-module.

A free resolution

02 o1

F=-- jo8 a8 jah

for M is a minimal complex if and only if for all n, F, is constructed by taking the free
module on a minimal set of (homogeneous, in the graded case) generators for ker 0,,_;.

Proof. Suppose for some n we have chosen F;, to be the free module on some non-minimal set

of generators my, ..., mg for K, 1 := kerd,_,. More precisely, there is a basis ey, ..., e, for
F,, so that 0,(e;) = m;, and the images of my, ..., m, in the vector space K,,_;/mK, _; are
linearly dependent. Then we can choose r1,...,r, € R, not all in m, such that rym; +---+

rems = 0 in R. In the graded case, we can take all these coefficients r; to be homogeneous.
At least one of these coefficients is not in m, and thus it must be invertible." we can multiply
by its inverse. So perhaps after reordering our elements, we get

Ms =7r1M1 + -+ Ts_1Ms_1.

Now
€s —T1€] — -+ —Ts 1651 € ker 0, = im0y, 41

is not in mF,, so im 0,1 ¢ mF,.

Now suppose that im 8,11 € mF, for some n. Let ey, ..., es be a basis for F),, so that
On(€1),...,0(es) form a generating set for K,,_1 := ker 0,,_1. By assumption, ker 9, = im 0,14
contains some (homogeneous, in the graded case) element that is not in mF),. So there is
an element rie; + - -+ + rges € ker 9, not in mF,,. In particular, some r; ¢ m, which we can
assume without loss of generality to be r;. Multiplying by the inverse of ry, we get some
¢; € R such that

€1 — Coeg — - -+ — Cs€5 € Ker 0,

SO
8n(61) = 62(%(62) + -+ Csan(65>.

This is a nontrivial relation among our chosen set of generators of K,_;, which must then
be non-minimal. ]

So to construct a minimal free resolution of M, we simply take as few generators as
possible in each step. Ultimately, we can talk about the minimal free resolution of M. To
show that, we need some definitions and a lemma.

In the graded case, homogeneous elements not in m must be nonzero elements in Ry, and thus invertible.
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Definition 12.7. Let (F,0) and (G, 0) be complexes of R-modules. The direct sum of F
and G is the complex of R-modules F' @ G that has (F @ G),, = F,, ® G,,, with differentials
given by
On+1
Fn+1 — Fn
s> &

Gn+1 6—n> D,,

together with the complex maps F — F'® G and G — F @& G given by the corresponding
inclusion in each homological degree.

Remark 12.8. The direct sum of complexes is the coproduct in the category Ch(R).

Remark 12.9. The homology of a direct sum is the direct sum of the homologies, since
(On, 0n)(a,b) = (0,0) < J,(a) =0 and 0,(b) =0,
and (a,b) € im(0,, d,) if and only if a € im d,, and b € im 9, so

ker(On,0,)  kerd, - ker d,,

im(Opt1,0p+1)  IMOpy1  iMEpp

H,(F & G) =

Remark 12.10. Suppose that C' is a subcomplex of D, and that we know that each C, is a
direct summand of D,,, say by D,, = C,, & B,,. In order for C' to be a free summand of D, we
also need that the differentials of D behave well with C: for each n, we need that 9(B) C B
and 0(C) C C.

Definition 12.11. A complex C' of R-modules is trivial if it is a direct sum of complexes
of the form

0 R—~R 0

Example 12.12. The complex

0 R

is trivial.

Remark 12.13. Trivial complexes are exact, since they are the direct sums of exact com-
plexes, by Remark 12.9.

Lemma 12.14. Let (R, m) be either a local ring or a N-graded graded k-algebra with Ry = k
and homogeneous mazimal ideal m = Ry. Every (graded) complex

02 o1

Th 0

T, Ty

of finitely generated (graded) free R-modules that is exact everywhere must be trivial.
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Proof. Since Ty is projective, Theorem 11.11 says that the short exact sequence

01

0 ——ker 81 T1 T() 0

splits, so T7 = ker &y @ Tp. In fact, 0; is the map Ty @ ker 9y given by (1,0), and our original
exact sequence breaks off as

~-—>T2ﬁ>ker81—>0

S
0 Ty ——Tp 0.
In particular, since 0 To —— T, 0 is trivial and homology commutes with taking

direct sums of complexes, by Remark 12.9, we conclude that

---—>T2i>ker81—>()

is also exact everywhere. We've also shown that ker 0 is a (graded) direct summand of the
(graded) free R-module 7. In the local case, ker 9; is a projective by Theorem 11.14, and
thus free by Theorem 11.17. In the graded setting, Theorem 11.18 says that ker 0; is free.
So we are back at our original situation, and we can repeat the same argument repeatedly
to show that our complex breaks off as the direct sum of the trivial complexes

O—>ker8n;>ker8n—>0

and must therefore be trivial. O]

Theorem 12.15. Let

P=.-.— P ——...P,2p %M 0
be a complex of projective R-modules, and let
C= i Oy O, 2 0y -2 N 0

be an exact complex. Fvery (graded) R-module map M ENYY lifts to a map of complexes

P %5 C, and any two such lifts are homotopic.

Moreover, when R is an N-graded graded k-algebra with Ry = k, M and N are finitely
generated graded R-modules, P, and C,, are finitely generated graded R-modules, and f is a
graded homomorphism, the induced map of complexes is made out of graded R-module maps.

Proof. Since Py is projective and 4y is surjective, there exists an R-module homomorphism

o such that
By B, M——0
|
o | f
4

005—0>N—>O
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commutes. Notice in fact that

dopo(im 01) C dopo(ker 9p) because P is a complex
= fOy(ker 0y) by commutativity of the square above
-0,

50 @o(im 01) C ker 6y = im 0;.

In the graded case, note that we can define g by sending the elements b; in a homogeneous
basis of Py to homogeneous ¢; € Cy such that do(c;) = f0o(b;).

We now proceed by induction. Suppose we have constructed P,_; R C,,_1 such that
Yn-1(imd,) C imd,. Since P, is projective, there exists a map ¢,, such that

On
P,— P,

|
©®n | J‘Pnl
4

Cp ——imd,

commutes. And again,

Onn(im O,11) C 0pon(ker 0, 1) because P is a complex
= Qn110n(ker 0,,) by commutativity of the square above
=0,

$0 ¢, (im d,y1) € imd,. By induction, we obtain our map of complexes ¢ lifting f.

Now suppose we are given two such maps of complexes P — C' lifting f, say ¢ and .
Note that ¢ — ¢ and 0 are two liftings of the 0 map. We are going to show that any map
lifting the 0 map M — N must be nullhomotopic, which will then imply that ¢ and v are
homotopic as well (essentially via the same homotopy!).

So let ¢: P — C' be a map of complexes lifting the 0 map M — N.

01 0o

Py > Py M 0
1
ce Cl o > CO %0 N 0

We will explicitly construct a nullhomotopy for ¢ using induction. Set h,, = 0 for all n <
0. The commutativity of the rightmost square says that dypg = 0, so im ¢y C ker §g = im d;.
Since Py is projective, there exists an R-module homomorphism hy such that

P
e
©0
Ol ——im 51
01
commutes, and thus ¢y = d1hg + h_10p. Notice also that
01 (p1 — hoO1) = o1 — 01ho0y because ¢ is a map of complexes

= (o — 01ho)0:
=0 since ¢g = 1 hg,
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so im(y; — hpdy) C ker §; = im ds.

Now assume that we have constructed maps hy, ..., h, such that ¢, = h, 10, + 0, 1hn
and im(@,11 — hpOpy1) € imd, 4. Since P,y is projective, we can find a map h,,; such
that

Pn+1

hnt1
/ l<ﬁn+1—hnan+1

Chqo ——1m dp49
5n+2

commutes. Now

Ont2(Pni2 = Pnt10n12) = ©ng10nt2 — Onyolini10n42 since ¢ is a map of complexes

= (Sﬁn+1 - 5n+2hn+1)an+2
= hpOpi10ps2 =0 since Op110p12 = 0.

So we again obtain im (.12 — Apir10n42) C kerd, 11 = imd,4o. By induction, this process
allows us to construct our homotopy h. O]

Theorem 12.16. Let (R, m) be either a local ring or a N-graded graded k-algebra with Ry = k
and homogeneous mazimal ideal m = R,. If F' is a minimal free resolution of M, any free
resolution for M is isomorphic to a direct sum of F with a trivial complex. In particular,
the minimal free resolution of M is unique up to isomorphism.

Proof. Suppose that G is another free resolution of M. By Theorem 12.15, there are complex
maps ¢¥: G — F and ¢: F — G that lift the identity map on M. Then ¢p: FF — F
is a map of complexes that lifts the identity on M, and thus by Theorem 12.15 ¢t must be
homotopic to the identity on F'. Let h be a homotopy between 1) and the identity, so that
for all n,

id —Ynon = Ony1hn + hy10,.

Since F' is minimal, we have imd, C mF,_; and im 0,41 C mF,, so im(id —¢,p,) C mF,
for all n.

First we do the local case. Let A be the matrix representing v, ¢, in some fixed basis
for F,,, and note that id —,,, is represented by Id — A, so all the entries in Id — A must
be in m. Our matrix A can be written as

I—an  ap e a1
a21 1 —ag ce A2s
A=
ags1 e Ags—1 1 — Qgs

for some a;; € m, so that det(A) =1+ a for some a € m. In particular, det(A) is invertible,
and 1, p, is an isomorphism.

In the graded case, we have to be a bit more careful: not all elements not in m are
invertible, only homogeneous ones. First, we fix fi,..., fs a basis of homogeneous elements
for F,, with deg(f1) < deg(fs) < ---deg(fs), and set ® := id —),,0,. Since our map P is
degree-preserving, ®(f;) is homogeneous for each i, and so we can write ®(f;) as a linear
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combination of our basis elements fi,..., fs using only pieces of degree deg(®(f;)). We
obtain a matrix C' = (¢;;) such that ¢;; # 0 = deg(c;;) = deg(f;) — deg(f;), and C
represents ®, meaning ®(f;) = ¢;1 fi + - -+ + ¢isfs for all i. Now all the entries of C'=1d — A
must be in m, so in particular we must have a; = 1 for all . Moreover, since we chose
our basis to have increasing degrees, deg(c;;) = 0 whenever ¢ < j. Since we must also have
¢;j € m whenever 7 # j, we conclude that ¢;; = 0 for © < j. We conclude that A is an upper
triangular matrix. Finally, det(A) = a1;---ass = 1, and A is invertible.

So we have shown in both cases that i,,, is an isomorphism for all n. By Exercise 24,

Y is in fact an isomorphism of complexes, so let F £y F be its inverse. Now we want to
claim that ¢ splits as a map of complexes. Notice that ({1)p = £(Yp) = idp, so £ will be
our proposed splitting for . We immediately get a splitting at the level of R-modules, since
G, = o(F,) ®ker(£,1,), so £ provides at least splittings for the R-modules in each degree;
we just need to prove that G = p(F') @ ker(£) as complexes. To do that, let K := ker(£v)),
and denote the differential in G by §. We need to check that the differential ¢ satisfies
5(p(F)) C (F) and §(K) C K.

Since ¢ is a map of complexes, dp = 0, so we do get d(p(F)) C p(F). Given a € K, .1,
we can write 0,11(a) = ¢(b) + ¢ for some b € F), and K, since G,, = p(F,,) ® K,. Then

b =1d(b)
= £ 0pn(b) since &,v, is a splitting for ¢,
= £nthn(on(b) + ¢) since ¢ € K,
= {nthndny1(a) by assumption
=& 0nr1n(a) since 1) is a map of complexes
= Ont1(&nthn)(a) since £ is a map of complexes
=0 since a € K,,.

We conclude that d,11(a) € K,,, and 6(K) C K. We have now shown that G = F & K.
Finally, we are going to show that K is a trivial complex. First, we claim that K, is free
for all n. We have shown K, is a (graded) direct summand of a (graded) free module. In
the local case, Theorem 11.14 says that K, is projective, and then Theorem 11.17 says that
K, must in fact be free. In the graded setting, Theorem 11.18 guarantees that K, is free.
Since G = F & K, we have H,,(G) = H,,(F) & H,(K). Since F' and G are both (graded)
free resolutions for M, so they have the same homology: H,(F') = H,(G) = 0 for all n # 0,
and Ho(F) = Ho(G) = M. We conclude that K is exact everywhere. Finally, Lemma 12.14
shows that K is trivial. ]

We also want to keep track of the kernels of the differentials in a minimal free resolution.

Definition 12.17. Let (R, m) be either a local ring or an N-graded k-algebra with Ry = k
and homogeneous maximal ideal m = R, . Let F' be a minimal free resolution for the finitely
generated (graded) R-module M. For each n > 1, the submodule

Q, (M) :=1im9,, = ker d,,_4

is the nth syzygy of M.
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Remark 12.18. For each n, we have a short exact sequence
0 ——ker 0, —— F,, ——1im0,, —— 0.
But ker 9, = 2, (M) and im 9,, = Q,,_1(M), so we get a short exact sequence
0—Q,(M)—F,—— Q,_1(M)——0.
Syzygies are indeed well-defined up to isomorphism.

Remark 12.19. Suppose that F' and G are two minimal free resolutions for M. By The-
orem 12.16, there exists an isomorphism between F' and G, say ¢. Since ¢ is a map of
complexes, p0F = 9%p, and thus ¢ must send elements in ker 9 into elements in ker 9¢.
Similarly, an inverse v to ¢ sends ker 9% into ker 3. In each homological degree, the induced
maps ker 3F — ker 9¢ and ker 9 — ker 9 are inverse, and thus isomorphisms. In the
graded case, one can show that we obtain graded isomorphisms, so that the graded syzygies
are also well-defined up to isomorphism.

The number of generators in each homological degree is also an important invariant.

Definition 12.20. Let (R, m) be either a local ring or a N-graded graded k-algebra with
Ry = k and homogeneous maximal ideal m = R,. Let [’ be a minimal free resolution for
the finitely generated (graded) R-module M. The nth betti number of M is

Bi(M) := rank F; = u(F}).

In the graded case, the (7, j)th betti number of M, (;;(M), counts the number of generators
of F; in degree j. We often collect the betti numbers of a module in its betti table:

BMY| 0 | 2
0| Boo(M) Bor(M) Boa(M)
L] Bu(M) Bra(M) Bis(M)
2| Baa(M)  Basz(M)

By convention, the entry corresponding to (¢, ) in the betti table of M contains f;;4;(M),
and not f§;;(M). This is how Macaulay2 displays betti tables as well, using the command
betti.

Example 12.21. Suppose that R = k[z,y, z] and that M = R/(zy,xz,yz) corresponds to
the variety defining the union of the three coordinate lines in A$. This variety has dimension
1 and degree 3. The minimal free resolution for M is

z 0
-y y
0 —=z Ty T2 Yz
0 R’ R® ( Y Y ) R M.

From this minimal resolution, we can read the betti numbers of M:
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e [Go(M) =1, since M is a cyclic module;
e 31(M) = 3, and these three quadratic generators live in degree 2;

e [5(M) = 2, and these represent linear syzygies on quadrics, and thus live in degree 3.

Here is the graded free resolution of M:

z 0
-y Yy
0 —=x ) rYy xZ Yz
0 —— R(—3)* R(-2)’ ( ) R M.

Notice that the graded shifts in lower homological degrees affect all the higher homological
degrees as well. For example, when we write the map in degree 2, we only need to shift the
degree of each generator by 1, but since our map now lands on R(—2)3, we have to bump up
degrees from 2 to 3, and write R(—3)2. The graded betti number f5;;(M) of M counts the
number of copies of R(—7) in homological degree i in our resolution. So we have

Boo = 1, B12 = 3,and Baz = 2.
We can collect the graded betti numbers of M in what is called a betti table:

BM)|0 1 2
0[1
1

- 3 2

Example 12.22. Let k be a field, R = k[x, y], and consider the ideal

I=(a%2y,y°)

which has two generators of degree 2 and one of degree 3, so there are graded betti numbers
P12 and B13. The minimal free resolution for R/I is

Y 0
—r Y .
R(-3)! 2] R(=27 (22 gy
0— @ A0 T ® @ =y v) R—R/I.
R(—4)' R(-3)'
Bas(R/T) =1 Bro(R/T) =
Boa(R/1) =1 Bus(R/T) = 1

So the betti table of R/I is
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We can also extract the Hilbert function of M from its betti numbers.

Theorem 12.23. Let k be a field and R be an N-graded k-algebra with Ry = k. Let M be a
finitely generated Z-graded R-module. Then the Hilbert series of M satisfies

hou(t) = ha(t) D (=1) Bip(M)EP
120,pEZ
When R = k|xy,...,x,)] is a standard graded polynomial rmg,

2> (1) Bu(M

120 d€Z
(1—t)
Proof. First, notice that the fact that the resolution is minimal implies that at each stage,
the graded shifts in the copies of R in F; must go up at least by 1. In particular, for each
fixed each d, Biq = 0 for all 7 > 0.
The graded resolution of M breaks into graded pieces:

0 e Fiq Fi 14 e Foa My 0.

o () =

Here we denote the piece of F; in degree d by F; 4. Notice that this is in fact finite, since B4
is eventually 0. As a simple application of the Rank-Nullity theorem from Linear Algebra,
just like we did in Lemma 8.6, we obtain

dimy (M) =) (1) dimy(F} q).
Multiplying by t¢ and summing over all d, we get

HM Zdlmk Md>td Z(_l)l dlmk(E,d>td

i,d
=Y (-1) <Z dimk(ﬂ,d)td) = (=1)'hp ().
i>0 ird i>0
Now F; = @, R(—d)"4, and hp_q) = t’hg(t) by Example 8.5, so hp, = >_, Bid(M)t*hg(t).
Then
Z Z B@d
120 d

When R = k[zy,...,x,] is a standard graded polynomial ring, Example 8.4 says hg(t) =

! SO
Z Z Bzd

(1—t)n>
20 d

(1=t
Example 12.24. We can now use the information we collected in Example 12.21 to calculate
the Hilbert series of M:

ho(t) = O

10 =32 426 142t
(1—0F  — (1-1

and since this last fraction is in lowest terms, we see that the dimension of M is | (the degree
of the denominator) and that the degree of M is equal to p(1)=1+2-1=

ha(t) =
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The slogan is that we can get lots of information about M from its minimal free resolution.
In fact, even if all we know is the betti numbers of M, there is lots of information to we can
extract about M. For more about the beautiful theory of free resolutions and syzygies, see
[Eis05]. For a detailed treatment of graded free resolutions, see [Peell].

12.2 Injective resolutions

Injective resolutions are analogous to projective resolutions, but now we want to approximate
our module M by injectives.

Definition 12.25. Let M be an R-module. An injective resolution of M is a complex

E = O EQ El E2

with Ho(E) = M and H,,(E) = 0 for all n # 0. We may abuse notation and instead say that
an injective resolution of M is an exact sequence

0 M E, B E,

Remark 12.26. This is the first example we have encountered where we have a cocomplex
rather than a complex. Its homology should technically be referred to as cohomology, and
written with superscripts:

We can construct injective resolutions in a similar fashion to how we constructed projec-
tive resolutions.

Theorem 12.27. Every R-module M has an injective resolution.

Proof. By Theorem 11.35, every R-module embeds into an injective module. So we start by
taking an injective R-module Ej containing M, and look at the cokernel of the inclusion.

0 M Ey —%5 coker ig — 0.

Now coker 7y includes in some other injective module Fj.

coker i
O /’ \ 0

Take 0y := i1mg. Since i is injective,

ker 0y = ker(iy;my) = ker mg = im 4.
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Notice also that cokeriy = imdy = ker(FE; — coker dy). So we can now we continue in a
similar fashion, by finding an injective module E5 that coker d, embeds into.

O\ /0
coker J
P
0 M0y ¢ R 5 R o8

7
N

coker 7¢
O / \ 0

By construction and since i is injective, ker 9; = im dy, and our complex is exact at E;. The
process continues analogously. ]

We can again define a minimal free resolution for M as one where at each step we take
the injective hull of cokeri,. Perhaps unsurprisingly, one can show that the minimal free
resolution of a finitely generated module over a local ring is unique up to isomorphism. The
analogues to the betti numbers are called Bass numbers, although now there are some major
differences. When we construct a minimal free resolution, we have only to count copies of
R in each homological degree, while there are many different building clocks for injective
modules — the injective hulls of R/P, where P ranges over the prime ideals in R.

Example 12.28. Let’s construct a minimal free resolution for the abelian group Z. We
start by including Z in Q, and then note that the cokernel Q/Z is actually injective, by
Lemma 11.33. So Q/Z embeds in itself, and our resolution stops there. So the short exact
sequence

0—Z——Q——Q/Z—0

is in fact a minimal injective resolution for Z.



Chapter 13

Abelian categories

An abelian category is a category that has just enough extra structure to behave like R-
module: we have complexes and exact sequences, homology, the Snake Lemma, the long
exact sequence in homology, and many other nice features. On the one hand, every abelian
category embeds nicely in some R-mod, so it’s in some ways sufficient to study R-mod.
In other ways, the general nonsense definitions in an abelian category can sometimes give
us a uniform, simple way to prove many results about R-mod (and Ch(R-mod), and other
related categories) all at once.

13.1 What’s an abelian category?

Definition 13.1. A category o7 is a preadditive category if:

e For all objects x and y in A, Hom4(x,y) is an abelian group.

e For all objects z, y, and z in A, the composition Hom4(x, y)x Hom4(z, 7) = Hom4(z,y)
is bilinear, meaning

go(fi+fo)=gofi+gofs and (gi+g)of=giof+golf.

Example 13.2. Our favorite category R-mod is a preadditive category.

Definition 13.3. Let A and & be preadditive categories. An additive functor A — %A
is a functor such that the map

HomA(m, y) B— Hom%(F<$)a F(y))
fi F(f)

is a homomorphism of abelian groups.

This extends our previous definition of additive functors in R-mod.

Definition 13.4. Let € be a category. An initial object in % is an object ¢ such that for
every object x in €, Homy (i, x) is a singleton, meaning there exists a unique arrow i — .
A terminal object in % is an object ¢ such that for every object = in €, Homg(z,t) is a
singleton, meaning there exists a unique arrow * — t. A zero object in % is an object
that is both initial and terminal.
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Exercise 40. Initial objects are unique up to unique isomorphism. Terminal objects are
unique up to unique isomorphism.

So we can talk about the initial object, the terminal object, and the zero object, if they
exist.

Example 13.5.
a) The 0 module is the zero object in R-mod.

b) In the category of rings, Z is the initial object, but there is no terminal object unless we
allow the 0 ring.

¢) There are no initial nor terminal objects in the category of fields.

Definition 13.6. Let € be a category with a zero object 0. Given two objects z and y in
%, the zero arrow from z to y is the unique arrow x — y that factors through 0, meaning
the composition of the unique arrows r — 0 — y. We will sometimes denote the 0 arrow

by 0.

Notice in particular that if a category A has a zero object, then Homy(z,y) is always
nonempty, since it contains at least the 0 arrow.

Remark 13.7. Composing the 0 arrow with any other arrow always yields the 0 arrow.

Remark 13.8. In any preadditive category A with a zero object 0, the 0 arrow z — y
coincides with the 0 of the abelian group Hom4(x,y).

Remark 13.9. We can characterize the 0 object by the property that the zero arrow and
the identity arrows on 0 coincide. To see this, notice that if 1, = 2 x, then given any

arrow = L y, f=fol, = fo0=0, and similarly any arrow y L5 2 must be 0. Then z is
terminal and initial, and it must be the zero object.

Definition 13.10. An additive category is a preadditive category A such that:
e A has a zero object.

e A has all finite products, meaning that given any two objects x and y in A, there exists
a product of z and y in A.

Lemma 13.11. In an additive category, finite coproducts exist and they agree with products.

Proof. Let x and y be objects in our additive category, and consider their product, which

we know exists:
z
N
x )

The universal property of the product give arrows ¢; and ¢y such that
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both commute. We claim that z together with ¢; and ¢ form a coproduct. So given an

object w and arrows x Iy w and y 2 w, we need to show that there exists a unique arrow

h such that
z
RN
[
T h : Y
xi/
w
commutes.

To see such an h exists, consider h := fm; + gmy. Then

hiy = fmin + gmot, = and  hig = iy + gmaty =
I 1 g 0 f f g [
x 0 11/

so indeed our proposed h does the job.
To show the uniqueness of such an h, we will use the fact that z together with m; and

my is a product for x and y. So suppose that A’ is another arrow such that h't; = f and
h'iy = g. Then h — h' satisfies (h — h')e; = f— f =0and (h—h)e =g —g =0, so it’s
sufficient to show that the 0 arrow is the unique arrow 1 such that

g}zf___z\z

&
<

A

commutes. First, we claim that 17 + toms is the identity arrow on z. And indeed, this map

satisfies

7T1(L17T1 -+ 0271'2) = ML1 T + Tol1 Ty = Ty and 7T2(L17T1 + L27T2) = M9l T + Tol1 Ty = T,
~~ ~~~ ~~ ~~

1z 0 0 1y

and so does the identity arrow 1., so the universal property of the product guarantees that
111 + 1oy = 1,. Now if ¥i; = 0 and ¥t = 0, then

’l/} = 1/112 = "Lp(blﬂ'l + L27T2) = wblﬂ' + wljgﬂ'g =0+0=0.
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Notation 13.12. In an additive category A, A ® B denotes the product = coproduct of the
objects A and B.

Remark 13.13. If A is additive category, A@ B is characterized by the existence of arrows
A2 A9 B, B2 AdB, Ao B =2 Aand A® B =2 B such that mais = idy,
7TBiB = idB, and iA7TA + iB7TB = idAEBB-

Lemma 13.14. Let F': A — B an additive functor between additive categories.
a) If 0 is the 0 object, F'(0) = 0. For any two objects v and y, F(x 2 y) = F(z) — F(y).
b) F preserves finite products and coproducts.

Proof. We show the statement assuming [ is covariant, and note that the contravariant case
is essentially the same.

a) The statement about zero arrows follows immediately from the fact that F}, is a group ho-
momorphism and that the 0 arrow is the 0 element in the abelian group Hom 4 (F(z), F(y)).
Now the zero arrow and the identity arrows of 0 coincide, and so do their images by F'.

On the one hand, F(19) = 1r(), and as we have shown, F(1y) = F(0) 2 F(0). Then
the identity and the zero on F(0) coincide, so by Remark 13.9 we must have F'(0) = 0.

b) Fix objects A and B and the canonical arrows A Ao B, B By Aa B,A®B ™ A
and A® B =25 B. Any functor preserves identity arrows, so any additive functor F' must
send

F(WA>F(ZA) = F(?TAiA) = ldF(A) F(?TB)F(ZB) = F(?TBiB) = ldF(B)
and

F(iA)F(WA) + F(iB>F<7TB) = idF(A@B) .

By Remark 13.13, this implies that F/(A @ B) is the product = coproduct of F'(A) and
F(B).

]

Exercise 41. Let A be an additive category. Show that an arrow f is a mono if and only
if fg = 0 implies g = 0. Similarly, an arrow f is an epi if and only if gf = 0 implies g = 0.

We can now define kernels and cokernels.

Definition 13.15. Let A be an additive category and f an arrow z — y. The kernel of
f is an arrow k — x such that

° k—zvay is 0.
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e Given any g € Hom4(z, ) such that z N N y is 0, there exists a unique arrow
@ such that i = g, meaning that

commutes. We denote the kernel of f by ker f.

We sometimes refer to the kernel as not just an arrow but the pair (object, arrow). Also,

we might use the notation ker f — x for the kernel of = ER y. We might also abuse notation
and refer to the object that is the source of ker f as the kernel of f. Nevertheless, the kernel
of f is technically an arrow, not an object. A good reason for identifying the arrow ker f
with its source object is the following rewriting of the definition above:

Remark 13.16. If £ "y and k1 — .4 are both kernels of f, then there exist unique
arrows k; — ko and ke — ky such that

1 f
=Ly
N
X
\\h

commutes. As we will see below in Remark 13.17, kernels are always mono. But then
11gh = ioh = i1, and since i; is a mono, we must have gh = 1. Similarly, hg = 1, and g and
h are isomorphisms.

This shows that if k—-z is the kernel of f € Homy(z,y), the object k is, up to
isomorphism, the unique object that satisfies the following universal property: for every

object z and every arrow z - x such that fg = 0, there exists a unique arrow z s k such
that th = g¢.

Remark 13.17. We claim that a kernel, if it exists, is always a mono. Indeed, suppose that
91 i f
z g:; k——x——y
2

are such that ig; = igs. Then i(g; — g2) = 0, so it’s sufficient to show that ig = 0 implies
g = 0. But then

T/ x y

z
commutes, and f o0 = 0, so 0 factors uniquely through the kernel. But both ¢ and z %k
are such factorizations, so g = 0.
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Definition 13.18. Let A be an additive category and f € Homy(z,y). The cokernel of
f is an arrow y = ¢ such that

f p .
o r——y——c is 0.
f g

e Given any g € Homy(y, z) such that x —— y —— 2 is 0, there exists a unique arrow
¢ such that i¢ = g, meaning that

r——y——cC
gl ‘
7 3
v dlp
z
commutes.

We denote the cokernel of f by coker f.

We will sometimes use the notation y —— coker f for the kernel of x AN y , although
once again the cokernel of f is an arrow rather than an object.

Example 13.19.

a) The kernels and cokernels in R-mod are what we think they are: the inclusion of the
usual kernel, and the projection onto the usual cokernel.

b) It’s not always true that all arrows have kernels or cokernels. For example, the category
of finitely generated R-modules over some non-Noetherian ring R is additive, but it does
not have all kernels. If I is some infinitely generated ideal in R, the kernel of the canonical
projection R — R/I does not exist in our category. In fact, this is an epi but not a
cokernel — it should be the cokernel of the inclusion map I — R, but this is not an
arrow in our category.

While not all epis are cokernels and not all monos are kernels, the converse is true. Just
like we saw for kernels, cokernels, if they exist, are always epi, and they are unique in the
sense we described in Remark 13.16.

Remark 13.20. Let A be an additive category, and f any arrow such that kercoker f
and coker ker f exist. Since f oker f = 0, f factors uniquely through cokerker f, say by
coker ker f %+ y. Now coker fogo (coker ker f) = coker fo f = 0. Since coker ker f is an epi,
by Exercise 44, we must have coker f o g = 0. Then g factors uniquely through ker coker f,
so we get a unique arrow such that

ker f x ! Y coker f

| |

coker ker f — — + ker coker f

commutes.
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Definition 13.21. An abelian category is an additive category A such that
e The category A contains all kernels and cokernels of arrows in A.
e Every mono is a kernel of its cokernel.
e Every epi is the cokernel of its kernel.
e For every f, the canonical arrow coker ker f — ker coker f is an isomorphism.

Ultimately, an abelian category is one that has just enough structure so that we can
extend many of the desired properties of R-mod. In particular, we will see that we can
define complexes and their homology in any abelian category, and that the Snake Lemma
and the long exact sequence in homology hold.

Remark 13.22. Let A be an abelian category, and f any arrow. As described in Re-
mark 13.20, we have a commutative diagram

ker f x ! Y coker f

”l [

coker ker f — ker coker f

where v is now assumed to be an iso. Now kernels are mono and cokernels are epi, by Exer-
cise 44, and composing an epi (respectively, mono) with an iso gives us an epi (respectively,
mono). Therefore, we can factor f as a composition mono o epi.

Definition 13.23. Let A be an abelian category, and consider an arrow x ER y. The image
of f is im f := ker(coker f).

Following Remark 13.22) the source of im f = ker coker f is the unique (up to unique
isomorphism) object such that f factors as

mono

epi .
x—nmf—)y

Exercise 42. Let A be an abelian category. Show that f is a mono if and only if ker f = 0,
and f is an epi if and only if coker f = 0.

Remark 13.24. If A is an abelian category, its opposite category A°P is also abelian.
Example 13.25.
a) The category R-mod of R-modules is an abelian category.

b) The category of free R-modules is additive but not abelian, as kernels and cokernels do
not exist in general.

¢) The category of finitely generated R-modules is abelian if and only if R is Noetherian,
which is exactly the condition we need to guarantee the existence of kernels and cokernels.
For a general ring R, the category of Noetherian R-modules is abelian.
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d) The category of Hilbert spaces with continuous linear functions is an additive category.
The monos are injective linear maps, and the epis are maps with dense image. The
kernels are the usual kernels, while the cokernel of f: X — Y is given by the orthogonal

projection Y — f(X) . However, this is not an abelian category, since a mono might
not be the kernel of its cokernel. Indeed, if X < Y is a dense inclusion that is not
surjective, then this mono is not the kernel of its cokernel.

Remark 13.26. Suppose that g factors through f, meaning that there exists h such that

commutes. Then (coker f)og = (coker f)ofoh = 0, so g factors through ker(coker f) = im f,
meaning

i

imf+--z2
h
also commutes.

Exercise 43. The kernel of z - y is the identity arrow 1,, its cokernel is the identity arrow
1,, and im(z %y =0.

Exercise 44. Let A be an abelian category, g an epi, and f a mono. Then ker(fg) = ker g,
coker(fg) = coker f, and im(fg) =1im f = f.
13.2 Complexes and homology in an abelian category

Definition 13.27. Let A be an abelian category. A chain complex or simply complex
(C,0) (which we sometimes write just a C') is a sequence of objects and arrows

On
—>Cn—>Cn—1—>

such that 0,10, = 0 for all n. A map of complexes f : C' — D between two chain
complexes is a sequence of arrows f, such that the diagram

On
—>Cn—>Cn—1—>

]

—>Dna—>Dn—1—>

commutes. The category of (chain) complexes over A, denoted Ch(.A), is the category
that has objects all chain complexes in A and arrows all the chain complex maps.
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Lemma 13.28. If A is an abelian category, so is Ch(A).

Proof sketch. First, note that Ch(A) is a preadditive category: given two maps of com-
plexes f and g, f + g is obtained degreewise, by taking (f + ¢), := f. + gn. The facts
that Homen(a)(C, D) is an abelian group and that composition is bilinear follows from the
analogous facts in A. The 0 object is the 0 complex, which has the 0 object in A in each
degree. Given two complexes C' and D, their product is taken degreewise:

oS xop

CxD=...——C,x D, Cho1 X Dp gy ——---

and the projection maps in each degree assemble to make a map of complexes. So Ch(.A) is
an additive category.

Let ¢ L5 Dbea map of complexes. The universal property of ker 9, gives us a unique
arrow 6,1 such that

fn 1
ker fn-i—l CVn-i—l = Dn+l
|
67L+1 | anﬁ»ll J/a'rr‘rl
J
ker fn Cn f anl

commutes. The commutativity of ker f,.1 —— C, 1  and the fact that 0,0,.1 = 0 to-

|
Ont1l lawrl

3
ker f,, —— C,

|
o lan
3
ker fnfl — Cnfl
gether with the fact that ker f, 1 is a mono imply that 6,0,.1 = 0. Finally, we conclude
that

--~—>kerfni>kerfn,1—>---

is a complex in Ch(A), and the canonical maps ker f, — C,, assemble into a map of
complexes. One can check that the universal property of the kernels ker f,, forces this complex
we just constructed to be ker f. In particular, Ch(.A) has all kernels. Similarly, we construct
cokernels in Ch(A), building on the fact that A has all cokernels.

Finally, it remains to show that every mono is the kernel of its cokernel and every epi is
the cokernel of its kernel. This boils down to the fact that f is a mono if and only if all the
fn are monos, and dually that f is an epi if and only if all the f,, are epis. The conclusion
will then follow from our construction of kernels and cokernels and the fact that A is abelian.
Our claim follows from Exercise 42 and the fact that f = 0 if and only if all f,, = 0. [

Definition 13.29. Let A be an abelian category. For each C'in Ch(.A), we define its cycles
Z,(C) and boundaries B,,(C') by

Zn(C) :=sourcekerd,, and B,(C) :=sourceim 0, ;.
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Remark 13.30. Let A be an abelian category, and C' L5 D 2 E be arrows in A such that
gf = 0. By Remark 13.22, we can factor f as an epi followed by im f.

C ! D
>~

im f

g E

Since g oim f oepi = gf = 0, we must have g oim f = 0, so im f factors uniquely through
ker g. Most importantly, there is a canonical arrow im f — ker g.

Definition 13.31. Let A be an abelian category. A sequence of arrows C D% EmnA
is exact if gf = 0 and ker g = im f.

Remark 13.32. In our definition of exact sequence, we really mean that the canonical
arrow im f — ker g we described in Remark 13.30 is an isomorphism. But notice that is
equivalent to saying that the arrow im f is a kernel for g, and ker g is an image for f, hence
the equality we wrote above, which is a more compact way of saying this.

This immediately generalizes to define an exact sequence, and once again a short exact
sequence is one of the form

0 A B C 0.

Exercise 45. Show that 0 — A 5 B is exact if and only if f is a mono, and B % C' — 0

is exact if and only if ¢ is an epi. Moreover, 0 ALl.p ¢ 0 is a short exact
sequence if and only if
e f is a mono. e ¢ is an epi. o f=imf =kerg. e cokerf=g.

Remark 13.33. Let A be an abelian category and (C,0) a complex in Ch(R). Since
O0nOny1 = 0 for all n, we get a canonical arrow B,(C) — Z,(C) for each n.

Exercise 46. Given an additive category A, B,, and Z, are additive functors Ch(A) — A.
In particular, an arrow C 25 D induces arrows Zn(C) LD, Zn(D) and By(c) Enld), B,(D).

Definition 13.34. Let A be an abelian category and (C,0) a complex in Ch(R). The nth
homology of C'is the object

H,(C) := target of coker(B,(C) — Z,(C)),
where B, (C') — Z,(C) is the canonical arrow we described in Remark 13.30.

In fact, the nth homology is an additive functor Ch(ab) — A. But first, we need to
make sense of what homology does to maps of complexes.
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Let A be an abelian category and C' L Da map of complexes in Ch(A). Fix an integer
n. We get induced arrows B, (f) and Z,(f), since B, and Z, are additive functors. This
gives us a commutative diagram

B,(C) ——= Z,(C') — coker

Bn (f)l JZn (f)

B, (C) —5 Zn(C) —— coker
where « and f are the canonical arrows. To construct H,(f), we claim that there is a
unique arrow coker  — coker § making the diagram commute. This is all explained in the
commutative diagram

where coker o (Z,(f)) o a = coker 5o 5o B,(f) = 0, which gives us a unique factorization
H,.(f) through coker a.

Exercise 47. Given any abelian category A, H,, is an additive functor Ch(A) — A.
Similarly, we can define homotopies.

Definition 13.35. Let A be an abelian category and f,g: FF — G be maps complexes in
Ch(A). A homotopy, sometimes referred to as a chain homotopy, between f and g is a
sequence of arrows h,,: F,, — G

On+2 On+1 On On—1
FnJrl Fn anl
In+1 fn+1 gn fn gn—1 fnfl
hn,
hnfl
G G
On42 n+l On41 n On n—1 On—1

such that
5n+1hn + hn—l(sn = fn — 3n

for all n. If there exists a homotopy between f and g, we say that f and g are homotopic.
If f is homotopic to the zero map, we say it is null-homotopic. If f: FF — G and
g: G — F are maps of complexes such that fg is homotopic to the identity arrow 14 and
gf is homotopic to the identity arrow 1, we say that f and g are homotopy equivalences
and I’ and G are homotopy equivalent.



219

Exercise 48. Homotopy is an equivalence relation in Ch(.A).

Exercise 49. Let A be an abelian category. Homotopic maps of complexes in Ch(.A) induce
the same map on homology.

Remark 13.36. Let F' be an additive functor between abelian categories. Then F' must
send complexes to complexes, and it induces a functor Ch(A) — Ch(A), which we also
call F. Now if h is a homotopy between two maps of complexes, F' preserves the identities
Oni1hn + hp_16, = fn — gy for all n, so F(h) is a homotopy between F(f) and F(g).

Finally, we set up some notation we will use later.

Definition 13.37. We will denote the full subcategory of Ch(.A) of complexes C' such that
C, =0 for all n < k by Ch>(A).

13.3 Functors

Definition 13.38. Let A be an abelian category. A subcategory B of A is an abelian
subcategory of A if B is abelian and the inclusion B C A is an exact functor.

Exercise 50. Let B be a full subcategory of the abelian category A.

a) Bis an additive category if and only if B contains 0 and is closed under finite coproducts.

b) B is an abelian subcategory of A if and only if B is additive and closed under kernels and
cokernels.

Definition 13.39. Let T': A — B be an additive covariant functor between abelian
categories. We say T is left exact if it takes every exact sequence

0—s AT B 90— 0

to the exact sequence

() T(g)
) ) —

0——T(A T(B

and right exact if it takes every exact sequence

T(C)7

0—s A B 90— 0

to the exact sequence

) T(f) ) T(g)

T(A T(B T(C) 0.

Finally, T  is an exact functor if it preserves short exact sequences, meaning every short
exact sequence

0 A

is taken to the short exact sequence
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A contravariant additive functor T: A — B between abelian categories is left exact if it
takes every short exact sequence

0—sA-LsB-2,c—0
to the exact sequence
0——71(0) 22 1(B) T pa,

and right exact if it takes every exact sequence

to the exact sequence
T(g) T(f)
) —T'(B)

T(C T(B

T(A) ——0.

Finally, T is an exact functor if it preserves short exact sequences, meaning every short
exact sequence

0 A

is taken to the short exact sequence

Theorem 13.40. Let A be an abelian category, and fix an object x in A. The functors

A—— Ab and A—— Ab

y—— Homy(z, y) y+—— Homy(y, )

are left exact.

Proof. We will show that Hom4(z, —) is left exact. Notice that the contravariant functor
hom4(—, z) can be viewed as the covariant functor Hom gep(x, —). Since A% is also an
abelian category, it will then follow that Hom 4op (z, —) is also left exact, or equivalently, that
Hom 4(—, ) is left exact.

So let

0—ALsB20—0
be an exact sequence in Ch(.A). We want to show that
0 —— Homy(z, A) LN Hom(x, B) —2— Homy(z, C)
is exact, and notice this last line lives in the category of abelian groups.

e Exactness at A is equivalent to f being a mono. By assumption, f is a mono, so
f«(h) = fh is injective.

e Since gf =0, s0is g« fe = (gf)x-



221

e We want to show that ker g, = im f,, and these are now maps of abelian groups. So we
need to show that every h € Hom 4(z, C') such that gh = 0 factors uniquely through
f, meaning h = im f,. Our assumption that the original sequence is exact implies
that f = im f = ker g. The universal of property of the kernel gives us that whenever
gh = 0, h must factor through kerg = f = im f.

]

Exercise 51. Let I be any small category. If A is an abelian category, then so is the category
A! of functors I — A.

Theorem 13.41 (Yoneda Embedding for abelian categories). Let A be an abelian category.
The covariant functor

A— A"
x—— Homy(—, x)

from A to the category of contravariant functors A — Ab is an embedding into a full
subcategory and it preserves exactness, meaning that whenever

Hom 4(—, ) —— Hom(—,y) —— Hom 4(—, 2)
1S exact, S0 18 x—— Y —— 2 .

Proof. First, it is clear that our functor is injective on objects, as our axioms for a category
include the assumption that the Hom-sets are all disjoint. We claim that

Nat<Hom.A<_7 Q?), HOIDA(—, y)) - HOl’IlA(ZL’, y)

nt e (1e)

is a natural bijection. This is essentially Theorem 9.36, so we leave it as an exercise. But in
particular, the fact that this is a bijection says that our functor is indeed full and faithful.
To show that it reflects exactness, suppose that

Hom4(—, z) LN Hom 4(—, ) LN Hom4(—, 2)

is exact. Then g.f. =0, so gf = g. f(1.) = 0.
It remains to show that ker g = im f. Let 1 be the canonical arrow im f — ker g. The
exactness of

Hom4(—, z) SELEN Homy(—,y) LN Hom4(—, 2)

together with the fact that g.(kerg) = 0 imply that ker g factors through f. By Re-
mark 13.26, ker g must also factor through im f, say by ¢. The universal property of the

kernels ker g and im f will give us that ¢ and ¢ are inverse isos. O
L

Corollary 13.42. Let (L, R) be an adjoint pair of additive functors A B between
R

abelian categories. Then L is right exact, and R is left exact.
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Proof. Consider a short exact sequence

0 x Y z 0

in B, and let w be an object in A. The adjointness of the pair (L, R) gives us a commutative
diagram
0 —— Homy(w, Rr) —— Hom 4(w, Ry) —— Hom 4(w, Rz2)

| | |

0 —— Hompg(Lw, x) —— Hompg(Lw, y) —— Homp(Lw, z)

where the vertical maps are bijections of sets. For every w in A, Homg(Lw, —) is left exact,
by Theorem 13.40, so the bottom row of the diagram above is exact. We claim this implies
that the top row must also be exact. Our vertical maps are a priori only bijection on sets,
but it is easy to see that these natural bijections restrict to a bijection between the images of
each pair of corresponding maps. Moreover, for any objects A and B, the natural bijection
Hom (A, RB) = Hom4 (LA, B) must always send 0 to 0, since

0 = Homy (A, R(0)) —— Hom (A, R(B))

J |

0 = Homy(L(A),0) —— Hom (LA, B)

commutes. It is then routine to check that our bijections also restrict to bijections between
the kernels of each pair of corresponding maps. The exactness of the bottom row then induces
exactness of the top row. By Theorem 13.41, Hom reflects exactness, and we conclude that

0 Rz Ry Rz

must also be exact.
Finally, notice that L°P is the right adjoint to R°P, so L°P is left exact. Therefore, L must
be right exact. O]

Theorem 13.43 (Freyd-Mitchell embedding theorem). Let A be a small abelian category.
There exists a ring R, possibly not commutative, and an exact, fully faithful embedding
A — R-mod.

The full details of the proof are rather complicated, and can be found in [Fre03]. Here is a
very rough map of the proof. By Theorem 13.41, we already have a fully faithful embedding
of Ain Ab*™, so it is sufficient to show that there is a fully faithful embedding of Ab*™
into some R-mod. The idea is to quotient Ab*” by an abelian subcategory L that contains
all the kernels and cokernels of the arrows Hom 4(—,y) — Homy(—, 2) for all epis y — =
in such a way that the composite of the embedding in Theorem 13.41 with this quotient
remains an embedding. Then one shows that this quotient category has all coproducts and
also what is called a projective generator. Roughly speaking, this is a projective object such
that every object P such that for every object M there exists an arrow P — M. Then
one shows that this implies that this category is equivalent to a full abelian subcategory of
R-mod for some R.



223

Most of the theorems we have proved about R-mod extend to any abelian category. Some
of those theorems can in fact be deduced from the fact that they are true over R-mod. In
particular, short exact sequences of complexes in any abelian category induce a long exact
sequence in homology.

Theorem 13.44 (Snake Lemma). Consider an abelian category A and a commutative dia-
gram

A B s 0

kb

0 A B C

% p

If the rows of the diagram are exact, then there exists an exvact sequence

ker f —— ker g ker h —2— coker f —— coker g —— coker h.
Theorem 13.45 (Long exact sequence in homology). Given a short ezact sequence in Ch(R)

f

0 A B—2.C 0,

there are connecting arrows 0 : H,(C) — H,,_1(A) such that

) Dy B) g, (0) — 2 H oy (A) —— -

o ——H,1 (C) 25 Hy (A
1S an exact sequence.

Theorem 13.46 (The Five Lemma). Given an abelian category A, consider the following
commutative diagram in A with exact rows:

A B’ C’ D’ E'

N

A B C D E

If b and d are epi and e is a mono, then c is an epi. If b and d are mono and a is epi, then
C 15 Mono.

One can prove these by invoking the Freyd-Mitchell theorem and checking that one can
go back and forth with our statements between some small subcategory of A containing our
diagram and all the necessary kernels, cokernels, etc, and some R-mod where that category
embeds. Alternatively, one can use what are called members, as in [ML98, VIIL.4.5].



Chapter 14

Ext and Tor

While Hom and tensor are not exact functors, we can measure their lack of exactness using
their derived functors Ext and Tor. These are the poster child examples of what are called
derived functors, which can be constructed over any abelian category provided we have
enough projective or injective objects.

14.1 Preliminaries

Definition 14.1. Let A be an abelian category. An object P in A is projective if
Hom 4 (P, —) is an exact functor. An object £ in A is injective if Hom 4(—, ) is exact.

This generalizes the notion of projective and injective modules.

Remark 14.2. Let A be an abelian category. An object P is projective if and only if every
arrow P — Y factors through every epi X — Y

/
/
/
)74

X—Y——0

and an object E is injective if and only if every arrow X — FE factors through every mono
X —Y:
T S
AN
AN
N

0— X —Y

Exercise 52. Let A be an abelian category, and denote its coproduct by .
a) Show that Homy(z @ v, 2) = Homu(z, 2) & Homy(y, 2).
b) Show that if P and @) are projective, then so is P & Q.

Definition 14.3. An abelian category .4 has enough projectives if for every object M
there exists a projective object P and an epi P — M. We say that A has enough
injectives if for every object M there exists an injective object £ and a mono M — F.

224
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Lemma 11.19 and Theorem 11.35 say that R-mod has enough injectives and enough
projectives.

Example 14.4. The category of finite abelian groups has no projectives beside 0.

Definition 14.5. Let M be an object in the abelian category A. A projective resolution
of M is a complex
Py P Py 0

where all the P, are projective, Hyo(P) = M, and H,(P) = 0 for all n # 0. An injective
resolution of M is a cocomplex

0 E° E!
such that every E™ is injective, H"(F) = 0 for all n, and H*(E) = M.

Theorem 14.6. If A has enough projectives, every object in A has a projective resolution.
Similarly, if A has enough injectives, every object in A has an injective resolution.

This generalizes Theorem 12.2 in a natural way, and the proof is essentially the same.

Proof. Given be an object M in A, let’s construct a projective resolution explicitly. We start
by picking an epi Py = M from a projective P,. Since € is an epi, it is the cokernel of its
kernel, so

0 ker e Py—=-M 0

is a short exact sequence. Now we find an epi P, = Kj := kere, and set P, 2 P, to be
the composition

P--—-—=-- +Py——M——0
/{ers
0 \0

We proceed the same way, at each step taking a projective P, and an epi¢,: P, — ker0,,_1,
and setting 0,1 to be the composition (kerd,_1) o &,. By construction, 9, = i,,_1&,, where
€, is an epi and ker d,_; is mono. By Exercise 44, im0,, = i,,_1 = ker 0,,_1. O

We can also characterize injectives in term of split short exact sequences, as we did for
modules. In particular, the Splitting Lemma 11.6 extends to any abelian category.

Definition 14.7. Let A be an abelian category. A short exact sequence

0—s AT B 90— 0

splits if one of the following equivalent conditions hold:

1) There exists an arrow C' — B such that gr = idc.
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2) There exists an arrow C' — B such that gr = id¢.
3) There exists an isomorphism of complexes between our sequence and
0—A—Ap(C—C——0
where the arrows are the canonical arrows that come with the (co)product A & C.
Theorem 14.8. Let A be an abelian category. Every short exact sequence

f

0 A-L.pB C 0

where A is injective or C' is projective splits.

The proofs are exactly the same as in the case of R-mod, Theorem 11.11 and Theo-
rem 11.40.

Proof. 1f C' is projective, there exists h such that

C

v
h ,
v

.

BT>C’—>O

commutes, so gh = id¢ and g is a splitting. If A is injective, there exists h such that

A

X
\h
AN

AN
O—>AT>B.

commutes, so hf = idy4, and h is a splitting. O
More generally, we can talk about split exact complexes.

Definition 14.9. A complex C' in Ch(.A) is split if there are arrows s,,: C,, — C,41 such
that the differential O satisfies 0 = 0s0. A complex is split exact if it is both exact and
split.

Remark 14.10. A split short exact sequence is precisely a short exact sequence that is a
split complex.

Exercise 53. Additive functors preserve split complexes, meaning that if C' is a split com-
plex, then so is F'(C) for any additive functor F. In particular, additive functors preserve
split short exact sequences.
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Lemma 14.11. Let A be an abelian category, (P,0) in Chso(A) with each P; projective,
By Dy M an arrow in A such that 0001 = 0 and (Q,9) a projective resolution of N. Given
any M L in A, there exists a map of complexes P <5 Q such that

Py M

W]

Qo—)N
do

commutes, which is unique up to homotopy.

Proof. Since Py is projective and ¢y is an epi, there exists g such that

POLM—M

|
%ol lf
4
Qo —— N——>0
0
comimutes.
We proceed inductively, assuming we have g, ..., @, 1 with ¢, 20,1 = 0p_2 ©n_1.
Since P, is projective, there exists ¢, such that

(971 anfl
P,— P, 1 —PF, 5

|
$Pn | JWnl J(PnQ
4

Qn on Qn 51 anl

commutes. Commutativity gives 0, 19,10, = ©n_20,-10, = 0, so ¢,_10, factors through
the kernel of 9,,_;.
P’I’L ~ Qn

Poy —55— @

Since () is a projective resolution of N, the arrow @, — Z,,_1(Q) above is an epi, so the
arrow P, — Z,_1(Q) we just constructed factors through @, giving us ¢,, such that
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commutes.

Now suppose we are given two such maps of complexes ¢ and ¥ lifting f, say ¢ and .
Note that ¢ — ¢ and 0 are two liftings of the 0 map. We are going to show that any map
lifting the 0 map M — N must be nullhomotopic, which will then imply that ¢ and v are
homotopic as well (essentially via the same homotopy!).

So let ¢: P — C' be a map of complexes lifting the 0 map M — N.

01 o

P > Py M 0

|

"Ol 1‘0() % N 0

)

We will construct a nullhomotopy for ¢ inductively. Set h, = 0 for all n < 0. The
commutativity of the rightmost square says that dypo = 0, so im ¢y C ker §p = im d;. Since
Oy = 0, g factors through Zy(Q). But Q1 — Zy(Q) is an epi and Fy is projective, there
exists Hy such that

commutes. So Hy satisfies 00 Hy = g. Set H_; = 0.
Now suppose we have constructed Hy, ..., H, 1 such that 6,H, 1 + H, 20,1 = ¢©n_1.
Then

0nPn = Pn_10, since ¢ is a map of complexes
= (0pHp—1+ Hp—20,-1)0, by assumption
= 5an—lan + Hn—28n—lan
=0,H,_10, since 0,,_10, = 0
50 On(on — Hp—10,) = 0. Therefore, @, factors through Z,(Q), and since @) is a projective
resolution of N, Q.11 — Z,(Q) is an epi. Therefore, the factorization of ¢, — H, 10,
through Z,(Q) also factors through @,,, and we end up with an arrow H,, such that
Qn+1
2
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commutes. This H, must then satisfy 6, 1H, + H,_ 10, = ¢,, and ultimately H is a
homotopy between ¢ and 0. O

Theorem 14.12 (Horseshoe Lemma). Let A be an abelian category, P be a projective res-
olution of A, and R be a projective resolution of C. If

0—s A B 90— 0

s an exact sequence, there exists a projective resolution Q) of B and maps of compleres F
and G lifting f and g such that

0 PLEL,Q0-55R 0
is an exact sequence in Ch(A).

Proof. First, a word on notation: @ denotes the coproduct in A, and given arrows x ENg
and y & 2, we will write f @ ¢ for the unique arrow = @& y —» z induced by f and g.
Moreover, we will denote the differential of P by 0, and the differential of R by 9F.

Set Q,, = P,®R,,. Recall that the product and coproduct in A coincide, by Lemma 13.11,
so let F,,: P, — @,, and G,,: Q,, — R,, be the canonical arrows. One can show that in
fact we get short exact sequences

Fn Gn

0 b, @n

for all n. Moreover, @),, is projective for all n, by Exercise 52. We will construct the missing
differentials 09 inductively.
Since Ry is projective and g is an epi, there exists v such that

R, 0

Fy Go

0 P Qo Ry 0
/
o s
0 AL .9 ¢ 0

commutes. Set O := (fOL) @ . The universal property of the coproduct guarantees that

Fo Go

0 Py Qo Ry 0
Ve
30l 639 J P fy Jao
4
0——A—— B C—0

commutes. By the Five Lemma 13.40, 8(? is epi. By the Snake Lemma 13.44,

ker 9 —— ker 9F — ker 9

is exact. We then proceed by induction, and at each step we apply the base case to

Fri1 Gn+1
0 Pn+1 Qn+1 Rn 0

ar};+1l la}al

0 — ker 9 —— ker 09 —— ker 9F —— 0
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where the vertical arrows are epi because P and R are projective resolutions and thus exact.

[]

Remark 14.13. By duality, if A has enough injectives, 0 A B C 0 is
exact, and F4 and E¢ are injective resolutions for A and C', there exists an injective resolu-
tion Ep of B and a short exact sequence of complexes 0 Ey Eg Ec 0
extending the given one.

We finally have all the tools we need to construct derived functors, and in particular, Ext
and Tor.

14.2 Derived functors

We start with the general construction of derived functors, although we will soon focus on
concrete examples, most importantly Ext and Tor, the derived functors of hom and tensor.

Definition 14.14 (Derived functors). Let A and B be abelian categories, and let F': A — B
be a covariant right exact functor. If A has enough projectives, the left derived functors
of F' are a sequence of functors L;F': A — B, 1 > 0, defined as follows:

e For each object A in A, fix a projective resolution P of A, and set

e Given an arrow A L5 B , fix projective resolutions P — A and () — B, and a map
of complexes P %5 @ lifting f. Then

LiF(f) :=Hi(F(e))-

Now let F': A — B be a covariant left exact functor. If A has enough injectives, the
right derived functors of F are a sequence of functors R°F': A — B, i > 0, defined as
follows:

e For each object A in A, fix an injective resolution E of A, and set
R'F(A) = H(F(E)).

e Given an arrow A 15 B , fix injective resolutions A — E and B — [, and a map of
complexes P 2 Q extending f. Then

R'F(f) = H'(F(p))-

Let F: A — B be a contravariant left exact functor. If A has enough projectives, the
right derived functors of F are a sequence of functors R°F: A — B, i > 0, defined as
follows:
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e For each object A in A, fix a projective resolution P of A, and set

R'F(A) = H(F(P)).

e Given an arrow A L5 B, fix projective resolutions P — A and () — B, and a map
of complexes P % Q extending f. Then

R'F(f) = H'(F(p)).

Finally, let F': A — B be a contravariant right exact functor. If A has enough injectives,
the left derived functors of F' are a sequence of functors L;F': A — B, i > 0, defined
as follows:

e For each object A in A, fix an injective resolution E of A, and set

LiF(A) == H(F(E)).

o Given an arrow A L3 B , fix injective resolutions A — F and B — I, and a map of
complexes E = I extending f. Then

LiF(f) :=Hi(F(e))-
It is not clear a priori that this construction is well-defined, but we will soon show that
is indeed the case.
Remark 14.15. If F' is exact, then H;(F(C)) = F(H;(C)), so L;F = 0 for all i > 0.

Remark 14.16. If P is projective, then 0 — P — 0 is a projective resolution of P, and
thus L; F'(P) = 0 for all « > 0. Similarly, if £ is injective then R'F(E) = 0.

Proposition 14.17. Let A be an abelian category with enough projectives, and F' a covariant
right exact functor.

a) L;F(A) is well-defined up to isomorphism for every object A.
b) LiF(f) is well-defined for every arrow f.

c) L;F is an additive functor for each i.

d) LyF = F.

Proof.

a) Let P and ) be projective resolutions of A. Theorem 12.15 gives us maps of complexes

P % Q and Q ¥, P such that 1 is homotopic to 1g and v is homotopic to 1p.
Additive functors preserve homotopies, by Remark 13.36, so F(¢)F(¢) and F(¢)F ()
are homotopic to the corresponding identity arrows. Homotopic maps induce the same
map in homology, by Exercise 49. Therefore, F'(¢) and F(¢)) induce isomorphisms in
homology.
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b) Fix projective resolutions P and @) of M and N. Any two lifts ¢ and ¢ of f: M — N
to P — () are homotopic, by Lemma 14.11. Additive functors preserve homotopies, by
Remark 13.36, so F(¢) and F(¢) are homotopic. Homotopic maps induce the same map
in homology, by Exercise 19, so L;F(¢) = L;F () for each i.

¢) Given an arrow f, fix a lift ¢ of f to projective resolutions of the source and target. Since
F is an additive functor, H;(F(¢)) is a homomorphism for each ¢, and thus L, F'(f) is a ho-
momorphism between the corresponding Hom-groups, which as we’ve seen is independent
of our choice of .

d) Let A be any object and P be a projective resolution of A. Since P is right exact, and

P P, A 0

is exact, then so is
F(P))—— F(P)) — F(A) —0.

We claim that Ho(F(P)) = F(A). In R-mod, this is very simple to justify: the last se-

quence above says that F'(A) = coker(F(P;) — F(F)), and Ho(F(P)) = By/im(F(P;) —

F(Fy)) = coker(F(P) — F(F)).

The argument in a general abelian category is essentially the same, modulo understanding
that our definitions were set just right to make this work as desired. By Exercise 43,
ker(F(Py)) — 0) = 1lpp,), so the canonical arrow im F(0,) — F(F) is precisely
the image of im F'(0;). By exactness of the last sequence we wrote above, im F'(0;) =
ker(F'(Py) — F(A)). On the other hand, exactness at F'(A) says that F(Py)) — F(A)
is an epi, by Exercise 15. Every epi is the cokernel of its kernel, so F'(Py) — F(A) is
the cokernel of im F'(0;), which we saw was exactly the canonical arrow B;(F(P))
Zo(F(P)). Therefore, Hy(F(P)) = F(A), the target of the cokernel of B;(F(P))
Zo(F(P)). O

—
—

Exercise 54. Let A be an abelian category with enough injectives, and F' a covariant left
exact functor.

Remark 14.18. If A is an abelian category with enough injectives, then A° is an abelian
category with enough projectives. This gives us a relationship between left derived and right
derived functors: R'F = (L;F°P)°P.

And now we are ready to prove the most important result about derived functors: they
fix the lack of exactness of the functor we are deriving, by inducing a long exact sequence in
homology from any given short exact sequence.
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Theorem 14.19. Let A be an abelian category with enough projectives and F' a right exact
covariant functor. Any short exact sequence

0 A-l.p2,¢ 0

induces a natural long exact sequence which
o — LoF(C) — L1 F(A) — L4 F(B) — L1 F(C) — F(A) — F(B) — F(C) —0.
Similarly, if F' is a left exact covariant functor, we obtain a long exact sequence
0— F(A)— F(B)— F(C)— R'F(A) — R'F(B) — R'F(C) — R*F(A) — - - -
If F is a contravariant left exact functor, we obtain a natural long exact sequence
0— F(C)— F(B)— F(A)— R'F(C)— R'F(B) — R'F(A) — R*F(C) — - - -

Proof. We give a proof for the case of right exact functors, and the remaining cases follow
by duality. We start by fixing projective resolutions P of A and R of C. By Theorem 14.12,
we can choose a projective resolution () of B and lifts of f and ¢ such that

0 P Q R 0

is a short exact sequence in Ch(A). By Proposition 141.17, L;F does not depend on the
choice of resolution, so we can compute L;F(A), L;F(B), and L, F(C) from P, @), and R.
Now notice that for each n, R, is projective, so

0 P, @n Ry 0

is a split short exact sequence. Now additive functors preserve split short exact sequences,
by Exercise 53, so
0— F(P,) — F(Q,) — F(R,) —0

is a short exact sequence for all n. Then

0—— F(P)—— F(Q) F(R) 0

is also a short exact sequence, now in Ch(A). Note, however, that this sequence is not
necessarily split anymore, since the splittings at each level do not necessarily assemble into
a map of complexes. The Long Exact Sequence in homology Theorem 13.45 now gives us
the long exact sequence we desire.

It remains to check naturality. What is left to check is that given a commutative diagram
with exact rows

0 A B C 0

|

0 A B’ C’ 0
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and chosen lifts of the original short exact sequences to projective resolutions, there are maps
of complexes such that

0 P Q R 0
|
0— P Q R ——0

commutes. Our derived functors L;F will preserve these maps of complexes and the com-
mutativity of the diagram above, so we get commutative diagrams

LiF(C) —— L1 F(A)

LiF('y)l lLHF(a)

LiF(C") — L1 F(A)

for each 7. First, notice that we know that a, b, and ¢ can be lifted to maps of complexes by
Lemma 14.11, and that any two lifts of each a, b, or ¢ are unique up to homotopy. So let’s
start by fixing lifts « of a and ~ of ¢, and we will construct an appropriate lift 5 of b. Since
the short exact sequences

0 P, Qn R, 0

split for each n, we might as well assume that @,, = P, & R, and that the arrows P — @)
and () — R are given by the canonical arrows to and from the product = coproduct in
each homological degree. We cannot, however, assume () = P & R as complexes, only that
Q, = P, ® R, in each homological degree n. The commutativity of

0 B, P, ® R,

0—— P —— P ® Ry
does imply that 99(P) C P, so we can say that 9% is of the form
aP
Q _ n  Hn
-5 4)
for each n. Since this is a differential, we have

(81?>2 =0 = afilﬂn + anlaf =0.

Similarly, all this applies to 87?/, which must be of the form

, aP’ /
Q _ [Yn /in/
% (o af)'
o, Uy
0 v

87?/6n = 5n—187?~

We claim that we can define 3, = ( ) for each n such that g is a map of complexes,

meaning
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Writing the corresponding products of matrices, we must have

« is a map of complexes

871;/ M;l Qn Vp\  [Qp-1 Vp- a}; Hn, —_— af;lyn‘kuif}/n:anflun—i_l/nflaf‘
0 o%)J\0 ~) \L 0 ~y./)\0 OF 0=0

v is a map of complexes

The only nontrivial statement we want to guarantee is that 9 "+ W Vn = Q1 iy + V1 OF.
We can solve this inductively for each n, and construct an appropriate v, inductively. Given
Vn_1, Set

Lp = an-1ptn + Vn—laf - H;ﬂ/na

We want to construct v, such that R, —— P/ commutes, assuming we have constructed
N
P
Vn_1. First, we claim that aﬁllrn =0.
(95_1Fn :arlzj—lan—llun + 85—1’/71—181? - af—lﬂln%z

/ P’ P’ P’ R : / P’ P
:lun—lan Tn + an—lan—llun + 8n—lyﬂ_lan simce lun—lan = an—ll’bn

By induction,
a5_11/n—1 + H'/n_17n—1 = Qp—oflp—1 + Vn—QaTIL{_l-

Using this to replace 3,111%4 in the equation above, we get

65ilrn :M;_laf",yn + 85i104n—1ﬂn + (an—2,un—l + Vn—285_1 - M;-f}%—l)@?
:O‘n—2/‘n—1ar}z% + afilan_ll“’bn + Vn—Qaf—laf - :u;z—l(avlzy%m + ’Yn—laf)
=90y fin + @rlilan—lﬂn + V0010, — :u;v,—l(arfﬂ%z + Yn10y)

We showed above that 92, + 7,102 = 0. Moreover, 9% 0% = 0. We conclude that

aflgllrn :OéanarILD—lun + arljilanfl,un

:an_gaf_lun + an_gaf ' Ihn since « is a map of complexes
:an—2<85—1ﬂn + afzyﬂn)
=0 since O i, 4+ 0 1, = 0.

So this concludes the proof that 1, T',, = 0. Therefore, T, must factor through the ker 9",

Bn an—l

B, B

P

ker 0,,_1 « T R,

/
Pan
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On the other hand, P’ is a resolution and thus exact, so im0, = ker d,,_;, and 0, factors
through ker 0,,_; as

8n71

/
Pn—l

N

ker (971,1 < 7/}— - Rn

/
Pn—2

via some epi ¢,. Finally, R, is projective, so there exists v, such that

Ry,

7
1% Ve
" l’lbn
7

)’¢
/
Pn T ker an_l

commutes — this was the v, we were searching for. O]

Theorem 14.19 can be phrased in a fancier way by saying that the derived functors of F'
are a (co)homological d-functor. In general, a d-functor A — B is a sequence of additive
functors that produce a long exact sequence given a short exact sequence, in a functorial way
— meaning that each map of complexes between two short exact sequences gives rise to a
commutative diagram between the corresponding long exact sequences. It turns out that the
left /right derived functors of F' form what is called a universal §-functor, which boils down
to it having a certain universal property. While we will not discuss d-functors in detail, the
topic can be found in any standard reference — for example, see [Weid4].

Without referencing universal d-functors explicitly, the main point is that the derived
functors of F' are, up to isomorphism, the unique sequence of functors that satisfy some
basic properties: they give rise to long exact sequences from any short exact sequence, they
vanish on projectives/injectives according to the type of functor we are considering, and the
Oth functor agrees with our original functor F.

Theorem 14.20. Let T;: A — B be a sequence of additive covariant functors between
abelian categories, where A has enough projectives, and F: A — B a right exact functor.
Suppose the following hold:

(1) For every short exact sequence 0 A B C 0 in A, we get a natural
long exact sequence

o —Th(C)—T1(A) — T (B) —T1(C) — Ty(A) — TH(B) — T (C) — 0.

(2) Toy is naturally isomorphic to F.
(3) T,,(P) =0 for every projective object P in A, and all n > 1.

Then T, is naturally isomorphic to L, F for all n.
Similarly, suppose T;: A — B is a sequence of additive covariant functors, where A has
enough injectives, and F: A — B a left exact functor such that
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a) For every short exact sequence 0 A B C 0 in A, we get a long exact
sequence

0 — Tp(A) — To(B) — To(C) — Ty (A) — Ty (B) — T1(C) — - - - .

b) To is naturally isomorphic to F.
c) T,(E) =0 for every injective object E in A, and all n > 1.
Then T, is naturally isomorphic to R™F for all n.

Proof. We prove the first statement, noting the second statement follows by duality. How-
ever, we prove only the case when A = R-mod and B = S-mod for rings R and S.

We are going to show that 7}, is naturally isomorphic to L, F' by induction on n. The
statement for n = 0 is one of our assumptions. When n = 1, fix an R-module M, and
consider a short exact sequence

0 K P M 0

with P projective. By assumption (1), we get a long exact sequence on the T}, and by (2),
there exist isomorphisms 7y such that the following is a commutative diagram:

T(P)——Th(M )—>T0(K ——To(P) ——To(M) ——0

K)l TO(P)I TO(M)I

LF(P)—— L1 F(M) - F(K)— F(P)—— F(M)——0

By (3), T1(P) = 0, and L, F'(P) = 0 by construction. The exactness of each row now implies
that A; and 0, are both injective. We define 7 (M): T\ (M) — L, F(M) as follows: given
a € Ty(M), we send a to the unique b € L F(M) such that 6;(b) = 70(K)A;(a). This is a
homomorphism of R-modules because so are 0y, 70(K), and A;. Moreover, note that 7(K)
is an isomorphism and A; is injective, so A;7o(K) is injective. As a consequence, 71 (M) is
injective. On the other hand, given b € L, F(M), its image in F'(P) is zero, and there exists
¢ € To(K) such that 79(K)(c) = d1(b). Since 79(P) is an isomorphism, the image of ¢ in
To(P) must be 0. We conclude that ¢ € ker() =€ A;. Finally, we can choose a € T1(M)
such that A(a) = ¢, which implies that 7 (M)(a) = b. Therefore, 7, (M) is an isomorphism.

This shows that 71 (M) = L1 F(M) for any R-module M. Now let n > 1, and consider
the diagram with exact rows

T (P) — Tois (M) =5 T, (K) ——— T, (P)

Tn(K)J

Ly F(P)—— Ly F(M) - L,F(K)—— L,F(P)
n+1
By (3), Tn41(P) = 0 = T,,(P), and L, F(P) =0 = L,F(P) by construction. Therefore,
A,41 and 6,41 are isomorphisms. Since 7,(K) is also an isomorphism, we conclude that

Toi1(M) = L, F(M). Therefore, T,,(M) = L, F(M) for all n.
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The commutativity of the square for i = 0 holds by (2). It remains to show that these

isomorphisms are natural, that is, that any R-module map M ENg Y gives rise to commutative
diagrams

n(M) " LF(M)
l L; F(f)l
mv F(N).

Fix projectives P and () and short exact sequences

0 K P M 0 and 0O C Q N 0.

Since () is projective and () — N is surjective, f lifts to a map g: P — ). Finally, an
argument similar to the one we used above shows that we can define h such that

0 K P M 0

[ |
Rl gl fl
4 +

0 C Q N 0

commutes. Now consider the following diagram:

A

(M) 2) mi(N) (1) ri1(0) (4) i1 (K)

LiF(f) ) LicaFth)

L:F(M)

where:

e The big square and @ commute by definition of 7;.
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e The square @ commutes because we assumed in (1) that 7; gives rise to long exact
sequences which are natural.

e The square @ commutes because L;F' gives rise to natural long exact sequences, by
Theorem 14.19.

e The square @ commutes by induction hypothesis.

Therefore, @ must commute. n

14.3 A first look at Ext and Tor

It’s time to return to R-mod and study some concrete examples of derived functors: Ext, the
derived functor of Hom, and Tor, the derived functor of tensor. There are two Hom functors,
each with its own derived functor: given R-modules M and N, we may take a projective
resolution P of M, and compute H (Hompg(P, N)), or we could take an injective resolution F
of N, and compute H (Hompg(M, E)). It turns out these two completely different sounding
constructions give us isomorphic R-modules, which we call Ext% (M, N). Similarly, we have
two constructions for Tor;(M, N): we may take a projective resolution P of M, and compute
H;(P ® N), or take a projective resolution @) of N, and compute H;(M ®pr Q). Again, it
turns out that these two definitions are equivalent, and the resulting module is Tor(M, N).

To show that for each of Ext and Tor these two seemingly unrelated definitions agree,
we will need some more tools.

Definition 14.21. Let A be an abelian category. A double complex in A is a family of
objects {C} 4 }pqez together with arrows d" : C,, — C,_1, and d* : Cpy — Cpy 1

dh
s C'p—l,qul Cp,q+1

d? d’

satisfying
d"d" =0 d'd” =0 d"d" + d°d" = 0.

Given a double complex C', its total complex is given by

Tot®(C),, = @ Cpq

pHq=n
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with differential d = d" + d¥. Similarly, its product total complex is given by
Totll(C),, = H Cpq
pHq=n
with differential d = d" + dV.

If we fix p, C, o is a complex with differential d”. Similarly, if we fix ¢, C, , is a complex
with differential d". Moreover, the total complex of a chain complex is indeed a complex.

Remark 14.22. Let C be a double complex with differentials d” and d". Then

h v\2 _ jh jv h jh v jh v oqU
(d" +d”) _dod +d"'d" +d’d +d0d =0,
0

so (Tot®(C),d) and (Tot!l(C), d) are indeed complexes.

The most important examples — and the ones we will need as tools to prove our two
definitions of Ext agree — are the tensor and the Hom double complex.

Definition 14.23. Let R be a ring and C' and D be complexes in Ch(R). The tensor
product double complex of C' and D is the double complex C' ® D given by taking
(C ® D)pg = Cp ® Dq, dh = 80 ®R 1D7 and dv = (_1)])10 ®R aD.

We call the total complex of the tensor product double complex of C' and D the tensor
product of C and D in Ch(R), and denote it by C ® D.

So the tensor product total complex has Tot®(C' ® D), = @, ,_,
ential d(z ® y) = J(z) ® y + (—1)Px ® d(y) for x € C, and y € D,.

Definition 14.24. Let R be a ring and C' and D be complexes in Ch(R). The Hom
double complex of C' and D is the double complex Hom(C, D) given by (Hom(C, D)), , :=
HOHIR(C_p, Dq),

C,, ®r D,, and differ-

Homp(C_,, Dy) —2— Homp(C—,_1, Dy) and Hompg(C_,, Dy) —2 Homp(C_y, Dy_1) -

fr fod® f———(=1)prrigPo f

We call the product total complex of the Hom double complex of C' and D the (internal)
Hom complex of C' and D, and denote it by Hom(C, D).

So the Hom complex of C' and D is the complex
Hom(C, D), = [] Homg(C_,,D,)

ptg=n

with differential d(f) = f 0 9 + (—1)PT4+19P o f for each f € Homg(C_,, D,).

Remark 14.25. Given C and D in Ch(R), what is a 0-cycle in the Hom complex Hom(C, D)?
A 0O-cycle is a sequence of maps of R-modules f;, : C,, — D, satisfying f0¢ — 9P f = 0,
so the O-cycles are precisely the maps of complexes C' — D. Similarly, a sequence of
maps fi is a 0-boundary if there exists a sequence of maps hy : Cp —> Djy1 such that
fi = OPhy 4 hy_10°. In other words, a 0-boundary indicates a homotopy relation — if f — g
is a 0O-boundary, f and ¢ are homotopic maps.
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Lemma 14.26 (Acyclic Assembly Lemma). Let C' be a double complez in R-mod.

a) If C is an upper half plane double complex with exact rows, meaning C,, = 0 whenever
q < 0, then Tot®(C) is exact.

b) If C is a right half plane double complex with exact columns, meaning C,, = 0 whenever
p < 0, then Tot®(C) is ezact.

c¢) If C is an upper half plane double complex with exact columns, meaning C,, = 0 whenever
q < 0, then Totl(C) is exact.

d) If C is a right half plane double complex with exact rows, meaning C,, = 0 whenever
p < 0, then Totl(C) is exact.

Proof. Notice that a < b and ¢ < d by switching the indexes. Moreover, we claim that it
is sufficient to show c, since it implies b.

First, we need some notation. Given a double complex C', consider the nth truncation
T.(C) of C defined by

Ch.q ifg>n
Ta(C)pqg =1 ker(Chp—25Chpy) ifg=n
0 if ¢ <n.

There is a natural inclusion 7,(C') — C which induces an isomorphism in homology for
1 =n.

So suppose that C' is a right half plane double complex with exact columns, and assume
that ¢ holds. Then 7,(C) still has exact columns, so by ¢, Totll(7,(C)) is exact. On the
other hand, notice that up to a vertical shift, 7,,(C) is a first quadrant double complex,
and for each fixed m, there are only finitely many values of p and ¢ with p + ¢ = m and
such that 7,(C),, # 0. Therefore, Totll(7,(C,4)) = Tot®(7,(Cp.)), s0 Tot®(7,(C,4)) is
exact. We claim that this implies that Tot®(C) is exact. One can make this precise by
saying Tot®(C) = colim,(Tot®(C)). We haven’t discussed colimits, but this is actually
easy to check explicitly. The point is that any element a € Z;(Tot®(C)), when we write a
explicitly as a = (ap4) € Bprq=kCp,q In terms of its coordinates in each C, ,, only finitely
many a,, are nonzero. Let ¢ be the smallest such that a,, # 0, and fix any n < ¢. Then
a € Zy(Tot?(1,(C))) = Bi(Tot®(,,(C))) € Bi(Tot?(C)). So Tot®(C) is exact, so b holds.

All we have left to do is to show ¢, meaning that the product total complex of any
upper half plane double complex C with exact columns is exact. We are going to show
that Ho(Totll(C')) = 0, and the remaining homologies follow by shifting C' left and right.
Consider a 0-cycle in TotH(C’), meaning a sequence of elements ¢, € C_,, for each p > 0
such that ¢ = (¢,) € Zo(Totll(C)). So

d(c) =0 < d*(c,) +d"(c,_1) = 0 for all p.

We will construct b_,, ,+1 € C_, 41 for each p such that d°(b_, ,41)+d"(b_ps1,) = ¢, proving
that ¢ € By(Totll(C)).



242

Set by o =0 € O when p = —1. Since Cy_; = 0, we must have d"(co) =0 € Cy_1. We
also assumed that the columns are exact, so in particular the Oth column is exact. We can
then find by; € Cp; such that d¥(by1) = o, and thus d*(by ;1) + d"(b10) = co-

Now we proceed by induction. Suppose we have constructed b_,44 s for —1 < s < p with
the desired property that d*(b_ssi1) + d"(b_si15) = ¢, for all s < p. Then

since d'd" + d"d" = 0
as d°(b—pi1p) +d"(b-pr2p1) = o1

d*(cpp — d" (O—p+1p)) = d"(cp) + dhdv(b—pﬂp
= d"(cy) + d"(cp-1 — d"(b-pr2p-1)

=d"(¢cp) + dh(cp 1) — dhdh( —p+2,p—1

=d"(c,) +d"(cp1

=0.

)
)
)
) since d"d" =0

The last equality comes simply from the fact that (d” + d")(¢) = 0. So we have shown that
d®(c_pp —d"(b_p11,)) = 0. Since the columns are exact, we can find b_,, ,,; € C_, 1 such
that

dv(b—p,pﬂ) =Cpp — dh<b—p+1,p>-

Equivalently,
d*(b—pp+1) + dh(b—erl,p) = Cpp- o

We are also going to need a few other constructions with complexes.

Definition 14.27. Let A be an abelian category and C' be a complex in Ch(A). The
suspension of C' is the complex ©C := C[-1] with (XC), = C,,_; and §*¢ = —9°. Given
an integer k, the kth suspension of C'is the complex $¥C := - -- 5, C, s0 9%°C = (—1)kd°.

c times

Definition 14.28. Let A be an abelian category and f: C' — D be a map of complexes.
The cone of [ is the complex cone(f) with cone(f), = C,_1® D,, and differential given by

—_9¢
Cp1——Cha

_ (9 0. f
8n-—(f 8]3)‘ @\@

Dn T Dn—l

Remark 14.29. There are different conventions for the sign in front of f in the definition
of the differentials on the cone of f. Weibel defines

_(=0c O
= (7 )

On = ((—_18)21‘ 53) |

All of these choices do make our proposed differential a differential (check it!). The facts
below about the mapping cone are all true up to sign whatever the sign convention we follow.

and some authors even write
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Exercise 55. Show that giving a map of complexes cone( C' AN ) —> FE is the same as
giving

e a map of complexes D % E, and
e a homotopy between ¢gf and 0.

Remark 14.30. Given any map of complexes C RNy, , there is a short exact sequence

0—— D ——cone(f) —X1C——0

determined by the canonical arrows to and from the product = coproduct. The connecting
arrows from the Snake Lemma

H, 1(C) = H,(S1C) - H,_(D)
are exactly H,_1(f): H,—1(C) — H,,_1(D) induced by f, so there is a long exact sequence

Ha ()
)

-+ —— H,, 1 (cone(f)) — H,(C) —= H, (D) —— H, (cone(f)) — H,,_1(C) —— - - -.

As a consequence, f is a quasi-isomorphism if and only if cone(f) is exact.

Remark 14.31. Given a map of complexes C' b , we can construct a double complex
from f, as follows:

o -0
f
0 D, C, 0
o -0
X — 0 Dyl 0
o -0
f
0 Do C, 0
o -0

Note that Tot®(X) = cone(f).

Exercise 56. Given a double complex C' with C,, = 0 for all p < n, the horizontal differ-
entials Cy41 4, — C,, 4 induce a map of complexes

Tot@/H(C'M,.) — Che

where C.,, o denotes the double complex we obtain from C' by excluding the leftmost nonzero
column, and Tot®(C') = £ cone(yp).
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Theorem 14.32 (Balancing Tor). Let R be a ring, M and N be R-modules, and fiz a
projective resolution P of M and a projective resolution QQ of N. For every n, there is an
1somorphism

L,(M®p—)(N)=H,(M ®r Q) = H,(P®g N) = L,(— ®r N)(M).

Proof. We have surjections 7: Py — M and €: Qg — N. Consider the double complex
P ® @, which is a first quadrant double complex:

of®1 @1
PhR@Qo——P,@Q1+—P,®Qy+—
1209 1209 1209

oF®1 aF®1

1209 1289 1009

P P
P0®Q0MP1®Q0MP2®Q0<—"'

Each P; and Q); is projective and thus flat, by Theorem 11.44, so P, ®p — and — ®p @); are
both exact functors. The rows and columns of our double complex are thus exact everywhere
except for the Oth row and column. We can complete our double complex to make a double
complex C' with both exact rows if we add in a column induced by the surjection 7:

oF®1 P @1
M®Qre g7 P ®Q— PO —— PR O®Qy—- -
1209 1009 1009
P @1 @1
M®Q1WPO®Q1<—P1®Q1<—P2®Q1<—"‘
1209 1209 1209

4 aF®1 aF @1
M®Q0WP0®Q0<—P1®Q0<—P2®Q0<—"'-

Similarly, we can make a double complex D with exact columns by adding in a row induced
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»
P0®Q2MP2®Q1<—P2®Q2<—"'
1209 1209 1209
oF @1 P
PPON©+—P P Q +—- -
1009 1009 1209
aF®1 P >
Phr@Qu+——P@Qu+——PFP®Qy+—:--

1®e 1®e 1®e

By Lemma 14.26, Tot®(C) and Tot®(D) are both exact. Notice that 7 ® @ is a map of
complexes Tot®(PRQ) — M®Q, and P®e is a map of complexes Tot®(PRQ) — PR N.

The mapping cone of 7®Q is precisely 3 Tot® (C'), while the mapping cone of P®e is precisely
TR®Q

¥ Tot®(D). Since these are both exact, Remark 14.30 says that Tot®(P ® Q) —= M @ Q
and Tot®(P ® Q) L%, P N are quasi-isomorphisms, so that
Lo(M &g —)(N) = Hy(M ®r Q) = H,(P ®r N) = Lp(— @r N)(M). O

Theorem 14.33 (Balancing Ext). Let R be a ring, M and N be R-modules, and fix a
projective resolution P of M and an injective resolution E of N. For every n, there is an
1somorphism

R"Hompg(M,—)(N) = H"(Homg(M, F)) = H"(Homg(P, N)) = R" Homg(—, N)(M).
Proof. We have a surjection m: Py — M and an inclusion ¢ : M — FEj,. The double
cocomplex Hompg (P, F) with Homg(P, E), , = Homg(P,, E?) and

dh v
Hompg(P,, £7) —— Homp(Ppi1, £) and Homp(P,, £) —— Hompg(Pp, Dyt1) -

fr fodf f————(=1)PTtgE o f

is a first quadrant double cocomplex:

Hompg(Fy, E2) —— Homg(P,, B?) — Hompg(P, E?)——. ..

Homp (P, E') — Hompg(Py, E') — Homp(Py, B') — - -

HOHIR(P(), El) — HomR(Pl, El) — HOIHR(PQ, El) —_— -
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We proceed just like in Theorem 14.32, by considering the double cocomplex C'

Hom (M, E2) —— Homp(PRy, E?) —— Hompg(Py, E?) —— Homg(P,, E?) — - - -

Hom(M, E?) —— Hompg(Py, E') —— Hompg(P;, E') —— Hompg(P,, E') —— - - -

Hom(M, E?*) —— Hompg(P,, E') —— Hompg(P;, E') —— Hompg (P, ') —— - -

obtained by adding in a column induced by 7, and the double cocomplex D

Homp(Fy, E*) — Homg(Py, E*) — Homp (P, E?) — -

Hompg( Py, El) —— Hompg( P, El) —— Hompg( P2, El) _

Homp(Fy, E') —— Homg(Py, E') —— Homp (P, B') —— - -

Hompg(Py, N) —— Hompg (P, N) —— Hompg (P, N) —— - - -

obtained by adding in a row induced by €. Now we notice that the cone of Homg(P, N) —
Tot®(Hom(P, E)) is exactly Tot®(C), while the cone of Homg(M, E) — Tot®(Hom(P, E))
is exactly Tot®(C)

The dual of Lemma 14.26 says that Tot®(C) and Tot®(D) are both exact, and thus
Hompg(P, N) — Tot®(Hom(P, E)) and Homg (M, E) — Tot®(Hom(P, E)) are both quasi-
isomorphisms. We conclude that

R"Hompg(M, —)(N) = H"(Hompg(P, N)) = H"(Homg(M, E)) = R"Homg(—, N)(M). O

Definition 14.34. Let R be a ring and M and N be R-modules. The ¢th Tor module from
M to N is

Torf (M, N) := Li(M ®p —)(N) & Ly(— ®r N)(M).
Notice in particular that the R-module TorlR (M, N) is defined only up to isomorphism.

Definition 14.35. Let R be a ring and M and N be R-modules. The 7th Ext module from
M to N is

Ext’ (M, N) := R'Homg(M, —)(N) = R'Hompg(—, N)(M).
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Notice in particular that the R-module Ext (M, N) is only defined up to isomorphism.

Theorem 14.19 immediately gives us long exact sequences for Ext and Tor.

Theorem 14.36. Let R be a ring and M an R-module. Every short exact sequence in Ch(R)

0—A—LsB2Cc—0
induces a long exact sequence
-+« — Tork, | (M, C) — Tor (M, A) — Tor®(M, B) — Torf (M, A) —— - - -
i Torf (M, ) —— ARg M ——— B®r M —— C @ M — 0.

Theorem 14.37. Let R be a ring and M an R-module. Every short exact sequence in Ch(R)

0—A—LsB2C—0
mduces a natural long exact sequence
0 —— Homp(M, A) — Hompz(M, B) —— Hompg(M, C) — Exty(M, A) —— - -
oo Ext}(M, B) —— Exth (M, C) —— Ext%™ (M, A) — - - -

and

0 —— Hompg(C, M) — Homg (B, M) — Hompg(A, M) —— Exty(C, M) —— - - -

e Ext} (B, M) —— Exty(A, M) —— Ext5™(C, M) —— - - -
Finally, we note that Tor (M, N) = Tor(N, M), just like M @z N = N @z M.
Theorem 14.38. Let M and N be R-modules. For all @, there are natural isomorphisms
Tor® (M, N) = Tor®(N, M).

Proof. Let P be a projective resolution of M. By Theorem 14.32, Tor®(M, N) = Hy(P®zN)
and Torf(N, M) = Hy(N ®g P). By Lemma 10.20, M ® N and N ® M are naturally
isomorphic. In fact, m ® n — n ® m determines an isomorphism. So consider the map

P,or N-L"sNoyP, NogM-2P @p N
mnN———n@m nNmr————mEn

which again are isomorphisms for all n. Notice that these f,, assemble into a map of complexes
P®r N i> N ®pg P, since

Ja(@(m © n)) = £,(0(m) ® n) =n ©d(m) = (n @ m) = dfus (m ® n).

Since all the f,, are isomorphisms, f is an isomorphism of complexes, and must then induce
isomorphisms in homology. We conclude that

Tor]'(M,N) = H;(P ® N) = H;(N ®g P) = Tor]'(N, M). O
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Exercise 57. If M and N are finitely generated R-modules and R is a Noetherian ring,
then Exth (M, N) and Tor®(M, N) are both finitely generated R-modules for all i.

Finally, we point out that there is an alternative description of Ext which we will not
discuss in detail. It turns out that Ext}(M, N) measures the extensions of M by N modulo
split extensions. More precisely, an extension of M by N is a short exact sequence

0 N B M 0.

We then put an abelian group structure on the set of isomorphism classes of extensions of M
by N, using an operation called the Baer sum, and one can show that the resulting abelian
group is isomorphic to Exty(M, N). Via this description, the 0 in Extp(M, N) corresponds
to the split short exact sequence

0O——N—NIM —M——0.

Notice in particular that Extj(M, N) = 0 if and only if every short exact sequence of the
form

0 N B M 0.

splits.
The higher Ext modules can also be described in a similar fashion. First, we consider
the set of n-fold extensions of N by M, meaning short exact sequences of the form

0 N By By e B, M 0

and the equivalence relation on this set given by the existence of a map of complexes

0 N By B, M 0
0 N 4 Cn M 0

where the maps between the B; are not necessarily isomorphisms. We then define an oper-
ation on the set of equivalence classes of n-fold extensions of N by M that is also called the
Baer sum, and one shows that the resulting abelian group is isomorphic to Ext, (M, n).

14.4 Computing Ext and Tor

Given R-modules M and N, we have two possible ways to compute Tor/(M, N) from the
definition.

Construction 14.39. Find a projective resolution

Py P Fy M 0

of M. Applying — ®g N to the resolution (not counting M), we get a complex

"'—>P2®RN—>P1®RN—>P0®RN—>O.
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Its homology is Tor®(M, N):
Tor;'(M, N) = H; (-~-—>P2 ®rN—P @ N— B ®RN—>O> .

Alternatively, we can find a free resolution of N, say

Q2 O Qo N 0,

apply M ®r —,
= M @r Qs —— M Q@r Q1 —— M Qr Qo ——0,
and compute the homology of the resulting complex:

TorR(M, N) :Hi(-~-—>M®RQ2—>M®RQ1—>M®RQO—>O>.

Similarly, we have two possible ways to compute Ext’ (M, N).

Construction 14.40. Find a projective resolution

P2 P1 PO M 0

of M. Applying the contravariant functor Homg(—, V) to the resolution gives us a cocomplex
rather than a complex:

0 —— Hompg(Py, N) —— Hompg (P, N) —— Hompg(Po, N) —— - - - .
Its homology is Exty, (M, N):
Exty(M,N) = H' ( 0 —— Hompg(FPy, N) —— Hompg(P, N) —— Homp(Py, N) —— - - - ) _

Alternatively, we can find an injective resolution of N, say

0 N E° E! E? e
apply the covariant functor Hompg(M, —), which yields the cocomplex
0 —— Homp (M, E°) —— Hompg (M, E') —— Homy(M, E?) — - - -
and compute the cohomology of the resulting cocomplex:

Extl(M, N) = I ( 0 —— Homp(M, E°) —— Homp(M, E') —— Homp(M, E?) —— - -- ) .

It helps to keep a few simple ideas in mind:

e If P is a projective R-module, then Tor(M, P) = Tor(P, M) = 0 and Ext% (P, M) =
0 for all z > 0 and all R-modules M, since 0 — P — 0 is a projective resolution for
M. This is a special case of Remark 14.16.
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e If F is an injective R-module, Extl, (M, E) = 0 for all i > 0 and all R-modules M.

e Free resolutions are often easier to compute explicitly, and the best path towards finding
Exti (M, N).

e Relating one of our modules to other, easier modules via a short exact sequence can
often simplify complicated computations.

Let’s compute some examples.

Example 14.41. Let’s compute Ext}(Z/(2),7/(3)). Injective resolutions are not so easy to
find, so we start from a projective resolution for Z/(2):

0 72517 Z/(2) 0.

Notice that pdimy,(Z/(2)) # 0, since Z/(2) is not a projective Z-module. We found a free
resolution of length 1 for Z/(2), so it must be that pdimy,(Z/(2)) = 1. This immediately
tells us that Ext}(Z/(2),7/(3)) = 0 for all i < 2. Now we apply Homgz(—, Z/(3)) to our free
resolutions for Z/(2), and obtain

0 —— Homy(Z,Z/(3)) —=— Homg(Z, Z./(3)) —— 0.

0 1

By Exercise 31, Homgz(Z,Z/(3)) = Z/(3), via the isomorphism f +— f(1). Since 2* was the
map f+ (2-—)o f =2f(—), we can simplify our complex to

0——Z/(3) —==17Z/(3) —0.

Notice that multiplication by 2 is an isomorphism on Z/(3), so the complex above is exact,

and Ext%(Z/(2),7Z/(3)) = 0 for all 4.

Example 14.42. Given an integer n > 1,

0——Z—"5Z—"57/(n) —0

with 7 the canonical projection is a free resolution for Z/(n) over Z. Notice that since Z/(n)
is not a free Z-module, there is no shorter free resolution for Z/n. Now we can use this
resolution to compute Tor?(Z/(n), M) and Ext}(Z/(n), M) for any Z-module M. For Tor,

Tor(Z/(n), M) = Hi( 0—— Z @z M "5 7@ M ——0),

By Lemma 10.22 Z ®z M = M, via the map k ® m — km, and the map n ® 1,; corresponds
to multiplication by n on M. Therefore,

Tor”(Z/(n), M) = H;( 0 M "= M 0),
0 M/nM  fori=0
Tor?(Z/(n), M) =< (0:yyn) fori=1

0 otherwise.
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Notice that Tor2(Z/(n), M) = M/nM = 7Z/nZ ®z M, as we already knew from Proposi-
tion 14.17.
Similarly, we can compute all the Ext modules from Z/(n):

Ext?(Z/(n), M) = H;( 0 —— Homg(Z, M) —“— Homg (Z, M) — 0 ).

By Exercise 31, Homgy(Z, M) = M, via the map f — f(1), and n* = Homg(n, M) corre-
sponds to multiplication by n on M. So

Ext%(Z/(n), M) = H'( 0 M—"~ M 0).

We conclude that
M/nM fori=1

Exty(Z/(n),M) =< (0:yn) fori=0
0 otherwise.
Notice that Exty(Z/(n), M) = (0 :py n) = Homgy(Z/(n), M), as we already knew from
Proposition 14.17.
Alternatively, we can compute Ext%(Z/(n), M) and Tor’(Z/(n), M) by looking at some
long exact sequences. The long exact sequence for Tor induced by the short exact sequence

0—Z—" 7 —7/(n) —0
18
--~—>Torf+1(Z/(n),M)—>Tor%(Z, M)—>Tor%(Z, M) —>Tor%(Z/(n),M) — ..
---—>Tor%(Z/(n),M)—>Z®Z M——Z®; M ——7Z/(n) @, M ——0.

Since Z is a projective Z-module and thus flat, Tor”(Z, M) =
sequence, the long exact sequence above forces TorZ(Z/(n), M
sequence really gets reduced to

0 for all ¢« > 0. As a con-
) = 0. So our long exact

0— Tor?(Z/(n), M) —7Z @z M — 7 @7 M — 7/ (n) @z M — 0.

Now Z ®z M = M via k ® m — km, and this isomorphism turns n ® 1,; into multiplication
by n on M, same as above. So Tor%(Z/(n), M) is the kernel of multiplication by n on M,
or (0:p n).

If we want to compute Ext’,(Z/(n), M), we should now look at the long exact sequence

0 —— Homy(Z/(n), M) — Homy,(Z, M) —“— Homg(Z, M) — Ext}L(Z/(n), M) — - - -

oo ————— Ext}(Z, M) —— Ext}(Z, M) —— Ext} " (Z/(n), M) — - - .

Again, Z is a free Z-module, so Ext}(Z, M) = 0 for all i > 0. Then Ext%(Z/(n), M) = 0 for
all 2 > 1, and our long exact sequence is actually just

0 —— Homy(Z/(n), M) — Homg(Z, M) —“— Homy (Z, M) — Ext}(Z/(n), M) —— 0.

So Exty(Z/(n), M) is the cokernel of n*. As before, notice that Homy(Z, M) = M via
the map f — f(1), and n* corresponds to multiplication by n on M. We conclude that
Exty,(Z/(n), M) = M/nM.
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14.5 Other derived functors

Here are some other examples of derived functors you may encounter.

Group homology and group cohomology

Definition 14.43. Let G be a group. A (left) G-module is an abelian group A with an
action of G by additive maps on the left, meaning that
gla+b)=ga+ gb

for all a,b € A and all g € G, where we write ga for the action of ¢ € G on a € A. Given

two G-modules A and B, a morphism of G-modules A L Bisa group homomorphism that
is also G-equivariant, meaning f(ga) = gf(a) for all ¢ € G and a € A. The category of
G-modules G-mod has objects all G-modules and arrows all G-module morphisms. We
write Homg (A, B) instead of Homg_moa (A, B).

This category can be identified with the category of ZG-modules, of modules over the
(noncommutative) ring ZG, the group ring of G. It can also be identified with the functor
category AbY of functors from the category with one object G and arrows the elements of
G to the category Ab of abelian groups.

Definition 14.44. The invariant subgroup A of a G-module A is
A% :={a€ A|ga=aforall gecG}.
The coinvariant subgroup A of a G-module A is
Ag := A/G-submodule generated by {ga —a € A| g€ G,a € A}.

Exercise 58. Given any G-module A, Ag & Z ®z¢ A and AY = Homg(Z, A), where Z
denotes the trivial G-module.

This automatically tells us that taking coinvariants is right exact, and taking invariants
is left exact.

Definition 14.45. Let G be a group and A a G-module. The homology groups of GG
with coefficients in A are the G-modules H;(G, A) obtained via the left derived functors
of the coinvariants functor:

H;(G; A) = Li(—¢)(A).

Similarly, the cohomology groups of G with coefficients in A are the G-modules
H'(G, A) obtained via the right derived functors of the invariants functor:

HI(G; A) i= RI(~C)(A).
By Exercise 58,
H,;(G; A) = Tor?®(7, A) and H(G; A) = Extl,(Z, A).
By Proposition 14.17, Ho(G; A) = Ag and H°(G; A) = A9,

For a detailed treatment of group (co)homology, see Weibel’s Homological Algebra [Wei94].
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Local Cohomology
Let I be an ideal in a ring R. The /-torsion functor I';: R-mod — R-mod is defined by

I'/(M):={meM | I"m =0 for some n}

which acts on maps by restriction. This functor is left exact, and it gives rise to local
cohomology, the right derived functors H} of I';. The ith local cohomology of M with
support on [ is then given by

H} (M) := R'T[(M).

Local cohomology was introduced by Grothendieck in a series of famous seminars at Har-
vard in 1961. Grothendieck himself never published any notes on the subject, but Robin
Hartshorne’s notes of those lectures have been published. For a modern treatment of the
subject and its connections, the book 24 hours of local cohomology [ILLL707] and the very
nice notes by Craig Hunecke, Mel Hochster, and Jack Jeffries are excellent resources.

Local cohomology modules play a crucial, ubiquitous role in commutative algebra. They
measure many important invariants, such as dimension and depth, and are extremely useful
tools for studying all sorts of topics; for example, they can be used to detect if a ring is
Gorenstein (meaning, if it has finite injective dimension as a module over itself) or Cohen-
Macaulay (a nice class we will introduce in the next chapter). However, local cohomology
modules are typically not finitely generated, a departure with most of the commutative
algebra ideas we have studied so far. One reason for this is that injective modules are also
often not finitely generated. Local cohomology is also a major reason why commutative
algebraists are interested in studying injective modules.

In fact, local cohomology is almost never finitely generated. Here’s a very simple example.

Example 14.46. Let R = k[xq,...,x,), k be a field, and m = (z1,...,x,). Then H} (R)
has the k-vector space structure

all a;>0

with R-module structure given by

n

. .
by b z B an b if all bl < a;
xl...x".—: ZTq R %
Ty rin 0 otherwise.

This is not a finitely generated module! Note also that every finitely generated submodule
only has terms with bounded negative degree. But this is still a very nice module: it looks
like R upside down.

klz,y]

N AN, AN AN
k/y’\/\/

\/ \/
N


http://homepages.math.uic.edu/~bshipley/huneke.pdf
http://www.math.lsa.umich.edu/~hochster/615W11/loc.pdf
http://www-personal.umich.edu/~jackjeff/LCnotes.pdf
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H?a:,y) (k[$7 y])

1
Ty
7 N
L 1
x2y wa
1 1 1
3y 722 zy3
7N TN TN

Despite being infinitely generated, local cohomology modules enjoy many finiteness prop-
erties we have gotten used to expecting from finitely generated modules. For example, over
a local ring (R, m), the local cohomology modules H’, (M) of a finitely generated module M
are Artinian — but not Noetherian!

Huneke raised the question of whether local cohomology modules of Noetherian rings
always have finitely many associated primes, a problem which has been a very active research
are in commutative algebra in the last few decades. While the answer to Huneke’s question
is no — as famous examples by Katzmann, Singh, and Singh and Swanson show — the local
cohomology modules of finitely generated R-modules over a regular ring do have finitely
many associated primes.

One very important invariant we can study with local cohomology is the arithmetic rank.

Definition 14.47. Let I be an ideal in a Noetherian ring R. The arithmetic rank of [ is
defined by

ara(I) := min{s | there exist some 1, . .., z, such that \/(z1,...,2,) = VI}.

Given a variety X = V(I) C AJ, the arithmetic rank of its defining ideal I(X) is
the minimum number of equations needed to define X. It turns out that this number is
difficult to study, and it is best understood via local cohomology, a thought best described
by Lyubeznik:

Part of what makes the problem about the number of defining equations so
interesting is that it can be very easily stated, yet a solution, in those rare cases
when it is known, usually is highly nontrivial and involves a fascinating interplay
of Algebra and Geometry.

(Lyubeznik, in [Lyu92])

The connection to local cohomology begins with the following two elementary facts about
local cohomology:

o If /I =+/J, then Hi(—) = H' ().
e Given any ideal I, ara(I) > min{i | H,(M) # 0 for some R-module M}.

It turns out that local cohomology modules can be defined in a few different ways, which
are in no way obviously equivalent, and those different points of view are quite helpful. For
example, we can define local cohomology via the Cech complex.
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Definition 14.48 (Cech complex). Let M be an R-module and # € R. The Cech complex

of x on R is given by

C*(x):=| 0 R R, 0

0 1

The Cech complex of f1,...,f, € R on M is given by

CU Ul M) =C (i) @ @ C*(fi) © M.
Example 14.49. Let’s compute the Cech complex on f and g and an R-module M.

R
0 M, — My, —0
1
Co(f,g: M) = I T - oﬂMLMf@Mg O My, —0
. Mf o

Exercise 59.

a) C*(fiseoos fii M) = EB My, g,
b) The maps between components corresponding to subsets I, J are zero if I ¢ J, and +1
it J=TU{k}.

As we mentioned above, it turns out that the cohomology of the Cech complex gives us local
cohomology. If I = (f1,..., fa) is an n-generated ideal, then

H} (M) = H'(C*(f1, ..., f; M)

= cohomology of (O M= — @Mfi - - @Ml Foofn = Mpyog — 0)
% =1

so elements in the n-th local cohomology can be realized as equivalence classes of fractions.

Local cohomology is also closely related to Ext.

Definition 14.50. Given a directed system of modules
(M;)ien = <—>Mz—>Mz+1—>>

its direct limit is the module M = ligieN M;, equipped with maps M; = M for all i,

satisfying the property that if there are maps M; —» N that commute with the maps in the
system, then there is a unique map M - N such that a; = ¢ o ¢; for all i.
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This notion is functorial: given two directed systems of complexes, and maps of complexes
for each ¢ that commute with the maps in the systems, there is an induced map on the direct
limits. In fact, direct limits are a special case of the categorical notion of a colimit.

Direct limits can be realized explicitly as follows:

e Every element is represented by a class (m, i) with m € M.

e Two classes (m, 1), (n, j) are the same if and only if for some k& > max{i, j}, the images
of m and n under the composed transition maps agree in M.

In particular, an element represents the zero class if and only if it is in the kernel of a large
composition of the transition map.

Similar considerations hold for systems indexed by an arbitrary poset P; this consists of
a collection of modules M, for p € P, and commuting maps M, — M, for all p <gq.

It turns out that local cohomology modules also arise as a direct limit of Ext modules:

ling Extjp(R/I", M)

The equivalence between all these different definitions is a fundamental result in the theory
of local cohomology.



Chapter 15

Homological methods in commutative
algebra

Homological methods are ubiquitous in commutative algebra. Our main goal in this chapter
is to showcase some of the main homological tools that appear all throughout commutative
algebra, with an eye towards answering some of the natural questions that the previous
chapters call for. One of the questions we will discuss is the question of when do finitely
generated modules have finite projective resolutions. Along the way we will discover that
some of the most important classes of rings that commutative algebraists study can be
characterized in pure homological fashion.

15.1 Projective and injective dimension

Definition 15.1. Let M be an R-module. The projective dimension of M

pdimy (M) := inf {c | 0 P, e Py 0 is a projective resolution for M} :

When R is a local Noetherian ring or a finitely generated N-graded k-algebra, the projec-
tive dimension of a finitely generated R-module is precisely the length of a minimal projective
resolution for M.

Definition 15.2. Let M be an R-module. The injective dimension of M

injdimpg (M) := inf {c | 0 Ey e E, 0 is an injective resolution for M} .
Remark 15.3. A module M has projective dimension 0 if and only if it is projective, and
injective dimension 0 if and only if it is injective.

The projective and injective dimension of a finitely generated module can be infinite.

Example 15.4. Let k be a field and R = k[z]/(2?), which is a local ring with maximal ideal
m = (x). The residue field £ = R/m has infinite projective dimension:

R—R—R—/—R k 0.

So even cyclic modules can have infinite projective dimension.
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These invariants can give us some information about Ext and Tor, and vice-versa.

Remark 15.5. If pdimp(M) = n is finite, then Torf'(M,—) = 0 for all i > n. For the
same reason, Extp(M,—) = 0 for all i > n, and if injdimp(M) is finite, we also have
Extyp(—, M) =0 for all i > injdimz(M).

Remark 15.6. Let (R, m, k) be either a local ring or an N-graded k-algebra, where k is a
field, with Ry = k and homogeneous maximal ideal m = R,, and M a finitely generated
(graded) R-module. The homomorphisms of R-modules R — R are precisely the multi-
plication maps by each fixed » € R. The map (r - —) ®g k is simply multiplication by the

image of r in k = R/m on k. More generally, a homomorphism of R-modules R™ Lo R can
be represented by an m x n matrix A with entries in R after we fix bases for R" and R™,
and the matrix representing f ®g k in the corresponding bases for £ and k" is the matrix
obtained from A by considering the images of the entries in k.

Given any g € Hompg(R, k), the composition of f with multiplication by r is the map
g(r-—) =rg(—). So Homg(r - —, k) is multiplication by the image of r in k. More generally,

if A is an m X n matrix representing R" TN R™, the map Hompg(f, k) is represented in the
corresponding bases for k" and k™ by the transpose of A, where the entries are now replaced
by their images in k = R/m.

Theorem 15.7. Let (R,m, k) be either a Noetherian local ring or an N-graded k-algebra,
where k 1s a field, with Ry = k and homogeneous maximal ideal m = R, and M a finitely
generated (graded) R-module. Then

Bi(M) = dimg(Torf (M, k)) = dimy(Ext’ (M, k)).

Proof. Let F be a minimal free resolution for M. The module in degree 7 in the complex
F ®R k‘ iS
F,opk= RBi(M) Qrk = LB (M)

Minimal free resolutions are minimal complexes, by Lemma 12.6, so im(9¥) C mF, and thus

0®prk=0.So
F®rk= e EBM) B (M) o pB(M) B ).

Therefore,
Tor®(M, k) = Hy(F ®@g k) = k%D,

The module in degree ¢ in the complex Hompg(F, k) is

by Exercise 31. Following the discussion in Remark 15.6, the fact that O(F) C mF implies
Hompg (0, k) = 0. Therefore,

Homp(F, k) = 0—— kPo(M) O By o RB(M)

SO
Extly (M, k) = H (Homp(F, k)) = k%D -
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Corollary 15.8. Let (R, m, k) be either a local ring or an N-graded k-algebra, where k is
a field, with Ry = k and homogeneous mazimal ideal m = R, . For every finitely generated
(graded) R-module M, pdimgz(M) < pdimg(k).

Proof. When i > pdimg(k), Tor (M, k) = 0, so 3i(M) = 0 by Theorem 15.7. O

Remark 15.9. Also as a consequence of Theorem 15.7, we learn that
pdim (M) = sup{i | Bi(M) # 0} = sup{i | Ext’»(M, k) # 0} = sup{i | Tor’,(M, k) # 0}.

We can extend this to graded betti numbers once we realize that Tor and Ext of graded
modules can also be given graded structures.

Exercise 60. Let (R, m, k) be an N-graded k-algebra, where k is a field, with Ry = k and
homogeneous maximal ideal m = R, and M a finitely generated graded R-module. Fix a
graded minimal free resolution F' of M. Then

B:;(M) = number of copies of R(—j) in F; = dim(Tor/ (M, k);) = dimy,(Exth (M, k);).

If only we had an explicit minimal free resolution of k, maybe we could use it to say
something about the minimal free resolutions of other finitely generated R-modules. With
that goal in mind, take a break from thinking about free resolutions and projective dimension
to discuss a very important complex.

15.2 The Koszul complex

The Koszul complex is arguably the most important complex in commutative algebra (and
beyond). It appears everywhere, and it is a very powerful yet elementary tool any homological
algebraist needs in their toolbox. Every sequence of elements x4, ..., x, in any ring R gives
rise to a Koszul complex.

Definition 15.10. The Koszul complex on r € R is the complex

K(r)=0 R——R 0.

0

More generally, the Koszul complex on the R-module M with respect to r € R is the
complex

K(r;M)=K(r)®r M = 0 M- M 0.

Finally, given x1,...,z, € R, the Koszul complex on M with respect to xy,...,z, is the
complex K(z1,...,x,) defined inductively as

K(xy,...,20; M) = K(x1, ..., 20 1; M) @g K(z,,).

Example 15.11. The Koszul complex on x,y € R is given by

(o R—"R 0)®R<0 R—"R o).
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To compute this tensor product, we take the double complex

RoprREELRoR R

1®yl ll@y

R®RRWR®RR

which can be simplified to
R+ R
y ly

and then compute its total complex, which is

) e

The Koszul complex has more structure than simply being a complex: it is an example of
a differentially graded algebra, or DG algebra for short, meaning it has an algebra structure
on it as well. We will briefly describe how to construct the Koszul complex in such a way,
but emphasize that this is only the beginning of a beautiful story about DG algebras.

In a rare moment on non-commutativity, we will need to consider exterior algebras. The
exterior algebra A\ M on an R-module M is obtained by taking the the free R-algebra
ReMae(MM)d(M®M®M)®--- modulo the relations 1@y = —y®@z and z@x =0
for all x,y € N. We again denote the product on A M by a A b, and see )\ M as a graded
algebra where the homogeneous elements in degree d are those in the image of N®". This is
a skew commutative algebra, since

aNb= (—1)de@dee®lp A g

0 R R? R 0.

for any homogeneous elements a and b. We denote the homogeneous elements of degree n by
A" M. Note also that this construction is functorial: a map M 25 N of R-modules induces
a map \ M AN AN given by my A -+ Amg— f(my) A--- A f(myg).

We will use this construction in the case of free modules. When M = R"™ with basis
€1y, Cn, NFM = R(k), with basis e;, A--- A e;, ranging over i1 < iy < -+ <1, § = (Z)

Definition 15.12. Let zy,...,x, be elements in R. The Koszul complex on zy,...,x, is
the complex

K(zy,...,2,) = 0— \N"R*— N'"'R*" — .. — s N'R* —— R——0
with differential given by

d(ei, Ao Ney)= Y (=1)"Mag e Ao Ae A Ney,

1<p<s

More generally, given an R-module M, the Koszul complex on M with respect to x1,...,x,
is K(z1,...,20; M) = K(x1,...,2,) ®r M.



Exercise 61. Show that d as defined above is indeed a differential, meaning d* = 0.

So the Koszul complex looks like

0 R r() R R 0

and the matrices giving the differentials have entries consisting of our elements zq, ...

with carefully chosen some signs.

Example 15.13. In the case of two elements, say = and y in R,

K(z,y) = 0—— A2R? AL R? R 0

with d(e;) = z, d(e2) =y, d(e1 N e3) = ey — yeq, SO

) e

R R 0.
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You will find different sign conventions for the Koszul complex in the literature, but at

the end of the day they all lead to isomorphic complexes.

Exercise 62. Check that our two definitions of the Koszul complex coincide.

Defining the Koszul complex via exterior powers has the advantage that it indicates a
bonus structure on our complex: it is also an algebra. While we will not have the chance to
explore this further, this DG algebra structure on the Koszul complex plays a major role in

commutative algebra.

The homology of the Koszul complex has some nice properties.

Definition 15.14. Let M be an R-module and x4, ...,z, € R. The ith Koszul homology

module of M with respect to z1,..., x4 i
Hi(xy, ..., zq; M) := H;(K (21, ...,2q4; M)).
Proposition 15.15. Let R be a ring, x = x1,...,2, € R, and I = (1, ...,x,).
a) Hi(z; M) =0 whenever i <0 ori > n.
b) Ho(z; M) = M/IM.
c) Ho(z; M) = (0 :p 1) = annyp(1).
d) Every Koszul homology module H;(z; M) is killed by anng(M).
e) Every Koszul homology module H;(x; M) is killed by 1.
f) If M is a Noetherian R-module, so is H;(x; M) for every i.

g) For every i, Hi(x; —) is a covariant additive functor R-mod — R-mod.
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h) Every short exact sequence of R-modules

0 A B C 0

gives rise to a long exact sequence on Koszul homology,

oo —— Hy(z; C) —— Hp(z; A) —— Hy(z; B) —— Ho(2; C) —— 0.

Proof. First, note that the Koszul complex K (z; M) looks like

0 M M™ M™ M 0

with the map in degree n being given by

L1
T3
(_1)n+lxn
and the map in degree 0 being
(.’Ifl Ty X3 - In)

a) Immediate from the definition, since the Koszul complex is only nonzero in homological
degrees 0 through n.

b) The comment above tells us that

H,(z; M) = coker (zy xo x5 -+ x,) = M/IM.
¢) The comment above tells us that

Hn(mw):ker(M<331 T @ e (CUa) M) =

={meM|rzy=rze=---=rx, =0} =(0:3I).

d) In each homological degree, the Koszul complex is simply a direct sum of copies of M.
So the modules in K (z; M) in each degree are themselves already killed by ann;(M).

e) We are going to show something stronger: that for every a € I, multiplication by a
on K(z; M) is nullhomotopic, which proves that a kills the homology of K(z;M). It
is in fact sufficient to show that multiplication by a is nullhomotopic on K(z), since
additive functors preserve the homotopy relation. To do this, we will explicitly use the
multiplicative structure of the Koszul complex, and think of our description of the Koszul
complex via exterior powers. Given a € I = (z1,...,x,), write @ = ayjxy + -+ + a4, Tp.
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Consider the map s, : K(z) — Y 1K(z) given by multiplication by aje; A ---apen,
meaning

Sa(ei, A+ Ney,) E ajej Ney N Nej,.

Now we claim this map s, is a nullhomotopy for the map of complexes K(z) — K(z)
given by multiplication by a in every component. To check that, it is sufficient to check
that

Sad (€5, N+ Nej,) +dsq (e, N+ Ney) =ae;, N+ Nej,.

We have

t
Sad (e, N+ Nejy) = S, (Z(—l)kﬂxkeil N Negg Ao A eit>

k=1

n

k+1 —
E ajrre; Negy N---Nej N Ney,
Jj=1 k:l

and

n
dsq (ei, N+ Nej,) :d< a]e]/\e“/v--/\eit)

n t

n
= aje; N\ ej N\ A€ N Nei, + a;rie; N\ N €,
j=1 k=1 j=1

= —58.d (e N Ney,) + Zajxjeil A Ae,
j=1

and since )7 | a;r; = a, we conclude that

(Sad 4 dsa) (€sy N -+ Nei) =ae;, N+ Aey,.

If M is Noetherian, then so is M* for any k, as well as any submodules of M* and any
of their quotients, by Proposition 1.2. Each H;(z; M) is a subquotient of a direct sum of
copies of M, so it must be Noetherian.

Given an R-module homomorphism M LN , we get an induced map K (f): K(xz; M) —
K(z; N) by taking K(z) ® f, so Hy(z; f) = Hy(K(z) ® f).

In each homological degree, K (z) has a free module, so K (z) ® g — is exact. We conclude
that
0— K(z) g A— K(2) g B—— K(2) ® g C ——0

is a short exact sequence of complexes, and the long exact sequence we want is precisely
resulting the long exact sequence in homology, as in Theorem 9.67. O]

Finally, we point to a different, also useful, way to look at the Koszul complex.
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Remark 15.16. Following our iterative definition of the Koszul complex,
K(xy, ...,z M) = K(z1,...,25 M) @ K(x;41),
so setting C' 1= K(zy,...,z; M),
[K(21,...,2i41; M)}, =Crms Qg RS C,, @ R= Cpiy @ C,.

Let’s explicitly write down the differential on K (z1,...,x;11; M) in terms of the differential
on K(xq,...,z;; M). Given a € C,,, b € C,,_1, and r, s € R, our differential is

dla®@r+b®s)=d(a)@r+(=1)"a® (zip1r) + d(b) @ s+ (=1)"'b®0,

Cnfl —dc ” Cnf2
. dc 0 . 1)l
0 = ((—1)n195i+1 dc) @ @
Cn On—l
do

Notice that this is exactly' the cone of the map K(zy,...,z; M) Siai K(xy, ...,z M)
given by multiplication by x;,1 in every degree. The cone comes together with a short exact
sequence

O—>K(£B1,...,$i;M)—)K(l’l,...,l’i+1;M)—)Z_1K(ZL‘1,...,$7;;M)—>O
which in each homological degree looks like

a—(0,a) x,c)—=(—1)" "1

0 c. Co 1 ®C, " C._, 0.

This short exact sequence gives rise to a long exact sequence in homology, where as described
in Remark 14.30 the connecting homomorphism is simply the map on homology induced by
multiplication by x;,1:

Tit1

——Hy (2, s M) —— Hy g (2, ooy M) —— Hyy g (2, .oy M) —— - -

Then
ker( Hy(xy, ...,z M) —— Hy(21,...,2i51; M) )
= im( Hn(xl,...,mi;M)ﬂHn(xl,...,xi;M))
= Tj41 Hn(‘rh cee ,.I'“M)
so we get an inclusion

H,(x1,..., 2 M)
Tit1 - HTL(xla v 7'T17M)

— Hn(l.la s 7xi+1;M)

1Up to the sign convention differences we discussed in Remark 14.29.
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with image
ker( H,(z1,...,zin1; M) ——H, 1 (21, ... ;253 M) ),

so that by the first isomorphism theorem, its cokernel is given by
im( H,(z1,...,201; M) —H,_1(z1,...,2;; M) )
which by exactness is
x
ker ( Hy, (21, ...z M) —=H, 1 (zq,... 25 M) ) = ANNH,, (z;,... ziM) (Tit1)-

In summary, our long exact sequence breaks into short exact sequences

Hy(21,...,2i;M) .
0 Zix1 Hn (21,0 M) Hn(.Il, BN 7R M) —_— anan71($1 77777 x4 M) (xz'—i-l) — 0.

15.3 Regular sequences

The Koszul complex is closely tied to the idea of regular elements and regular sequences.

Definition 15.17. Let R be a ring and M be an R-module. An element r € R is regular
(or a nonzerodivisor) on an R-module M if rm =0 = m = 0 for any m € M. More
generally, a sequence of elements x1,...,z, is a regular sequence on M if

o (x1,...,x,)M # M, and
e for each i, z; is regular on M/(xy,...,z;_1)M.

Remark 15.18. Requiring that x; is regular on M/(xy,...,z;_1)M is equivalent to asking
that ((131, c. ,ﬂfifl)M ‘M LCZ> = (131, c. ,xi,l)M.

Example 15.19.

a) Consider the polynomial ring R = k[xy, ..., z,] in n variables over a field k. The variables
x1,...,x, for a regular sequence on R.

b) Let k be a field and R = k[x,y, z]. The sequence xy, zz is not regular on R, since xz is

kills y on R/(zy).
The order we write the elements in is important.

Example 15.20. Let k be a filed and R = k[z,y, z]. The sequence z,(x — 1)y, (z — 1)z is
regular, while (z — 1)y, (x — 1)z, x is not.

Remark 15.21. An element r is regular on M if and only if Hy (K (r; M)) = 0. Indeed,
Hi(K(r; M)) =ker( M —— M ) = (0 :p 1),
and by definition, r is regular on M if and only if (0 :p; ) = 0.

The Koszul complex on a regular sequence is exact in all positive degrees.
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Theorem 15.22. If x = x1,...,x, € R is a reqular sequence on the R-module M, then
H;(z; M) =0 for all i > 0.

Proof. We proceed by induction on the length of the sequence, noting that the case n = 1
is Remark 15.21. Now suppose that H;(z1,...,2;; M) = 0 for all j > 0. The long exact
sequence

---—>Hn(m1,...,xi+1;M)—>Hn_1(:171,...,mi;M)ﬂHn_l(xl,...,a:i;M)—w--
we discussed in Remark 15.16 forces H;(z1,...,2;41; M) = 0 for all j > 1. Moreover,

Remark 15.16 also gave us the short exact sequence

Hi(z1,...,zi3M) .
0 T TG Hi(z1, ..., 2ip1; M) —— annyy (o, oim) (Tig1) —— 0.

Since ;41 is regular on M/(xy,...,2;)M = Ho(x1,..., 25 M), angy(g,,.. 200 (@ig1) = 0.
Moreover, Hy(x1,...,2;; M) = 0 by hypothesis. Therefore, the short exact sequence above
gives us Hy(z1, ..., 249, M) = 0.

m

Corollary 15.23. If x1,...xz, s a reqular sequence on R, then the Koszul complex on
T1,..., %, 18 a free resolution for R/(xy,...,x,). Moreover, if (R, m, k) is either a local ring
or an N-graded algebra over a field k with Ry = k and homogeneous maximal ideal m = R,
then K(xq,...,x,) is a minimal free resolution for R/(xy, ..., zy,).

Proof. By Theorem 15.22, P = K(x1,...,x,) has H;(P) = 0 for all 4 > 0. This is a
complex of free modules, and thus a free resolution of Hy(P), which by Proposition 15.15 is
R/(xy,...,x,). O

Early on, we mentioned three big theorems of Hilbert’s: Hilbert’s Basis Theorem, Hilbert’s
Nullstellensatz, and Hilbert’s Syzygy Theorem. We are finally ready to prove the third.

Theorem 15.24 (Hilbert Syzygy Theorem). Every finitely generated graded module M over
a polynomial ring R = klxy,...,x,] over a field k has finite projective dimension. In fact,
pdim(M) < n.

Proof. By Corollary 15.23, the Koszul complex on the regular sequence 1, ..., z4 is a mini-
mal free resolution for k = R/(x1,...,x,), so pdimg k = n. But §;(M) = dimy, Tory (M, k)
by Theorem 15.7, and since Tor;*(M, k) = 0 for all i > n = pdimz(k), pdimgz(M) < n. O

It is natural to ask if Theorem 15.22 has a converse; over a nice enough ring, the answer
is yes: the vanishing of Koszul homology does characterize regular sequences.

Theorem 15.25. Let (R, m, k) is either a Noetherian local ring or an N-graded algebra over
a field k with Ry = k and homogeneous maximal ideal m = R,. Let M # 0 be a finitely
generated R-module, and consider x = x1,...,x, € m. In the graded case, we assume that M
is graded and x4, ..., x, are all homogeneous. If H;(xz; M) =0 for allt > 1, then xq,...,x,
is a regular sequence on R.
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Proof. We proceed by induction on n, noting that the case n = 1 is simply Remark 15.21.
Now let n > 1 and suppose that the statement holds for all sequences of n — 1 elements. By
Remark 15.16, we have short exact sequences

Hi (21,00 Zn—1;M) .
0 P P VY Hi(z1,..., 20 M) —— anny, | (z,,....0n_1;:0)(Tn) —— 0,

and since the middle term is 0 for all i < 1, we conclude that

Hi(@1,0sn—1;M) .
® m—()forallzgl,and

® AN, (y,, . 2, 1:M)(Tn) =0, 50 2, isregular on Ho(21, ..., xp_1; M) = M/(21,...,20-1)M.

By Proposition 15.15, Hy(x1,...,2,_1; M) is a finitely generated R-module for all i. Since
x, € mand z, Hy(xy, ...,z 1; M) =Hi(zq,...,2,_1; M), NAK 4.30 (or Proposition 4.36 in
the graded case) implies that H;(x1,...,z,_1; M) = 0 for all i < 1. By induction hypothesis,
x1,...,T,_1 is a regular sequence. We conclude that x, ..., z, is a regular sequence. O]

A corollary of Theorem 15.25 is that in a regular ring, the order of the elements in a
regular sequence does not matter.

Corollary 15.26. Let (R, m, k) is either a Noetherian local ring or an N-graded algebra over
a field k with Ry = k and homogeneous maximal ideal m = R, . Let M be a finitely generated
R-module, and consider x = x1,...,x, € m. In the graded case, we assume that M 1is graded
and xy,...,x, are all homogeneous. If the sequence x is reqular on M, then so is any of its
permutations.

Proof. If xy,...,z, is a regular sequence, then H;(zy,...,z,; M) = 0 for all i > 0, by
Proposition 15.15. The Koszul homology on z agrees with the Koszul homology on any
permutation of x, which must then also vanish. By Theorem 15.25, any permutation of z is
a regular sequence. O]

In fact, we can extend this to any ring and any module under a reasonable assumption.

Lemma 15.27. Let R be a ring and M an R-module. If x,y is a reqular sequence on M
and y 1s reqular on M, then y,x is a reqular sequence on M.

Proof. Suppose that zm = yn for some m,n € M. Since z,y is a regular sequence on M and
yn € ()M, we must have n € (z)M, so there exists some w € M such that n = zw. But
then xm = yn = zyw. Since z is regular on M, we conclude that m = yw, so m € (y)M. In

particular, this shows that x is regular on M/(y)M. O
Lemma 15.28. Let (R, m) be a Noetherian local ring. If x1,..., 2, is a reqular sequence on
M, then so is z{*, ...,z for any integers a; > 0.

Proof. By Corollary 15.26, we are allowed to permute the elements in our sequence. Let’s
use this fact to reduce our proof to the case n = 1. If the case n = 1 holds, since z,, is a

regular sequence on M/(zy,...,x,_1) we can now say x’" is regular on M/(x1,...,2p_1).
Therefore, xq, ..., z,—1, 28" is regular on M. Now switch the order and repeat the argument
with each z;, until we conclude that z{*, ..., z%" is also regular on M.

Finally, we give a proof when n = 1. Now if z is a regular element on M, if x® # 0, then
2%m =0 = 22 'm = 0, and since z is regular we must have 2% 1m = 0. Repeating this
a — 1 times, we conclude that xm = 0, and m = 0. O
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Finally, we note a connection between regular sequences and height.
Theorem 15.29. If xy,...,x, is a reqular sequence on R, then ht(xq,...,z,) =n.

Proof. We use induction on n. When n = 1, x; is regular if and only if z; is not in the set of
zero divisors of R. By Lemma 5.21, this means z; is not in any associated prime of R, and
in particular, x; is not in any of the minimal primes of R. Therefore, any prime containing
x1 must have height at least 1. By Theorem 6.33, ht(z;) < 1, so ht(z1) = 1. When n > 1,

xp is regular on R/(z1,...,Tn-1), so by case n =1, (zy,...,2,)/(x1,...,2,—1) has height 1
on R/(xy,...,Tn-1). By induction hypothesis, ht(z1,...,2,-1) = n — 1. We conclude that
ht(zq,...,2,) = n. O

15.4 Regular rings

Regular rings are the nicest possible kinds of rings, after fields. A regular local ring
(R,m,k) is a finite dimensional Noetherian ring of dimension d whose maximal ideal m is
generated by d elements. When we discussed height and dimension, we saw that this is in fact
the smallest possible value for the minimal number of generators of m; in general, u(m) > d.
We are now ready to give a completely homological characterization of regular local rings.
This characterization, first proved by Auslander and Buchsbaum and independently by Serre,
solved a famous open problem called the Localization Problem.

Problem 15.30 (Localization Problem). If R is a regqular local ring, must Rp be reqular for
every prime P in R?

This is asking if being regular is a local property. A positive answer allows for a simple
global definition of regularity:

Definition 15.31. A ring R is regular if Rp is a regular local ring for all prime ideals P
in R.

Before we can get to this famous homological characterization of regular local rings, and
the solution to the localization problem, we will need to sharpen our tools a bit.

Lemma 15.32. Let (R,m, k) be a Noetherian local ring, and F 25 G an R-module map
between finitely generated free R-modules. If p Qg k is injective, then ¢ splits as a map of
R-modules.

Proof. Let = R", G = R™, and let {ey,...,e,} be the standard basis for F.. Our assump-
tion that ¢ @g k is injective means that the images of y(e1),...,p(e,) in G/mG = k™ are

linearly independent, so we can complete them to a basis ¢(e1),...,9(en), fars-- -, fm for
G/mG. By NAK 4.32, we can lift those elements f; so that p(e1),...,0(en), fasty- -, fm 18
a basis for G. Now the projection onto ¢(ey), ..., ¢(e,) is a splitting for ¢. O

Theorem 15.33 (Serre). Let (R,m, k) be a Noetherian local ring. Moreover, if u(m) = s,
then

1

dimy (Tor®(k, k)) > (S>
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Proof. Let x1,...,xs be minimal generators for m, and set K = K(zy,...,2). If Fis a
minimal free resolution for m, we claim that K; is a direct summand of F;.

By Theorem 12.15, the identity map on k lifts to a map of complexes ¢: K — F. We
claim that the maps (; split, which will prove our claim that K; is a direct summand of F;.
The map ¢o: Ky = R — Fy = R must be the identity map, so clearly ¢q splits.

We proceed by induction on 2. Suppose we have shown that ;1 splits, say by a split-
ting v;_1. By Lemma 15.32, it is enough to show that ¢; ®g k to be injective. To show
our claim, we need to show that if z € K; is such that ¢;(2) € mF;, then z € mK;.
First, we note that 0;,10,,1(z) € m?F}, since F is minimal and thus imd C mF, by
Lemma 12.6. By commutativity, ¢; 1d;(z) € m?F;. Since ¥;_1pi_1 = 1k, ,, we must have
di(z) = V¥i_1p;1d;(2) € m?K;_;. We claim that this implies z € mF;,;. To see that, we
compute d; explicitly: first we write z as a linear combination of our basis elements, say

E : Zjejl '/\eji

J1<<Js

so that
:Zj:Zj{Ejk€jl /\/\é]\k/\/\eh

The one thing to keep track of here is the coefficients: rewriting this carefully in the basis
for K;_1, the coefficient for each basis element is a linear combination of terms of the form
zjz;. We showed that d;(z) € m?F;_;, so each appropriate combination of z;x; is in m?. We
assumed that xq,...,z, were minimal generators for m to begin with, and thus a basis for
m/m?, so all our coefficients z; must be in m. We conclude that indeed 2z € mF;, and thus
that ¢; ®g k is injective. By Lemma 15.32, ¢; splits.

So we have shown that K; is a direct summand of F; for all 7, which implies that the
number of copies of R in F; must be at least as large as the number of copies of R in K.
More precisely,

d
dimy (F; ®g k) = dimg(Torl(k, k) > dimy(K; @r k) = <z) O

Replacing k by M in the previous result leads to a famous open question.

Conjecture 15.34 (Buchsbaum—FEisenbud, Horrocks). Let (R, m, k) be a Noetherian lo-
cal ring of dimension d and M a finitely generated Artinian R-module of finite projective
dimension. Then

Bi(M) = dimy(Tor(M, k) = (d).

1

While this remains an open question, there is much evidence to support it. For example,
the conjecture predicts that

zi:ﬁi(M) > XZ: (Zl) =27

This is known as the Total Rank Conjecture, and it was recently shown by Walker in almost
all cases.



270

Theorem 15.35 (Walker, 2017). Let (R,m,k) be a Noetherian local ring of dimension d
and characteristic not 2, M # 0 a finitely generated R-module of finite projective dimension,

and ¢ = ht(ann(M)). Then
Sa0n=Y (1) -

)

The famous homological characterization of regular rings that solved the localization
problem is the following:

Theorem 15.36 (Auslander-Buchsbaum, Serre). Let (R, m, k) be a Noetherian local ring of
dimension d. The following are equivalent:

a) The residue field k has finite projective dimension.

b) Every finitely generated R-module has finite projective dimension.
¢) The maximal ideal m is generated by a reqular sequence.

d) The mazimal ideal m is generated by d elements.

Proof. The implication b = a is obvious: just take M = k. The proof of a = b is
essentially the same as Hilbert’s Syzygy Theorem: 3;(M) = dimy, Tor¥(M, k) for all i, and
Tor®(M, k) = 0 for all i > pdimp(k).

If m is generated by a regular sequence, then the Koszul complex on that regular sequence
is a minimal free resolution of k, by Corollary 15.23, so k has projective dimension d. This
IS ¢ — a.

Let’s now show that d = c¢. Set m = (x1,...,24). In fact, we will show something
stronger: that (0), (1), (z1,22),...,(x1,...,24) are distinct prime ideals in R. Notice in
particular that this implies that xq, ...,z form a regular sequence.

If d =0, then m = ({}) = (0), and there is nothing to prove. We proceed by induction
on d, assuming that d > 0 and that we have shown that whenever m is generated by d — 1

elements, x1, ..., x4 1, theideals (0), (x1), (x1,22), ..., (z1,...,24_1) are distinct prime ideals
in R.
When d > 0, m is not a minimal prime. By Prime Avoidance 5.30,
mg |J P
PeMin(R)

and using Theorem 5.38 we can find an element

y1=371+7“2$2+-~—|—rdxd¢ U P
PeMin(R)

Now we can replace z1 by y1, since m = (y1, xa, . .., 4), SO we can assume that x; is not in any
minimal prime. By Krull’s Height Theorem 6.33, ht(z;) < 1, sodim(R/(z1)) = ht(m/(z1)) >
d — 1. By construction, m/(x;) is generated by d — 1 elements, so again by Krull’s Height
Theorem, dim(R/(x1)) = ht(m/(z;)) < d — 1. We conclude that dim(R/(x;)) = d — 1.
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By induction hypothesis, (z1)/(x1),..., (z1,...,2q4)/(z1) are distinct prime ideals in R/(x1).
Therefore, (x1), (z1,23), ..., (x1,...,24) are distinct prime ideals in R.

Now we claim that R is a domain, which will show that (0) C (z;) is also a prime ideal.
First, note that z; is not contained in any minimal prime, but (z7) is a prime ideal, so there
exists some minimal prime P C (x;). Given any y € P C (1), we can write y = ra; for
some r. By constrution, z; ¢ P, so we must have r € P. But we just showed that every
element in P is of the form rzy, so P = x;P. By NAK 4.30, P = (0). We conclude that R
is a domain, and this finishes the proof of d — «c.

Finally, all that’s left to show is a = d. We claim that pdimg(k) < oo implies
pdimg(k) < dim(R) = d. If the claim holds, then Theorem 15.33 and Theorem 15.7 say that

]

Bi(k) = dimy(Tor?(k, k)) > (u(w))

for all 7. Since f;(k) = 0 for all 4 > pdimp(k), we must have
p(m) < pdimg(k) < dim(R) = d.

But ht(m) = dim(R) = d, so by Theorem 6.33, u(m) < d. We conclude that m is generated
by exactly d elements, which is precisely d. So all we have left to do is to prove the claim
that pdimg (k) < oo implies pdimg(k) < dim(R) = d.

By contradiction, suppose pdimg(k) > d but pdimg(k) < oco. Choose a maximal regular
sequence Yy, ...,y € m. By Theorem 15.29, ¢ < d.

Since our regular sequence ¥y, ...,y was chosen to be maximal inside m, every element
in m is a zerodivisor on R/(y1,...,y:), or else we could increase our regular sequence. So m
is contained in the union of the zerodivisors on R/(yi,...,v:), which by Lemma 5.21 is the
same as the union of the associated primes of R/(yi,...,v;). By Prime Avoidance 5.36, m
must be contained in some associated prime of R/(y1, ..., y:). But m is maximal, so m is an
associated prime of R/(y1,...,y:). Equivalently, K = R/m embeds into R/(y1,...,v:). This
gives us some short exact sequence

0—k—R/(y1,...,y)) — M ——0.

Let’s look at the corresponding long exact sequence for Tor from Theorem 14.36,
++ - —— Torft | (M, k) — Tor}*(k, k) —— Torf (R/(y1, . -, ye), k) — -+

We know t = pdimg(R/(y1,...,y)), by Corollary 15.23, so Tor®(R/(y1,...,y:), k) = 0 for
i >t. But t < d < pdimg(k), so in particular Tor®(R/(y1, ..., y.), k) = 0 for i = pdimp(k).

Moreover, Corollary 15.8 says that pdimg(M) < pdimp(k) for any finitely generated
R-module M, so in particular Tor/ (M,k) = 0 for i = pdimy(k). But this is impossible:
our long exact sequence would then have TorfdimR(k)(k, k) # 0 sandwiched between two zero
modules. ]

Our proof also showed the following:

Corollary 15.37. FEvery reqular local ring is a domain.
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Corollary 15.38. Every regular local ring (R, m, k) has pdimg (k) = dim R.
Now we can solve the localization problem very easily.
Exercise 63. If R is a regular local ring, then Rp is a regular local ring for every prime P.

Remark 15.39. If we want to show that a particular ring (not necessarily local) is regular,
it is sufficient to show that R, is a regular local ring for every maximal ideal m — this will
imply that Rp is a localization of a regular local ring for every prime P.

Exercise 64. Show that every principal ideal domain is a regular ring.

We have shown that finitely generated graded modules over a polynomial ring k[x1, . . ., z4]
have finite projective dimension, but this is not quite enough to conclude that polynomial
rings are regular.

Theorem 15.40. Every polynomial ring R = k[x1, ..., x4 over a field k is a reqular ring.

Proof. 1t is sufficient to show that R, is a regular local ring for every maximal ideal m.
We are going to show that every maximal ideal is generated by d elements, which implies
that my, is also generated by n elements. Since the height of every maximal ideal is d, by
Theorem 7.28, this will imply that Ry, is a regular local ring.

When £ is algebraically closed, the maximal ideals in R are precisely those of the form
(x1 — aq,...,xq — aq), which are all generated by d elements. For the general case, we use
induction on d, noting that d = 1 is trivial, since k[z] is a principal ideal domain. When d > 1,
we can do a change of variables such as in Lemma 7.24 and assume that m has a minimal

generator that is monic in z4. Let n:=mnNk[zy,...,24-1]. Then k[z1,...,24-1]/n — R/m
is an integral extension, but since R/m is a field, so is k[xy,...,z4-1]/n, by Lemma 7.14.
Therefore, n is a maximal ideal in k[zi,...,24_1], so by induction hypothesis it must be

generated by d — 1 elements. Now consider the image of m via the map

R k[:cl,..-,iﬂd—l] [xn] s R/ﬂR

n

Tt X,

which is now a maximal ideal in a polynomial ring over a field in one variable, which by the
case d = 1 must be generated by 1 element. Now n is generated by n — 1 elements and m/nR
is generated by 1 element, so m is generated by n — 1 4+ 1 = n elements. O

We have seen that regular rings are very nice. Modulo some technical conditions, it turns
out that every Noetherian local ring is a quotient of a regular ring. More precisely, every
complete local ring is a quotient of a regular local ring, although we have unfortunately not
discussed completeness. If a local ring R is not complete, we can always take its completion,
which is now a quotient of a regular local ring. This very important fact is the Cohen
Structure Theorem.” When our local ring R contains a field k, the Cohen Structure Theorem
actually says that R is a quotient of k[z1, ..., z4] for some d.

2In fact, this amazing theorem was I. S. Cohen’s PhD thesis!
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The nice things we proved about regular local rings have analogues in any regular ring,
not necessarily local. For example, when R is a regular ring of dimension d, then it is still
true that every finitely generated R-module has projective dimension at most d, even if R is
not local; if R is not regular, then it has finitely generated modules with infinite projective
dimension.

15.5 Depth

We now get back to regular sequences to talk about how long they can be.

Definition 15.41. Let I be an ideal in a ring R and M be an R-module. The /-depth of
M is the maximal length of a regular sequence on M consisting of elements in I, denoted
depth;(M). When (R, m) is a local ring, we write depth(M) for depth,,(M), and call it the
depth of M.

While it is not yet clear that all maximal regular sequences on M inside an ideal I have
the same length, we already have an upper bound for depth.

Remark 15.42. If x4, ..., x, is a regular sequence on R inside I, we saw in Theorem 15.29
that ht(zy,...,z,) = n, so depth;(R) < ht(I). In particular, depth(R) < dim(R).

We can construct maximal regular sequences explicitly.

Construction 15.43. Let R be a Noetherian ring, I be an ideal in R, and M # 0 be a
finitely generated R-module. To construct a regular sequence on M inside I, we start by
finding a regular element on M inside I. Either I is contained in some associated prime of
M, in which case every element in [ is a zerodivisor on M, or there exists an element z; in
I not in any associated prime of M, by Prime Avoidance, Lemma 5.36. Such an element is
regular on M, since the union of the associated primes of M is precisely the set of zerodiviors,
by Lemma 5.21.

Now we repeat the process: either I is contained in some associated prime of M /(x1)M,
in which case there are no regular elements on M/(x1)M inside I, or we can find x5 € I not
in any associated prime of M/(z1)M, which is necessarily regular on M/(x1)M. At each
step, (z1,...,2,)M C (x1,...,241)M, and since M is Noetherian, the process must stop.

In fact, we get such an increasing sequence given any regular sequence on M inside of I,
so all such sequences are finite. We will now show that all maximal regular sequences on M
inside I have the same length, which proves that depth;(M) is finite. First, we need a few
lemmas.

Lemma 15.44. Let R be a Noetherian ring, I be an ideal in R, and M # 0 be a finitely
generated R-module. There exists r € I which is reqular on M if and only if I € P for all
P € Ass(M). In particular, if (R, m) is a Noetherian local ring, m € Ass(M) if and only if
there are no reqular elements on M.

Proof. If r € I is regular on M, then r is not a zerodivisor on M, so r is not in the union
of the associated primes of M, by Lemma 5.21. As a consequence, I cannot be contained in
any associated prime of M.
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Conversely, recall that M has finitely many associated primes, by Corollary 5.30. If I is
not contained in any associated prime of M, then by Prime Avoidance 5.306 it also cannot be
contained in the union of the associated primes of M. Recall Lemma 5.21, which says that
the union of the associated primes is the set of zero divisors. We conclude that I contains
some regular element on M.

The final statement now follows once we note that the fact that m is a maximal ideal
implies that m in Ass(M) if and only if m is contained in some associated prime of M. [J

Lemma 15.45. Let R be a Noetherian ring and M and N be finitely generated R-modules.
If a € anng(M), then aExtp(M,N) = 0 for all i. Moreover, if b € anng(N), then
bExtyL(M,N) =0 for all i.

Proof. When i = 0, we want to show that a € ann(Hompg(M, N) and b € ann(Hompg(M, N).
Given any f € Homg(M, N) and any m € M,

af(m) = f(am) = f(0) =0,

so af = 0. Moreover, b kills every element in N, so bf = 0. Now let P — M be a projective
resolution on M, and N — E be an injective resolution of N. Then

Extiy(M, N) = B ((0—— Homp(Fy, N) — Homp (P, N) —— Homp(Py, N) —— - )

=H < 0 —— Hompg (M, E°) —— Hompg(M, E') —— Hompg (M, E?) — - - - > :

so Exth (M, N) is a subquotient of both Hompg(P;, N) and Hompg(M, E*). We conclude that
a and b both kill Ext% (M, N). O

Theorem 15.46. Let R be a Noetherian ring, I be an ideal in R, and M # 0 be a finitely
generated R-module with M # IM. Then all mazimal reqular sequences on M inside I have
the same length.

Proof. Let xq,...,x, € I and y,...,y, € I both be maximal regular sequences on M, and
assume n < /.

When n = 0, every element in [ is a zerodivisor on M, so / = 0. When n = 1,
every element in [ is a zerodivisor on M/(xz1)M, so I C P for some P € Ass(M/(x1)M).
In particular, there exists some m € M, m ¢ (x1)M, such that I C ((z1)M :g m), so
Im € (zq)M. In particular, yym = x1a for some a € M. If a € (y;)M, then we would have
y1m = x1a € (x1y1)M, and since y; is regular on M, that would imply m € (1) M, which is
a contradiction. Thus a ¢ (y;)M. Moreover,

(x1)la = Ix1a = Iyym = y1(Im) C (x1)(y1) M,

and since x; is a regular element on M, we must have Ia C (y;)M. Therefore, a € M is
an element that both satisfies a ¢ (y1)M and Ia C (y;)M, so every element in [ kills a in
M/(y1)M, and is thus a zerodivisor on M /(y,)M. This proves that ¢ = 1.

We proceed by induction on n. Now assume that n > 1 and ¢ > n. In particular,
I contains a regular element on M/(zy,...,x;) for all i < n and a regular element on
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M/(y1,...,y;) forall j < £, so by Prime Avoidance 5.36 we can pick ¢ € I that avoids both all
the (finitely many) associated primes of M/(z1,...,z;)M for all i <n and M/(y,...,y;)M
for all 5 < ¢. In particular, z1,...,2,_1,c and y1,...,yn,c are both regular sequences on
M. Now z, and c are both regular sequences on M/(z1,...,x,_1), so the case n = 1 says
x1,...,Tn_1,Cis also a maximal regular sequence on M. Now by Lemma 15.27, x1,...,¢, 2,1
is also a regular sequence on M, since c¢ is also regular on M/(z1,...,x, o, and so on, until
we conclude that c¢,z1,...,2x,_1 is a regular sequence on M. Similarly, ¢, yq,...,y, is a
regular sequence on M. Notice in fact that ¢, z,...,2,_1 is maximal inside I, or else we
could increase its size, move ¢ back to after x,,_;, and obtain a contradiction. Therefore,
Z1,...,Tn1 and ¢, y1,...,y, are both regular sequences on M/(c)M, and z1,...,x, 1 is
maximal. But by induction hypothesis, all maximal regular sequences on M /(c)M inside I
have the same length, which would say that the length of yq,...,y,, n, is at most n — 1.
This is a contradiction, and we conclude that ¢ = n. ]

It turns out that depth can be described in a purely homological way.

Theorem 15.47. Let R be a Noetherian ring and M a finitely generated R-module. Then
depth; (M) = min{i | Exth(R/I, M) # 0}.

Proof. When depth;(M) = 0, there is no regular sequence on M inside I. By Lemma 15.44,
I C P for some P € Ass(M). We have an inclusion R/P < M, so consider the composition

R/I - R/P — M.

This is a nonzero map, so Ext’(R/I,M) = Hom(R/I,M) # 0. On the other hand, if
Hompg(R/I,M) = Ext®(R/I,M) # 0, there exists a nonzero R-module homomorphism
R/I — M. But to choose an R-module homomorphism R/I — M is the same as
choosing an element in M that is killed by 7, so I contains no nonzero divisors on M and
depth, (M) = 0.

We proceed by induction on depth;(M) = n, assuming we have proved the statement
whenever depth;(M) < n. Suppose that xi,...,x, is a maximal regular sequence on M
inside I. Then xs,...,x, is a maximal regular sequence on M/x;M, so by induction we
know n — 1 = min{i | Exth,(R/I, M) # 0}. Applying Homg(R/I, —) to the short exact
sequence

0 M- M M/zyM ——0

we get a long exact sequence
oo Extiy Y (R/T, M 2y M) —— Extly (R/ T, M) —2— Ext'y(R/I, M) —— - - -

We know that Ext}; '(R/I, M/z,M) # 0 and that Ext’(R/I, M/x1M) = 0 for all i < n— 1.
Therefore, whenever i <n — 1,

Extb(R/I, M) - Ext(R/I, M)

is an isomorphism. However, r; € I = ann(R/I), so ann(R/I) C ann(Exty(R/1, M)) by
Lemma 15.45. Therefore, ExtyR(R/I, M) = 0 for all i < n — 1. Moreover, multiplication by
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x1 is the zero map on EXtiQ(R/], M) for any i, also by Lemma 15.45. Finally, we have an
exact sequence

Exty Y(R/I, M) "= Ext® (R/I, M) — Exty "(R/I, M /2, M) —— - - - .
where the multiplication by z; maps are 0, so our exact sequence is

0— Ext™ Y (R/I, M) % Ext  (R/I, M) — Ext" Y (R/I, M/x1 M) — Ext™(R/I, M) - - .
s

In particular, Ext"'(R/I, M) = 0 and Ext"(R/I, M) # 0. We conclude that
depth;(M) = n = min{i | Ext,(R/I, M) # 0}. O
For yet another homological characterization of depth, we turn to Koszul homology.

Theorem 15.48 (Depth sensitivity of the Koszul complex). Let R be a Noetherian ring and
M be finitely generated R-module. Given any x = x4, ..., x, such that (x)M # M,

depth ) (M) = max{r | Hi(z; M) =0 for all i >n —r}.
So we can measure depth;(M) by looking at the first nonzero Koszul homology we see
when we start counting from the top.
K(ng) 0_)M_>..._)M(n771l'+1)—)M(nﬁv')—)...%M_)O
H(z; M) o .- 0 #0

Proof. We are going to show that if I = (z) contains a regular sequence 1, ..., Y, on M,
then H,_;11(z; M) =0 for all i = 1,...,m, and H,,_,,(z; M) = Ext}(R/I, M). This will
prove the theorem, since depth is the largest possible m we could take, and Theorem 15.47
says Ext@P™(R/I, M) # 0.

We proceed by induction on m. When m = 0, Proposition 15.15 ¢ says that

H,(x; M) = (0 :p I) = Homg(R/I, M),

and we are done. When m > 0, the short exact sequence

0 M2 M M/(y))M —0
induces a long exact sequence in koszul homology (see Proposition 15.15 h)
o ——Hy (2 M/ () M) —— Hy(z; M) =2 Hy (2 M) —— H; (2 M/ (y)) M) —— - - -

Now by Proposition 15.15 e, I kills H;(x; M), so the multiplication by y; map is zero in the
long exact sequence above, which must then break into short exact sequences

0——H;(z; M) — H;(z; M/(yy ) M) —— H;_1(z; M) —— 0.
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We have an exact sequence ¥a, ..., Y, of m — 1 elements on M inside (x), so by induction
hypothesis
Hy, ivi(x; M/(y1)M)=0foralli=1,....m—1

and
Hn—m+1(£; M/(yl)M) = EXtTg_l(R/I7 M/y1M>

Therefore, for all i <m — 1,

0— Hyipa(z; M) — Hyiia (s M/ (y)) M) — H, i (2; M) —— 0.

S

-~

0

This implies H,,_;,1(z; M) = 0foralli = 1,...,m. Moreover, we have a short exact sequence
0 — Hn—m+1 (27 M) — Hn—m—&—l(i; M/(yl)M) — Hn—m(i; M) I 0
~——— ——
0

SO
anm(i; M) = anm+1<£; M/(yl)M) = Eth_1<R/Ia M/ylM)

Finally, we claim that Exty (R/1, M) = Ext? '(R/I, M/(y:)M). For that purpose, consider
the long exact sequence on Exty(R/I,—) induced by the short exact sequence

0 M2 M M /(1) M — 0,
which looks like
oo —— Exth(R/I, M) -2 Extb(R/I, M) —— Ext%(R/I, M/(y,)M) — - - -

We do have a regular sequence on M of length m inside I, so depth;(M) > m. There-
fore, Ext™ '(R/I, M) = 0 by Theorem 15.47. By Lemma 15.45, multiplication by y; on
Extp(R/I, M) is the zero map, since y; € I, so we get an exact sequence

0—— Extp ' (R/I, M/(y1)M) —— Exti(R/I, M) —0.
Therefore,
Extm(R/I, M) = Exty Y (R/I, M/(y;)M),
which finishes our proof. O

Remark 15.49. If ] = (z4,...,xz,) and depth;(M) = n, then by Theorem 15.48 the Koszul
complex K (z; M) must be exact. This does not necessarily say that z is a regular sequence,
only that there exists some regular sequence on M of length n inside /. However, that
implication does hold in the local or graded setting, by Theorem 15.25.

We now have all the tools we need to prove a very useful formula relating depth and
projective dimension.

Theorem 15.50 (Auslander—Buchsbaum Formula). Let (R, m, k) be a Noetherian local
ring and M # 0 a finitely generated R-module of finite projective dimension. Then

depth(M) + pdimp (M) = depth(R).
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Proof. Suppose depth(R) = 0. In that case, the claim is that pdimpg(M) = depth(M) = 0.
First, note that the fact that depth(R) = 0 implies immediately that m € Ass(R), by
Lemma 15.44, so m kills some nonzero » € R. Consider a minimal free resolution for M, say

Pn—1

0 F,-25F, F-2 Ry 22 M 0.

Suppose n > 0, so that ¢, # 0. By minimality, ¢,(F,) € mF,_1, so ¢,(r,0,---,0) =

ron(1,0,---0) € rm = 0, so ¢, is not injective. This is a contradiction, so we must have
n =0, and M is free, say M = R". Therefore, pdimz(M) = 0 and depth(M) = depth(R") =
depth(R) = 0.

Now assume that depth(M) = 0. Set ¢t := depth(R), and fix a maximal regular sequence
x1,...,xy € m. By Corollary 15.23, pdimg(R/(x1,...,z;)) = t. Our goal is to show that that
n = pdimy(M) = depth(R) = t. Notice that Tor®(R/(x1,...,2;), M) can be computed via
minimal free resolutions for either M or R/(x1,...,x;), so it vanishes for i > min{t,n}. We
are going to show that both Tor®(R/(z1,...,2;), M) # 0 and Tor®(R/(xy, ..., z;), M) # 0,
which proves that depth(R) =t = n = pdimg(M).

The Koszul complex is a minimal free resolution for R/(xy,...,x;), by Corollary 15.23,
so the last map in the minimal free resolution looks like

(z1 —x0 a3 - (—1)”+1xn>T

0 R R!

so applying — ®r M gives

T —xy wy - (—=1)"z,)"
( (—1)

0 M M?*.

Therefore,

t
Torf(R/(x1,...,we), M) = [\ ker(M == M).
i=1
Our assumption that depth(M) = 0 says that there are no regular elements on M, so by
Lemma 15.44, m € Ass(M). Therefore, there exists a nonzero element m € M such that
ann(m) =m D (x1,..., 1), so Tor(R/(x1,...,2,), M) # 0.
On the other hand, to compute Tor®(R/(zy,...,x;), M) we can take a minimal free
resolution of M, say

0 R,Bn Pn Rﬁnfl Pn—1 o Rﬁl ¥1 RBO ®0 M 0’

and apply — ®g M, so that Tor®(R/(x1,...,x;), M) is the kernel of

(R/(z1,...,3¢))" —— (R/(x1,...,2¢)) 1.

Our assumption that xy,...,z; is a maximal regular sequence on R implies that any other
element in R is a zerodivisor on R/(z1, ..., x;), and depth(R/(z1,...,x¢)) = 0. In particular,
m € Ass(R/(x1,...,2)), so there exists some r ¢ (z1,...,x;) such that mr C (z1,...,2).
The map

(R/(x1, ..., 20))" —— (R/(x1, ..., 2))
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is given by multiplication by a matrix whose entries are all in m, so its kernel is nonzero,
meaning Tor®(R/(x1, ..., x), M) # 0.

So we have shown the theorem holds in two situations: when depth(R) = 0 and when
depth(M) = 0. So now we assume that both ¢ := depth(R) > 0 and n := depth(M) > 0,
and assume we have shown the theorem holds when depth(R) < t—1 and depth(M) < n—1.

By Prime Avoidance, Lemma 5.30, we can find » € m that avoids both the associated
primes of M and R, so r is both regular on M and on R. In particular, pdimg(R/(z)) = 1,
by Corollary 15.23, so Torf(R/(z), M) = 0 for all i > 2. Let

O Rﬁn Pn Rﬂnfl Pn—1 . ngl ¥1 RBO o M 0

be a minimal free resolution for M. In particular, if we choose basis for each R?, the entries
in the matrices representing ¢; are all in m, by Lemma 12.6. Applying — ®z R/(x), we get
a complex

0— (R/(2))’r — (R/(2))Prt —— - —— (R/(x))P —— M /xM —— 0

which is exact at M ®@g R/(z) = M /xM, since tensor is right exact, and whose homology is
otherwise given by Tor?(R/(x), M). In particular, our complex is exact for all i > 2, since
we have seen that Tor®(R/(z), M) = 0 for all i > 2. The only remaining possibly interesting
homology is given by

Torf(R/(z), M) =H;(M® (0 - R5 R—0))=H (0 = M = M —0) = (0:) z).

By assumption, x is regular on M, so Torf(R/(z), M) = (0 :p; #) = 0. So the complex above
is exact, and thus a free resolution for M/xM over R/(x). In fact, the maps in this is free
resolution for M/xM were obtained by tensoring ¢ with R/(x), so we can obtain matrices
representing each map by taking the matrix representing ¢; and setting all the entries in ()
equal to 0. In particular, all the entries are still in m/(x), and our resolution for M /xM over
R/(z) is minimal. This shows that pdimp (M /zM) = pdimg(M).

Now notice that we picked z to be regular on M, so that depth(M/xM) = depth(M)—1.
Similarly, x is regular on R, so depth(R/(x)) = depth(R) — 1. Using our assumption, we
conclude that

depth(M/z) + pdimp ) (M/xM) = depth(R/(z))

< depth(M) — 1 + pdimz(M) = depth(R) — 1
< depth(M) + pdimp(M) = depth(R). O

This formula is very useful. For example, when doing explicit computations, it is often
easier to compute a minimal free resolution for M than to compute its depth. If we happen
to know depth(R), one can deduce depth(M) by computing pdimg(M).

Remark 15.51. One of the consequences of Theorem 15.50 is that if a finitely generated
R-module M has finite projective dimension, then pdimz (M) < depth(R) < dim R.

We close this section with an easy fact about depth.
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Lemma 15.52. Let (R,m) be a Noetherian local ring and M a finitely generated R-module.
Given any ideal I in R, depth;(M) = depth ;(M).

Proof. On the one hand, I C VI, so depth,;(M) < depth 7(M). On the other hand, if
T1,...,T, is a maximal regular sequence on M inside v/I, then there exists aq,...,a, > 0
such that z{*,... 2% € I, but by Lemma 15.28 x7* ... 2% is a regular sequence on M. [

rn

15.6 Cohen-Macaulay rings

Life is really worth living in a Noetherian ring R when all the local rings have

the property that every system of parameters is an R-sequence. Such a ring is
called Cohen-Macaulay (C-M for short).

(Mel Hochster, page 887 of [Hoc78])

Cohen-Macaulay rings, named after Irvin Cohen and Francis Macaulay, two big influences
in the early days of commutative algebra, are by some measure the largest class of nice rings
commutative algebraists study. They are on the border of being just nice enough to make
life is easier, and just broad enough to contain many many interesting examples. One of the
main reference books in any commutative algebraist’s shelf is dedicated to Cohen-Macaulay
rings specifically [BH93]. In this section, we will see some of the reasons why life really is
worth living in a Cohen-Macaulay ring.

Given a local ring R,

depth(R) < dim(R) < embdim(R).

When the second inequality is an equality, we have a regular ring. When the first inequality
is an equality, our ring is Cohen-Macaulay.

Definition 15.53. A local Noetherian ring R is Cohen-Macaulay if depth(R) = dim(R).
More generally, an R-module M is Cohen-Macaulay if depth(M) = dim(M). A Noetherian
ring R is if Ry, is Cohen-Macaulay for every maximal ideal m.

Example 15.54.

a) Every regular ring is Cohen-Macaulay, since our homological characterization of regular
local rings, Theorem 15.30, says that the maximal ideal is generated by a regular sequence
of dimension many elements.

b) Every Artinian ring is Cohen-Macaulay, since dim(R) > depth(R), so dim(R) = 0 auto-
matically implies depth(R) = 0.

¢) Every 1-dimensional domain is Cohen-Macaulay, since any nonzero nonunit is a regular
element.

d) The ring k[z]/(2?) is Cohen-Macaulay because it has dimension 0, but it not regular,
since O-dimensional regular rings must be fields.
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e) The ring R = k[z,y, z]/(zy,zz) is not Cohen-Macaulay, because it is not equidimen-
sional, which as we will see is a property shared by all Cohen-Macaulay rings.

Many rings with nice singularities are Cohen-Macaulay. For example, Hochster and
Roberts famously showed [[TR74] that rings of invariants of any finite group G over a field k
of characteristic not dividing |G| are Cohen-Macaulay. Their proof used prime characteristic
techniques, introducing what is now a very important class of characteristic p singularities,
and are essentially homological in nature.

Remark 15.55. Given a Noetherian local ring (R, m), we can decide whether R is Cohen-
Macaulay by computing dim(R) and depth(R). By Theorem 15.147, we can compute depth(R)
by finding the smallest i such that Exth(R/m, R) # 0. On the other hand, if R can easily
be seen to be regular, then we can immediately conclude R is Cohen-Macaulay. The easiest
way to decide whether a given regular local ring is regular is by finding p(m) and to compare
its size to dim(R).

To compute the depth of a finitely generated R-module M over a Cohen-Macaulay local
ring (R, m), we can start by computing a minimal free resolution of M. If pdimy(M) < o,
then the Auslander—Buchsbaum formula 15.50 tells us that

depth(M) = depth(R) — pdimgz(M) = dim(R) — pdimg(M).

If R is not Cohen-Macaulay, we need to also compute depth(R), which we can do for ex-
ample by finding the smallest 7 such that Ext’ —R(R/m, R) # 0. If pdimz(M) = oo, then
Theorem 15.50 does not apply, and we need to explicitly find depth(M), for example by
finding the smallest i such that Ext’(R/m, M) # 0.

Hochster’s quote above pointed us to an equivalent characterization of Cohen-Macaulayness,
for which we will need to recall the notion of a system of parameters.

Definition 15.56. A sequence of d elements z1, ..., x4 in a d-dimensional Noetherian local
ring (R, m) is a system of parameters or SOP if \/(z1,...,24) = m. If k is a field, a
sequence of d homogeneous elements x1, . . ., x4 in a d-dimensional N-graded finitely generated
k-algebra R, with Ry = k, is a homogeneous system of parameters if \/(z1,...,xq4) = Ry.

We say that elements x1,...,x,; are parameters if they are part of a system of parame-
ters; this is a property of the set, not just the elements.

By Theorem (.36, every local (or graded) ring admits a system of parameters, and these
can be useful in characterizing the dimension of a local Noetherian ring, or the height of a
prime in a Noetherian ring. Moreover, we can characterize Cohen-Macaulayness in terms of
SOpS.

Theorem 15.57. The following are equivalent for any Notherian local ring (R, m):
a) R is Cohen-Macaulay.
b) Some system of parameters in R is a reqular sequence on R.

c) Every system of parameters in R is a reqular sequence on R.
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Proof. Clearly, c = b = a. Suppose R is Cohen-Macaulay and let x = z1,...,24
be a system of parameters on R, meaning \/@ = m. By Lemma 15.52, depth, (R) =
depth,,(R) = d. By Theorem 15.48, K(x) is exact, and by Theorem 15.25, this implies that
x is a regular sequence. O

To prove some other nice properties of Cohen-Macaulay rings, we will need the following
technical looking result.

Theorem 15.58. Let (R,m) be a Noetherian local ring and M and N finitely generated
R-modules. Then Ext%(M,N) =0 for all i < depth(N) — dim(M).

Proof. First, we reduce to the case when M = R/P for some prime ideal P. To do that, fix
a prime filtration of M, meaning we get an ascending chain of submodules

O0=MyCM, CMC---CM,=M

such that M;/M; ; = R/P; for some primes P. Remember that such a prime filtration
exists, by Theorem 5.28. First, we claim that we can reduce the problem to showing
Exth(R/P;, N) =0 for all j < depth(N) — dim(M) and all 1.

Break this filtration into short exact sequences

0— M, y —— M;—— R/P,——0
and look at the long exact sequence we get when we apply Hompg(—, N):
oo —— Exth(R/P;, N) —— Extl(M;, N) —— Ext?(M; 1, N) — - - .

If Ext},(R/P;, N) = 0 for all i, then we must have Ext},(M;, N) = 0 for all i, and therefore
Ext%, (M, N) = 0.

So we have reduced the problem to showing that Ext}(R/P;, N) = 0 for all 7 and all
j < depth(N) — dim(M). Notice also that by the construction in Theorem 5.28, all the P,
contain ann(M), so dim(R/P;) < dim(M). Therefore, it is sufficient to show that if P is
prime, then Ext»(R/P,N) = 0 for all i < depth(N) — dim(R/P).

We proceed by induction on dim(R/P). If dim(R/P) = 0, then P = m, so by Theo-
rem 15.47 we have Extl(R/m, N) = 0 for all i < depth(N) = depth(N) — dim(R/P). If
dim(R/P) > 0, the P # m, so pick z € m but « ¢ P. The short exact sequence

0——R/P—2+R/P——R/P+ (z) —0

gives rise to the long exact sequence

- — Exth(R/P + (z), N) — Ext'(R/P, N) % Ext',(R/P, N) — Ext»,(R/P + (z), N) — - - -

Since x ¢ P, we necessarily have dim(R/P + (z)) < dim(R/P), so by induction hypothesis
we have Exty(R/P + (z),N) = 0 for all

i < depth(N) — dim(R/P + (x)) = depth(N) — dim(R/P) + 1.
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Therefore, for all i < depth(N) — dim(R/P),
Ext%(R/P, N) —— Ext%(R/P,N)

is an isomorphism. In particular, EXtE(R/P, N) = 2-Ext%,(R/P,N), so Exth(R/P,N) = 0
by NAK 4.30, where we used that Exty(R/P, N) is finitely generated by Exercise 57.
It remains to show that Exty(R/P, N) = 0 when ¢ < depth(N) — dim(R/P). O

Corollary 15.59. Let (R,m) be a Noetherian local ring and M be a finitely generated R-
module. For every associated prime of M, depth(M) < dim(R/P).

Proof. By Theorem 15.58, Exth(R/P,M) = 0 for all i < depth(M) — dim(R/P). But
every element in P is a zerodivisor on M, so depthp(M) = 0, and by Theorem 15.47,

Ext%(R/P, M) # 0. We conclude that depth(M) < dim(R/P). O
One of the nicest properties all Cohen-Macaulay rings have is called unmixedness.

Theorem 15.60 (Unmixedness theorem). Let R be a Noetherian local ring. If M is a
Cohen-Macaulay R-module, then

depth(M) = dim(R/p)

for every p € Ass(M). In particular, if R is a Cohen-Macaulay ring, then R has no embedded
primes, and dim(R/p) = dim(R) for each p € Min(R).

Proof. This follows from the inequality on depth and dimension of associated primes from
Corollary 15.59:

dim(M) = max{dim(R/p) | p € Ass(M)} > min{dim(R/p) | p € Ass(M)} > depth(M).

Since M is Cohen-Macaulay, equality holds throughout, and that implies in fact that equality
holds for each dim(R/p) with p € Ass(M). O

The Cohen-Macaulay property localizes.

Theorem 15.61. Let (R, m) be a Cohen-Macaulay local ring and P be a prime ideal in R.
Then Rp is a Cohen-Macaulay local ring.

Proof. We claim that there is a regular sequence contained in R of length equal to the height
of P. If P is minimal, there is nothing to show. If P is not minimal, it is not contained
in the union of the minimal primes, hence not in the union of the associated primes by
Theorem 15.60. Thus, there is a nonzerodivisor in P. We can mod out by this to get a
Cohen-Macaulay ring of lower dimension, and inductively, the claim follows. Now localizing
at P this stays a regular sequence that is a system of parameters for Rp. [

Theorem 15.62 (Dimension formula). Let R be a Cohen-Macaulay ring, and p C q be
primes. Then
ht(q) — ht(p) = dim(R,/pRy).

In particular, if (R,m) is a Cohen-Macaulay local ring, then dim(R)—height(p) = dim(R/p).
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Proof. Cohen-Macaulayness localizes, by Theorem 15.61, so R is a Cohen-Macaulay local
ring of dimension ht(q). Pick h = ht(p) elements r,...,r, € p that form a regular sequence.
Now Ry/(r1,...,7mh)Rq is Cohen-Macaulay, and dim(R,/(r1,...,7m,)Ry) = dim(R,/pR,),
since rq,...,7, is a maximal regular sequence in p, so pR; € Ass(Ry/(r1,...,70)R,). On
the other hand, dim(R,/(r1,...,rn)Rq) = dim(R,) — h. The equality follows. O

Remark 15.63. If (R, m) is Cohen-Macaulay and z, ..., x, is a regular sequence on R, then
we claim that R/(z1, ..., x,) is also Cohen-Macaulay. On the one hand, ht(x1,...,z,) = a by
Theorem 15.29. On the other hand, by Theorem 6.33 all the minimal primes of R/(x1,. .., %)
have height at most a, so we conclude that all the minimal primes of R/(x1, ..., z,) have the
same height a. By Theorem 15.62, dim(R/(x1,...,x,)) = dim(R) — a. On the other hand,
going modulo each z; decreases the depth by 1, so depth(R/(x1,...,z,) = depth(R) —a =
dim(R) — a.

Lemma 15.64. Given a Cohen-Macaulay local ring (R, m) and a reqular sequence x1, . . ., Ty,
every associated prime of (z1,...,x,) must have height n.

Proof. First, note that dim(R/(xy,...,x,)) = dim(R) — n, by Remark 15.63, so z1,...,z,
form part of a system of parameters by Theorem 6.43. Let P be an associated prime
of (z1,...,2,). Then Pp is an associated prime of (z1,...,2,)p, by Theorem 5.33, and
Rp is Cohen-Macaulay by Theorem 15.61. The images of xq,...,x, can be extended to
a system of parameters, which by Theorem 15.57 must be a maximal regular sequence.
However, every element in Pp is a zerodivisor on Rp/(z1,...,T,)p, since Pp is associated
to o1,...,&y,, SO T1,...,x, cannot be extended inside Pp. Thus depth(Rp/(z1,...,2,)p =
0. By Remark 15.63, Rp/(x1,...,2,)p is Cohen-Macaulay, so it must have dimension 0.
Therefore, P is minimal over (z1,...,xz,).

By Theorem 6.33, ht P < n. By Theorem 15.29, ht(P) < n, so ht(P) = n. O

Theorem 15.65. Let R be a Noetherian ring. The following are equivalent:
(a) R is Cohen-Macaulay.

(b) Every ideal I in R contains a reqular sequence of length ht(I).

(¢) Every maximal reqular sequence inside I has length ht(I).

Proof. Notice that ¢) = b) is obvious, and b) = a) is clear once we take I to be equal to
each maximal ideal in R. To show a) = b), let 21, ..., x, be a maximal regular sequence
inside /. The elements of I must all be zerodivisors on R/(x1,...,x,), by maximality, so by
Lemma 15.44 we must have I contained in some associated prime P of R/(xy,...,x,). By
15.64, P has height n, so ht(/) < ht(P) = n. But I O (z1,...,2,) and ht(zq,...,z,) = n
by Theorem 15.29, so ht(/) = n. O

Remark 15.66. Let I be an ideal in a Cohen-Macaulay ring R. If I is generated by a
regular sequence, then that regular sequence must have length ht(7), so I must be generated
by exactly ht(]) elements. If R is a local ring and p(I) > ht(7), then I is not generated by
a regular sequence.
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15.7 A homological zoo of rings

We have seen two very important classes of rings that can be characterized homologically.

Regular rings. A Noetherian local ring (R, m) is regular if m is generated by a regular
sequence, or equivalently if every finitely generated R-module has finite projective dimension.

Cohen Macaulay rings. A Noetherian local ring (R, m) is Cohen-Macaulay if there is a
regular sequence on R of size dim(R), which we write more compactly by saying depth(m) =
dim(R).

These can be thought of as two ends of the spectrum of nice rings. There are two
other classes in between that we did not get to study, but that can also be characterized
homologically.

Gorenstein rings. A Noetherian local ring (R, m) is Gorenstein if it has finite injective
dimension as a module over itself. Gorenstein rings are always Cohen-Macaulay, and they
have even better homological properties than Cohen-Macaulay rings. Life is really worth
living in a Gorenstein ring, although they are not as broad of a class as Cohen-Macaulay
rings.

Complete intersection rings. A quotient of a regular ring by a regular sequence is
called a complete intersection. More generally, a Noetherian local ring (R, m) is a complete
intersection if its completion (another topic we didn’t discuss!) is a quotient of a regular ring
modulo a regular sequence. In particular, all hypersurfaces are complete intersections.

These classes are all contained in each other in a nice way.
Regular rings C Complete intersections C Gorenstein rings C Cohen-Macaulay rings
Many interesting classes that arise naturally in commutative algebra and algebraic geom-

etry are somewhere on this spectrum. Homological algebra tools such as the ones we studied
here are crucial to study them.



Chapter 16

Other topics in homological algebra

Here is a brief overview of some of the topics we could have covered if we had more time.

16.1 Spectral sequences

Roughly speaking, a spectral sequence is a device for computing homology iteratively, by
taking successive approximations. Spectral sequences were invented by Leray as a prisioner
of war during World War II, to compute the homology of a chain complex.

Definition 16.1. A homological spectral sequence in an abelian category A consists of

a sequence of bigraded objects E7 , for 7 > 0, represented graphically as

T T T
E2,0 E2,1 E2,2

r T
Eiog | Ern | Ef,

T r T
EO,O EO,l EO,Z

and differentials
. r r
dei By, — E)

such that d,d, = 0, and for each r, isomorphisms E"*! = H(E", d"), meaning

d
T r T
L ke ( Bl B )
BT =
pq

. . dr
— < g1 — By >
for every p, q. For each fixed r, the collection of objects ] , is called the rth page or sheet.

Remark 16.2. The differential in the rth page is a map of degree (—r,r —1).
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T, L= R
i S e S
R I AP
o e p P
Oth page 1st page
2nd page

The main idea of spectral sequences is that in many general situations, there is a limit

E>,, a bigraded object with N . )
Epq = }E{}O Ly

which has to be suitably interpreted. If that happens, we say that the spectral sequence
abuts to £, and write EY = EJ7. In many applications, the £*-page computes some
particular homology. The simplest situation is when E7 = E;fgl for all » > 0. For example,
this happens if the objects E} ~are zero when p < 0 or ¢ < 0, in which case we say we have
a first quadrant spectral sequence.

To learn about spectral sequences, see [Wei94, Chapter 5], [Rot09, Chapter 10], or

Hatcher’s unpublished Spectral Sequence’s chapter for his algebraic topology book.

16.2 Derived categories

The derived category of R-module is, roughly speaking, the category of complexes of R-
modules up to quasi-isomorphism. More generally, we can construct a derived category of
any abelian category, which is an algebraic analogue of the homotopy category of topological
spaces. The derived category of any abelian category A is constructed in two steps:

e First, we construct a quotient K (A) of Ch(A) with the same objects as Ch(.A), but
where homotopy equivalent maps get identified, so that the arrows in K(A) are equiv-
alence classes of homotopy equivalent maps of complexes.

e Then we localize K(A) by formally inverting all quasi-isomorphisms.

The resulting category is no longer abelian, but instead it has a triangulated structure.
Triangulated categories have exact triangles which in a way play the role of short exact
sequences. In particular, short exact sequences in the original category give rise to exact
triangles in the derived catefory D(A).

As an example, the derived category of R-mod, D(R), gives us access to a whole new
set of tools to study the ring R. It turns out that the triangulated structure of D(R) re-
flects algebraic properties of R and its modules, and there is a parallel between the abelian
structure of R-mod and the triangulated structure of D(R). For example, the Auslander—
Buchsbaum—Serre theorem 15.36, which gave us a homological characterization of regular-
ity, can be restated as a condition on the derived category D(R), which we think of as a
homotopical characterization of regular rings.

To learn about derived categories, see [Wei94, Chapter 10] or Krause’s lecture notes.


http://pi.math.cornell.edu/~hatcher/AT/ATch5.pdf
http://homepages.math.uic.edu/~bshipley/krause.chicago.pdf

Appendix A

Macaulay2

There are several computer algebra systems dedicated to algebraic geometry and commu-
tative algebra computations, such as Singular (more popular among algebraic geometers),
CoCoA (which is more popular with european commutative algebraists, having originated in
Genova, Italy), and Macaulay2. There are many computations you could run on any of these
systems (and others), but we will focus on Macaulay?2 since it’s the most popular computer
algebra system among US based commutative algebraists.

Macaulay2, as the name suggests, is a successor of a previous computer algebra system
named Macaulay. Macaulay was first developed in 1983 by Dave Bayer and Mike Stillman,
and while some still use it today, the system has not been updated since its final release in
2000. In 1993, Daniel Grayson and Mike Stillman released the first version of Macaulay?2,
and the current stable version if Macaulay2 1.16.

Macaulay2, or M2 for short, is an open-source project, with many contributors writing
packages that are then released with the newest Macaulay?2 version. Journals like the Journal
of Software for Algebra and Geometry publish peer-refereed short articles that describe and
explain the functionality of new packages, with the package source code being peer reviewed
as well.

The National Science Foundation has funded Macaulay?2 since 1992. Besides funding the
project through direct grants, the NSF has also funded several Macaulay2 workshops —
conferences where Macaulay2 package developers gather to work on new packages, and to
share updates to the Macaulay2 core code and recent packages.

A.1 Getting started

A Macaulay?2 session often starts with defining some ambient ring we will be doing compu-
tations over. Common rings such as the rationals and the integers can be defined using the
commands QQ and ZZ; one can easily take quotients or build polynomial rings (in finitely
many variables) over these. For example,

i1 : R = ZZ/101[x,y]

ol =R
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ol : PolynomialRing

and
il : k = ZZ/101;
i2 : R = k[x,y];

both store the ring Z/101 as R, with the small difference that in the second example
Macaulay2 has named the coefficient field k. One quirk that might make a difference later
is that if we use the first option and later set k to be the field Z/101, our ring R is not a
polynomial ring over k. Also, in the second example we ended each line with a ;, which tells
Macaulay2 to run the command but not display the result of the computation — which is
in this case was simply an assignment, so the result is not relevant. Lines indicated with as
in, where n is some integer, are input lines, whereas lines with an on indicate output lines.

We can now do all sorts of computations over our ring R. We can define ideals in R, and
use them to either define a quotient ring S of R or an R-module M, as follows:

i3 : I = ideal(x"2,y"2,x*y)

2 2
03 = ideal (x , y , x*y)

03 : Ideal of R
i4 : M =R"1/I
04 = cokernel | x2 y2 xy |

1
o4 : R-module, quotient of R

i5 : S = R/I
o6 =8
05 : QuotientRing

It’s important to note that while R is a ring, R! is the R-module R — this is a very
important difference for Macaulay2, since these two objects have different types. So S defined
above is a ring, while M is a module. Notice that Macaulay2 stored the module M as the
cokernel of the map

Note also that there is an alternative syntax to write our ideal I from above, as follows:



i15 :

ol5 =

ol5 :

I = ideal"x2,xy,y2"

2 2
ideal (x , x*y, y )

Ideal of R
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When you make a new definition in Macaulay2, you might want to pay attention to
what ring your new object is defined over. For example, now that we defined this ring S,
Macaulay2 has automatically taken S to be our current ambient ring, and any calculation
or definition we run next will be considered over S and not R. If you want to return to the

original ring R, you must first run the command use S.

If you want to work over a finitely generated algebra over one of the basic rings you
can define in Macaulay2, and your ring is not a quotient of a polynomial ring, you want to
rewrite this algebra as a quotient of a polynomial ring. For example, suppose you want to
work over the 2nd Veronese in 2 variables over our field k from before, meaning the algebra
k[z? xy,y?]. We need 3 algebra generators, which we will call a,b, ¢, corresponding to x?,

2y, and 12
i1l : U = k[a,b,c]
0l1 =0
oll : PolynomialRing
i12 : f = map(R,U,{x"2,x*y,y"2})
2 2
012 = map(R,U,{x , x*xy, y })
012 : RingMap R <--- U
113 : J = ker £
2
013 = ideal(b - axc)
013 : Ideal of U
il4 : T =10/J
ol4 = T
014 : QuotientRing

Our ring T at the end is isomorphic to the 2nd Veronese of R, which is the ring we
wanted.
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A.2 Basic commands

Many Macaulay2 commands are easy to guess, and named exactly what you would expect
them to be named. If you are not sure how to use a certain command, you can run viewHelp
followed by the command you want to ask about; this will open an html file with the
documentation for the method you asked about. Often, googling “Macaulay2” followed by
descriptive words will easily land you on the documentation for whatever you are trying to

do.

Here are some basic commands you will likely use:

ideal(fi,..., fn) will return the ideal generated by fi,..., f,. Here products should
be indicated by x, and powers with . If you’d rather not use ~ (this might be nice if
you have lots of powers), you can write ideal(fi,..., f,) instead.

map(S, R, f1,..., fa) gives a ring map R — S if R and S are rings, and R is a quotient
of k[xy,...,x,]. The resulting ring map will send z; — f;. There are many variations
of map — for example, you can use it to define R-module homomorphisms — but you
should carefully input the information in the required format. Try viewHelp map in
Macaulay?2 for more details

ker(f) returns the kernel of the map f.

I + Jand I*J return the sum and product of the ideals I and J, respectively.

A = matrix{{ai1,..., a1}, .-, {@m1,- .., Qmn}} returns the matrix
a1 ... QAip
A=
(m,1 Am,n

A.3 Complexes in Macaulay2

There are two different ways to do computations involving complexes in Macaulay2: using
ChainComplexes, or the new (and still incomplete) Complexes package. To use Complexes,
you must first load the Complexes package, while the ChainComplexes methods are auto-
matically loaded with Macaulay?2.

A.3.1 Chain Complexes

To create a new chain complex by hand, we start by setting up R-module maps.

i1 : R = QQ[a,b];

i2

: d1 = map(R"1, R"2, {{a,b}})

02 =1 ab |
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1 2
02 : Matrix R <--- R

i3 : d2 = map(R~2, R"1, {{-b},{a}})

03 =

| -b |
I |

a
2 1
o3 : Matrix R <--- R

Keep in mind that the syntax of map is a bit funny: we write map (target,source,matrix).
To make sure we set up the next map in a way that is composable with d;, we can use the
methods source and target:

i3 : d1 = map(source d0, R"1, {{-b},{a}})

03 =1 -b |
| a |

2 1

03 : Matrix R <--- R

We can also double check our maps do indeed map a complex, by checking the composition
d1 O dQZ

i4 : dl *x d2 ==

04 = true
So now we are ready to set up our new chain complex.

i5 : C = new ChainComplex
05 =0

05 : ChainComplex

i6 : C#0 = target dil

1
o6 = R

06 : R-module, free

i7 : C#1 = target d2
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o7 : R-module, free

i8 : C#2 = source d2

08 : R-module, free

Given a chain complex C, we can ask Macaulay2 what our complex is by simply running the
name of the complex:

i9 : C

1 2 1
09 =R <-——- R <--R

09 : ChainComplex

Or we can ask for a better visual description of the maps, using C.dd:

110 : C.dd
1 2
010 =0 : R <-————- R 1
0
2 1
1 : R <———- R 2
0

010 : ChainComplexMap

We can also set up the same complex in a more compact way, by simply feeding the maps
we want in order. Macaulay2 will automatically place the first map with the target in
homological degree 0 and the source in degree 1.

11 : D = chainComplex(dl,d2)

1 2 1
0oll =R <-- R <--R

oll : ChainComplex
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Notice this is indeed the same complex.

i12 : D.dd
1 2
012 =0 : B <——————————- R o: 1
| ab |
2 1
1 : R <—————————v R @2
| -b |
| a |

012 : ChainComplexMap
We can also ask Macaulay2 to compute the homology of our complex:

i13 : HH D
013 = 0 : cokernel | a b |

1 : subquotient (| b |, | -b |)
l -a | | a |
2 : image O

013 : GradedModule
Or we could simply ask for the homology in a specific degree:

i14 : HH_.O D

014 = cokernel | a b |
1
014 : R-module, quotient of R

A.3.2 The Complexes package

To use this functionality, you must first load the Complexes package.
115 : needsPackage "Complexes";

015 = Complexes

015 : Package

We can use our maps from above to set up a complex with the same maps. We feed a
list of the maps we want to use to the method complex.



i16 : F = complex({d1,d2})

1 2 1
0l6 =R <-- R <--R

016 : Complex
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We cam read off the maps and the homology in our complex using the same commands as
we use with chainComplexes, although the information returned gets presented in a slightly

different fashion.

il7 : HH F
017 = cokernel | a b | <-- subquotient (| b |, | -b |) <-- image 0
l-a | [ a |
0 2

017 : Complex

i18 : F.dd
1
0ol8 =0 : R <————————-
| ab |
2
1 : R <———————— R
| -b |
| a |

018 : ComplexMap

If we want to set up our complex starting in a different homological degree, we can do the

following:

i19 : G = complex({d1,d2}, Base => 7)

1 2 1
019 =R <-- R <--R

019 : Complex
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i20 : H = complex({d1,d2}, Base => -13)

1 2 1
020 =R <——-R <--R

-13 -12 -11
020 : Complex

A.3.3 Maps of complexes

Suppose we are given two complexes C and D and a map of complexes f: C — D. The
routine map can be used to define f using chainComplexes: it receives the target D, the
source D, and a function f that returns f; when we compute £ (i).

i1 : R = QQ[a,b];

i2 : ¢l = map(R"0,R"1,0);

1
02 : Matrix 0 <-——- R

i3 : ¢c2 = map(R"1, R"2, {{a,b}});

1 2
03 : Matrix R <-—-—- R

i4 : ¢3 = map(R~2, R™1, {{-b},{a}});

2 1
o4 : Matrix R <-—-—- R

i5 : ¢4 = map(R~1, R0, 0);

1
o5 : Matrix R <-—-—- 0

i6 : C = chainComplex(cl,c2,c3,cd);

i7
d1 = map(R~0,R"1,0);

1
o7 : Matrix 0 <--- R



i8

08

i9

09

110

o010

il1

ol1l

ol1l

i12 :

012

i13 :

013 :

i14

ol4d

i15

o015

i16

. d2 = id_(R"1);

1 1

: Matrix R <-— R

: d3 = map(R"1, R"0, 0);

1

: Matrix R <-——-—- 0
: d4 = map(R"0, R70, 0);
: Matrix 0 <——- 0

: D = chainComplex(d1,d2,d3,d4)

1 1

0<--R <-R <-0<—-0

: ChainComplex

f0 = map(R~0, R0, 0);

: Matrix 0 <—— 0

f1 = map(R"1, R"1, matrix{{O_R}});

1 1
Matrix R <--- R

: £2 = map(R"2, R™1, {{b},{-a}});

2 1
Matrix R <--—- R

: £3 = map(R"1, R0, 0);

1

: Matrix R <— 0

: f4 = map(R"0, R0, 0);
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0l6 : Matrix 0 <-—- 0

i17 : f = map(C,D,i -> if i==0 then fO else(
if i==1 then f1 else (
if i==2 then f2 else (
if i == 3 then f3 else (
if i==4 then f4)))))

0l7 =0 : 0 <———- 0:0
0
1 1
1 R <———-—- R 1
0
2 1
2 : R <———-——-——- R : 2
| b |
| -a |
1
3: R <———- 0:3
0
4 : 0 <———-- 0:4
0

017 : ChainComplexMap
Here’s what we can do if we prefer to write a list with the maps in £:

i18 : f = map(C,D,i -> {f0,f1,f2,£f3,f4}_ i)

018 =0 : 0 <———- 0:0
0
1 1
1 R <—-—- R 1
0
2 1
2 : R <o R 2
| o |
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018 : ChainComplexMap

If we prefer to do the same with the Complexes package, one advantage is that map does
receive (target, source, list of maps).

i42 : C = complex({cl,c2,c3,cd});
i43 : D = complex({d1,d2,d3,d4});
i44 : f = map(C,D,{f0,f1,f2,£3,f4})
2 1
044 = 2 : R <——-——---- R @2
| b |
| -a |

044 : ComplexMap
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VI, 38

> ver A7, 16
ara(I), 254
embdim(R), 91
B, 18

e(M), 109
e(R), 115
f®g, 158
has(t), 105
hr(t), 105
k[X], 38

2S5, 15

Cech complex, 255

— O

, 1,4

1,4

abelian subcategory, 219
absolutely minimal prime, 92
abuts, 287

additive functor, 148
additive functor (general definition), 208
adjoint functors, 134

affine algebraic variety, 31
affine space, 30

algebra, 2

algebra-finite, 14

algebraic set, 31

algebraic variety, 31
algebraically independent, 14
annihilator, 50

arithmetic rank, 254
Artinian modules, 84
Artinian ring, 84
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associated graded ring, 111
associated prime, 60

associated primes of an ideal, 60
Auslander—Buchsbaum formula, 277

Baer Criterion, 181

basis, 5

betti numbers, 203

boundaries, 118

boundaries (abelian category), 216
bounded complex, 118

category, 121

category of chain complexes, 137
catenary ring, 79

chain complex, 117

chain complex (abelian categories), 215
chain homotopy, 138, 218

chain map, 137

chain of primes, 78
characteristic of a ring, 47
classical adjoint, 18

coefficient field, 87
Cohen-Macaulay, 280
Cohen-Macaulay ring, 280
cohomology, 118

cokernel, 119, 213

cokernel of a map of complexes, 140
colon, 50

complete intersection, 89
complex, 117

complex (abelian categories), 215
complex of R-modules, 119
complex of complexes, 140
composition series, 31

cone, 242

connecting homomorphism, 141
contration, 28

contravariant functor, 123
coordinate ring, 38

coproduct, 133

covariant functor, 123

cycles, 118

cycles (abelian category, 216



degree of a graded module
homomorphism, 26

degree of a homogeneous element, 23

degree preserving homomorphism, 26

degree-preserving homomorphism, 26

depth, 273

derived functors, 230, 231

determinantal trick, 19

differentials, 117

dimension of a module, 79

dimension of a ring, 78

direct limit of modules, 255

direct sum of complexes, 198

direct summand, 28

direct summand (modules), 176

divisible module, 183

domain, 3

double complex, 239

dual notions in category theory, 123

embedded prime, 67

embedding (category theory), 124
embedding dimension, 91

enough injectives, 224

enough projectives, 224

epi, 122

epimorphism, 122

equal characteristic p, 47

equal characteristic zero, 47
equation of integral dependence, 17
equidimensional ring, 79
equivalent composition series, 81
essential extension, 186

exact complex (abelian categories), 217
exact functor, 150, 151, 219, 220
exact sequence, 118

exact sequence of modules, 11
expansion of an ideal, 28
extended Rees algebra, 113
extension of M by N, 248
extension of scalars, 166

faithful functor, 124
fiber ring, 94
filtration, 63
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fine grading, 24

finite length module, 81
finite type, 14

finitely generated algebra, 14
finitely generated module, 5
flat module, 189

forgetful functor, 124

free module, 5

free resolution, 196

full functor, 124

full subcategory, 125

fully faithful functor, 124
functor, 123

functor category, 126

Gaussian integers, 16
generates as an algebra, 13
generating set, 5

generators for an R-module, 5
Going down Theorem, 100
Going up Theorem, 99
graded components, 23
graded homomorphism, 26
graded module, 26

graded ring, 23

graded ring homomorphism, 26
group cohomology, 252

group homology, 252

height, 78

height of a prime, 78

height of an ideal, 78

Hilbert function, 105

Hilbert function for a local ring, 112

Hilbert polynomial, 109

Hilbert polynomial of a local ring, 115

Hilbert series, 105

Hilbert series for local rings, 112

Hom double complex, 240

Hom functors, 127

Hom-tensor adjunction, 165

homogeneous components, 23

homogeneous element, 23

homogeneous ideal, 25

homogeneous system of parameters, 92,
281



homological degree, 117
homology, 118

homomorphism of R-modules, 4
homotopic, 139, 218

homotopy, 138, 218

homotopy equivalence, 139, 218
homotopy equivalent, 139, 218

ideal, 3

ideal generated by, 3
idempotent ideal, 76

image (category theory), 214
image of a map of complexes, 140
Incomparability, 98

initial object, 208

injective dimension, 257
injective hull, 188

injective module, 179
injective object, 224
injective resolution, 206
integral closure, 18, 20
integral closure of an ideal, 95
integral element, 17

integral over A, 17

integral over an ideal, 95
integrally closed, 18
invariant, 21

inverse arrow, 122
irreducible ideal, 72

irredundant primary decomposition, 71

isomorphism (category theory), 122
isomorphism of rings, 2

Jacobian, 15

kernel, 211

kernel of a map of complexes, 140
Koszul complex, 259, 260

Koszul homology, 261

Krull dimension, 78

Krull Intersection Theorem, 76
Krull’s Height Theorem, 89

Krull’s Principal Ideal Theorem, 87

left adjoint functor, 134
left derived functors, 230, 231

left exact functor, 150, 151, 219, 220
length of a chain of primes, 78
length of a module, 81

lifting, 169

linearly reductive group, 29
local cohomology, 253

local ring, 46

local ring of a point, 50
localization at a prime, 49
localization of a module, 50
localization of a ring, 48
locally small category, 121
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long exact sequence in homology, 143, 223

Lying Over Theorem, 96

map of R-modules, 4

map of complexes, 137

map on Spec, 43

maximal spectrum, 42
minimal complex, 196
minimal free resolution, 197
minimal generating set, 54
minimal generators, H4

minimal number of generators, 54, 55

minimal prime, 40, 56

mixed characteristic (0, p), 47
module, 4

module-finite, 16

monic arrow, 122

mono, 122

monomorphism, 122
multiplicatively closed subset, 44
multiplicity, 109

multiplicity of a local ring, 115

nilpotent, 38

nilradical, 56

Noether normalization, 102
Noetherian module, 10
Noetherian ring, 8
nonzerodivisor, 48, 265
normal domain, 99
null-homotopic, 139, 218

opposite category, 123



parameters, 92, 281

PID, 3

preadditive category, 208
presentation, 5

primary decomposition, 71
primary ideal, 69

Prime avoidance, 67

prime filtration, 63

prime ideal, 34

prime spectrum, 42
principal ideal, 3

principal ideal domain, 3
product, 132

product category, 133
product total complex, 240
projective dimension, 257
projective module, 169
projective object, 224
projective resolution, 195, 225

quasi-homogeneous polynomial, 25
quasi-isomorphism, 138
quasicompact, 41

quasilocal ring, 16
quasipolynomial, 110

quotient of complexes, 140
quotient of modules, 4

radical ideal, 38

radical of an ideal, 38
reduced ring, 38

Rees algebra, 96, 113
regular element, 265

regular local ring, 92, 268
regular ring, 268

relation, 5

relations in an algebra, 14
representable functor, 130
residue field, 35

restriction of scalars, 15, 167
right adjoint functor, 134
right derived functors, 230
right exact functor, 150, 151, 219, 220
ring, |

ring homomorphism, 2
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ring isomorphism, 2

saturated chain of primes, 78

shift, 62

short exact sequence, 11

short exact sequence of complexes, 140
simple module, 81

simple tensor, 156

small category, 121

Snake Lemma, 141, 223

SOP, 92, 281

spectral sequence, 286

spectrum, 42

split complex, 226

split exact complex, 2206

split short exact sequence, 170, 225
splitting, 28

standard grading, 24

strict composition series, 81
subcomplex, 140

submodule, 4

subring, 2

support, 538

suspension, 242

symbolic power, 75
system of parameters, 92, 281
syzygy, 202

tensor product, 155

tensor product double complex, 240
tensor product of complexes, 240
tensor product of maps, 158
terminal object, 208

torsion, 191

total complex, 239

total ring of fractions, 49

trivial complex, 198

universal arrow, 131
universal element, 131
universal property, 131

variety, 31
weights, 24

Yoneda Lemma, 127
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Zariski topology, 41 zerodivisors, 60
zero arrow, 209 Zorn’s Lemma, 35
zero object, 208
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