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Notation and Terminology

All rings are commutative and contain multiplicative identity, moreover we will
always insist that ring homomorphisms respect the multiplicative identity ele-
ment. Local rings are assumed to be Noetherian. Additionally, all modules are
unitary modules. We have made an attempt to be consistent with our notation:

1) Rings are often denoted by A, B, R, S.

2) Modules are often denoted by M or N.

4

Ideals are denoted by I, J, a, and b, with m usually reserved for maximal
ideals. We will try to reserve p, q, P, and @ for prime ideals.

(1)
(2)
(3) Fields are often denoted by k, K, L, or F.
(4)

(5) X is often used to denote indeterminants and in general X := Xq,..., X,
and x := x1,...,x, with the value of n (which is possibly infinite) being
given by the context.

(6) The symbol 1, will denote the identity map Ly, : M — M.

(7) The letter n will be often used to denote the canonical or natural map.

(8) If ¢ is a map, @ will often stand for the map induced by .

(9) We use the notation C for set inclusion and use C for strict inclusion.
)

(10) The notion < is used to denote an injective map and — denotes a sur-
jective map. If a commutative diagram is drawn, the induced map will be
dashed.

If A is a domain, Frac(A) will stand for the field of fractions of A.

(11)
(12) If (A,m) is a local ring, A will often stand the m-adic completion of A.
(13) If A is a ring, A will often stand for the integral closure of A.

(14)

If k is a field, k will often stand for the algebraic closure of k.



Chapter 0

Background

0.1 Operations on Ideals
Definition Given two ideals I, .J C A, the sum of I and J is defined as
I+J={x+y:xzelandyeJ}

Exercise 0.1  Show that if I and J are ideas in a ring A, then I+ J is an ideal.
Definition  Given two ideals I, J C A, the product of I and J is defined as
I-Jz{Z:vi-yi::vielandyieJ}.

i=1
Exercise 0.2 Show that if I and J are ideas in a ring A, then I - J is an ideal.

Definition Given two ideals I, J C A, the intersection of I and J is defined
as the set-theoretic intersection of I and J.

Exercise 0.3  Show that if I and J are ideas in a ring A, then I NJ is an ideal.

Exercise 0.4 Ifa,b,c are ideals of A, show that
a(b+c¢) =ab + ac.
Exercise 0.5 Ifa and b are ideals of A and M is an A-module, show that

(a+b)M
bM

Exercise 0.6 Assuming that a,b, ¢ are ideals of A and that a O b or a D ¢,
prove the modular law:

a(M/bM) =

an(b+c¢)=anb+anec.

Definition Two ideals I, J C A are called comaximal if T + J = (1).
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Remark Sometimes people use the term coprime for comaximal. We will
refrain from doing this to avoid confusion later on with coprimary ideals.

Exercise 0.7 Show that if I and J are comaximal ideals of A, then I.J = 1INJ.

Definition An element z of a ring is called nilpotent if there exists n € N
such that 2™ = 0.

Definition The set of nilpotent elements of a ring A is called the nilradical
of A. We will use v/0 to denote this set. Note that v/0 is an ideal.

We can generalize the idea of the nilradical as follows:

Definition The radical of an ideal I is denoted by VT and is defined to be
the set
VI={xeA:z" eI for somen € N}.

Note that v/T is an ideal.

Proposition 0.8 Given a ring A, the radical of an ideal I is equal to the
intersection of all the prime ideals which contain I.

Proof (C) Suppose that z € v/I. Then 2" € I and for each prime ideal
containing I, ™ € p. Since p is prime, = € p. Thus

VIc (e

p21

(2) By the Correspondence Theorem, the prime ideals of A containing T
correspond bijectively to the ideals of A/I, hence we reduce to the case where
1=(0).

Suppose that x is not nilpotent. We’ll show that

x ¢ m p.
p2(0)
Consider the set of ideals of A:
S={a:z"¢afori>0}

Note that (0) € S and that S may be ordered by inclusion. Now let C be any
chain of ideals in §. This chain has an upper bound in S, namely the ideal:

U
acC

Hence by Zorn’s Lemma, S has a maximal element, call it p. We claim that p is
prime. Suppose that a,b ¢ p. Hence (a) +p and (b) + p are ideals not contained
in §. Thus for some m,n € N:

2™ e (a)+p and " e (b)+p
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Moreover,
2"t € (ab) +p

and so we see that ab ¢ p. Hence p is prime and ¢ p. Thus z is not in the
intersection of the prime ideals of A. |

Corollary 0.9 (Properties of Radicals) If I,J are ideals of A, the following
hold:

(1) I €I

(2) VI=VVIL
(3) VIJ=VINJ =vVINnJ.
(4) VFT = .
WARNING 0.10 The union of two ideals is not generally an ideal.

Despite this fact there are some things we can say about unions of ideals.

Lemma 0.11 (Prime Avoidance) Let A be a ring and I be an ideal of A. If
P1,...,Ppn are prime ideals such that

I < p; for all 4,

then .
1z Jps
i=1

Proof We proceed by induction on n. The base case n = 1 is trivial. So
assume n > 2. By induction, there exist for each 1 < ¢ < n an element
a; € 1 — U#i p;. If any a; avoid p; we are done; hence we may assume that
a; € p; for all i. Consider b = ajaz---an—1 + an. Since a, ¢ p; for all i < n
and aj ---ap—1 € p; for all 4 < n, we have b ¢ p; for all i < n. Suppose b € p,,.
Since p,, is prime and a, € p,, we have a; ---a,—1 € p,, and hence a; € p,, for
some i < n. But this contradicts that a; ¢ p,, for all i < n. Therefore b ¢ p,
and we are done. |

Remark The above lemma is called prime avoidance as if I ¢ p; for all 4, then
there is some element of a € I which avoids being contained in any p;. Note
also that we only used that ps, ..., p, were prime ideals.

Definition If a and b are ideals of A, then the colon ideal (b :4 a) is defined
as follows:
(b:aa)={xreA:zal b}

Moreover if M is an A-module and N is a submodule of M, then this can be
generalized to modules by defining the colon submodule (N :js a) as follows:

(N:ya)y={zeM:zaC N}
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Remark Sometimes the colon ideal is called the ideal quotient. However, we
will refrain from using that terminology as the word quotient is overused in
mathematics.

Definition If M is an A-module, the annihilator of M over A, is defined as:
Anmmg(M):=0:a M)={xz € A:z2m =0 for allm € M}

Proposition 0.12 (Properties of the Colon Ideal) Ifa,b are ideals of A, the
following hold:

(1) bC (b:aa).

(2) (b:4a)aCb.

(3) ((c:ab):a)=(c:aba)=((ciaa):iab).
(4) (N;65:a a) =();(b; :4 a).

(5) (b:ad;a:)=();(b:aa).

0.2 Chain Conditions

Definition Given a ring A, an A-module M is Noetherian if it satisfies the
following equivalent conditions:

(1) Every non-empty set of submodules has a maximal element.
(2) M satisfies the ascending chain condition (ACC) on submodules.
(3) Every submodule in M is finitely generated.

Definition A ring A is Noetherian if it is a Noetherian A-module. Note that
the only A-submodules of A are the ideals of the ring A.

Definition Given a ring A, an A-module M is Artinian if it satisfies the
following equivalent conditions:

(1) Every non-empty set of submodules has a minimal element.
(2) M satisfies the descending chain condition (DCC) on submodules.

Definition A ring A is Artinian if it is an Artinian A-module. Note that the
only A-submodules of A are the ideals of the ring A.

Example 0.13  Z is a Noetherian ring which is not an Artinian ring.

Example 0.14 Ifk is a field k[z1, ..., %y, ...], is neither Artinian nor Noethe-
rian.

Example 0.15 Any field is both an Artinian and Noetherian ring.
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Remark As we will soon state, every Artinian ring is also a Noetherian ring.

Example 0.16 A finite Abelian group is a Z-module which is both Noetherian
and Artinian.

Proposition 0.17  Given a short exact sequence of A-modules
0—>M —-M-—M"—=0
we have that:
(1) M is Noetherian if and only if both M’ and M"" are Noetherian.

(2) M is Artinian if and only if both M’ and M" are Artinian.
Proof Exercise. ]

Proposition 0.18 If a ring A is Noetherian and M is a finitely generated
A-module, then M is Noetherian.

Proof It follows by inductively applying the previously lemma that every
finitely generated free A-module is Noetherian if A is. Since M is finitely gen-
erated, there is a surjection A™ — M — 0 to M from a finitely generated free
A-module. Again by the previous lemma it follows that M is Noetherian. W

Example 0.19 The hypothesis that A is Noetherian in the previous propo-
sition is necessary. The ring A = k[z1,...,Zy,...] is a finitely generated A-
module which is not Noetherian.

Example 0.20 In general, Artinian modules, even those over Noetherian rings,
need not be Noetherian. Zy is an Artinian Z-module which is not a Noetherian
Z-module. Recall that Z, is the Z-submodule of Q/Z generated by

{1/p" : p is a prime in Z}.
Definition A chain of A-modules
M=Mo2 M 22 M,=(0)

is a Jordan-Holder chain, also known as a composition series, if for each
i, M;/M;+1 = A/m for some maximal ideal m in A.

While one can show that all compositions series have the same length by
using the Jordan-Holder Theorem from group theory, we present a direct proof

here.

Proposition 0.21  Each composition series for M has the same length.
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Proof Let A(M) denote the length of a shortest composition series of M.
First we show that if N C M, then A(N) < A(M). Suppose M = My 2
My D -+ 2 M, = (0) is a composition series of M of minimal length and set
N; = NNM;. Since Ni/Ni+1 - Mi/Mi-i-l = A/m for all 4, either Ni/Ni+1 = 0or
N;/N;y1 = A/m. (Here we are using that A/m is a simple A-module.) Removing
repeated terms we have a composition series of N so that A(N) < A(M). If
AMN) = A(M), then N; = M; for all ¢ and in particular N = M. Therefore if
N C M, then A(N) < A(M). Now let M = M{ D> M{ D --- 2 M/ = (0) be any
composition series of M. By above, we have A(M) = A(M{) > AM(M]) > -+ >
A(M])) = 0 and so A(M) > t. By the definition of A(M), we have A\(M) = ¢ and
so all composition series have the same length.

|

Definition The length of an A-module, denoted by A4 (M), is the length of
a composition series for M. That is, if

M=Mo2 M 22 M,=(0)
is a composition series, then Ag (M) = n.
Proposition 0.22  Given a short exact sequence of A-modules
0—=>M —-M-—M"—0
such that As(M) is finite, then length is an additive function, that is,
Aa(M) = Aa(M") + Xa(M").
In particular, Ao (M) is finite if and only if Ag(M') and Aa(M") are finite.

Proof 1t is not hard to check that the images in M of a composition series
of M’ and the inverse images of a composition series of M" fit together to form
a composition series of M. |

Theorem 0.23 An A-module M has finite length if and only if M is both
Artinian and Noetherian.

Proof Clearly if A(M) < oo, then M is both Artinian and Noetherian. Con-
versely, if M is Noetherian, M has a maximal proper submodule M; C M; M,
has a maximal proper submodule My C Mj; and so on. If M is Artinian, this
process must eventually stop, yielding a finite composition series of M. |

Theorem 0.24 (Hilbert’s Basis Theorem) If A is a Noetherian ring, then
Alx] is a Noetherian ring.

Proof See [5, Theorem 9.21]. |

Corollary 0.25



CHAPTER 0. BACKGROUND

(1) Zlzy,...,zy] is Noetherian.
(2) Ifk is a field, then k[z1,...,x,)] is Noetherian.
Exercise 0.26  Show that if A is Noetherian, then A[x] is Noetherian.

Definition Let A be a ring. The Jacobson radical [J(A) is the intersection
of all maximal ideals of A.

Exercise 0.27 Let A be a ring and let x € A. Show that € J(A) if and only
if 1 — ax is a unit for all a € A.

Theorem 0.28 (Krull's Intersection Theorem) Let A be a ring with an ideal
I and M a finitely generated A-module such that IM = M. Then there exists
a € I such that

(1—a)M =0.

Proof Let x1,...,24 be a set of generators for M. Since IM = M we have

Ti = Q101 + -0+ G4,dTd

for each i =1,...,d, where a; ; € I for all ¢ and j. Therefore
Ty = Q1,121 +ai2x2+ -+ aiqrq
To = Q21%1 +az2x2+ -+ a2 4Tq
Tg = Q4,1%1 + ad2%2 + -+ ad,dxq-

We can write this in matrix form as

l—ain —-a12 -+ —a14 1 0
—a21 l—as2 -+ —aggq T2 0
—aq,1 —aq2 - l—agaq| [za 0

Let B be the above n x n matrix. Then we see that det(B) - 2; = 0 for all
i=1,...,d, say by Cramer’s Rule. Observe that a = 1 — det(B) € I and that
(1 —a)M = det(B)M = 0, which completes the proof. |

Corollary 0.29 (Nakayama’s Lemma) Let A be a ring and I be an ideal of A
such that I C J(A). If M is a finitely generated A-module such that IM = M,
then M = 0.

Proof By Krull’s Intersection Theorem, Theorem 0.28, there exists a € T
such that (1 —a)M = 0. Since I C J(A) we have that 1 —a is a unit. Therefore
M =0. |
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Exercise 0.30 Prove Krull’s Intersection Theorem, Theorem (.28, assuming
you know Nakayama’s Lemma. One can start to see why Nakayama himself
said that the lemma bearing his name is a theorem of Krull and Azumaya.

Exercise 0.31 Let A be a commutative ring and let M be a finitely generated
A-module. Suppose f: M — M is surjective. Then f is an isomorphism. This
a result due to Vasconcelos.

Proposition 0.32 If a ring A is Artinian, then A has finitely many maximal

ideal.

Proof Suppose A has infinitely many maximal ideals m;, my,.... Then m; D
m; Nmg D my Nme Nmg ¢ --- is a strictly descending chain of ideals, meaning
A is not Artinian. |

Theorem 0.33 (Akizuki) A ring A is Artinian if and only if A(A) < oo. In
particular, every Artinian ring is Noetherian.

Proof Clearly if A(A) < oo, A is both Noetherian and Artinian by Theo-
rem 0.23. So suppose A is Artinian. By the previous Proposition, A has finitely
many maximal ideals, say my,...,m;. Then J:= J(A) =my---my = ﬂle m;.
Since A is Artinian, the descending chain of ideals J D J2 D - -- stabilizes and
hence J" = J"*! for some n. Set I = (0) : J®. Then I :J = ((0):J"):J =
(0) : J*HL = (0) : J* = I. We claim that I = A. If not, by the Artinian prop-
erty there exists a minimal ideal I’ 2 I, which must be of the form I’ = Ax + 1
for some x € A — I. Since I # I’, it follows by Nakayama’s Lemma 0.29 that
I' # Jz+1 (as otherwise we would have Az+1 = Jx+1 in A/I). By minimality
of I'y Jr+1 =1 and hence Jx C I, ie. € [ : J = I contradicting that = ¢ I.
Therefore I = A and thus J" = 0.
Now consider the chain of ideals

Alelemgg---Qm1~-~mt,1QJQJmngmlmQQ---
D22 Pm 22 J" =0.

Then any two consecutive terms are of the form M and Mm; and thus consec-
utive quotients are vector spaces over A/m;. It follows that A\(A) < oco. [ ]

0.3 Flat Modules
Definition An A-module F is flat if
M — M’

implies that
M@y F— M ®4F.

Remark If F is flat then — ®4 I and F ® 4 — are exact functors from the
category of A-modules to the category of A-modules.
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Proposition 0.34 An A-module F is flat if and only if for all finitely generated
A-modules M and M', M — M’ implies that

M@aF — M @4 F.

Proof One direction is clear. We prove the contrapositive for the other.
Suppose that F is not flat. Then there is an injective map of A-modules ¢ :
M — M’ such that the map ¢ @4 g : M @4 F — M’ ®4 F is not injective.
Let 2 € Ker(¢ ®4 1r) be nonzero. Then we can write z = > m; ® f;. Let
N=Amy+---+Am, C M. Since Q@4 L1p(z) = 0, this element can be written
as a finite linear combination of the defining relations of the tensor product in
M’ x F. Setting N’ C M’ to be the submodule generated by all elements of M’

appearing in this linear combination, along with ¢(mq),...,¢(m,) we have an
injective N — N’ of finitely generated modules such that N ® F — N' ®4 F
is not injective as x is in the kernel. |

Proposition 0.35 If A and B are rings, where B is an A-module, then B is
flat over A if and only if any solution x € B of homogeneous equations

Z a;jz; =0 where acA

is a B-linear combination of solutions in A.

Proof Exercise. ]
Proposition 0.36  Every free module is projective. Every projective module
is flat.

Proof See [5, Corollary 10.31, Corollary 10.42]. [ |

Example 0.37 Q is flat over Z but not projective over Z.
Example 0.38 Z/2Z is a projective Z/6Z-module that is not free.

0.4 Localization

Let U be a subset of A which is closed under multiplication and contains 1.
Given an A-module M, we may now write “fractions”

m

u

)

where m € M and u € U. For m’ € M and v’ € U, we will say

m m

— =— when (mu —m'u)z=0

u u
for some z € U. This defines an equivalence relation and we denote the set
of equivalence classes by U~'M. We can put the canonical module structure
on U"'M. If M is an A-algebra, we may put the canonical ring structure on
U'M.
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Proposition 0.39 (Universal Property of Localization) Ify: A — Bisa
homomorphism of rings such that ¢(u) is a unit in B for all uw € U, then there
exists a unique homomorphism @ : U 'A — B making the diagram below
commute.

A" UutA
|5
® .
P
K
B
Proof Exercise. |

WARNING 0.40 If A is a domain, then the map A — U~'A is injective but
this is not true in general; for example, consider A = Z/6Z and U = {1,3}.

Proposition 0.41 If M is an A-module and U is a multiplicatively closed
subset of A, then there is a canonical isomorphism M @, U 1A = U~1M.
Moreover, this isomorphism is functorial. That is, if f : M — N is a map of
A-modules, then the following diagram commutes

Mo U A M u-tpm

f®ﬂU1AJ/ lUlf

N@sUA— 5 U'N

where np; and ny represent the canonical isomorphisms.
Proof Exercise. |
Proposition 0.42 U~'A is a flat A-module.

Proof Let 0 — M’ — M be an exact sequence of A-modules. View M’
as a submodule of M and let z € M" and w € U. Then £ = 0 in U~ 'M’
if and only if tx = 0 for some ¢t € U if and only if £ = 0 in U~'M. Thus
0— U 'M' — U~'M is exact. [ |

As an immediate corollary we have:

Corollary 0.43  If the following sequence of A-modules is exact
0O=-M —-M-=>M'—=0,

then
05U M UM UM =0

is exact.
Definition For a € A, if U = {1,a,a? a3, ...}, we denote UM by either
M, or M[1].

10
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Definition If A is a domain, then the field of fractions is given by:
Frac(A) := (A—{0})"'A

Definition If U = A — p where p is a prime ideal of A, we denote U~'M by
M,. We say this as “M localized at p.”

Definition A ring A is local if it is Noetherian and has a unique maximal
ideal. When dealing with local rings, one often writes

(A,m) or (A,m, k)

to denote the ring and its maximal ideal or the ring, its maximal ideal, and
k = A/m respectively.

Remark Some authors do not insist that local rings are Noetherian. We will
call local rings which are not Noetherian quasilocal.

Proposition 0.44 If A is a ring and p is a prime ideal, then A, is a local ring
with maximal ideal pA,.

Proof By construction, £ € A, —pA, if and only if z ¢ p if and only if z is a
unit in A,. It follows that A, is a local ring with unique maximal ideal pA4,. W

Definition For a ring A with a prime ideal p we define the residue field of
p, denoted k(p), by

w(p) = Ap/pAp = (A/p)p = Frac(A/p).
Now we come to some very important properties of localization:
Proposition 0.45 Given an A-module M, the following are equivalent:
(1) M =0.
(2) M, =0 for all prime ideals p of A.
(3) My =0 for all maximal ideals m of A.

Proof (1) = (2) = (3) are obvious. Now suppose M # 0 but My = 0 for
all maximal ideals m. Let x € M be nonzero. Then Anny(x) is a proper ideal,
necessarily contained in some maximal ideal m’ of A. Since M}, = 0, zt = 0 for
some ¢ ¢ m’, but this contradicts Ann4(z) C m’. This completes the proof. W

Corollary 0.46 Let M, M’, and M", be A-modules. The following are equiv-
alent:

(1) 0> M — M — M" — 0 is exact.
(2) 0 = My — M, — M,' — 0 is exact for all prime ideals p in A.

(3) 0 = M} — My — M — 0 is exact for all maximal ideals m in A.

11



0.4. LOCALIZATION

Proof Exercise. |

The above corollary tells us that if we can show that an A-module homo-
morphism is injective [resp. surjective] after localizing at an arbitrary prime or
maximal ideal, then we can conclude that the homomorphism is injective [resp.
surjective]. This is why it is sometimes said that the injectivity or surjectivity
of an A-module homomorphism is a local property.

12



Chapter 1

Primary Decomposition

1.1 Primary and Coprimary Modules

In this section we will mostly consider the case when A is Noetherian and A-
modules are finitely generated.

Definition Let A be a Noetherian ring. A nonzero finitely generated A-module
M is coprimary if for all a € A, the map defined via multiplication by a

M- M
is injective or nilpotent.
Proposition 1.1  If M is coprimary, then the set
p={ac A: M- M is nilpotent}
forms a prime ideal in A.

Proof Suppose that a ¢ p and b ¢ p. Then the map defined via multiplication
by a is injective and the map defined via multiplication by b is injective. Hence
the map defined via multiplication by ab is injective and we see that ab ¢ p. W

Definition The coprimary module M which gives the above prime ideal p is
called p-coprimary.

Proposition 1.2 If N is any nonzero submodule of a finitely generated p-
coprimary A-module M, then N is also p-coprimary.

Proof This follows easily from the definition. |

Proposition 1.3  If A is a Noetherian ring and M is a p-coprimary A-module,
then we have an injection
Alp — M.

13



1.1. PRIMARY AND COPRIMARY MODULES

Proof Consider any m € M such that m # 0 and let
I=Amng(m)={a€ A:am=0}.

Since A is Noetherian, p is finitely generated, and so we write p = (p1,...,pt)-
Because M is p-coprimary, there exist integers n; such that for each i,

piim = 0.

Thus there exists n such that p™ C I Cp. If p = I, we are done since we have
an injection A/I < M. If p # I, there exists a [ such that p! C I but p'~! ¢ I.
Take x € p'~! — I and consider ¢ : A — M via 1 — m. We have that
Ker(¢) = I. Hence
A/T < M.

Let T be the image of 2 in A/I. Since px C p! C I, Anns(Z) 2 p. Moreover, if
there exists @ € A such that ax € I, then since A/I < M and M is p-coprimary,
we have that a € p. Therefore Anny(Z) =p. So

Afp S AJT < M.
This is the injection we were looking for. |
Proposition 1.4 Let M be a finitely generated p-coprimary A-module. If

Alq—M

for some prime ideal ¢ C A, then q = p.

Proof By Proposition 1.2 it suffices to show that A/q is p-coprimary. But
this follows from the definition. |

Definition Let A be a Noetherian ring. Given finitely generated A-modules
N < M, N is a primary [resp. p-primary| submodule of M if M/N is
coprimary [resp. p-coprimary].

Proposition 1.5  Ifp is a prime ideal, then p is p-primary.
Proof Exercise. |

Proposition 1.6 [ is a primary ideal of A if and only if whenever xy € I and
y ¢ I, we then have 2™ € I for some n € N.

Proof (=) Assume I is a primary ideal of A. So the map
AJT-5 AT

is either injective or nilpotent. If zy € I where y ¢ I, we see that 27 = 0 and
7 # 0. Thus x must be a nilpotent map, and so z" € I.
(<) Fixx € A. f ay € I and y ¢ I, then by assumption z™ € T for some
n € N. Thus the map
AT AT
is nilpotent. On the other hand, if zy ¢ I for any y ¢ I, then the above map is
injective. |

14
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Corollary 1.7 If I is p-primary, then VI = p.

Proof Let 2y € v/I. Then (xy)™ € I for some m € N. Since I is p-primary,
either ™ € I or y™" € I for some n € N. Therefore z € VT or y € V1
and so /T is prime. Since I C p and since v/T is the intersection of all primes
containing I, we must have p = /1. ]

Proposition 1.8 Let A be a Noetherian ring. Suppose I is an ideal and m is
a maximal ideal such that m™ C I C m. Then I is m-primary.

Proof Leta € A. We wish to show that if a € m, the map A/I - A/I is
nilpotent and if a ¢ m, then the map is injective. If @ € m, then a™ € m™ C I.
Thus a™(A/I) = (0) and so the map is nilpotent.

Assume a ¢ m. Since m is maximal, m+aA = A. Thus there are x € m and
y € A such that  + ay = 1. Taking the nth power we get

(2 +ay)" = 2" + ay
= 17

where 3/ is some element of A. Since ™ € m™ C I, @ and y are units in A/I.
Thus the map defined by multiplication by a is an isomorphism. In particular,
it is injective. |
WARNING 1.9 [t is not true in general that an ideal I is p-primary if

pt CIChp.

Consider the ring A = k[x,y, 2]/ (2> —xy) where k is a field. Setp = (T,%), where
T=x+ (22 —ay) andZ = 2+ (2% — zy). Then A/p = kl[z,y, 2]/(x,2) = k[y],
which is a domain. Thus p is a prime ideal.

We claim p? is not p primary. To see this, note that z*> = xy € p? and so

the map A/p> 2 A/p? is not injective. It follows that p? is not p-primary.

Exercise 1.10  Suppose A is a UFD and p = (p) where p is a prime element.
Show that p™ is p-primary for all n > 0.

Exercise 1.11  Let p = (2 — y?, 2% — yz, 2%y — 2?) in k[z,y, z] where k is a
field. Show that p is a prime ideal. (Hint: Show that p is the kernel of some
map ¢ : klx,y, 2] — k[t].) Is p? p-primary?

1.2 The Primary Decomposition Theorem

Definition If M is an A-module, a proper submodule N C M is called irre-
ducible if N # NN N, for any submodules Ny, Ny of M that properly contain
N.

Lemma 1.12 Let A be a Noetherian ring and M be a finitely generated A-
module. Any proper submodule N of M can be expressed as a finite intersection
of irreducible submodules of M.

15



1.2. THE PRIMARY DECOMPOSITION THEOREM

Proof Suppose not and let S be the collection of proper submodules of M
that cannot be expressed as a finite intersection of irreducible submodules of
M. By assumption, S # &. M is Noetherian, so S has a maximal element
Ny. Then Ny is not irreducible, so there are submodules Ny, Ny of M which
properly contain Ny such that Ny = N3 N Ny. Note that N1 and N, are proper
submodules of M. Since Ny is maximal in &, N7 and Ny can be expressed
as finite intersections of irreducible submodules. Thus Ny can be expressed as
a finite intersection of submodules, contradicting Ny € S. Therefore, S = @
and every proper submodule of M can be expressed as a finite intersection of
irreducible submodules of M. |

Lemma 1.13 Let A be a Noetherian ring and M be a finitely generated A-
module. Suppose N is an irreducible submodule of M. Then N is a primary
submodule of M.

Proof To show that N is a primary submodule of M, we must show that
M = M/N is coprimary. Since N is irreducible in M, (0) = N is irreducible in
M. Let a € A and consider the map ¢ : M — M given by ¢(m) = am.

Ker(p) C Ker(p?) C - -

forms an ascending chain of submodules of M. Since M is Noetherian, M is
Noetherian. Thus the above chain of submodules halts; that is, there is an
integer n such that

Ker((pn) = Ker(spn-i-l) _ Ker(go"+2) — ...
Set g = ™. Then Ker(g) = Ker(g?) from which it follows that
Im(g) NKer(g) = (0).

Since (0) is irreducible, either Im(g) = (0) or Ker(g) = (0). If Im(g) = (0), then
a"M = (0) and ¢ is nilpotent. If Ker(g) = (0), then Ker(¢) = (0) and ¢ is
injective. Thus M is coprimary and N is a primary submodule of M. |

Example 1.14 It is not true that every primary submodule or even ideal is
irreducible. Consider I = (x,y)*> C K|z,y|, where K is a field. By Propo-
sition 1.8, I is (x,y)-primary. However, I = (x,y?) N (z2,y) and so I is not
irreducible.

Lemma 1.15 Let M be a finitely generated A-module. If N1 and Ny are both
p-primary submodules of M, then N1 N Ny is also p-primary.

Proof By definition, M/N; and M /N are p-coprimary. It follows easily from
the definition that M/N; @& M/Ns is also p-coprimary. Consider the map:

©: M — M/N,@® M/Ny
m+— (m+ Ni,m—+ Na)

16
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Then Ker(¢) = N3 N N3 and we have an injection:
M/(Nl ﬁNg) — M/N1 EBM/N2

Thus by Proposition 1.2, M/(Ny N N3) is p-coprimary. Therefore Ny N Ny is
p-primary. |

Theorem 1.16 (Primary Decomposition Theorem) Let A be a Noetherian
ring. If N is a proper submodule of a finitely generated A-module M, we can
write

such that:
(1) Each N; is p;-primary for some prime ideal p;.
(2) Ifi # j, then p; # p;.

(3) If N =(:_, N/ is another such decomposition, where N is p-primary for
i=1,...,s, then

{pr,opnt =P 0L}

and in particular, n = s.

Proof By Lemmas 1.12, 1.13, and 1.15, we can express N as a finite intersec-
tion of submodules (\;_; N; where for each 4, N; is p;-primary, with the prime
ideals {p1,...,pn} distinct.

To finish the proof, we will show:

(=) Suppose that p € {p1,...,p,}. WLOG assume p = p;. Write

Ny/NN---NN,/N=(NaN---NN,)/N
2 (N1 + (N2nN---NN,))/Ny
C M/Ny,

with the middle line following from the Second Isomorphism Theorem. Since
we have an injection

Ny/N -1 N, /N < M/Ny,

and since M/N; is p-coprimary, No/N N ---N N, /N is p-coprimary by Propo-
sition 1.2. Thus by Proposition 1.3, we have injections

A/p < Ny/N -1 N, /N < M/N.

17



1.2. THE PRIMARY DECOMPOSITION THEOREM

(<) Now suppose we we have an injection ¢ : A/p < M/N. Consider the
map
o:M— M/N, @& M/N,
m— (m+ Ny,...,m+ N,)
Clearly Ker(p) = N, and so we see that

%: M/N < P M/N;
i=1
is an injection. For i =1,...,n let 7 : @;_, M/N; — M/N; be the projection
map onto the ith coordinate. Then we have the following commutative diagram:

M/NE— @ M/N;
=1
Alp— -"% 5 M/N;

We wish to show that ¢; is injective for some i = 1,...,n. Suppose not, then
Ker(t;) # (0) for all ¢. Since A/p is a domain,

(0) # Ker(t1) - - - Ker(t,) C Ker(er) N---NKer(e,) = Ker(@ o).

This contradicts that o is an injection. Thus ¢; : A/p < M/N; is an injection
for some i. By assumption M/N; is p;-coprimary, so again by Proposition 1.3,
we see that A/p is p;-coprimary. By Proposition 1.4, p =p; € {p1,...,pn}. W

1.2.1 Primary Decomposition and Localization

Proposition 1.17 Let M be a p-coprimary A-module and let U be a multi-
plicatively closed subset of A. The following hold:

(1) If pNU = @, then UM is U~ 'p-coprimary.
(2) IfpNU # @, then U~'M = 0.

Proof (1) We need to show if ¢ € U~'p, then U~' M i> U~ M is nilpotent.
Since 1 is a unit in U~'A4, we can assume v = 1. If a € p, then M —= M
is nilpotent. So for some integer n > 0, M- M is the zero map. Thus
U=-'M - U~'M is the zero map.

If a ¢ p, then M —% M is injective. So U~'M —% U~'M is injective by
the exactness of localization.

(2) If pN U # @, then there is some u € p N U. Since M is p-coprimary,

M —% M is nilpotent. So there is an integer n > 0 such that M % M is the

zero map. Thus U~'M s U=1M is the zero map. Since u™ is a unit in U1 A4,
multiplication by u™ is an isomorphism. Thus U~'M = (0). [ |

18
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Corollary 1.18 If N is a p-primary submodule of M and p " U = @&, then
U~'N is a p-primary submodule of U"'M.

Theorem 1.19 Let A be a Noetherian ring and suppose N is a proper sub-
module of a finitely generated A-module M. Let

N=NNn---NN,
be a primary decomposition for N, where N; is p;-primary. Then

UIN=U'Nyn---nU'N;

m

is a primary decomposition of U N in U=*M, wherem < n andi; € {1,...,n}
forj=1,...,m.

Proof First note that if N = Ny N Ny, then U"'N = U !Ny NU"'Ny. To
see this, consider the commutative diagram of exact sequences below.

0 0

0
l l ]
| ! l

/

0 Ns M M/Ny ——0

| l |

OHNQ/(NlmNg)HM/Nl*)M/(Nl—l—Ng)*)O

1 1 1
0

0 0

By tensoring this diagram with U ! A4 and by diagram chasing, the claim follows.
Therefore, U"'N = U"'N;N---NU~!N,. By Proposition 1.17, if {i1,...,im}
are the indices such that p;, NU = @, then U"'N = U"'N; N---NU~'N; . B

Exercise 1.20 Let T be a submodule of U='M. Show that there exists a
submodule N of M such that U"'N =T.

Remark By Theorem 1.19 and the above exercise, we know how to find a
primary decomposition of any submodule of U1 M.

Lemma 1.21  Suppose that N C M is p-primary and U is a multiplicatively
closed set. Consider the canonical map:

n:M— UM

Hm
m = —
1

The following hold:
(1) IfpNU = @, thenn " (U"IN) = N.
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1.2. THE PRIMARY DECOMPOSITION THEOREM

(2) IFpNU # o, then ' (U~'N) = M.
Proof (1) Let x € n=Y(U™'N), thus z/1 € U~'N. Hence for some y € N:
r_y

1 U

Thus there is an element v € U such that

(zu —y)v =0

TUV = Yv.

From this we see that zuv € N. Since U is multiplicatively closed, uv € U.

However,

M W M

N N
is injective as M/N is p-coprimary and wv ¢ p. Since zuv € N we see that
x € N. Thus n~(U7'N) C N. The other containment is clear.

(2) This follows by Proposition 1.17. |

Using the techniques of localization and the above lemma, we are able to
say more about different primary decompositions of the same module:

Proposition 1.22  Suppose
Nin---NN, and  Nj,N---N N/

are two primary decompositions of N C M where N; and N] are p;-primary. If
pi is a minimal prime in {pi,...,pn}, then N; = N/.

Proof Suppose p; is minimal in {p1,...,p,} and let U = A — p;. Let n :
M — U~'M be the canonical map. Then

UIN=U'Nyn---NnU'N,=U'N/n---nU'N/..

Since p; is minimal, p; N U # @ for all j # 4. Thus by Proposition 1.17,
U~IN; = U7!N/. Therefore by Lemma 1.21,

Ni =0~ (UT'Ny) =0~ (UT'N]) = N].
]

Definition Primes appearing in a primary decomposition that are not minimal
are called the embedded primes.

Example 1.23  Note that the preceding proposition guarantees that p-primary
submodules in a primary decomposition are unique if p is a minimal prime but
this need not be the case if p is an embedding prime. Consider I = (2%, zy) C
klz,y] = A. Then I = ()N (2%, y) = (x)N (22, 2y, y?) are two different primary
decompositions of I. The minimal prime (z) corresponds to the (x)-primary
component () and the embedding prime (x,y) corresponds to the (x,y)-primary
ideals (x2,y) and (z,y)?. Thus Ass(A/I) = {(z),(z,y)}, but the primary de-
compositions of I are not unique.
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Proposition 1.24  Let U be a multiplicatively closed subset of A, and consider
the canonical map:
n:M—-U'M
m

H_
e

Suppose N is a submodule of U=*M such that N is U~ 'p-primary for some
prime ideal p. Then n~Y(N) is p-primary.

Proof Exercise. |
Let p be a prime ideal, and 1 : A — A, is the canonical map:
a
a— —
1

So p™A, is a pAy-primary ideal, since pA, is maximal in A,. By Proposi-
tion 1.24, n~1(p™A,) is p-primary.

Definition  Using the above notation, n~!(p™A,) is called the nth symbolic
power of p and is denoted by p(™. Note that p(™ D p™ and that p(™) is
p-primary.

Exercise 1.25 Can you find a prime ideal p such that p™ # p(™? If so what
is it? If not why not?

1.2.2 Associated Primes

Definition Let A be a Noetherian ring and M be a finitely generated A-
module. If N = (', N; is a primary decomposition of N C M such that
N; is p;-primary, then the prime ideals pq,po,...,p, are called the essential
primes of N. If N = 0, then the prime ideals py, ..., p, are called the associ-
ated primes of M and are denoted by Asss(M), or Ass(M) when there is no
confusion.

The following are corollaries of the definition and theorems above:

Corollary 1.26  Let A be a Noetherian ring and let M be a finitely generated
A-module. Then M = 0 if and only if Assa(M) = @.

Corollary 1.27 Let A be a Noetherian ring. Given a finitely generated A-
module M, a submodule N is p-primary if and only if Assa(M/N) = {p}.

Corollary 1.28 Let A be a Noetherian ring and M be a finitely generated
A-module. A prime ideal p is in Assa(M) if and only if there is an A-module
homomorphism

Alp—> M
14+p—zx,

where x is an element of M which is killed by p. Note that any x € M which is
killed by p defines an injection via the above map.
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Exercise 1.29  What is wrong with the following argument: Consider the poly-
nomial ring k[z,y] where k is a field. Since the prime ideal (x) is clearly (x)-
primary, by Corollary 1.27:

Ass(klz, yl/ () = {(z)}

However,

klz,y] oy, k2]

(z,y) (z)
and so by Corollary 1.28, (x,y) € Ass(k[z,y]/(x)). What!?

Definition A nonzero element a € A is called a zerodivisor on M if there
exists a nonzero element m € M such that am = 0. A nonzero element a € A
is called a nonzerodivisor on M if a is not a zerodivisor.

Corollary 1.30 Let A be a Noetherian ring, M be a finitely generated nonzero
A-module, and let

D ={a € A:ais a zerodivisor on M}.

Then
pu{ot= J »

pEAssa (M)

Proof (C) Clearly 0 € Upeass,(ar) s since Assa(M) # @. Let d € D, then
there exists m € M with m # 0 and dm = 0. By the Primary Decomposition
Theorem, we have that

(0)=N1N---NN,

where each submodule N; of M is p;-primary. Since m # 0, there exists i =
1,...,n such that m ¢ N,. Hence the image of m is nonzero in M/Nj;. Since

M/N; is p;-coprimary and since M/N; -4 M/Nj is not injective,
dep, U= U »
=1 pEAssa (M)

(D) Suppose that a is a nonzero element of p € Assa(M). We have an
injection
Alp— M
1+p—=x

where x is a nonzero element of M that is killed by p. Then az = 0 in M and
soa € D. ]

Corollary 1.31  Let A be a Noetherian ring and N be a submodule of a finitely
generated A-module M. Then

Assp(N) C Assg(M) C Assa(N) U Assg(M/N).
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Proof 1If p € Asss(IN), then we have injections A/p < N < M. Thus p €
Ass4(M). Now suppose p € Assa(M). Then we have an injection ¢ : A/p — M.
Case 1. Suppose that ¢(A/p)NN # (0). For any nonzero submodule 7' C A/p

and any nonzero t € T, the map A/p 5 Tis injective since A/p is a domain.
Since T = 1=*((A/p N N) is a nonzero submodule of A/p, we have injections
A/p— T < N. Thus p € Assu(N).

Case 2. Suppose that ¢(A/p) NN = (0). Then ¢ induces an injection A/p —
M/N and so p € Assa(M/N). [ |

Corollary 1.32 Let A be a Noetherian ring and M be a finitely generated
A-module such that M = M; & Ms. Then

Assg(M) = Assa (M) U Ass g (Ms).

Theorem 1.33 (Prime Filtration Theorem) Let A be a Noetherian ring. For
any finitely generated, nonzero A-module M, there exists a filtration of M,

M =My 2 M 22 M, =0),

such that for all i = 1,...,n, M;_1/M; = A/p; where each p; is a prime ideal.
Moreover, given any such filtration, Assa(M) C {p1,...,pn}

Proof Let S be the collection of submodules of M that have a prime filtration
as stated above. S # &, since for any p € Asss(M), we have an injection
t:A/p — M so that ((A/p) € S. Since M is Noetherian, S has a maximal
element, say M.

We claim M = Mj. Suppose not, then we have the exact sequence

0— My — M -5 M /My —s 0.

By assumption M/My # (0), so there exists a prime p’ € Assa(M/My). Thus
we have an injection j : A/p’ — M/My. Set T = j(A/p’) and Q = ¢~ 1(T).
Then we have a new exact sequence

0— My— Q—T— 0.

Since My has a prime filtration, and since Q/My = T = A/p’, Q has a prime
filtration. However, Q 2 M, contradicts that My is maximal in §. Thus, we
must have that M = M.

The second part of the theorem follows from Corollary 1.31. |

Proposition 1.34 Let A be a Noetherian ring, M be a finitely generated A-
module, and I = Anny(M). Then any essential prime of I is an associated
prime of M.

Proof Since M is finitely generated, we may write M = (a1,...,a,)A. Set
©:A— @ | M defined by

a— (aaq,...,aap).
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It’s easy to see that I = Ker(y), and thus A/ Ker(p) — @;_, M. By Corol-
lary 1.31, it follows that

Assa(A/T) C Assy (éM) C Assa(M).

By definition, associated primes of A/T are essential primes of 1. Thus essential
primes of I are associated primes of M. |

Remark The converse of the previous proposition is not true. For example,
if A= k[z,y] and M = A/(z) ® A/(z,y). Then Anny(M) = (z), which is
(x)-primary but that Ass(M) = {(z), (z,y)}.

Remark Since essential primes of an ideal I C A correspond to associated
primes of the quotient ring A/I, we sometimes call these associated primes of T
as well.

Proposition 1.35 Let A be a Noetherian ring and M be a finitely generated

A-module. Then
VAnny (M) = ﬂ p.

pEAssa (M)
Proof Exercise. |

Proposition 1.36  Let P be the collection of prime ideals of A that are minimal
in Asss(A). Then
Vo= ».
peP

Proof Exercise. |

Proposition 1.37 Let A be a Noetherian ring, M be a finitely generated A-
module, and p be a prime ideal. The following are equivalent:

(1) p is an essential prime ideal of a submodule N of M.

(2) M, #0.

(3) p 2 Anny(M).

(4) p 2 q for some prime ideal q € Assa(M).

Proof Exercise. ]

Definition The set of prime ideals p satisfying the four equivalent conditions
above are called the support of M, denoted Supp 4(M).

Corollary 1.38 Let A be a Noetherian ring and M be a finitely generated
A-module. The minimal elements of Assy(M) are the minimal elements of

Supp 4 (M).
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Exercise 1.39 Let A be a Noetherian ring and
0—-M —>M-—M' =0

be an exact sequence of finitely generated A-modules. Show that

Supp 4 (M) = Supp 4, (M") U Supp 4 (M").

Proposition 1.40 Let A be a Noetherian ring and M be a finitely generated
A-module. M has finite length if and only if Ass 4 (M) consists of maximal ideals
only.

Proof (=) Suppose we have a composition series of M,
M=M, < <M, =(0).

Then fori =1,...,n, M;/M;1 = A/m; for some maximal ideal m;. Since every
maximal ideal is a prime ideal, this is a prime filtration. Thus by the Prime
Filtration Theorem, Theorem 1.33, Ass4(M) C {my,...,m,}.

(<) Now assume Ass4(M) consists of maximal ideals only. By the Prime
Filtration Theorem there is a prime filtration of M, say

M=My<C---C M,=(0).

Then for ¢ = 1,...,n, M;/M;+1 = A/p; for some prime ideal p,. We want to
show p; is maximal for each i. So fix p = p;. Then

(Mi/Miy1), = (A/p), # (0).

Since (M;)p/(Miy1)p = (M;/M;11), # (0), we have that (M;), # (0). More-
over, M; — M implies that (M;), — M, by the exactness of localization.
Therefore M, # (0). By Proposition 1.37, p D q for some prime ideal q €
Assa(M). [ |

Corollary 1.41 (Finite Length Criteria) Let (A, m) be a local ring and M a
finitely generated A-module. Then the following are equivalent:

1) MM) < oo.

2) M is Artinian and Noetherian.

)
3) Supp(M) = Ass(M) = {m}.
)

(
(
(
(4

There exists t € N such that m*M = 0.

1.3 Arbitrary Modules

In this section we assume our ring A is still Noetherian but A-modules are no
longer assumed to be finitely generated.
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Definition Let A be a Noetherian ring. A prime ideal p is an associated
prime of M if there exists an injection A/p < M. We denote this set of primes
by Assa(M).

Definition If a € A, the map M —% M is called locally nilpotent if for
all m € M, there is a positive integer n (possibly depending on m) such that
a"m = 0.

Definition Let A be a Noetherian ring. An A-module M is p-coprimary if
the map M —% M is locally nilpotent for all a € p and is injective for all a ép.

Definition Let A be a Noetherian ring. Given A-modules N — M, N is a
p-primary submodule of M if M /N is p-coprimary.

Note that these definitions agree those in the finitely generated case, and
that the definition of a locally nilpotent map reduces to the definition of a
nilpotent map for finitely generated modules.

Proposition 1.42 Let A be a Noetherian ring. Given an A-module M, there
are submodules N (p) such that

©= () N
pEAssa (M)
where N (p) is p-primary.
Proof Fixp € Assa(M). Let
S ={N: N is a submodule of M and p ¢ Ass,(N)}.

Note S # & since (0) € S. Since A is Noetherian, S has a maximal element, say
N(p). We want to show that N(p) is p-primary. This is equivalent to saying

Assa(M/N(p)) = {p}.

Suppose that this is not the case, that is suppose there exists q € Assa(M/N(p))
and q # p. Then
Afq= M'[N(p) € M/N(p).

By Corollary 1.31
Assa(N(p)) C Assa(M') C Assa(M'/N(p)) U Assa(N(p)).

But by assumption, p ¢ Ass(N(p)) and as M’/N(p) = A/q and q is g-primary,
we have by Corollary 1.27 that Assa(M’'/N(p)) = {q}. Thus p ¢ Assa(M’)
which contradicts the maximality of N(p). Thus N(p) is p-primary. Further-
more, since

Ass (N Np|=o
pEAssa (M)

by construction, we have that (0) =, c g, (ar) V(P)- |
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CHAPTER 1. PRIMARY DECOMPOSITION

Exercise 1.43 Let A be a Noetherian ring and
S={I:1=Annx(zx) for some nonzero x € M?}.

Let J be a maximal element in S. Show that J is a prime ideal. Moreover,
conclude that J € Assa(M).

Exercise 1.44 Let f : A — B be a homomorphism of Noetherian rings. Let
M be a finitely generated B-module. Show that

Assa(M) = {f'(p) : p € Assp(M)}.

Hence Ass (M) is finite even if M is not finitely generated over A.
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Chapter 2

Filtrations and Completions

2.1 Limits

2.1.1 Direct Limits

Definition A nonempty set Z is called a directed set if (Z, <) is a partially
ordered set such that for every «, 8 € T there exists v € Z with o < v and

B <.

Definition A family of objects (X, )acz is a direct system indexed by a
directed set Z if for every o, € Z with a < 8 there exists a morphism
Yap : Xo — Xg such that:

(1) Yoo =1x, forall a € T.
(2) For any a, 8,7 € T where a < 8 < =, the following diagram commutes:

X, — 2 X,

N,

Definition A direct limit, which is an example of a colimit, of a direct
system (X, )aez is an object, denoted by lig(Xa), with morphisms ¢, : X, —
li_ng(Xa) such that for every o, € 7 with @ < 8 we have ¢g 0 Yo = @a.
Further, for every object Y with compatible morphisms v, : X, — Y, there
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CHAPTER 2. FILTRATIONS AND COMPLETIONS

exists a unique morphism ¢ making the diagram below commute for all o < 3:

Ve—-mmm—= hﬂ(XOJ
v
]
Xp
va },a . P
Xao

Example 2.1 If we consider the category of sets, where the morphisms are set
inclusion, then given Xg C X; C---C X, C .-+

lim (X;) = U x:.
i=0
Example 2.2 If X, are Abelian groups, then

. _ DX
hﬂ(XOc) - D ’

where D is the Abelian group generated by xl, — pap(ts) where z, € X, and
xl, and @q5(za)" are the images of x, and up(x;) in P X,.

Exercise 2.3  Suppose we have direct systems (Aq)acz, (Ba)acz, and (Co)aez,
over the directed set T and maps (¢q) : (Aa) = (Ba) and (¢q) : (Ba) — (Cq)
compatible with the direct systems, such that for every o € Z

0— Ay 2% B, Y% 0 — 0

is exact. Then

lim ¢q

lim o
0—>113Aa3—> @Ba£ lim Co. — 0

is exact. In other words, direct limit is an exact functor from the category of
direct systems of modules over a fixed directed set to the category of modules.

Exercise 2.4 Let U be a multiplicatively closed set and M be an A-module.
Let M, denote {1,u,u? ...} 7*M. Note that the collection (M,)ycy forms a
direct system since for any u,u’ € U, we have maps M, — My, and M, —
M. Show that UM = hg(Mu)

Exercise 2.5 Let M be an A-module. Show that M is the direct limit of its
finitely generated submodules.
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2.1.2 Inverse Limits
An inverse limit is the dual notion of a direct limit.

Definition A family of objects (X4)aez is a inverse system indexed by
a directed set Z if for every o, € Z with a < (8 there exists a morphism
Yap : Xg — X, such that:

(1) paa =1x, for all a € T.

(2) For any «a, 8,7 € Z, where a < 8 < =, the following diagram commutes:

Xy —2 X,

N\

Definition An inverse limit, which is an example of a limit, of a inverse sys-
tem (X, )aez, is an object, denoted by @(Xa), with morphisms ¢, : im(X,) —
Xq such that for all a, 8 € 7 with oo < 8 we have .5 0 pg = ¢,. Further, for
every object Y with compatible morphisms ¥, : Y — X,,, there exists a unique
morphism ¢ making the diagram below commute for all o < f:

Example 2.6  If we consider the category of sets, where the morphisms are set
inclusion, then given Xg 2 X1 2 --- 2 X, D -+,

hm ﬂ X;.

Example 2.7 The inverse limit can be constructed as follows: For a given
inverse system, (X, )acz, Write

lim(Xo) = {(a)acz : if & < 8, then 2o = pap(zs)} € [ Xa-
acl

The reader should check that this construction agrees with the definition of an
inverse limit.

We now will define the ring of formal power series as it will be very useful
in this chapter:
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CHAPTER 2. FILTRATIONS AND COMPLETIONS

Definition  Given a ring A, we can form the ring of formal power series in

X1,..., X, over A by considering all infinite sums of the form
o0
Zail _____ in Xt X0 where @iy ,...i, € A.
i=0

Sums such as these form a ring under the canonical rules for summation and
product. We denote the ring of formal power series over A in n variables by
Al[Xq, ..., X5].

Exercise 2.8 If B= A[Xi,...,X,] and [ = (X3,...,X,,). Show (A/I') form
an inverse system. Moreover, show that

lm(B/I") = A[X,.... X,].

Exercise 2.9  Suppose we have inverse systems (Aq)acz, (Ba)acz, and (Cy)acz,
over the directed set T and maps (¢q) : (Aa) = (Ba) and (¢q) : (Ba) — (Cq)
compatible with the inverse systems, such that for every o € T

0—s A, 25 B, Y5 0, — 0

is exact. Then
. l.g“ﬂoc . I'ana .
0— l&nAa — l&nBa — I&HC’(X
is exact. In other words, inverse limit is a left exact functor from the category of
inverse systems of modules over a fixed directed set to the category of modules.

Example 2.10  To see that inverse limits are not in general fully exact, consider
the following commutative diagram with exact rows:

PP k 3
0 Z Z 7/pZ 0
.p2 2
0 Z Z 7/ p*Z. 0
0 72,7 Z/p. 0
0 0 0

Taking inverse limits along the columns, we get

O—)O—)Z—>2p—>0,

which is not exact. (Here ip denotes the p-adic integers.)
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2.2. FILTRATIONS AND COMPLETIONS

2.2 Filtrations and Completions

2.2.1 Topology and Algebraic Structures

Definition A group G is a topological group if there exists some topology
on G such that the maps:

GxG—G G—G

(z,y) — xy T
are both continuous maps.

Definition A ring A is a topological ring if there exists some topology on
A such that the maps:

AxA—= A AxA—= A
(a,b) = a+b (a,b) — ab

are both continuous maps.

Definition If A is a topological ring, an A-module M is a topological mod-
ule if there exists some topology M such that the maps:

AxA— A Ax M —- M
(r,y) = o +y (a,z) — ax

are both continuous maps.

Exercise 2.11 Let G be a topological group with identity element e. If (N,)
is a system of basic neighborhoods of e, show that G is Hausdorff if and only if
{e} =, Na. Hint: A topological space is Hausdorff if and only if the diagonal
is closed.

2.2.2 Filtered Rings and Modules

Definition If A is a ring, we call a descending chain of additive subgroups
A=A2A412 - 24,2

a filtration of A if
AiA; CT A

We say that a ring with a filtration is a filtered ring.

Remark Note that from the definition above, the fact that A;A4; C A;4;
necessitates that each A; is an ideal of A.
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Definition If A is a filtered ring with filtration (A4,) and M is an A-module,
then M is a filtered module if

M=My2M 2 --2M,2---
is a descending chain of subgroups of M such that
AiMj - MiJrj.

Remark Note that from the definition above, the fact that A;M; C M;4;
necessitates that each M; is a submodule of M.

Definition Let M be a filtered A-module with filtration (M,,) and let N be a
submodule of M. Then setting N,, = N N M,, forms a filtration for N. This is
called the induced filtration.

Definition Let M be a filtered A-module with filtration (M,,) which surjects
onto another A-module N via a module homomorphism

w: M — N.
Setting N,, = ¢(M,,), we obtain the image filtration.

Definition A module homomorphism ¢ : M — N of filtered modules is called
a filtered map if

(M) C Ny,
Definition Suppose that ¢ : M — N is a filtered map. Then ¢ is called strict
if:
e(Mn) = @(M)N Ny,
~—— —_—
image filtration induced filtration

2.2.3 The Topology Corresponding to a Filtration

Let M be a filtered A-module—so A and M are both filtered. Treating (M,,)
as a fundamental system of open subsets of (0) we can define a topology on M.
For any x € M, the fundamental system of neighborhoods around z is (z+ M,,).

Exercise 2.12  Show that the topology defined above makes M a topological
module.

Thus by Exercise 2.11, M is Hausdorff if and only if

Ao
n=1

Definition A function d : M x M — [0, 00) is called a pseudometric if:

(1) For all z,y € M, d(x,y) = d(y, ).
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(2) For all z,y,2z € M, d(z,y) + d(y,2) > d(=z, 2).

If in addition we have that for all z,y € M, d(z,y) = 0 if and ouly if x = y,
then d is called a metric.

If M has a topology defined by a filtration as above, one may define a
pseudometric on M as follows: Fix any ¢ € (0,1). For any x,y € M define

d(I’ y) = Cn?

where n is the integer such that (x —y) € M,, — M,,+1; if no such integer exists,
then set d(x,y) = 0. If M is Hausdorff, then we have defined a metric. We will

define M to be the completion of M with respect to the metric defined by the
topology associated to the filtration. We have two different ways of constructing
this completion:

First Construction Recall that a Cauchy sequence is a sequence (z,,) € M
such that for all € > 0 there exists N such that n,m > N implies

d(pn, Tm) < €,

or in other words, for every Ny there exists N such that n,m > N implies that
Tn — Tm € Mp,. Call a sequences which converges to zero a null sequence.
Thus in our metric, a null sequence is a sequence (z,) such that for every L

there exists N such that n > N implies that x,, € M. We first construct M as
follows:

M= {Cauchy sequences in M }/{null sequences in M}

Second Construction Since M is a filtered module, let each M, in the
filtration be an open neighborhood of 0. Thus each M, is also closed in M since

M—M,= | (z+ M),
z¢ M,

which is a union of open sets. Then the quotient topology on M/M,, is the
discrete topology since 0, and hence every point, is both open and closed. Thus
M /M, inherits the discrete topology from the quotient topology and is hence
complete with respect to the metric associated to the given topology. Since
the product of complete spaces is complete, [, M/M, is complete under the
product topology. Define

M :]&n(M/Mn) ={Z, € M/M, :if n <m, then Ty, — T}

C ]O'o[ M/M,.

n=0

M is then a closed subspace of a complete metric space and hence complete.
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Exercise 2.13  Check that the two constructions above for the completion of
M are isomorphic as A-modules.

Recall that for X a metric space and Y a subspace of X then Y = u(Y)
where the bar denotes closure and ¢ is the inclusion map ¢ : X — X.

Exercise 2.14 If M is a filtered module with filtration (M,) and N is a sub-
module of M, then show

N = ﬁ (N + M,)
n=0

where N is the closure of N in the filtered topology.

Exercise 2.15 Let M be a filtered A-module. Show that the following are
equivalent:

(1) M is Hausdorff.
(2) Mazo My = 0.
(3) M is a metric space and not just a pseudometric space.

Exercise 2.16  If M is a filtered module with filtration (M,,), show that
M\n:L(Mn) ={(ZTn) :T; =0 fori <n and xp4; € M, fori > 1} C M.

Proposition 2.17  If M is a filtered A-module with filtration (M,,), and M is
its completion, then N
M/M, = M/M,

as A-modules. Moreover, ﬂzozo ]\/4; =0, so M is Hausdorff even if M is not.

Proof Let m, : [[,2y M/M, — M/M, denote the projection map. We leave
it to the reader to check that by restricting 7, to M C HZOZO M /M, we have:

. M
Ker(m,) & M, = lim ( - )
&\ Mo

The second statement then follows easily. |

Exercise 2.18 If M is a complete filtered module then the series
>_on
i=0

converges if and only if lim,, o (z,) = 0.

Proposition 2.19 If M is a complete filtered module, and N is a closed sub-
module of M, then M /N is complete in the quotient topology.
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Proof Let (T,) be a Cauchy sequence in M/N where T =z + N for z € M.
So there is some increasing integer function f : N — N such that

Tp+1 — Ty € Mf(n) = Mf(n) + N/N.

Thus p41 — T = Yn + 2, for some y, € N and 2, € My(,). Consider the
sequence:

r1, x1+21, T1+21+22, T1+z2+ 22+ 23,

This is a Cauchy sequence in M. By hypothesis M is complete so the sequence
has a limit, say x. Therefore

T= lm (T1+Z1+ - +Zp) = lim Tpy1.
n—oo n—o0

Exercise 2.20 Let A be a Noetherian ring. Let m be a maximal ideal in A.
Give A the m-adic topology and give An the mAgy-adic topology. Show that
A=A,

2.2.4 Graded Rings and Modules

Definition A ring A is called a graded ring if it can be written as a direct
sum of subgroups
oo
P An.
n=0

where A;A; C Ai4;. Further, elements of A; are called homogeneous elements
of degree i. Note also that a graded ring is a filtered ring with filtration (A’)

where -
A, =" A

Definition If A is graded ring:

A:AO@Al@"'An@"'
~—_— —m—

Ay
Then A, is called the irrelevant ideal of A.
Exercise 2.21  Show that:
(1) 14 € Ao.
(2) Ao is a ring.

(3) A is Noetherian if and only if Ay is Noetherian and A, is a finitely gen-
erated ideal of A.
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Definition A module M is called a graded module if it can be written as a
direct sum of subgroups

oo

D Mo,

n=0

where AZMJ g MfL’Jrj.

Definition Given a filtered ring A with the filtration (A,,), the graded ring
associated to the filtration is defined to be

Gr(A) == P Ai/Ai
=0

Definition  Given a filtered module M with the filtration (M,,), the graded
module associated to the filtration is defined to be

GI’(M) = @ Mi/Mi—i-l
=0

Remark  Since ]/\/[\/M\n ~ M/M,,

Gr(A) = Gr(A),

Gr(M) = Gr(M).

Exercise 2.22 Let A be a filtered ring that is Hausdorff under the given fil-
tration. Show that if Gr(A) is an integral domain, then so is A.

Example 2.23 It is possible that A is a domain, while Gr(A) and A are not.
Consider A = klz,y]/(y? — 2% — 23). Since y?> — 2? — 2® is irreducible, A is a
domain. Similarly Ay, is also a domain, where m = (x,y)A. However, we will
see later that A is flat over A and so A = k[[z,y]/(y* — 22 — 2®).

Proposition 2.24 Let A be a filtered ring and M, M’ , M" be filtered A-
modules. If
0— M L M5 M — 0

is exact and f and g are strict, that is,

fM}))=f(M)YnM, and  g(M,)=g(M)NM),

n

then
0— Gr(M") iy Gr(M) Srg Gr(M")— 0

is exact.

Proof  Clearly we have Im(Gr f) C Ker(Gr g) since Im(f) C Ker(g).
So let T € Ker(Grg). We can assume that T € M, /M, 1 for some n
since any T is a finite sum of such homogeneous elements. So ¢(T) € M} ;N
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g(M) = g(M,+1) by the strictness of g. So there exists x,+1 € M, 41 such that
g(l‘) = g(‘rn-l-l)' So g(x - xn-l—l) = 0. Since

~—

M L s M

is exact, there exists y € M, such that f(y) = z — xp41 € f(M,) by the
strictness of f. Hence (Gr f)(7) = T and so Ker(Grg) C Im(Gr f) also. To see
the injection and surjection on the ends, simply repeat the argument modifying
it as necessary. [ ]

Theorem 2.25 Let M be a complete filtered module and let N be a Hausdorff
filtered module. If f is a filtered map and

Gr f: Gr(M) — Gr(N)
is surjective, then f is onto and strict. Moreover, N is complete.

Proof Let y € N. Since N is Hausdorff, there is a n € N such that y €
N, — Np41. By assumption f,, : M,,/Mp+1 — Np/Npy1 is onto for all n. So
there exists x,, € M, such that f(x,) = 7 in N,,/N, 1, that is there exists
Ynt+1 € Npy1 with y,11 =y — f(x,). We may apply the same argument to ¥, 41
to get Tpt+1 € Myy1 such that f(zn41) = Unyr in Npy1/Npto. Continuing in
this way we obtain a sequence (x;);>0 with z; € M,4; such that

Yy — f(xn) — f@ng1) = — f(xn-i-l) € Nptit1

for all 4. Since lim,, o (z,) = 0, the following sum

o
T = § Tn4i
1=0

converges. We leave it to the reader to check that @ € M,, and f(z) = y. Thus
f is onto, N is complete, and f(M,,) = N,, so f is strict. |

Corollary 2.26 Suppose A is complete, and M is a Hausdorff filtered A-
module. Suppose further that Gr(M) is a finitely generated Gr(A)-module.
Let x1,...,xq be elements of M such that their images generate Gr(M). Then
M is generated by x1,...,x4 and M is complete.

Proof Because we can find homogeneous generators of a graded module over
a graded ring, let z1,...,2z4 € M such that z; € M,, — M and such that

Mit+1
x1,...,2q generate Gr(M) over Gr(A). So we have an onto map
f:AY - M
€e; — T;

We can define a filtration on A% by setting

(Aej); = {A o
j—mn.€i if 7 >n;.
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This filtration guarantees that f is a filtered map. Since Gr(f) is onto by con-
struction, the previous theorem tells us that f is onto and that M is complete.
Moreover, M is generated by x1,...,zq over A. |

Corollary 2.27 Let A be complete and M be Hausdorff. If Gr(M) is Noethe-
rian, then so is M.

Proof Take N C M to be any submodule. Set N, = N N M,,. Then the map
Gr(N) — Gr(M)

is injective by Proposition 2.24. Since Gr(M) is Noetherian, Gr(N) is finitely
generated. By the previous corollary, IV is finitely generated. |

Corollary 2.28 Let A be complete and M be Hausdorff. If Gr(M) is Noethe-
rian, then every submodule of M is closed in M.

Proof By the previous corollary, every submodule of M is finitely generated
and complete. Since every complete subspace of a Hausdorff space is complete,
we are done by Corollary 2.26. ]

2.3 Adic Completions and Local Rings

One of the most useful filtrations is the I-adic filtration.

Definition If M is an A-module and I is an ideal of A, then the I-adic
filtration is the filtration:

M2DIMDIPM2---2I"M D ---
In other words, the filtration (M,,) is given by M,, = I"M.

Definition If ] is an ideal of A, then we denote the associated graded ring by
Gr(A) =P 1 /1.
i=0
Similarly, given an A-module M, we have the associated graded module
Gry (M) := P 1'M/I" M.

=0

Definition If M is complete with respect to the metric defined by the I-adic
filtration, then we say that M is I-adically complete.

Definition If M is an A-module, the I-adic completion is given by
M :=lim(M/I"M).

If (A,m) is a local ring and M is an A-module, then by the completion of
M, denoted M, we mean the m-adic completion of M.
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Exercise 2.29 If B = A[X4,...,X,] and I = (X4,...,X,,), show that the
I-adic completion of B is

B = lim(B/I") = A[X1,..., X,].
Exercise 2.30 Ifp is a prime in Z, show that the p-adic integers are:
Zy = 1im(Z/p"Z)
Exercise 2.31  To further understand what is going on, show that:
CIX] € ClX]x) € C{X} € C[X] = C[X)

where C{ X } is the set of all convergent power series with respect to the (X)-adic
metric.

As an additional corollary to Theorem 2.25 we have:
Corollary 2.32 If A is a ring with a finitely generated ideal I such that:
(1) A is I-adically complete and Hausdorff, and
(2) A/I is Noetherian.
Then A is Noetherian.

Proof 1If I is generated by z1,..., 24, then Gry(A) is a quotient of the poly-
nomial ring (A/I)[X1, ..., X4], and hence Noetherian. Thus A is Noetherian by
Corollary 2.26. ]

While many of the following theorems will be stated for nonlocal rings, and
I-adic completions, the reader should be aware that the case of a local ring with
the m-adic completion is often most important.

Lemma 2.33 (Artin-Rees) If A is Noetherian with an ideal I, and M is a
finitely generated A-module with submodule N, then there exists m > 0 such
that

NOI™"M =I1"(NNI"M)

for allmn > 0.
Proof Note in the above theorem it is always true that
NOI™T™M D I"(NNI™M).
For the other containment, set
A=AdIoP®---,

M=MoIMaIPMa---
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and _
N=NONNIM&NNIPM@---.

Since A is Noetherian, I is finitely generated and hence Ais Noetherian as we
can surject A[X] onto A. Since M is finitely generated over A, M is finitely gen-

erated over g, and hence is also Noetherian. Thus N is finitely generated over
A. We may choose generators of N, 11, ..., N, such that each is of homogeneous
degree dy, ..., d} respectively, that is to say, n; € N N I% M. Set

m = max{dy,...,dg}.
Suppose x € N N I™T "M for n > 0. Then we may write
T =a1m +an2 + -+ apnk
where deg(a;) = m +n —d; > n. Thus a; € I"™. So we can write
z =b(aym + - + apmk)
where b € I" and a; = ba}. Therefore N N I™+t"M C I"(N NI™M). |

Definition Let A be a ring and M be an A-module with filtration (M,,). We
say the filtration (M,,) is I-good if there exists an integer j such that for all
1> 0:
My = I"M;

Remark The Artin-Rees Lemma implies that if N C M, and M is I-adically
filtered, then the induced filtration on N, (N N I"M), is I-good. Thus (I"N)
and (N NI"M) define the same topology on N and hence the completion of N
with respect to the two topologies are identical.

Exercise 2.34  Show that if A is I-adically complete, then I C J(A).

Corollary 2.35 Let (A,m,k) be a local ring. If M is a finitely generated A-
module, then

(M) :={the minimal number of generators of M}
=rank (M/mM).

Proof Consider a k-basis {by,...,b,} of M ®4 k. We claim that {by,...,b,}
is a minimal set of generators for M. Write

M= bA+mM
i=1
Setting M = M/ >"" | b;A we then have M = mM, and so by Corollary 0.29,
Nakayama’s Lemma, we see that M = Z?:l b;A. To see that this is minimal,
suppose that it is not, then we have 7' ¢;A = M. But now {¢1,...,% 1}

form a basis for M ® 4 k, a contradiction as M ® 4 k is a free module of rank
n. |
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Compare Corollary 2.35 with the following exercise:

Exercise 2.36 Let (A, m, k) be a complete local ring and let M be a Haus-
dorff A-module. Suppose there exist z1,...,x, € M such that Ty, ...,T, gen-
erate M /mM over A/m. Then z1,...,x, generate M over A. In particular
if ranky (M/mM) < oo, then M is finitely generated over A. Hint: Consider
Corollary 2.26.

To see how the Krull Intersection Theorem gets its namesake read the fol-
lowing corollaries:

Corollary 2.37 Let A be a Noetherian ring and I C J(A). If M is finitely
generated, then

"M =0.

DL

n=1

Proof Let N = ﬂf; I"M. By the Artin-Rees Lemma, Lemma 2.33, there
exists k > 0 such that for all n we have

N=NnI""*"M =" (NNI*M)=I"N.
Thus by Nakayama’s Lemma, N = 0. |

Corollary 2.38 Let A be a domain. If I is a proper ideal of A, then

oo

ﬂf”:().

n=1

Proof Let J = ()I". Then we have J = IJ. By Krull’s Intersection The-
orem, Theorem 0.28, there exists @ € I such that (1 —a)J = 0. Since A is a
domain and since [ is proper we must have that J = 0. |

Exercise 2.39 Let A be a Noetherian ring and let I C J be two ideals of A.
Suppose that A is J-adically complete. Show that A is also I-adically complete.

Lemma 2.40 If A is Noetherian with an ideal I and
0+N—-M-—=>T—0

is an exact sequence of finitely generated A-modules, then
0N->M—>T—0

is exact, where (/—\) denotes I-adic completion.

Proof By the Artin-Rees Lemma, Lemma 2.33, (I"N) and (N NI"M) define
the same topology on N. Hence the completions are identical. For all n we have
the following exact sequence

0— N/(N A I"M) I M/my 25 7/ —s o.
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Since by Exercise 2.9, taking the inverse limit of an inverse system of exact
sequences is left exact, we get the following exact sequence by Proposition 2.24:

0 — Jim N/(N N I"M) =5 Tim M/ 1" M % Yim T/ 1T

This can also be checked directly and in fact, the last map is onto. To see this
take (z,) € 1'£1T/I”T. We build a preimage of (z,,) by induction. Suppose we
have (y;)1<i<n where y; € M/I™M and such that ¢,(y;) = z;. By the above
remarks we have the commutative diagram with exact rows

fnt1 In+1

0—— N/N QI M 22yt 22, 1y — 0

| | |
00— N/NOI"M " myrim — s T/1r 0.

Note that the vertical maps are all surjective. Using this fact, a simple diagram
chasing argument produces y,41 € M/I"™*M such that ¢(y,41) = yn and
In+1(Yn+1) = Tpy1. So by induction we get (y,) € 1<£1M/I"M that maps to
(x,) via g. |

WARNING 2.41 If A is not Noetherian and I is an ideal in A, then the I-adic
completion is in general neither left nor right exact.

Corollary 2.42  If A is Noetherian with A-modules M and N, and I is an ideal
of A, then

M/N = M/N,

—

where (—) denotes I-adic completion.
Proof This follows from Lemma 2.40. |

Proposition 2.43  Let A be a Noetherian ring and I is an ideal of A. If M is
a finitely generated A-module and A and M denote the I-adic completion, then

]/\Z 2 MRy A.
Proof Consider the map

@ZM@AA\—}]/\I,
x® (an) = (anx).

Note that using the properties of direct sums and inverse limits we get that

®;, A (B, A). Suppose M is generated by d elements. Then there is an
exact sequence of the form

A% = A 5 M = 0.
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Then we have the following commutative diagram with exact rows
A @A —— AT @A —— M@ A—0

O

— —

As Ar M 0.

The exactness of the first row follows from the fact that — ®4 Aisa right exact
functor. The exactness of the second row follows from Lemma 2.40. Since ¢
and 1 are isomorphisms, 6 is also an isomorphism by the Five Lemma. |

Theorem 2.44 Let A be Noetherian and I an ideal of A. If A is the I-adic
completion of A, then R
A— A

is flat. That is, A is a flat A-module.
Proof This is clear in light of the previous propositions. |

Corollary 2.45 Let M be a finitely generated A-module and let N1, No C M
be submodules. Then

(1) NN N; = NN N,
(2) N+ Ny =N, + N,

Exercise 2.46 Let A be the I-adic completion of A for I a proper ideal of A.
Then

(1) For any ideal J of A, J = JA.
(2) TCIA).

(3) The maximal ideals of A are in bijective correspondence with the maximal
ideals of A that contain I. Further, if m is a maximal ideal with I Z m.
Then m = A.

2.4 Faithfully Flat Modules

Definition If A is a ring and M is an A-module we call M faithfully flat if
it satisfies any of the equivalent conditions of the following theorem.

Theorem 2.47 If A is a ring and M is an A-module then the following are
equivalent:

(1) The sequence of A-modules

N —- N —= N"
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is exact if and only if
M@sN - M@aN— Moy N

is exact.

(2) The sequence of A-modules
0N —=-N-—=N"=0
is exact if and only if
0 MRIAN - MRIAN—->Ma4N'" =0

is exact.

(3) M is A-flat and for all A-modules N,

M®a N =0 = N =0.

(4) M is A-flat and for all ideals I of A,

M®aA/T=0 = A=1

(5) M is A-flat and for all maximal ideals m of A,

mM C M.

Proof (1) = (2) Obvious.
(2) = (3) Clearly condition (2) implies that M is A-flat. Consider the
sequence of A-modules 0 — N — 0. Then

N=0<0— N — 0 is exact,
& 0—- N®as M — 0 is exact,
S M®a N=0.

(3) = (4) Take N = A/I.

(4) = (5) Let m be a maximal ideal. Since m C A we must have that
M/m=>=M®4qA/m#0. Thus mM C M.

(5) = (3) Let N be a nonzero A-module. We must show that M ®4 N # 0.
Let 0 # z € N and define

p:A— N,

a—a-x.

Let I = Ker(yp). If I is a proper ideal we can find a maximal ideal m containing
I. Then
IM CmM C M.
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Thus M/IM # 0 and we have an injection A/I < N. Since M is flat, M/IM —
M ®4 N. Therefore M ®4 N # 0.
(3) = (1) Now suppose that we have a sequence of modules

N Ly N2 N

and that
Moa N 247 pro, NM249 0@, N7

is exact. We have the following commutative diagram:

\/

N'/Ker(go f)

Since M is flat and since M ®4 (g o f) = 0 we get the following commutative
diagram after applying M ®4 —:

M ®@a N’ M ®@a N”

M» —"M®a(goF)

M ®4 (N'/Ker(go f))

Therefore M ® 4 (N'/Ker(go f)) = 0. By assumption then N/ Ker(go f) = 0.
So Ker(go f) = N and thus go f = 0.

Now set X =Im(M ®4 f) = Ker(M ®4 g). Since Im(f) C Ker(g) C N and
since M is flat we have the following commutative diagram

M @4 Im(f)C :

M ® 4 Ker(g)
M ®a N
In M ® 4 N we have then
X C Im(a) C Tm(8) C X.
Therefore Im(a) = Im(8) and so
0> M®aIm(f) > M ®4Ker(g) =0
is an exact sequence. Therefore so is

0 — Im(f) — Ker(g) — 0.

Therefore Im(f) = Ker(g), and original sequence is exact. |
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Example 2.48 If F' is a free A-module, then F is faithfully flat. To see this

note
F= A,

a€l
and so if
0=FesN=N
a€el

we see that N = 0. In particular, this means that polynomials rings over A are
faithfully flat.

WARNING 2.49 Recall that a module M is called faithful if
Annys (M) =0.

It should be easy to see that if an A-module is faithfully flat, then it is both
faithful and flat over A. However, the converse is not true! Consider Q as a
Z-module. We know that Q is Z-flat, and Annz(Q) = 0 so Q is faithful, however

Q®zZ/3Z =0 but 7/37 # 0.
Hence Q is not faithfully flat over Z.

Lemma 2.50 If
O—-M-—>N-—->P—0

is an exact sequence of A-modules and if P is flat, then for any module T'
0=>TRAM —>TRsN->TR4P—0
is exact.

Proof LetT be any A-module. Let F be a free module that maps surjectively
onto 7" so that we have the exact sequence

0—-K—=F—=T—=0.
Then we have the following commutative diagram
KRaM-—KQUN—KQq P——0

0—— FRIaM —FQyN——F®4 P——0

0——TRAM —TRIAN—TRP——>0
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The first two columns are clearly exact and last column is exact because P is
flat. Free modules are flat, so the middle row is exact. Clearly the first row
is exact also. It remains to check that the bottom row is exact (and not just
right exact). Since K ® 4 P — F' ® 4 P is injective, one can check by a diagram
chasing argument that T'®4 M — T ® 4 N is injective. |

Theorem 2.51 If f: A — B is a homomorphism of rings, then the following
are equivalent:

(1) A — B is faithfully flat.
(2) B is A-flat and for every ideal I of A, f~*(IB) = I.

(3) B is A-flat and for every A-module M, the map

M— M®s B,
r—r®l,

is injective.
(4) f is injective and B/Im(f) is A-flat.

Proof (1) = (2) By assumption B is A-flat. So let I be an ideal of A. Set
J = f~Y(IB) so that JB = IB. Since I C J we have the exact sequence

0—=-I1I—-J—J/I—0.
Since B is A-flat, the sequence
0—=+1®saB—=J®sB—=J/I®sB—0
is also exact. Thus

J/I®B=JB/IB
=0.

Since B is faithfully flat, we get by Theorem 2.47 that J/I =0 and so J = I.
(2) = (3) Consider the map

f:M— M®u B,
T xRy 1.

Let m € Ker(f) and consider the map

p:A— Am,
1= m.
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Now let I = Ker(y) so that A/I =2 Am. Then since B is A-flat we have the
following commutative diagram:

A T@A A2 AT Am—E— o M

ﬂA/I@AfJ \ lf
pR®alp

A/I ®4 BC M ®a B

Since f~!(IB) = I, we get that the map 14,7 ®4 f on the left must be injective.

This contradicts that fo ¢ = 0. Therefore fmust be injective.
(3) = (4) By (3) the map A - A®4 B sending a — a ® 1 is injective. So
let
0—->M —-M-—M"—0

be an exact sequence of A-modules. Then we have the following commutative
diagram

0 M’ M M 0

0O—— M @UB——MRyuB—M'" @4 B——0

0—— M @y B/A—— M ®4 B/A—— M" ®4 B/A——0

0 0 0

where all columns are exact by assumption and the first two rows are exact by
assumption and by the flatness of B. The last row is also right exact by the
right exactness of — ® 4 B/A. A simple diagram chasing argument shows that
the last row is indeed exact and hence that B/A is A-flat. (We leave this to the
reader to check, this diagram chase is sometimes called the Nine Lemma.)
(4) = (1) Let
0—-M —-M-—M' =0

be an exact sequence. We then have the same commutative diagram as in the
proof of (3) = (4). Now we have that the columns are exact by Lemma 2.50,
the first row is exact by assumption, and the last row is exact since B/A is
A-flat. A diagram chasing argument shows that the middle row is exact and
hence B is A-flat.

We now show that for any A-module M, if M ® 4 B = 0 then M = 0 from
which it follows from Theorem 2.47 that B is faithfully flat over A. Consider

49



2.4. FAITHFULLY FLAT MODULES

the exact sequence
0—+A—B—B/A—0.

Let M be an A-module. Since B/A is A-flat, the sequence
0-M—>M®sB—>M®@sB/A—0
is exact again by Lemma 2.50. Thus if M ® 4 B =0 then M = 0. |

Theorem 2.52 If A is a Noetherian ring with an ideal I, and A denotes the
I-adic completion of A, then the following are equivalent:

(1) A — A is faithfully flat.

(2) T C3(A) where J(A) is the Jacobson radical of A.

Proof (1)= (2 ) Suppose A — Ais faithfully flat. Take any maximal ideal m
of A. Then mA #+ A by the previous theorem. Suppose m 2 I. Then m+1 = A,
so we can write 1 = x +y with » € m and y € I. Since y € I, the element
u=>:2,y" is a convergent, well-defined element of A. But then

vu=(1-9)> y' =

=0

Thus = is a unit in A. But 2z € @ = mA - /Al, a contradiction. We conclude
m 2 I. 501 g mm maximalm = 3(14)

(2) = (1) Suppose now that I C J(A). Then for every finitely generated
A-module M we have (I"M =0 by Corollary 2.37. So the I-adic topology on
M is Hausdorff. Therefore M — M is injective. Since M is finitely generated,
MM AA. SoM — M®a Ais injective for all finitely generated A-modules
M. Thus M ® 4 A # 0. It remains then to show this for an arbitrary A-module
M.

Let M now be any A-module. We can write M as a direct limit of its
finitely generated submodules, M = @M Since each x € M is contained in

M; for some 7, and since M; — M; ® 4 A s injective for all i, M — M ® 4 A s
injective. |

Corollary 2.53  If A is a local ring and A is the m-adic completion then A — A
is a faithfully flat extension.

Definition If (A, m) and (B,n) are local rings, a homomorphism ¢ : A — B
is called local if p(m) C n.

Exercise 2.54 If f : A — B is a local homomorphism of local rings, f is flat
if and only if f is faithfully flat.
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Example 2.55 If A =C[Xy,...,X,] and I = (X1,...,X,,), then the I-adic
completion of A is C[X1,...,X,]. Is

CiX] = C[X]]

faithfully flat? To answer this we should ask ourselves, is I C J(C[X])? The
answer to this question is “No!” Thus, C[X] — C[X]] is flat but not faithfully
flat. However, the canonical injection (show that this is an injection)

CiX]x) = C[X]
is in fact faithfully flat by the above exercise.

As a final remark on completions, we note the Cohen Structure Theo-
rem guarantees that every complete, Noetherian local ring is a quotient of

V{zi1,..., 2], where V is a field or a complete discrete valuation ring. In
particular, this means that every complete local ring R is catenary, that is,
given any two saturated chains of prime ideals ¢ = po C p; C --- C p, = ¢

andq=p; Cp) C---Cypl,_ 1 Cp,, =g of R wehave m =n. This can fail
for arbitrary Noetherian local rings, although the construction of non-catenary
rings is rather involved.
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Chapter 3

Dimension Theory

In this chapter, we will develop the notion of the dimension of a module three
different ways. The Dimension Theorem will then show that over a local ring,
the three notions are actually equivalent.

3.1 The Graded Case

Definition If f:Z — Z is a function, we say that f is essentially polyno-
mial or polynomial-like if there exists P € Q[z] such that f(n) = P(n) for
sufficiently large n.

Note that it is an easy exercise to see that such a P as in the above defi-
nition is unique. Moreover, we define the degree of f to be the degree of the
polynomial P. If P = 0, then we say f has degree —1.

Definition Given the function f : Z — Z, define the standard difference
operator A to be

Af(n) = f(n+1) = f(n).

Definition We denote by By(z) : Z — Z for k > 0 the kth binomial poly-
nomial function defined by
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Note that

ABy(n) = Bi(n+ 1) — Bi(n)

~ (n41) n!
T k(n—k+1)! kl(n—k)!
_ _(n+Dn! (n—k+1)n!
Ckl(n—k+1) Kl(n—k+1)
B (k)n!
Ckl(n—k+1)!
n!

(k—1)!(n — (k—1))!

= By_1(n),

for k£ > 1, and for any function f : Z — Z we have

n)=Af(n+1)+ f(n—1)
= (zn:Af (i+1) ) + f(0).
i=1

Thus if Af(z) = Ag(z), then f(z) = g(z) + C for some integer C.
Proposition 3.1 Let f € Q[X]. Then the following are equivalent:
(1) f(z) is a Z-linear combination of the By(x).

2) f(n) € Z for alln > 0.

(2)
(3) f(n) € Z for n sufficiently large.
(4) A

4) Af(x) is a Z-linear combination of the By(x).

Proof The implications (1) = (2) = (3) and (1) = (4) are clear. We prove
(4) = (1) and (3) = (1).
For (4) = (1), suppose Af(x) = Y, myBy(x) for some my, € Z. Then Af(x) =
Yor Br(2) Y, mipAByq(x) = AY, mpBit1(x). By the remark above, f(n) =
(> p miBrti1(n)) + C - Bo(n) for some integer C, as required.
For (3) = (1), suppose f(n) € Z for all n > 0. We proceed by induction on
deg(f). Since Af(n) € Z for all n > 0, by induction we have that Af(x) is a
Z-linear combination of the By (x). As (4) = (1), we have that f(x) is a Z-linear
combination of the By(z).

]

Lemma 3.2 Let P be the set of essentially polynomial functions and let f :
Z — 7. The following are equivalent:

(1) feP.
(2) AfeP.
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(3) A" f =0 for some r > 0.

Proof (1) = (2) = (3) These are clear from the definitions.

(2) = (1) First note that if Af(n) = 0 for sufficiently large n, we have that
f(n+1)— f(n) =0, which implies that f(n+1) = f(n) for sufficiently large n.
Because f : Z — Z, we see that f must be constant for large n, showing f € P.

Now suppose that Af(n) = P(n) for n sufficiently large, where P(z) € Q[z].
By the previous proposition,

t
TL) = Z CLZ‘Bk Z aZABk+1 (Z a'LBk+1 ) )
=0

where ag,...,a; € Z. Let Q(x) = Ei:O a;Bry1(z). Then if we set g(n) =
f(n) — Q(n) then for n sufficiently large, we have that

Ag(n) = Af(n) — AQ(n) = P(n) — P(n) = 0.

Hence f(n) = Q(n)+c for n sufficiently large and for some constant c. Therefore
fep.

(3) = (1) This follows from (2) = (1) applied r times. |
3.1.1 The Hilbert Polynomial

Theorem 3.3 (Hilbert-Serre) Let Ay be an Artinian ring and A be the graded
ring
A=40AD--A D
At

where Ay is generated by z1,...,x, € A1. We see that we may think of A as
the algebra A = Ag[z1,...,x,]. Let M be a finitely generated graded A-module,

M=My®M D&M, D---,
where each M, is a finitely generated Ag-module. The following are true:
(1) Aa,(M,) < oo for all n > 0.

(2) Define the Hilbert function Hilbys(n) := Aa,(M,). Then Hilbys(n) is
essentially polynomial of degree at most r — 1.

(3) Suppose that My generates M over A. Then
A" Hilbys (n) < Xa, (Mo)
with equality holding if and only if
Y My®a, Ao[X1,..., X > M
mo®aX - X a-xt oz o mo
is an isomorphism where the X;’s are indeterminates.

Proof We will show this in several parts:

54



CHAPTER 3. DIMENSION THEORY

(1) To show Mg, (M,) < oo, it is enough to show that each M, is finitely
generated over Ay, as Ag is both Artinian and Noetherian. Take any M, and
suppose that mq,...,ms generate M over A with each m; homogeneous of
degree d;. Each element in M,, is then a sum of elements of the form

aa:zf = ~a:iij
where a € Ag and >_,_, i + d; = n. Given n and d; only finitely many 4;’s can

be found, so M, is finitely generated over Ay.

(2) Proceed by induction on r. If r = 0, then we have A = Ag and since M
is finitely generated over A this implies that M,, = 0 for n sufficiently large.
Thus Hilbas(n) = 0 for n sufficiently large and we have that the degree of
Hilby () = —1.

Now suppose our statement is true up through » — 1. Consider the exact
sequence

0—N—>M25M-—L—0

where N = (0 :p7 ) and L = M/xz. M. So both N and L are killed by z, and
hence are both graded modules over

A= Aglx]/,Ao[x] = A/z, A,

a graded ring with A, generated by r — 1 elements over Aj.
Now for each n we have an exact sequence

0— N, — M, =5 M, 1 — L,.1 — 0.
Since length is additive we get
Mo (Lng1) = Aag(Mpt1) + Aa, (M) — Aa, (N,) = 0.
And so we see that
Ao (Mni1) = Aag(Mn) = Aag (Lnt1) = Aag (Nn),
which shows us
AHilbys (n) = Hilbr(n 4+ 1) — Hilby (n).
By the inductive hypothesis, the right-hand side is essentially polynomial of
degree at most r — 2. Thus AHilbys(n) is essentially polynomial of degree at

most 7 — 2. By Lemma 3.2, we have the degree of Hilbas(n) is essentially
polynomial of degree at most » — 1. So by induction, we have proved (2).
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(3) (=) Suppose that M, generates M over A. That is aq,...,«as generate
M over A and each of the a;’s have degree 0. Consider the map

1/)2M0®A0 Ao[Xl,...,XT] — M

meaX - X m-a-alt oz

Then v is a graded map of degree 0. 1 is onto as M is generated by M.
Hence if F, is the free Ag-module generated by monomials X' --- X such
that Y i; =mn,

wn:MO@)AOFn _>Mn

is onto. So we have

AAo (Mn) S AAo (MO ®Ao Fn)
S AAo (MO) . N7

where N is the number of monomials X{'--- X/r of degree n. But what is
this value N7 Well whatever it is, it is the same as the number of monomials
X'+ X of degree n in the expression

A+Xi+ X7+ )+ X+ X3 4+--) - (I + X+ X2 +--0)
1 1 1

T1oX, 1-X, 1—-X,

But this is nothing more than the coefficient of X™ in

1

m where X = X1 = X2

N = (n—i—r—l).
r—1

Alternatively one can realize that the above formula is the one for choosing with
replacement n items from r types of item. Now by (1) we know that Hilby,(n) is
essentially polynomial of degree at most r — 1. So by Hilby,(n) we shall instead
now mean the polynomial equal to Hilbys(n) for large n. Thus for n sufficiently
large,

I
I
s

So we see that

| B B (n+7r—1)!
Hilbyy () = Aay (M) < Ay (Mo) - N = Aay (Mo) - o5
So we see that ( )"
. n+r—1)
Hilbys(n) < Aa, (Mp) - NG
and so
(ntr-1

(7‘ — 1)' . Hllb]u(’n) S )\AO(MO) . (

n!
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Taking the limit as n goes to infinity of both sides, we get
A" Hilbys (n) < Aa, (Mp).
Now if ¥ as described above is an isomorphism it is clear that
A" Hilbas(n) = Aa, (Mo).

(<) Conversely, suppose that A" 'Hilbys(n) = Aa,(Mp). We will show
that v as described above is an isomorphism. Proceed by induction on A4, (Mo).
Suppose that A4, (My) = 1 and so My = Ag/mg = k, where mg is some maximal
ideal of Ap. Consider the exact sequence

0— L— k[X1,...,X,] -5 M — 0,
where L is an ideal of k[X]. Likewise we have an exact sequence
0— L, —k[X1,...,X]n > M, —0.

Now we have
Ao (K[X]n) = Ay (Ln) + Aay (M)

and so
Hilbyx; (n) = Hilbr (n) + Hilbps (n).

From here we see
A" MHilbyx)(n) = A" 'Hilbz (n) + A" 'Hilbas (n).

However, by (2) we see that A"~ 'Hilbyxj(n) and A"~ 'Hilbys(n) are both of
degree zero, and since A4,(Mp) = 1, we have that they are both 1. Thus

A" Hilby (n) = 0

We claim that if L # (0), then A""!'Hilby(n) > 0. Suppose there exists
nonzero f € L and set d = deg(f). Since L is an ideal of k[X],,, we have that
f-k[X], C L. Thus

Ao (Ln) = Ao (K[X]f)n)-

Since k[X] is a domain, multiplication by f is injective. Therefore, f - k[X]
E[X] as k-modules. Thus

o~

Ao (KX f)n) = Aa, (k[X]n—a) = <n _:‘l_—'—;ﬂ : 1)'

and so A" 'Hilby(n) > 0.
Now suppose that Aa, (M) > 1 and look at

0— L— Mo[X] -5 M — 0
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where L = Ker(M). So we need to show that L = (0). Supposing L # (0), we
then have
Hilb s, x)(n) = Hilbr (n) + Hilbas (n),

and so
A" 'Hilbyy, x)(n) = A" 'Hilby,(n) + A" 'Hilby (n).

But A" Hilb s, x)(n) = Aa, (M) = A" 'Hilbys(n). Hence A" 'Hilby(n) = 0.
We claim that this shows that L = (0). Suppose that L # (0). Consider a
Jordan-Holder chain, that is

Mo 2 My 2 -+ 2 Mg = (0)

such that Mé/MéJr1 >~ Ag/m; = k; where k; is a field. Now we have the exact
sequence: _ ‘
0— M — ME— ki — 0

Applying — ® 4, Ao[X1, ..., X,] we obtain the exact sequence
0 — M X] — MEX] — ki[X] — 0 (%)

as Ag[X1,...,X;] is a free, hence flat, Ap-module. Since L # (0), there exists
i such that L € M{[X] but L ¢ MEX]. By (%), the image of L in k;[X] is
nonzero, call it L;. Now we have the surjection L — L; and hence we have

Hilby, (n) < Hilby,(n)
A" Hilby, (n) < A" 'Hilby (n),
but by an argument similar to the one above we see that A™~'Hilby,(n) > 0

and hence that A" 'Hilby,(n) > 0. So we see that L = 0 and hence our map 1
is an isomorphism. |

Definition The polynomial representative of the Hilbert function Hilbys(n) =
A, (My,) is called the Hilbert polynomial of M. We will abuse notation and
simply denote this polynomial by Hilbys(n).

Remark The previous theorem is saying that if A = k[z1,...,z,] and if M is
defined as above, then:

(1) Each M; is a finite dimensional vector space since A\, (M,,) = dimy (M,,) <
0.

(2) The dimensions of the vector spaces M; exhibit polynomial growth.

Definition If Hilby,(n) is of degree d, then the Hilbert multiplicity of M
is
o(M) = A%ilbys(n) = d! ag %f d>0
Aa, (M) ifd=0

where Hilbys(n) = agz? + ag_129 1 + - + a12 + ao.
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Definition With notation as above, we define the Hilbert series of M to be

HSp(t) :=> Hilbar(i)t' = Aa, (M)t

i>0 i>0

Because Hilbjs(n) is eventually polynomial, it follows that the Hilbert Series
is a rational function HSy(t) = (iqfi))T,

A, After reducing the rational function representation so that the numerator

where r is the number of generators of

is not divisible by 1 — ¢, we can write HSy(t) = % for some nonnegative
integer m so that h(1) # 0.

Example 3.4 Let S = K|z,y,z|, where S is a field and consider the graded
ideal (x2,yz). One checks that

So=K

Si=Kz+Ky+ Kz

So = Kay+ Kaz + Ky? + K2°

Sy = Kay? + Kaz2? + Ky? + K23

Sy = Kay® + Ka2® + Ky* + K2*

Sy =Koy '+ Kzz?' + Ky + K2

Thus the first few values of the Hilbert function of S/I are: 1,3,4,4,4,... and
Hilbg/r(n) = 4 for all n > 2. Thus the Hilbert polynomial of S/I is 4 and the
Hilbert multiplicity of M is 4. The Hilbert Series of M is then

14248

HSp(t) =143t + 42 + 463 + 4t* + - - ==

Exercise 3.5 Let S = Klx1,...,2,] be a standard graded (i.e. deg(z;) =1
for all i) polynomial ring over a field. Show that

1

HSs(t) = g

Exercise 3.6 Let S = K|[z1,...,x, and let M be a finitely generated graded
S-module. Suppose that

h(t)
(1 —t)m

where h(1) # 0. Show that e(M) = h(1).

HSu(t) =

3.2 The Hilbert-Samuel Polynomial

Lemma 3.7 If A is a quasi-local ring with maximal ideal m, and M, N, are
nonzero finitely generated A-modules, then M @ N # 0.
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3.2. THE HILBERT-SAMUEL POLYNOMIAL

Proof Arguing by contradiction, suppose M # 0, N # 0, and M ® 4 N = 0.
Then

0=(MRAN)@sA/m=M®4 (N®4 A/m)
=M ®4 N/mN
=M®sA/m@4/m N/mN
= M/mM®A/m N/mN.

At this point note that M/mM is a finite dimensional vector space over A/m. We
claim that M # 0 implies that M/mM # 0, for if M/mM = 0, then M = mM,
and hence by Nakayama’s Lemma, Corollary 0.29, M = 0. Since M/mM # 0
as a finite dimensional vector space over A/m and since N/mN # 0 as a finite
dimensional vector space over A/m, we see that M/mM ® 4/ N/mN # 0, a
contradiction. ]

Lemma 3.8 If A is Noetherian and M, N are finitely generated A-modules,
then
Supp(M ®a N) = Supp(M) N Supp(N)

Proof (C) Suppose that p € Supp(M ®4 N). Write

0#(M®aN)y =ZM®aN s R4,
2 M®aN,
=M ®aAy®a, Np
%JMP@)AF Ny.

This shows us that M, # (0) and that N, # (0).

(2) If p € Supp(M) N Supp(N), M, # 0 and N, # 0 we see by Lemma 3.7
that My, ®a, Ny # 0. This shows us that (M ®4 N), # 0 and so we see that
p € Supp(M @4 N). [ |

Lemma 3.9 Let A be a Noetherian ring and M a finitely generated A-module
such that for some ideal a of A, \(M/aM) < co. Suppose (M;) is a filtration of
M with respect to a, that is a™ M C M,, for eachn. Then we have the following:

(1) MM/M,) < oco.
(2) If N — M, then A\(N/aN) < cc.

Proof (1) First note that A(M/aM) < oo if and only if Supp(M/aM) consists
entirely of maximal ideals. Write

Supp(M/aM) = Supp(M ®4 A/a) = Supp(M) N Supp(A/a),
and

Supp(M/a" M) = Supp(M ®a A/a™) = Supp(M) N Supp(A/a™).
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But Supp(A/a) = Supp(A/a™). Thus, A(M/a"M) < oo for each n if and only
if A\(M/aM) < co. By construction we have the following exact sequence

M/a"M — M/M, — 0.

Hence A(M/M,,) < oo for all n > 0.
(2) Now if N <> M,

Supp(N/aN) = Supp(N) N Supp(A4/a) C Supp(M) N Supp(4/a).

But Supp(M) N Supp(A/a) = Supp(M/aM), hence Supp(N/aN) consists only
of maximal ideals and we see that A\(N/aN) < oo. |

Proposition 3.10 Let A be Noetherian, M finitely generated with a an ideal
of A such that A(M/aM) < cco. Let (M;) be an a-good filtration of M. Then

P((M;),n) := XN(M/M,,)
is essentially polynomial.
Proof Write
AP((M;),n) = P((M;),n+1) = P((M;),n) = A(M/My41) — M(M/My).

Since length is additive, we see that the right-hand side is A(M,,/M,+1) by
looking at the exact sequence

0— M,/Myy1 — M/My41 — M/M, — 0.
Now

Gr(M)=M/My & My/Mz @ -+ & My /My @ -,
Gro(A) = AJada/a®* @ @a"/a" @,

Note that while Grq(A) is Noetherian, and is generated by elements of a/a?, A/a
is not necessarily Artinian, and hence we cannot use the Hilbert-Serre Theorem,
Theorem 3.3. By assumption we have A(M/aM) < co. Hence

Supp (M /aM) = Supp(M) N Supp(A/a)
= Supp(A/ Ann(M)) N Supp(A/a)
= Supp(4/ Ann(M) ®4 A/a)
= Supp(A/(Ann(M) + a)),
and so we see A(A/(Ann(M)+a)) < co. But this shows us that A/(Ann(M)+a)

is Artinian. Now take B = A/ Ann(M) and b = (a+ Ann(M))/ Ann(M). Each
M, /M, 11 is a B/b-module. Now

Gre(B) =B/bob/b*@ - @b /b" T - ..
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is a graded ring which is a finitely generated B/b-algebra by elements of b/b?
and B/b is Artinian. Moreover, Gr(M) is a finitely generated Grp(B)-module
and Mg (M,,) = Ap(M,,). Hence by the Hilbert-Serre Theorem, Theorem 3.3,
Hilbgr(ary(n) = MM, /M, 41) is essentially polynomial and hence AP((M;),n)
is essentially polynomial, which shows us that P((M;),n) is essentially polyno-
mial. ]

Theorem 3.11 (Samuel) If A is Noetherian, M is a finitely generated A-
module, a is an ideal of A such that A\(M/aM) < oo, and (M;) is a filtration of
M such that a® M C M, then define

P,(M,n) := X(M/a"M).
The following are true:
(1) Pa(M,n) = P((M;),n).
(2) Suppose that (M;) is a-good. Then
P,(M,n) = P((M;),n) + R(n)

where the degree of R(n) is strictly less than the degree of Py((M;),n).
In particular, Pq(M,n) and P((M;),n) have the same degree and same
leading coefficient. Moreover the leading coefficient of R(n) is nonnegative.

Proof First we will prove (1). Since a™M C M,, we have the exact sequence:
0— M,/a"M — M/a"M — M/M, — 0

Thus
A(M/a"M) = N(M /M) (%)

and so by definition P,(M,n) > P,((M;),n).
Now for (2) we will start by defining

R(n) = XMM/a" M) — N(M/M,) = \(M,,/a"M).
Since (M;) is a-good, we see that there exists m > 0 such that
a" ™M C My = a"M,, Ca"M
for some large n. Thus we have the exact sequence
0— Mpyim/a" ™M — M/a" ™M — M/M,m, — 0.
and so A(M/a"t™ M) > \N(M/M,,+m). By (%) we see that
Po(M,n+m) > P((M;),n+m) > Py(M,n) > P((M;),n)

for large n. Hence P,(M,n) has the same degree as P,((M;),n) with the same
leading coefficient. So deg(R(n)) is strictly less than that of Py(M,n). Since
R(n) > 0 for every n, we see that the leading coefficient of R(n) must be
nonnegative. |
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Definition If A is Noetherian, M is a finitely generated A-module, a is an
ideal of A such that A(M/aM) < oo, then the polynomial Py(M,n) as defined

above by
P,(M,n):=AXM/a"M) for n >0

is called the Hilbert-Samuel polynomial of M with respect to a.

Definition (First Notion of Dimension) If (4, m) is a local ring and M is a
finitely generated A-module denote

dimpyg (M) := deg(Pn(M,n)).
Corollary 3.12  Properties of the Hilbert-Samuel polynomial Py(M,n):

(1) deg(Py(M,n)) < m where m is the minimal number of generators of

(a+ Ann(M))/ Ann(M).
(2) Suppose r is the minimal number of generators of a. Then
A"Py(M,n) < XN(M/aM).

Moreover, equality holds if and only if the canonical homomorphism

oo

a” M
M/CLM[Xl,...,XT] — @m
n=0
is an isomorphism.
Proof Follows from the Hilbert-Serre Theorem, Theorem 3.3. |

Proposition 3.13  If A is Noetherian, and a is an ideal of A let
0—-+L—->M-—-N=0

be an exact sequence of finitely generated A-modules such that A\(M/aM) < oco.
Then
Po(M,n) = Po(L,n) + Pa(N,n) — R(n)

where deg(R(n)) < deg(P.(L,n)).

Proof Since A(M/aM) < oo, we know that L/aL and N/aN both have finite
length, hence the equation we wish to show is well-defined. We have an exact

sequence:
L M N

LnNarM - an M - anN
Write L,, = LN a™M. By the Artin-Rees Lemma, Lemma 2.33, (L;) is a-good.
Thus A(Ma"M) = A(N/a"N) + AN(L/LNa"M) and so

P,(M,n) = Py(N,n)+ P((L;),n)
= Py(N,n) 4+ Py(L,n) — R(n),

0— —0

by the previous theorem. |
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Corollary 3.14  If (A, m) is local, let
0—+L—+M-—=N=0

be an exact sequence of finitely generated A-modules such that A(M/mM) < oco.
Then
dimpggs(M) = max{dimpgg(L),dimgg(N)}.

Proposition 3.15 Let A be Noetherian, M finitely generated, a an ideal of
A, and AM(M/aM) < co. Then the degree of P,(M,n) depends only on M and
Supp(M/aM).

Proof Let o’ be an ideal such that Supp(M/aM) = Supp(M/a’M). We will
show that deg(Py(M,n)) = deg(Py (M, n)). Note that

Supp(M/aM) = Supp(A/(Ann(M) + a))

and that
Supp(M/a’M) = Supp(A/(Ann(M) + o).

Moreover note that we have that
Ann(M) 4+ a = ﬂ p= ﬂ p=+Am(M) +a'.
p2(Ann(M)+a) p2(Ann(M)+a’)

Since A is Noetherian, and so Ann(M) + a and Ann(M) + o’ are both finitely
generated ideals show us that there exists m and m’ greater than zero such that:

(Ann(M) +a')™ C Ann(M) +a
(Ann(M) + a)™ C Ann(M) +d'.
We leave it as an exercise to now check that:
deg(Py(M,n)) = deg(Pann(r)+a)(A,7))
= deg(Pann(m)+ar)(4,7))
— deg(Par(M, )
[ |

Definition We define the Hilbert-Samuel multiplicity of a module M with
respect to a by
ea(M) := APy (M, n),

where d > 0 is the degree of the Hilbert-Samuel polynomial Py (M, n).
Corollary 3.16  If A is Noetherian, and a is an ideal of A let
0—+L—-+M-—->N=0

be an exact sequence of finitely generated A-modules such that A\(M/aM) < oco.
Then
ea(M) = eq(L) + eq(N).
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Proof This follows from Proposition 3.13. |

Proposition 3.17  If A is Noetherian, M is a finitely generated with A\(M /aM) <
oo where a is an ideal of A, and my, ..., m, are the maximal ideals containing
Ann(M) + a in A, then setting a; = aAn, we have

Po(M,n) = Py, (Mg, n).
1=1

In other words, to study the Hilbert-Samuel polynomial, it suffices to work over
local rings.

Proof Tostart, note that since Py(M,n) = Pann(ar)4a(M, n), we may assume
that M is an A/ Ann(M)-module. Thus we will assume that Anna (M) = 0,
and that A(A/a) < co. Hence

Assa(A/q) = {mq,...,m.}

is a set containing only maximal ideals. Now use the Primary Decomposition
Theorem, Theorem 1.16, to write

a:qlﬂ...mqr

where each q; is m;-primary. Since A is Noetherian, for each ¢ there exists t;
such that mf C q; and so the q;’s are pairwise comaximal. Thus

a=qy---q, andso a”=gq7---q;.
Thus by the Chinese Remainder Theorem,
Aja" = A/t & ---® A/q).

Now apply — ®4 M to obtain

M/a"M = M/q} ©--- & M/q; (%)
and define

a; = 0Am, = qiAm,.

Since A/q; is a local ring with maximal ideal m;, we see that

A/qi 2 An, /QiAm;, = Am, /0.
Similarly we see that A/q = Ap,/al. Applying — ® 4 M we see that

M/q} M = My, /a} M,

and so by (%) we obtain

M/a"M = 5 My, /a} My,
i=1
Thus Py(M,n) =Y, Pa,(Mu,,n). [ ]
The previous theorem shows us that the degree of P,(M,n) is a local prop-

erty and thus when A\(M/aM) < oo, so is the Hilbert-Samuel multiplicity of M
with respect to a.
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3.3 The Topological Approach

3.3.1 Basic Definitions
We will first recall some basic definitions from topology.

Definition If X is a set, a topology on X is a collection of subsets of X such
that:

(1) The union of any number of the sets in the collection is again in the
collection.

(2) The intersection of any two of the sets in the collection is again in the
collection.

(3) X is in the collection.
(4) The empty set is in the collection.
Definition A topological space is a set X equipped with a topology.

Definition A set Y is open in a topological space X if it one of the sets of
the topology of X.

Definition A set Y is closed in a topological space X if it is the complement
of an open set in X.

Definition Let X be a topological space, ¥ C X is called irreducible if
Y # Y1 UY5, where Y7, Y5 are two proper closed subsets of Y and Y # @.

Definition The closure in a topological space of a subset ¥ C X is the
intersection of all the closed sets containing Y and is denoted by Y.

Proposition 3.18 The following are true:
(1) IfY is irreducible, then Y is irreducible.

(2) Y is irreducible if and only if any two nonempty proper open subsets of
Y must have a nonempty intersection.

(3) Ifz € X, then {z} is an irreducible closed set.

(4) Y is irreducible if and only if every nonempty open set is dense in Y.
Proof Exercise. ]

Definition A closed set is called a maximal set if it is not contained in a
larger closed set.

Note that every irreducible closed set is contained in a maximal irreducible
set by Zorn’s Lemma.

Definition A maximal irreducible set in X is called a component of X.
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Definition If X is a topological space, X is called Noetherian if any of the
following equivalent conditions hold:

(1) Every nonempty family of open sets has a maximal element.
(2) Any increasing family of open sets terminates.

(3) Every nonempty family of closed sets has a minimal element.
(4) Any decreasing family of closed sets terminates.

Definition A topological space is called compact if every open cover of X
has a finite subcover.

Remark  Our definition of compact above does not include the assumption that
X is Hausdorff—recall that a Hausdorff space is one where given any two points
you can find open sets containing those points such that the intersection of the
open sets is empty. It used to be the case that all compact topological spaces
were taken to be Hausdorff and topological spaces that would be otherwise be
compact had they been Hausdorff were called quasicompact. However, the
restriction that compact spaces be Hausdorff is becoming less common and so
we will not require compact spaces to be Hausdorff.

Proposition 3.19 Let X be a Noetherian topological space. The following are
true:

(1) Any subset of X is Noetherian.

2) X is compact.

(2)
(3) Any open subset of X is compact.
(4)

4) If in addition X is Hausdorff, then X is a finite set with the discrete
topology.
Proof Exercise. |

Proposition 3.20 If X is Noetherian, then X = X U- --UX,,, where each X is
a component of X. Moreover, this decomposition is unique and any irreducible
closed set of X is contained in one of the X;’s as above.

Proof If X is Noetherian, then by Proposition 3.19 every subset of X is
Noetherian. Hence let

S = {Y CX: Y .is Closefl in X and Y is not a union}.
of irreducible closed subsets

Suppose that S # @. Then S has a minimal element, call it Z. Z is not
irreducible as Z € S. Thus Z = Z; U Z5, where neither Z; nor Z are elements
of S. Hence

Z1=V11UVigU---UVi,,
Zy=Vo1UVooU---UVag,
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where each V; ; is a component of Z; and each V5 ; is a component of Z5. Hence
Z=Vi2U---UVi,UVa1U---UVy,.

Now throw out V;; if it is contained in V5 ; and vice versa. Hence S has no
minimal elements and thus must be empty.

To see the second part of the proposition, let Y be an irreducible closed set
in X. Then

Y=YNnX
=YN(X U UX,)

= OYQXZ-.
i=1

Since Y N Xj, is closed and Y is irreducible, we see that Y N X; = & for each 4
except one. |

Definition Let X be a topological space, the dimension of X, denoted by
dim(X) is defined as

dim(X) := sup {d : there exists a chain Xo 2 --- 2 Xy Of}

length d of irreducible closed subsets of X,
Proposition 3.21  If X is a Noetherian topological space,
dim(X) = sup dim(Xj;)

where X; is a component of X .

3.3.2 The Zariski Topology and the Prime Spectrum

Definition If A is a commutative ring, the prime spectrum of A, denoted
by Spec(A), is defined as

Spec(A) := {p : p is a prime ideal of A}.

Similarly, the set of maximal ideals of a ring A is denoted by

MaxSpec(A) := {m : m is a maximal ideal of A}.
Example 3.22
1) If k is a field, Spec(k) = {(0)}.
2) Spec(z) = {(0),(2), (3), (5), (7), (11), (13), (17), ... }.
3) Spec(ClX]) = {(0)} U{(X —a):a e C}.
)

(
(
(
(4) Ifk is an algebraically closed field, Spec(k[X]) = {(0)}U{(X —a) : a € k}.
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We should note that in general, the prime spectrum of a ring is not easy to
compute.

Definition Let a be any ideal of A. Define
V(a) := {p € Spec(A) : p D a}.

We define the Zariski topology on Spec(A) as follows: Define V'(a) to be the
closed sets of Spec(A). One should check that:

(1) V(Cll) U V(ag) = V(Cll N 0.2) = V(Cllllz).
(2) M V() =V, a).

Now define the open sets to be the complement of the closed sets, that is, the
open sets of Spec(A) are sets of the form

_ _ . p does not contain the generators
Spec(d) = V(a) {p € Spec(4) : of the ideal a }

for some a C A.

On one hand the Zariski topology is very nice. It applies to all rings. How-
ever, there is a price to be paid. The Zariski topology is not Mr. Roger’s
Neighborhood. In general, Spec(A) under the Zariski topology is not Hausdorff.
In particular if A contains a unique minimal prime ideal, then then only closed
set containing it is all of Spec(A). This sort of point is everywhere dense and is
called a generic point.

Definition Let f be any element of A. Define
D(f) :=Spec(A) = V(f) = {p € Spec(A) : f ¢ p}.
Proposition 3.23  {D(f): f € A} form a basis of Spec(A).

Proof First we need to check
Spec(4) = | D(f)
feA

and this is clear.
Next we should check if whenever p € D(f) and p € D(g), does there exist
h such that
p € D(h) € D(f) N D(g)?

This is true as we merely need to set h = fg. |

Exercise 3.24 Show that Spec(C[X]) = {(0)}.
Definition Let Z be any subset of Spec(A). Define

I(Z):= [ ».

peZ
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Proposition 3.25  For any ideal a of A,

V(@) == Va
poa

Proof Exercise. |
Proposition 3.26 If Z; C Z, are two closed subsets of Spec(A), then

1(Z3) C I(Zy).
Proof Exercise. |
Proposition 3.27  For any subset Z of Spec(A),

V(I(Z2))=Z.
Proof Exercise. |

Remark From the previous propositions, one sees that there is a bijective in-
clusion reversing correspondence between closed sets of Spec(A) and the radical
ideals of A.

Proposition 3.28 If Z is a closed subset of Spec(A), then Z is irreducible if
and only if I(Z) is a prime ideal.

Proof (=) If I(Z) is not prime, then there exists a,b € I(Z) such that
a,b ¢ I1(Z) such that ab € I(Z). Set

L =1(Z) +a,
I, =1(Z)+0.

Hence V(I;) C Z and V(I2) C Z and more importantly V(I;) UV (lz) C Z.
However, I1I, C I(Z). Hence Z C V(I113) = V(I;) UV(lz). Thus Z =
V(I1) UV (I3) is not irreducible.
(<) Now suppose that I(Z) is prime. Since I(Z) is prime, V(I(Z)) =
{p € Spec(A)|p 2 I(Z)} = {I(Z)} is the closure of a point and hence it is
irreducible. |

Proposition 3.29 If A is a Noetherian ring, then Spec(A) is a Noetherian
topological space.

Proof Suppose A is Noetherian. Suppose Z1 2O Zs O --- is a descending
chain of closed subsets of Spec(A). Thus we have an ascending chain of ideals

I(Zy) C I(Z3) C ---. Since A is Noetherian, this chain eventually stabilizes,
that is, there exists n > 0 such that 1(Z,) = I(Z,,) for all m > n. Therefore,
Zn = Zn = V(I(Z)) = V(I(Zn)) = Zym = Zn for all m > n. n
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WARNING 3.30 The converse of the above proposition is not true. We leave
it as an exercise to show that if k is a field, then

E[X1, .., X, ]

A:
(XZ,... X2,

is not a Noetherian ring but Spec(A) is a Noetherian topological space.

Definition (Second Notion of Dimension) If A is a ring, the Krull dimen-
sion, denoted by dim(A), is the dimension of the topological space Spec(A). To
be explicit:

dim(A) = sup{d | there exists pg C p1 C -+ C pq such that p; € Spec(A)}.

This notion of dimension is often simply referred to as the dimension of a ring.
If M is an A-module, then

dim(M) := dim(A/ Ann(M)) = dim(Supp 4 (M)).
Example 3.31  While
dim(A) = sup{d : there exists po C p1 < - -+ C pg such that p; € Spec(4)}.

Nagata gives an example of a ring A such that A is Noetherian but with infinite
dimension in [14]. Let S = k[x1,x2,...] be a polynomial ring in infinitely many
variables over a field k. Set p; = (xgi-1,...,29i_1) and U = (;51(S — pi).
Consider the ring A = U~1S. One checks that the maximal ideals of A are
exactly m; = p; A for i > 1 and Ay, = Ry, is a Noetherian ring of dimension
2i=1. Therefore A is Noetherian while dim(A) = sup{dim(An,)|i > 1} = co.

Example 3.32 In the ring C[Xy, ..., X,] we have the chain of prime ideals
0) S (X1) S & (X0, Xn).
Thus the dimension of C[X1,...,X,] is at least n.

Suppose that a ring A has finite dimension. If my, ..., m, are maximal prime
ideals in Spec(A), then dim(A) = d implies that there exists a chain of length d
ending at one of the m;’s. Thus for some ¢,

dim(Ay,) = dim(A).

Hence we see that some questions about the dimension of a ring can be reduced
to questions about local rings.

Remark We can characterize dimension in two useful ways:
(1) dim(A) = supdim(Ay) where m € MaxSpec(A).

(2) dim(A) =supdim(A/p) where p is a minimal prime ideal of A.
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3.4 Systems of Parameters and the Dimension
Theorem

Definition (Third Notion of Dimension) Let A be a local ring and M a
finitely generated A-module. Define

dimgop (M) := inf{d‘there eXISts T1,...,Zq € M such}

that A(M/(z1,...,2q)M) < 00

If M is finitely generated as an A-module then, M /mM is finitely generated
as an A/m module. Hence as a vector space over A/m, M/mM has finite
dimension. If A is Noetherian, then we see that M/mM has finite length. This
idea helps motivate our next definition.

Definition Let A be Noetherian and M be a finitely generated A-module.
Then if dimg,,(M) = d, then any sequence 1, ..., x4 such that

AMM/(z1,...,2q) M) < 00
is called a system of parameters of M.

Theorem 3.33 (The Dimension Theorem) Let A be a local ring and M a
finitely generated A-module. Then

dim(M) = dimps(M) = dimgep, (M).

Proof We will show dim(M) < dimpgg(M) < dimgep(M) < dim(M).

dim(M) < dimpgg(M) We proceed by induction on dimpgs(M). Suppose
that dimpggs(M) = 0. Then

Pu(M,n) = A M/m"M)
is constant for n sufficiently large. Thus for large enough n,
MM /m" M) = M\(M/m" M)
which shows us that A(m"M/m" "1 M) = 0. Hence m"M/m" 1M = 0. So,
m"M =m" M = m(m" M)

and hence by Nakayama’s Lemma, Corollary 0.29, m"M = 0 and hence m™ C
Anny(M). Since

dim(M) = dim(A/ Ann(M)) = dim(A/+/Ann(M)) = dim(A/m),

we see that dim(M) = 0.
Now assume dimpgg(M) =n > 0. Take any maximal chain

PoCPL S Chm
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in Supp(M). We need to show m < n. We may assume that po is a minimal
element of Supp(M) (else we could consider a longer chain) and hence is a
minimal element in Ass4(M). So we have an injection

Set N = A/po. By Corollary 3.14, dimpyg(N) < dimpgs(M). So it suffices to
show that m < dimgg (V). Let « € p; — pg. Consider the short exact sequence

0— N-% N— N/zN — 0.
By Proposition 3.13, we have that
Pn(N,n) = Pn(N,n) + Pu(N/xN,n) — R(n),
where deg(R(n)) < deg(Pm(N,n)) = dimpyg(N). But then
Pun(N/xN,n) = R(n).

Thus dimpyg(N/zN) = deg(Pn(M,n)) = deg(R(n)) < n. By the inductive
hypothesis, dim(N/zN) < dimpgg(N/xN). Since

is a strict chain of prime ideals in Supp(N/xzN), we have that
m—1<dim(N/zN) < dimyggs(N/zN) <n—1.

Hence dim(M) = m < n = dimgg(M).

dimpgs(M) < dimgop(M) If n = dimge, (M), consider z1, ..., z, a system
of parameters for M. In this case we have by definition that

AM/(z1,...,20)M) < 0.

Consider a = (z1,...,2,). Now if we consider the image of a in A/ Anns (M),
we have that

a= (Elv"'af’n)

where T; is the image of x; € A/ Annu(M). By Proposition 3.15, dimgs(M)
depends only on M and

Supp(M/mM) = Supp(M/aM),
and thus we see that
dimpyg(M) = deg(Pn(M,n)) = deg(Py(M,n)) < n,

using that a is generated by n elements and applying Corollary 3.12.

73



3.4. SYSTEMS OF PARAMETERS AND THE DIMENSION THEOREM

dimg,p (M) < dim(M) We proceed by induction on dim(M). Clearly
dim(M) =0 < Supp 4 (M) = {m} < Assa(M) = {m}, & Aa(M) < 0.

So if dim(M) = 0, then dimg, (M) = 0.

Now assume that dim(M) = n > 0. Let p; be the minimal prime ideals
in Supp(M). By Corollary 1.38, these primes are also minimal in Ass(M) so
there are only finitely many such primes. By the Prime Avoidance Lemma,
Lemma 0.11, we may pick € m such that = is not in any of these minimal

primes. Thus
dim(M/zM) < dim(M)

and thus by induction, dimg,(M/zM) < dim(M/xM). But dimge,(M) — 1 <
dimgep(M/xM) and so

dimgep (M) < dimgep(M/zM) +1 < dim(M/zM) + 1 < dim(M).
Putting the above steps together we have shown
dim(M) < dimpys(M) < dimgep (M) < dim(M),
and hence dim(M) = dimpg(M) = dimgp(M). [ |
Corollary 3.34 If (A, m) is a local ring, then it is has finite dimension.

Proof Since A is Noetherian, m is finitely generated, thus dimge,(A) =
dim(A) is less than or equal to the number of generators of m. |

Corollary 3.35  If (A, m) is a local ring and M is a finitely generated A-module,
then .
dimA(M) = dimA\(M).

Proof We know from Proposition 2.17

M/m™M = M /mnM = M /"M,
and so Pm(M,n)zPﬁ(]\//f,n). |
Corollary 3.36  If (A, m) is a local ring, then

dim(A) = min{i : (a1,...,a;) = a where a is m-primary}.
Proof Let dim(A) = n, then there exists x = x1,...,x, a system of pa-
rameters of A such that A(A/x) < co. Thus (z1,...,x,) is m-primary. Since
dimgep(A) = n, we see that we cannot obtain y,...,y; with ¢ < n such that

AMA/y) < 0. So for any y1, ...,y with t <mn, (y1,...,y;) is not m-primary. H

Corollary 3.37 If A is a Noetherian ring, not necessarily local, consider any
decreasing chain of prime ideals in A

Po2p1 2 - 2pi 2

Then there exists n such that p, = pp41 =---.
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Proof If we localize at po, then dim(A,,) < co. So for some n

Pndp, = Pni1dp, =
and SO P, = Ppt1 = |

Definition If A is a Noetherian ring and p is a prime ideal of A, then the
height of p is

ht(p) = :
(p) SUP{” PSP S - ChPu1Cha=0p

_there exists a chain of prime ideals}

Remark Note that ht(p) = dim(A,).

Definition If A is a Noetherian ring and [ is any ideal of A, then the height
of Iis

ht(I) = inf{ht(p) : I C p}
= inf{ht(p) : p is minimal in Asss(A/I)}.
Exercise 3.38  Check that for any ideal I, ht(I) + dim(A/I) < dim(A).
WARNING 3.39 Even if I is a prime ideal, the above inequality may be strict.

Corollary 3.40 (Krull's Ideal Theorem) Let A be a Noetherian ring and p is
a prime ideal. Then ht(p) < n if and only if there exist ay,...,a, € p such that
p is a minimal prime containing (ay,...,ay).

Proof ht(p) = dim(4,) < n if and only if there exists

Z1 Tn

Sy
Uy Un

Z1 Tn
UI,...,un

is pAp-primary by Corollary 3.36. This is the case if and only if there exist
Z1,...,%, € p and p contains (z1,...,2,) minimally. |

in A, such that

Corollary 3.41 (Krull's Principal Ideal Theorem) Let A be a Noetherian ring
and z be an element of A which is not a unit or a zerodivisor. Then every prime
which contains () minimally has height 1.

Proof By Corollary 3.40 the minimal prime containing (z) has height at most
one. If ht(p) = 0, then p € Ass(A) by Corollary 1.38, which implies that every
element of p is a zerodivisor, contradicting that x is a nonzerodivisor. Therefore
ht(p) = 1. [ |

Corollary 3.42 Let (A, m) be a local ring and x be an element of m which is
not a zerodivisor. Then dim(A/zA) = dim(A) — 1.
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Proof This follows from the previous corollary and the definition of dimen-
sion. ]

Exercise 3.43 If (A, m) is a local ring and M is a finitely generated A-module
with x1,...,x; € m, then

dim(M/(z1,...,z;)M) > dim(M) — 1.

Equality holds if and only if x1,...,x; form part of a system of parameters for
M.

Exercise 3.44 Let A be a Noetherian ring of dimension at least 2. Then A
has infinitely many prime ideals of height 1.

Example 3.45 A ring A is Artinian if and only if dim(A) = 0.

Example 3.46 A PID has dimension one. So in particular, if k is a field, then
dim(k[X]) = dim(k[z])) = dim(Z) = 1.

Lemma 3.47 If A is a ring and P, C P, are two prime ideals of A[X] such
that

PPNA=PNA=p,
then P; = pA[X]
Proof Suppose not. Then
pAX]|C P C P

and so
(0) € P /pA[X] C Po/pA[X]

in A[X]|/pA[X]. Set U = A—p. Since L NU = P,NU = @, and since
localizations are exact, we have

(0) C UH(P1/pA[X])) © UTH(P2/pAIX])
is a strict chain of prime ideals in A,[X]/pA,[X] = U~'(A/p)[X]. But this
contradicts that dim(k[X]) = 1 when k is a field as k[X] is a PID, hence all
primes are principal and so are of height one or zero. Thus P; = p[X]. |
Lemma 3.48 If A is Noetherian and I is an ideal of A, then
ht(7) = ht(TA[X]).
Proof By the Primary Decomposition Theorem, Theorem 1.16,
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as A/I injects into A/I[X]. So it is enough to show that if p is a prime ideal in
A, then
ht(p) = ht(pA[X]).
Suppose that ht(p) = n. Then there exist a1,...,a, € p such that p D
(a1, . ..,ay) minimally. By the Primary Decomposition Theorem, Theorem 1.16,
we see that pA[X] D (a1, ...,a,)A[X] minimally. Thus ht(pA[X]) < n.
On the other hand, if

PoGPLG - Gpn=0p
is a chain of prime ideals where ht(p) = n, then
PoALX] C prA[X] & - - & pr A[X] = pALX]
is a chain of prime ideals in A[X]. Thus ht(pA[X]) > ht(p) and so we see that
ht(pALX]) = ht(p). m
Theorem 3.49 If A is a Noetherian ring, dim(A[X]) = dim(A4) + 1.
Proof First note that given a chain of primes po C --- C p,, in A, we can
construct the chain of primes poA[X] C - - € ppA[X] € p,A[X] + zA[X] in
A[X]. Tt is then clear that dim(A[X]) > dim(A) + 1, so it is enough to show
dim(A[X]) < dim(A) + 1. If dim(A) = oo, then there is nothing to prove. We
will proceed by induction on the dimension of A. If dim(A) = 0, then for P; a
prime ideal in A[X] write p; = P, N A. So if
P,CP C---CP,
then since dim(A) = 0, we have pg = p; = --- = p,,. Thus by Lemma 3.47, we

have
poA[X]:Pozplz"-: n—1 gpn

Thus n < 1 and so we see that dim(A[X]) = 1.
Now suppose that dim(A) =d > 0 and let Py C P, € --- C P, be a strict
chain of prime ideals in A[X]. Set p; = P, N A.
Case 1: Suppose that p,_1 C p,,. Then
dim(A,, ,) < dim(A).
By induction we then have that dim(4,, ,[X]) = dim(A4,, ,) +1 < dim(A).
In A,, ,[X] we have a strict chain

POAPnfl & PlAPn—l (S Pn*lApnfl

=

and thus
n—1<dim(4,, ,)[X] < dim(A).

Thus n < dim(A) + 1 and so dim(A[X]) = dim(A4) + 1.
Case 2: Suppose that p,—1 = p,. By Lemma 3.47, we have P, =
pn—1A[X]. By Lemma 3.48, we have ht(p,,—1 A[X]) = ht(p,—1). Thus

dlm(A) > ht(pn_l) = ht(Pn_l) >n—1.
Thus n < dim(A) + 1 and so we see that dim(A[X]) = dim(A) + 1. |
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Exercise 3.50 If A is Noetherian, show that
dim(A[X]) = dim(A) + 1
Hint: Does every maximal ideal in A[[X]| contain X7

Corollary 3.51 We have that if k is a field, then

dim(k[X1, ..., X,]) = dim(k[X1,..., X,]) = n,
dim(Z[X1, ..., X,]) = dim(Z[ X4, ..., X,]) = n +1,
dim(Z(p)[Xl, R ,Xn]) = dim(Z(p)[[Xl, R ,Xn] ) =n+4+1.

Example 3.52 Let k be a field and consider A = klw,,y, 2]/ (wy — 22, wz —
ry, 2z — y?) =2 k[[s?, 5%t st%,t%]]. Let’s compute the dimension of A. Set p =
(vy — 2%, wz — xy, 22 — y*) C k[w,z,vy,2]]. By abuse of notation, we identity
w,x,y, z with their images in A. Clearly pA C (w,z,y)A € (w,z,y,2)A is a
chain of prime ideals of A of length 2. So dim(A) > 2. Since

Af(w, 2) = kfw, 2,7y, 2]/ (wy — 2%, wz — 2y, 22 — y*, w, 2)
= k[w, z,y, 2]/ (w, z, 2% 2y, ).

Since v/ (w, z,22,y?) = (w, z,x,y), which is the maximal ideal of A, the elements
w, z form a system of parameters for A and hence dim(A) < 2. Combining these
facts we get dim(A) = 2.

Alternatively, we could compute the Hilbert-Samuel polynomial of A. Write
m = (w,x,y,2). Clearly A(A/m) = 1 and A\(A/m?) = 5. Now consider A/m"
forn > 2. We can identify A/m™ with k[w, z,y, z]/[(wy — 2?, wz — vy, 22 — y*) +
(w,z,y,2)"). So let p € klw,z,y, 2] have degree n > 2. Since z% — wy, vy —
wz,y* — xz are 0 in the the quotient, we can write p = a(w, z) + zb(w, z) +
yc(w, z) uniquely for a(w,z) € k[w, 2], and b(w, z),c(w, 2) € k[w, z]p—1. So
Am™/m") = (n) +2(n — 1) = 3n — 2. So Pu(A) = deg(A\(A/m")) =
deg (3n? — 2n). It follows that dim(A) = 2.
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Integral Extensions

4.1 Basic Properties

Definition Let A C B be commutative rings. An element b € B is called
integral over A if b satisfies a monic equation of the form

B 4+ ap " P+ -+ bag+ap=0

where ag, ...,a,—1 € A. If every element of B is integral over A, we say that B
is integral over A.

Proposition 4.1 Let A C B be commutative rings and let b € B. Then the
following are equivalent:

(1) b is integral over A.

)
(2) Ab] is a finitely generated A-module.

(3) A[b] is contained in a subring of B which is a finitely generated A-module.
(4) There exists an Alb]-submodule of B which is faithful as an A[b]-module

and is finitely generated as an A-module.
Proof (1) = (2) Suppose z is integral over A. Then
B 4+ ap " P4+ +abt+ap=0

for some ag,...,a,—1 € A. Thus A[b] is generated by 1,b,6 ...,b" ! as an
A-module.

(2) = (3) If A[b] is finitely generated, then taking B = A[b] gives A[b] as a
subring of a ring that is finitely generated as an A-module.

(3) = (4) If A[p] C C C B, where C' is a subring of B which is finitely
generated as an A-module, then C is faithful as an A[b]-module.
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(4) = (1) Suppose there exists an A[b]-submodule C' of B which is faithful
as an A[b]-module and finitely generated over A. Let cy,...,c, be generators
for C over A. Since C' is an A[b]-module, be; € C for all i. So we may write

bcy = ayicr +ajpce + -+ ag pcp,

bco = ag1c1 +azoca + -+ + a2 pCp,

b, = ap,1c1 + anaca + -+ appcp.

We can write this in matrix form as

b—aiqn —a1p2 - —ain c1 0
—az1 b—az2 -+ —azn c2 0
—Qn,1 —Qn,2 e b— An,n Cn 0

Let X be the n x n matrix shown. Let Y; be the identity n x n matrix with the
1th column replaced by the column in the above equation with entries ¢y, ..., c,.
Then by the above equation, the ith column in the product X -Y; will be the 0
column for all ¢. Thus det(X -Y;) = 0. Therefore

det(X)e; = det(X) det(Y;) = det(X - Y;) =0

for all i. Since C' is a faithful A[b]-module, det(X) € Annyp(C) = 0. So
det(X) = 0 and this monic equation in b gives an integral dependence for b over
A. |

Example 4.2 If X is an indeterminate over Z, it is clear that Z[X] is not an

integral extension of Z. However, Z|X]/(X?+ 1) 2 Z[i] is an integral extension
of Z.

Corollary 4.3 Suppose B = Alz1,...,x,] is a finitely generated A-algebra,
and suppose each x; is integral over A. Then B is a finitely generated A-module.
In this case we say that B is a module-finite A-algebra.

Proof Induct on n. The base case follows from the previous proposition.
Since x,, is integral over A, it is integral over C' = Alzy,...,2,—1]. Therefore
Clz,] = B is a finitely generated C-module. By induction, C is a finitely
generated A-module. It follows that B is a finitely generated A-module. ]

Corollary 4.4 Let A C B be rings. Then the set S of elements in b that are
integral over A is a subring of B containing A.

Proof Clearly A C S. So consider x,y € B which are integral over A. By the

previous corollary, A[x,y| is a module-finite extension of A. Since z — y,zy €
Alx,y], we get  — y,xy € S by Proposition 4.1. [ |
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Definition Let A C B be commutative rings. Let
A" ={be B:bis integral over A}.

By Corollary 4.4, A’ is a subring of B called the integral closure of A in B.
If A’ = A we say A is integrally closed in B. By the above proposition, A’ is
a subring of B.

If A is a domain, the integral closure of A, without reference to another ring,
means the integral closure of A in Frac(A4). We denote the integral closure of A
by A and when A4 = ,ZL we say that A is integrally closed.

Theorem 4.5 If A is a UFD, then A is integrally closed.

Proof Let z € Frac(A) and suppose 2" + a,_12" 1 + -+ + ajx + ag = 0,
where ag,...,a,—1 € A. Write z = % for relatively prime r,s € A. Clearing
denominators we have s(a, 17" "1 4+a,_2r" 25+ +a;rs" 2 +ags" ) = —rn,
and so s divides r™. Since A is a UFD and ged(r,s) = 1, s must be a unit.
Therefore z = = € A and hence A is integrally closed. ]

Remark The converse of the previous theorem is false. A = K[z, v, z|/(xy—22)
and Z[v/—5] are integrally closed domains that are not a UFDs.

Exercise 4.6  If A is integrally closed in B, and if U is a multiplicatively closed
subset of A, then U~'A is integrally closed in U~ 'B.

Exercise 4.7 Let A C B C C be rings where A C B and B C C are both
integral extensions. Then A C C' is an integral extension.

Proposition 4.8 Let A be a domain. Suppose that for every maximal ideal m
of A, Ay, is integrally closed. Then A is integrally closed.

Proof First we show that
A=()A4n
m

where m € MaxSpec(A). Note that for every maximal ideal m, A C A, C K
where K = Frac(A). So
AC()Anm.
m

Now take

xeﬂAm

and let T = (A :4 x). Suppose I # A. Then I C m for some maximal ideal m.
Since x € A we can write x = a/b with b ¢ m. But bx = a € A implies that
b € I C m; a contradiction. Therefore I = A. In particular x € A, so we have

A=()A4n.
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Now let x € K be integral over A. Then trivially z is integral over Ay, for
all maximal ideals m. Since A,, is integrally closed for every maximal ideal m,
we have that

ze()Am = A
m
So A is integrally closed. |

Remark By the previous proposition, we see that the property of being inte-
grally closed is a local property.

Proposition 4.9 Suppose A C B is an integral extension with B a domain.
Then A is a field if and only if B is a field.

Proof (=) Suppose A is a field and consider some nonzero b € B. Then b is
integral over A. So there is a minimal relation of the form

b 4 Ny 1" o XD+ Ao =0,

where Ag,...,A\p—1 € A and \g # 0. If A\g = 0, then by factoring out b and
using that B is a domain, we would get an integral relation of smaller degree.
So we can write

1 1

= (T N TR ).

; Ao( + A0+ A
Therefore B is a field.

(«=) Suppose B is a field and consider some nonzero a € A. Then a~! € B.

So ¢! is integral over A, meaning we may write

1\" " 1
(—) + A1 <—> + o+ N <—>+)\0—0,
a a a

where Ao, ..., \n_1 € A. Multiplying by a"~! we have
1 n—1
— ==X 1 —Ap_2a—---— Aga € A.
a
Therefore A is a field. |

Definition Let f: A — B be a map of rings and let and let a and b be ideals
in A and B respectively. We say that b lies over a if a = f~1(b).

Remark This will usually be used in the case where a and b are prime ideals
and A — B is an integral extension. Then f~1(b) = a becomes bN A = a.

Proposition 4.10 Suppose A C B is an integral extension and suppose that
P lies over p. Then P is maximal if and only if p is maximal.

Proof A/p — B/P is an integral extension. The rest then follows from
Proposition 4.9. |
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Proposition 4.11  Suppose A C B is an integral extension and let x be a
nonzerodivisor in B. Then xtB N A # 0.

Proof Pick an integral equation for x of least degree, say
2"+ ap12" P4+ F+ap=0, a; €A

Then
-1
x(z" " 4+ a1) = —ao.
If ag = 0, then since z is a nonzerodivisor, 2" ' + ap_12" 2+ ---+a; =0

is an integral dependence for x of smaller degree, a contradiction. Therefore
0+#ap € xBNA. |

Proposition 4.12 Suppose A C B is an integral extension. Suppose P is a
prime ideal of B, I is an ideal of B and PC I. f PNA=1INA then P=1.

Proof Letp=PnNA. Then A/p — B/P is an integral extension. If I # P,
then I/P # 0. Solet 0 # x € I/P. Since B/P is a domain x is a nonzerodivisor
on B/P. So by the previous proposition z(B/P)NA/p # 0. But this contradicts
INA=p. Therefore I = P. |

Proposition 4.13  Suppose A C B is an integral extension and suppose P lies
over p. Then P contains pB minimally.

Proof Suppose there exists a prime ideal @ of B such that pB C Q C P.
Then

PpCPBNACQNACPNA=p.
Then PN A= QN A. By the previous proposition @ = P. |
Proposition 4.14  Suppose A C B is an integral extension and suppose
PCPCCP
is a strict chain of prime ideals in B. Then
PPNACPNAC---CP,NA
is a strict chain of prime ideals in A. In particular dim(B) < dim(A).
Proof Follows from Proposition 4.12. |
Definition Let f: A — B be a map of rings. We say f has the Lying-Over

Property if for every prime ideal p of A there exists a prime ideal P of B such
that p = f~1(P).

83



4.1. BASIC PROPERTIES

Definition Let f: A — B be a map of rings, a an ideal of A, and b an ideal
of B such that f~!(b) = a. We say f has the Going-Up Property if given a
chain of ideals a C p where p is a prime ideal, then there exists a prime ideal
P in B containing b such that f~'(P) = p. Pictorially, the situation can be
described by:

A%B

U U
p—— 3P
@] @]
a——b

Remark Note that if Ker(f) € v/0, then the Going-Up Property implies the
Lying-Over Property as we may take b = (0) and a = Ker(f). In particular,
the Going-Up Property implies the Lying-Over Property when f is injective.

For the purposes of integral extensions, f : A — B is an inclusion and
f~1(P) becomes PN A. We will see through exercises later in the section that
the generality of the previous definitions will be used when discussing flat and
faithfully flat maps.

Theorem 4.15 (Lying-Over and Going-Up for Integral Extensions) Suppose
A— B

is an integral extension. Let p be a prime ideal in A. Then there exists a prime
ideal P in B lying over p. Moreover, P may be chosen to contain any ideal I
such that I N A C p. In other words, integral extensions satisfy the Lying-Over
and Going-Up Properties.

Proof Factoring out I and AN in B and A respectively, we may assume
that I = 0. Now let U = A —p. Then A, — U~'B is an integral extension.
Pick a maximal ideal m in U~'B. Then m N A4, is a maximal ideal of A, by
Proposition 4.32. Thus mN A, = pA,. Now take P = i;'(m) C B, where ip is
the localization map ip : B — U ~'B. Then P lies over p. [ ]

Corollary 4.16 (Integral Extensions Preserve Dimension) If A < B is an
integral extension, then dim(B) = dim(A).

Proof Let po C p1 C --- € p, be a strict chain of prime ideals of A. By
Theorem 4.15 there is a prime ideal P lying over po. By Theorem 4.15 there is
a prime ideal P; lying over p; containing FPy. Similarly we may pick Ps,..., P,
a necessarily strict ascending chain of prime ideals lying over po,...,p,. In
particular we have a strict chain of prime ideals Py C --- C P, in B. Therefore
dim(B) > dim(A). But by Proposition 4.14, dim(B) < dim(A). Therefore
dim(B) = dim(A). [ |

Corollary 4.17 Suppose A C B is an integral extension. Let I be any ideal in
B lying over an ideal a in A. Then ht(I) < ht(a).
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Proof Take any minimal prime p O a so that ht(a) = ht(p). By Theorem 4.15
there is a prime ideal P of B lying over p such that P O I. By Proposition 4.14
it follows that ht(P) < ht(p). Thus

hi(I) = inf hi(Q) < hi(P) < hi(p) = hi ()

Proposition 4.18 Suppose A is an integral domain, K = Frac(A), L is an
algebraic extension of K, and B is the integral closure of A in L. Then:

(1) L = U™'B where U = A — {0}; that is, if € L, then * = b/a where
be B and0# a € A.

(2) If o € Galg(L) and if a prime P C B lies over the prime p C A, then
o(P) also lies over p.

Proof (1) We have the following diagram:

B+ L

Jo

A—— K
Let z € L. Since L is an algebraic extension of K, there is a relation of the form
2"+ A1z 4 N =0,

where A, ..., \pn—1 € K. Since K = Frac(A), by taking a common denominator
we can write \; = a;/a for each ¢ where a, ag,...,a,—1 € A. Replacing the \;’s
and multiplying by a™ we get

(az)" + an_1(az)" " + ap_sa(ax)" 2+ +a,a” "t = 0.

Thus az is integral over A, and so ax € B. Hence z = % for some b € B.
(2) Let 0 € Galg(L). Let x € B. Then

2"+ an_12" P4+ ag=0.
Applying o we get
o(z)" 4+ an_10(x)" P 4+ +ag=0.

In particular o(B) is integral over A. Since B is the integral closure of A in L,
o(B) C B. Similarly we have 0~ 1(B) C B and hence B C o(B). Therefore
o(B) = B. Hence o is an automorphism of B. Let P be a prime ideal lying
over p. Since PN A =o0(P)NA=p, o(P) also lies over p. |

For the next couple theorems we recall some ideas from basic algebra.
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Definition Let L be an algebraic extension of K. Then L is said to be normal
over K if L is the splitting field over K of a finite number of polynomials.

Definition Let L be a field extension of K. Then L is said to be separable
over K if L is generated over K by a set of elements each of which is the root
of a separable polynomial in K[z], i.e. an irreducible polynomial with distinct
roots. An extension that is not separable is called inseparable.

Definition Let L be a field extension of K in characteristic p # 0. Then L is
said to be purely inseparable over K if there exists n > 0 such that o?” € K
for all @ € L.

Proposition 4.19 Let L be a normal extension of K and let G = Galg(L).
Then L is separable over LE and L€ is purely inseparable over K. Note that
L% denotes the subfield of L fixed by G.

Proof See your favorite algebra text, or see [7]. [ |

Theorem 4.20 Let A be an integrally closed domain and K = Frac(A). Let L
be a normal extension of K, let G = Galg (L), and let B be the integral closure
of Ain L. Let p C A be a prime ideal. Then G acts transitively on the set of
prime ideals in B lying over p.

Proof First assume that [L : K] < co. Write
G={o1,...,0n}

Let P,Q be primes of B lying over p. It is enough to show that P C o;(Q) for
some i, for then by Proposition 4.12, P = ¢;(Q). Suppose P Z 0;(Q) for any i.
Then by prime avoidance, Lemma 0.11, P ¢ |J"_, 0;(Q). So there exists z € P
with z ¢ 0;(Q) for all 4. Let

y=o1(x)- - on(2).

Since o;(y) = y for all i, we have y € L by the previous theorem. Thus y™ € K
for some m € N by the previous proposition. But then y™ € PN K = p.
Thus y € p € Q. Thus o;(x) € @ for some i. Hence, x € 0;(Q) for some
i, a contradiction. Thus P C 0;(Q) for some i, and by the earlier remarks,
P = oF3 (Q)

Now assume that [L : K] = oo. Then we can write L = |J, L; where for
each i, L; is a finite normal extension of K. Let P, Q be primes of B lying over
pin A. Let P, = PNL;and Q; = QNQ;. Let G; = Galg(L;). Let us write
(L;,0;) < (Lj,05) if L; C L; and oj|r, = 0;. This puts a partial ordering on
the set of pairs

{(Li,Ui) 1 0; € GalK(Ll) and O'l(,PZ) = Qz}

Further any chain
(Liy,04,) < (Liy,00,) < -+
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has a least upper bound, namely (U7 Lij,Uj 0i;). So we may apply Zorn’s
Lemma to state the existence of a maximal element (Lg,0q). We claim that
Lo = L. So suppose Lo C L. Pick z € L — Ly. Let L’ be a splitting field for x
over Ly inside L. By assumption

oo(PNLo)=QNLo
= Qo.

Let PP = PNL and Q' = QN L' and let o’ be any extension of oy to Galk (L').
Then o'(P’) and @’ both lie over Q. By the finite case there exists o” €
Galg, (L') such that ¢”(o'(P’")) = Q'. Write 0 = ¢” o0’ € Galg(L’). Then
o(P") = Q" and (Lg,00) < (L', 0), a contradiction. |

Definition Let f: A — B be a map of rings. We say the f has the Going-
Down Property if for all for p,q € Spec(A) and Q € Spec(B) where p C q
with @ lying over q, then there exists a prime P of B such that P lies over p
and P C ). Pictorially the situation can be described by:

A—1.p

U U

—Q

U U

p—— 3P

Theorem 4.21 (Going-Down for Integral Extensions) Suppose A is an inte-
grally closed domain, A — B is an integral extension of rings, and B is torsion
free over A. Then the Going-Down Property holds.

Proof There are two basic cases for the proof.

Case 1. Suppose B is a domain. Let K = Frac(A) and let L = Frac(B). Let
L to be the normal closure of L and let B to be the integral closure of B in L.
By the Lying-Over Property, we obtain @ in the following diagram:

B~——B

U U

Q—0Q
By the Going-Up Property there is a prime ideal Q' C B lying over q and
P’ C B lying over p such that P’ C Q'

A—— B

U U

g—Q

U U
p—— P
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Since @ and Q' both lie over q and since L/K is normal by Theorem 4.20,
there exists o € Galg (L) such that o(Q’) = Q. Thus o(P’) lies over p and
o(P") C 0(Q) = Q. Now take P = ¢(P')N B. Then P C QN L = Q and
PN A =p by construction.

Case 2. Now suppose B is torsion free over A. Suppose p C q are prime.
We want to apply Case 1, so given

A—— B
U U
g——Q
U
p

we first want a prime ideal P C @ such that PN A =p. Let Uy = A —p and
let Uy = B — @ and set U = U Us. Since B is torsion free over A, 0 ¢ U. Tt
follows that U is a multiplicative set in B and that n: B < U~'B. Let P’ be
any prime ideal of U~!B. Set P = n~!(P’) C B. One should check that P C Q
and PN A = (0). Setting B = B/P we still have an injection A — B where B
is a domain. We now have the following diagram

A—— B
U U
g—Q
U
p

where Q = Q/P is a prime in B lying over q. By Case 1 there is a prime ideal
P C B contained in @ lying over p. Finally, if ¢ : B — B, take P" = ¢~ }(P)
and check that P” C Q and that P” lies over p as required. [ |

Exercise 4.22 To show that the both the hypotheses are necessary in the
Going-Down Theorem, we give two examples, but leave the details as an exercise.

(1) Let A = k[X,Y] and B = k[X,Y,Z]/(Z* — Z,YZ) so that A — B is
an integral extension but B is not torsion free over A. Take Q = (Z —
1,X,)Y)C B, q=(X,Y) C A and p = (x) C A. Show that Q lies over q
but contains no prime ideal lying over p.

(2) Let A = k[X? XY,Y] and B = k[X,Y] so that A — B is an integral
extension but A is not integrally closed. Take Q = (X — 1,Y), q =
(XY,Y,X? —1)and p = (X% —1,XY —Y). Show that Q lies over q but
contains no prime lying over p.

Corollary 4.23  Suppose A is an integrally-closed domain, A — B is an integral
extension of rings, and B is torsion free over A. If p is a prime ideal in A and
P is a prime ideal in B, then P lies over p if and only if P O pB minimally.

88



CHAPTER 4. INTEGRAL EXTENSIONS

Proof (=) This follows from Proposition 4.13.

(<) Suppose P D pB minimally. Let ¢ = PN A. Suppose further that q # p.
Then by the Going-Down Theorem, there exists a prime ¢ C P such that
QNA=p. Since @NA=p, Q D pB. This contradicts that P contains pB
minimally. Thus PN A = p. ]

Exercise 4.24  Suppose A is an integrally-closed domain, A — B is an integral
extension of rings, and B is torsion free over A. Let b be an ideal in B and
a=bNA. Then htb = hta.

Exercise 4.25 Let A — B be flat. Then the Going-Down Property holds.
(And hence Spec(B) — Spec(A) is an open map.)

Example 4.26 Let k be a field. Let
P = ( s _yzay2 —:CZ,Z?’ _:C2Z) C k[xayvz]

and let A = k[z,y, z]/P. What is dim A? We note that A = k[t3,t*,¢5] and
that k[t3,t* 5] — k[t] is an integral extension. Since dimk[t] =1, dim A = 1.

Exercise 4.27 Suppose f : A — B is a ring homomorphism. Then the follow-
ing hold:

(1) If P is a prime ideal of B, then f~1(P) is a prime ideal of A.
(2) If we define f* as follows
f* : Spec(B) — Spec(A4),
P fH(P),
f* is a continuous map in the Zariski topology.
(3) Spec(A) is compact.

(4) Suppose A and B are Noetherian. The map f has the Going-Up Property
if and only if f* is a closed map, i.e. if V' C Spec(B) is a closed set, then
so is f*(V). (Can you do this without the Noetherian hypothesis?)

(5) Suppose A and B are Noetherian. The map f has the Going-Down Prop-
erty if and only if f* is an open map, i.e. if U C Spec(B) is an open set,
then so is f*(U). (Can you do this without the Noetherian hypothesis?)

Exercise 4.28 Suppose f : A — B is a ring map such that B a flat A-module.
Then f has the Going-Down Property and hence by the previous exercise f* is
an open map.

Exercise 4.29 Let f : A — B be a ring map such that B is a flat A-module.
Then f* : Spec(B) — Spec(A) is surjective (i.e. f satisfying Lying-Over) if and
only if B is faithfully flat over A.
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4.2 Valuation Rings

Definition Let R be an integral domain with field of fractions K = Frac(R).
Then R is a valuation ring of K if for every nonzerox € K,z € Rorz~ ' € R
(or both).

Example 4.30 Note that fields are always valuation rings as the defining con-
dition is vacuously true. For an example that is not a field, consider Z). If
% € Q \ Z,) with x,y relatively prime, then ply. Thus p = and so £ € Z,).

Theorem 4.31 Let R be a valuation ring. If I and J are ideals of R then
1 C J orJ CI; in particular, R is quasi-local.

Proof Suppose J € I. Then there exists and element € J — I. Fix any
nonzero y € I. If % € R, then x = y% € I, a contradiction; so % ¢ R. Since R
is a valuation ring, £ € R and so y = x2 € J. Therefore I C J.

It follows that the ideals of R form a totally ordered set. By Zorn’s Lemma,
R has a unique maximal ideal. |

Proposition 4.32  Let (R, m) be a valuation ring with field of fractions K =
Frac(R). Then

(1) m={ze K|z~ ¢ R}.
(2) R is integrally closed.
(3) If R’ is a ring such that R C R’ C K, then R’ is a valuation ring.

Proof (1) Since R is quasi-local, z € R is invertible if and only 7! € R if
and only if = ¢ m.

(2) Let x € K satisfy the integral dependence 2™ + a,—12"" 1 + -+ + ag = 0.
Suppose ¢ R and thus z=! € m. Dividing the integral dependence by 2"

we have Therefore 1 = —ap_127 " — a9 2 — - —apz™™ € m, which is a
contradiction.

(3) Suppose z € K ~\ R'. Then x ¢ R. Since R is a valuation ring, 27 € R C
R [ |

Proposition 4.33 Let K be a field, A C K a subring, and p a prime ideal of A.
Then there exists a valuation ring (R, m) of K such that R C A and mN A = p.

Proof Replacing A by A, we may assume that A is local and p is the maximal
ideal of A. Let F be the set of subrings B of K containing A such that 1 ¢ pB.
Since A € F and since unions of chains in F are also in F, Zorn’s Lemma
applies. So there is a maximal subring R € F. Since pR # R, there is a
maximal ideal m of R containing pR. Then R C R, € F and so R = Ry, by
the maximality of R. Since p C m and since p is maximal in A, mN A =p. We
claim then that (R, m) is a valuation ring.

Suppose ¢ € K — R. Since R C Rz], R[z] ¢ F and so 1 € pR[z]. So we can
write

l=qap+ar1z+ -+ a,z"
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for some ag,...,a, € pR. Since 1 — aq is a unit, we can rewrite this as
n
1=bixz+---bx",

where b1,...,b, € m. Among all such relations, pick one with n minimal.
If 7' ¢ R, then Rlz7'] ¢ F and so 1 € pR[z™!]. As above we can write

l=ciz 4+ Fepr™

for some ¢y, ..., ¢, € m. Again we pick such a relation with m minimal.
If n > m, then

1=biz+- - - +bx"
=bz+-+bz" — bz (I —ciz 4 Fepz™)
=bz 4 F by 12" (b — bpCp) ™™ A (b g — by )™t

is a relation of smaller degree than n, a contradiction. (If a constant appears,
we modify the equation as we did above.) Similarly if n < m, then we get a
contradiction by exchanging the roles of 2 and #~!. Therefore z~! € R and so
R is a valuation ring.

]

Theorem 4.34 Let K be a field and A C K a ring. Let B be the integral clo-
sure of A in K. Then B is the intersection of all valuation rings of K containing

A.

Proof Let B’ be the intersection of all valuation rings of K containing A.
Since every valuation ring is integrally closed, B C B’. Suppose = € K is not
integral over A so that x ¢ B. We wish to show that = ¢ B’; that is, there
is some valuation ring R of K with z ¢ R. Let y = =1, If 1 € yA[y], then
1 =a1y+asy?+---+a,y” for some ay,...,a, € A. Multiplying this equation
by =" we get 2" — a1z ! —asax” 2 — .-+ —a, =0, an integral dependence for
x. Since x is not integral over A, 1 ¢ yA[y] and so yA[y] is a proper ideal of
Aly]. So there is a maximal ideal n C Afy] containing yA[y]. By the previous
proposition, there is a valuation ring (R, m) such that Afy] € R C K with
mN Afy] =n. Since 7! =y € yAly] Cm, z ¢ R by Proposition 4.32. [ ]

Definition A totally ordered abelian group is a pair (G, <), where G is an
abelian group written additively, < is a total order on G and for all x,y, z € G,
c<ly=z4+2<y+z2

It is easy to check that (Z, <), (Q, <) and (R, <) are totally ordered abelian
groups, as is (Z", <jex), where <jox denotes the lexicographic order.

Now let R be a valuation ring with field of fractions K = Frac(R). Let
' = K*/R* with group law written additively. For «,8 € T, define a < § if
B —« is in the image of R~ {0} — T. It follows from the definition of a valuation
ring that (I, <) is a totally ordered abelian group.
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Definition Let K be a field and let (G, <) be a totally ordered abelian group.
Then a group homomorphism v : K* — G is a valuation if

v(z +y) = min{v(z),v(y)}
for all x,y € K such that z +y # 0.

Remark 1In some texts, a valuation is extended to all of K by insisting that
v(0) = oo, where oo > z for all x € G. This of course breaks the group
homomorphism property as K is not a group under multiplication, nor is G U
{o0} under addition.

It is easy to check from the definition that if R is a valuation ring with
fraction field K as above, v : K* — K*/R* =T is a valuation. Moreover we
see that v(z) = 0 if and only if x € R*. So from each valuation ring, we get a
valuation. The following converse also holds.

Proposition 4.35 Let K be a field and let v : K* — (G, <) be a valuation.
Set

R={xe K" |v(z) >0} U{0},
m={ze K"|v(z) >0}U{0}.

Then (R, m) is a valuation ring with group of units

R* =Ker(v) = {z € K" |v(z) = 0}.
Proof Exercise. |

Proposition 4.36 Let R be a ring. Then the following are equivalent:
(1) R is a valuation ring.

(2) (R,m) is a quasi-local domain such that every finitely-generated ideal is
principal.

Proof (=) That every valuation ring is quasi-local and a domain follows
from the definition. Let f1,..., f, € R. Pick f; with v(f;) minimal. For j # i,
v(f;)—v(fi;) > 0 and by the previous proposition % € R. Thus f; = fz% € (f)
and so (fi) = (f1,---, fn)-

(<) Let z,y € R. By assumption (x,y) = (2) for some z € R. Write z = az,
y = bz and z = cx +dy with a,b,¢,d € R. Then z = caz + dbz = (ca+ db)z and
soca+db=1as R is adomain. If a,b € m, then 1 € m, a contradiction. Thus

either a or b is a unit and hence either % = % or % = g isin R. |

4.3 Normal Domains and DVRs

Now we study what happens when we add the Noetherian condition into the
mix.
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Definition A Noetherian integrally closed domain is called a normal do-
main.

Example 4.37 k[X,...,X,] and k[X1,...,X,] are normal domains.

Definition Let (R, m) be a valuation ring with fraction field K and valuation
v:K* — T = K*/R*. The ring R is called a discrete valuation ring, or
DVR for short if I' = Z.

Example 4.38  The rings Z(y), k[ X]|, and k[X] x), where k is a field, are DVRs.

p)>

There are many ways of characterizing DVRs. The first characterization is
that, along with fields, they are the only Noetherian valuation rings.

Theorem 4.39 A valuation ring R is Noetherian if and only if R is a DVR or
a field. Moreover, every DVR is a local PID.

Proof (=) Suppose (R,m) is a Noetherian valuation ring that is not a field.
Then there exists r € R with v(r) > 0. By the Noetherian property, there exists
ro € R such that if r € m, then v(r) > v(rg) = go. Let g € G>¢ and consider
9,9 — 90,9 — 290, - ... Again by the Noetherian property these cannot all by
> 0. So there is the greatest n such that g — ngg > 0. By minimality of go,
g —ngo = 0 and so g = ngop; that is, G is infinite, cyclic, and generated by go.
(<) Let (R, m) be a DVR and suppose I is an ideal generated by fi, f2,... € R.
Since the value group is Z we can choose f; so that v(f;) is minimal. It follows
easily that I = (f;) and in particular R is Noetherian and a PID.

|

Example 4.40 To construct a non-Noetherian valuation ring, we must pick a
field with a valuation to some nontrivial totally ordered abelian group besides
Z. Consider I' = Z x Z, ordered lexicographically. Let k be a field and set
K = k(z,y). Define v : K* — T by setting v(z'y’) = (i, j) for i,j € Z. Check
that this uniquely defines a valuation v on all of K*. Then the valuation ring
associated to v is

r X
o g
Yy y m

) )

R=k {:vy

<8

T X
F7 y_3, e
non-Noetherian valuation ring but has Krull dimension 2.

where m = (:v, Y, %, ) . We leave it as an exercise to check that R is a

Proposition 4.41 (Characterization of DVRs)  Let (A, m) be a local domain.
Then the following are equivalent:

(1) Aisa DVR.
(2) A is normal and dim(A) = 1.
(3) A is normal and there exists 0 # x € A such that m is an essential prime

of Az. In other words, m € Ass4(A/Azx).
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(4) m #£ 0, and m is principal.

Proof (1) = (2) Suppose A is a DVR. Then by assumption A is a PID. Thus
dim(4) = 1. We also know that PID = UFD = integrally closed. Since A is a
domain and integrally closed, it is thus normal.

(2) = (3) Suppose A is normal and dim(A4) = 1. Take any 0 # x € m. Since
x € m, x is a system of parameters itself and so A(A/zA) < co. It follows that
Assg(A/zA) = {m}.

(3) = (4) Suppose A is normal and there exists 0 # x € A with Ass4(A/zA) =
{m}. Then A/m — A/xA. Let § € A/xA be the image of 1 under this map.
Then my C xA. Thus myz~! C A and so myz~—! is an ideal of A.

Suppose myz~! C m. Since y ¢ zA, yr~! ¢ A. Write z = yx~!. The
maximal ideal m is finitely generated, so we can write m = (x1,...,2,). So we
can write zz; = ) a;jx; for each i. So

—ai11 — @ipT2 + -+ (2 — axi) + 0 = Qi =0

for each i = 1,...,n. Using the same determinant trick as in Proposition 4.1,
we get that det(A)x; = 0 for all 4, where A is the matrix

Z —ai —a12 ce —Q1n
—a21 Z— a2 - —Q2n
—Qn1 —Qn2 e Z — Qpn

Thus det(A)m = 0. So by Nakayama’s Lemma, Corollary 0.29, det(A) = 0.
Thus z is integral over A. Since A is integrally closed, z € A. This is a
contradiction to z ¢ A. So we must have that myz~—! = A. But nowm = zy 1 A.
Thus m is principal.

(4) = (1) Set m = zA. Since « is a domain, z is a nonzerodivisor. So z™ # 0
for all n > 0. By Krull’s Intersection Theorem ?7, (1, 5,2"A = (0). So for any
y € A, there is a greatest integer m such that y € ™A ~ ™LA, Writing
y = uz™, then u ¢ m and so w is a unit. Thus if z € Frac(A), then z = vz” for
some unit v and some integer v. It is easy to check that setting v(z) = v defines
a valuation with valuation group Z and with valuation ring A. Therefore A is
a DVR. [ |

Theorem 4.42 (Serre) Let A be Noetherian, then A is normal if and only if
both of the following hold:

(1) A, is a DVR for all primes p of height 1.
(2) Forall0# x € A, if p € Ass(A/Ax) then ht(p) = 1.

Proof (=) Suppose A is normal. Pick a prime P with ht(P) = 1. Then
dim(Ap) = 1 and Ap is integrally closed. So Ap is a DVR. Now take Q €
Asss(A/xzA) for some 0 # x € A. Then QAq € Assa,(Ag/xAq). Since Aq is
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normal and since QAg is an essential prime of xAg, we have by the previous
proposition that Ag is a DVR. Thus dim(Ag) = ht(Q) = 1.

(<) Since A is a domain, for every ideal P of A with ht(P) = 1 we have
Am C Ap C Frac(A) for some maximal ideal m. Thus

A< ) 4w () A

meMaxSpec(A) PeSpec(A)
ht(P)=1

Thus to show A is normal it is enough to show that A = mP:ht(P):l Ap.
Take z € ﬂp:ht(P):l Ap. We can write z = x/y where z,y € A and y # 0.
Thus = € yAp for all P with ht(P) = 1. Let

yA=qiN---Ngq,

be a primary decomposition of yA, where q; is p;-primary. Then for each 1,
pi € Assa(A/yA) and so ht(p;) = 1. Thus yA,, = q;A4,, for each i. So
z € qAp, N A = q; for all i. Thus z € yA. So z = £ € A. Hence A is
normal. ]

Example 4.43  Consider f(x,y) = y* —2*(1+x) € k[z,y], which is irreducible
by Eisenstein’s Criterion. To see this, note x + 1 is prime in k[z] and divides
all coefficients of yy* but the leading term y? and (x + 1)? does not divide the
coefficient of y°.

Therefore, A = k[z,y]/(f(z)) is a domain. Is A normal? No, since % is
integral over A but is not in A. To see this, note £ = (1 + x)2 is an infinite
series. It follows then that A is not normal.

gl

Example 4.44 Consider A = klx,y,2]/(zz — y?, 2% — yz, 2%y — 2?). Note
A= k[t3,t4,45], and we have the integral extension

E[t3, ¢4, 5] — K[t].
Since klt] is the integral closure of k[t3,t* %], we see that A is not normal.

Example 4.45 k[x1,x9,...,x,] is a UFD, and so it is normal.

4.4 Dedekind Domains

Definition  An integral domain A is called a Dedekind domain if A is normal
and dim(A4) = 1.

Note then that a DVR is just a local Dedekind domain. Some authors modify
the definition to dim(A) < 1 to allow fields to be Dedekind domains. We do not
take that point of view.

Throughout this section A will be an integral domain and K = Frac(A) will
denote the field of fractions.
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Definition Let A be an integral domain and K = Frac(A4). A nonzero A-
submodule M of K is called a fractional ideal of A if all elements of M have
a common denominator; that is,

MgA-é for some 0 # d € A.

A fractional ideal M of A is called invertible if there is a fractional ideal M !
such that MM ~! = A. The set of fractional ideals of A is denoted D(A).

For any fractional ideal M C A - é, dM C A and so, as an A-module, M is
isomorphic to an ideal I of A. So if A is Noetherian, all fractional ideals of A
are finitely generated.

Remark If M; and M, are fractional ideals of A and K = Frac(A), then the
following are again fractional ideals of A:

(1) My + M,
(2) My N M,

(3) MiM,

(4) (My :x M) ={z € K : «My C My}

Proposition 4.46 Suppose M is an invertible fractional ideal. Then M~ =
(A ‘K M)

Proof We have that MM 1 = A. Thus M~! C (A :x M).
We also have

(A:x M)=(A:x M)A
= (A:x MYMM™!
cAM!
=M1

Thus M~ = (A :x M). [ |

Proposition 4.47 Suppose M is an invertible fractional ideal. Then M is
finitely generated over A.

Proof Since MM~! = A we can write 1 = >, min; where m; € M and
n; € M~ for each i. Now take = € M. Then

xr = Z m;n;xT
i
= Z a;my,
i
where a; = n;o € M—'M = A. Thus M is finitely generated over A. ]
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Proposition 4.48 If a finite product of fractional ideals is invertible if and
only if each fractional ideal in the product is invertible.

Proof Exercise. |

Proposition 4.49 Let [ be an ideal of A. Suppose I can be factored into
a product of invertible prime ideals. Then any other factorization of I into a
product of prime ideals is identical.

Proof Suppose I = P;--- P, where each P; is an invertible prime ideal and
also I = @ - - - @Q,, where each @; is a prime ideal. Pick a minimal prime P; in
{Pi,...,P,}. Then I C P;. Since P; is prime we must have Q; C P; for some
j. Similarly we must have P, C (); for some k. Since P; was minimal, i = k.
Therefore P; = Q);. Now consider IPl-_1 =P - PA’Z --- P, and use induction on
the number of factors. |

Proposition 4.50 Let A be an integral domain. Suppose every ideal can be
expressed as a product of prime ideals. Then every nonzero prime ideal is
invertible and maximal, in particular A is Noetherian.

Proof First we show that every invertible prime ideal of A is maximal. Let
P be an invertible prime ideal. Choose a ¢ P. By assumption we can write

P+a®A=Q1 Q.

Let (—) denote the image in A/P. Since (P + aA)? = P + a?A, we have that

Since the principal ideal (a2) is invertible, so are P; and @j for each i,j by
Proposition 4.48. By Proposition 4.49 we must have that n = m and for each
i there exists j with P; = Gj. Therefore by the Correspondence Theorem,
P, =Q; in A. Hence P + a?A = (P + aA)?. We now have

PCP+a’A=(P+aA)? C P?+aA,

so for any y € P we may write y = z + ax, where z € P? and x € A. Since
axr =y — z € P and since a ¢ P we have that z € P. Hence

PC P2+ PaCP
Thus
P=P%?+ Pa

= P(P + Aa).
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Since P is invertible there is a fractional ideal P! with PP~ ! = A. Hence

A=p7lp
=P 'P(P+ (a))
= P+ (a).

Therefore P + (a) = A and so P is maximal.

Now take any prime ideal P and pick some nonzero a € P. Write Aa =
Py --- P,, a product of invertible prime ideals. Since the principal ideal aA
is invertible, so are Pi,..., P, by Proposition 4.48. It is easy to see that P
must contain one of the P;, otherwise, consider a product of elements x; where
r; € P, — P and note that z...x2, € P;... P, — P, a contradiction. By our
work above each P; is maximal since they are each invertible. Therefore P is
itself maximal. Again by Proposition 4.48, P is invertible since the P;’s are
invertible.

Finally note that since any nonzero ideal I is invertible, we have II~1 = A.
Thus we can write Z?Zl a;b; where a; € I and b; € I~! for each 5. Thus for
any z € I, x =Y 1, (zb;)a;. So ay,...,a, generate I. Therefore every nonzero
ideal is finitely generated and A is Noetherian. ]

Theorem 4.51 Let A be a Dedekind domain. Then any fractional ideal M
can be written uniquely as M = pi* - --pI'~, where p; is a prime ideal and n; € Z
fori=1,...,r.

Proof First we show that every ideal can be written as a product of prime
ideals. Let a be an ideal. We may assume since (0) is prime that (0) # a. Let
a=gq;N---Ng, be a primary decomposition with q; being p;-primary. Since
dim(A) = 1, each p; is maximal. Thus A, is a DVR and so q;4,, = p;"* Ap,.
Since p; is maximal, p'* is p;-primary. So p;*A,, N A = p"™ = q;. Therefore

a=p N Npm =ppt ey

Since any fractional ideal M is contained in éA for some d € A, by writing
dM and dA as products of primes we can write M is a product of primes with
possibly negative exponents. |

Definition Let A be a Dedekind domain. Given a prime p, we define for a
fractional ideal M, vy, (M) = n if M = p"p7*---pI~ is the factorization of M.
The function vy, is called a discrete valuation.

Proposition 4.52 Let v, be a discrete valuation for the Dedekind domain A,
with K = Frac(A). Then for fractional ideals My, My :

(1) vp(M1 + Mz) = min{vy (M), vp(M2)}
(2) vp(My - Ma) = vy (My) + v, (M2)
(3) vp (M1 N Mz) = max{vy,(M1),vy(M2)}
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(4) vp((M1 1k Ma)) = vy (M1 M)
(56) My C My if and only if v,(M7) < v, (Ms) for all primes p.
Proof Exercise. ]

Corollary 4.53 Let My be a fractional ideal in a Dedekind domain A. Then
M, is an integral ideal, My C A, if and only if v,(M) > 0 for all primes p.

vp (M) — vp(M2)

Theorem 4.54 Let A be an integral domain. Then every ideal in A is a
product of prime ideals if and only if the fractional ideals of A form a group
under multiplication.

Proof (=) This is clear from the above.

(<) So assume the fractional ideals of A form a multiplicative group. Since
every ideal of A is invertible, it is finitely generated by Proposition 4.47. So A
is Noetherian. Consider the family

F = {ideals a C A : a is not a product of primes.}.

Suppose F # @. Then F has a maximal element, say a. Clearly a cannot be a
maximal ideal so there exists a maximal ideal m with a C m. So am™! C A.
We clearly have a € am~!. If a = am™! then also a = am. But a is
finitely generated so by Krull’s Intersection Theorem 0.28, there is m € m such
that (1 — m)a = (0). This is a contradiction as A is a domain. Therefore
a C am~! C A. Therefore, since a was maximal in F, am~! ¢ F. So we can
write am™! = pt - pP. Soa= mp?_l ---pir. contradicting a € F. Therefore
F=0o. [ |

Theorem 4.55 Suppose A is an integral domain. Then A is a Dedekind
domain if and only if every ideal can be expressed as a product of prime ideals.

Proof (=) This follows from Theorem 4.51.

(<) By the previous theorem every nonzero ideal is invertible. By Propo-
sition 4.50 we have that every nonzero prime ideal is maximal. Therefore A is
Noetherian and dim(A) = 1. We must show that A is integrally closed. Set
K = Frac(A). Take x € K — A. Suppose z is integral over A. Then

4 ap_12" P +ay=0

for some a; € A. Since x € K we can write x = %, where A\, € A. Since we
can write
2" = —ap 12"t — - — ag,

and since the right hand side contains denominators p; for i at most n — 1,
we have that p"~tz™ € A. Setting d = u"~' we have that dxt € A for all
t > 0. Let P be any nonzero prime ideal. Then vp(dz') > 0 for all ¢ > 0. By
Proposition 4.52, vp((d)) + tvp((z)) > 0 for all ¢ > 0. Thus vp((z)) > 0 for all
P € Spec(A) — {(0)}. Therefore z € A. So A is integrally closed. |

Corollary 4.56 If A is a Dedekind domain, then its group of fractional ideals
D(A) is isomorphic to the free abelian group on the nonzero prime ideals of A.
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4.5 The Krull-Akizuki Theorem

Definition Given a domain A and an A-module M we define the rank of M,
denote rank 4 (M), to be the following vector space rank

ranky (M) := {rankg (K ® 4 M)},
where K = Frac(A). If A is not a domain we define the rank of M to be
ranka (M) := max{rank,,(M/pM) : p is a minimal prime of A}

Lemma 4.57 Let A be a Noetherian domain with dim(A) < 1 and M a torsion
free module over A of rank r < co. Then for any nonzero a € A,

AM/aM) <r-A(A/aA).

Proof We first prove the finitely generated case.

Case 1 Assume M is finitely generated over A.
Since M is torsion free over A, the localization map M < U~'M is injec-
tive, where U = A — {0}. Let a1,...,a;, be a set of generators for M. Then
T, ..., is a set of generators for U~'M. By assumption U"'M is an r
dimensional vector space over K = Frac(A). In particular we may suppose
that <, ..., 9* form a K-basis for U~'M by throwing away linearly dependent
elements. Thus for ¢ > r we have

Qy : Q;

TZ = ZM‘TJ where \; € K.

j=1

Finding a common denominator we may write

/\ij =

Bii - where tij, s € A
s

for all 4, j. So by clearing denominators we get that
kA
sa = Z”Uai for r<i<n.
i=1

Let F be the free A-module generated by «g,...,a,. Then we have the exact
sequence
0=F—->M-—=Q—=0

where (@ is generated by the images of a1, ..., ap. Since sa; € F for ¢ > r and
since Q = M/F, we have sQ = 0. Thus @ is a finitely generated module over
A/sA. Since dim(A/sA) = 0, \(Q) < co. Tensoring the above exact sequence
with A/a™A we get the exact sequence

F/a"F — M/a"A - Q/a"Q — 0.
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Therefore
AM/a"M) < XNF/a"F) + MQ/a"Q).
Since M /aM =2 a™~*M/a™M and since M is torsion free, we have that A\(M/a" M) =
nA(M/aM). Similarly AM(F/a"F) = n - A(F/aF) = nr - \(A/aA). Since
AQ) < oo, we must have \(Q/a"Q) < A(Q). Thus for all n,
AMM/aM)==\(M/a"M)

<

SI=31=

AF/a"F) + -A(@/a"Q)
=r-AA/ad) + %)\(Q)

Therefore
AM/aM) <71 A(A/aA).

Case 2 We now prove the general case. Suppose that the assertion is not true
for the module M, in other words there exists a € A such that A\(M/aM) >
r+A(A/aA). Then we may choose a finitely generated submodule M’ C M such
that A(M'/aM') > rA\(A/aA). But then
AM'/aM'") > r - N(A/aA)
> ranka (M') - AN(A/aA),

a contradiction of the finitely generated case. ]

Theorem 4.58 (Krull-Akizuki) Let A be a Noetherian domain, dim(4) < 1,
K = Frac(A), L/K a finite field extension, A C B C L, and B a subring of L.
Then B is Noetherian and dim(B) < 1.

Proof We prove this theorem in two steps:

Step 1 We first reduce to the case that Frac(A) = K = L.

WLOG we can assume that L = Frac(B). Since [L : K] < oo, we can find
b1,...,b, € B such that L = K(b1,...,b,). Set z = b;. Since each b, are
algebraic over K they satisfy relations of the form

(@) + Lyt 1 90,
C C

where ag, . ..,a,_1,c € A. Therefore
(cx)™ 4 ap_1(cx)" P+ 4+ " lag = 0.

So cx is integral over A. So replacing each b; by an A-multiple which is

integral over A we can assume that b1,...,b, are all integral over A. Set
D = Afby,...,by]. Thus dim(D) = dim(A), Frac(D) = Frac(B) = L and
DCBCL.

Since D is finitely generated over A, it is Noetherian. Thus we are reduced to
the case where L = K.
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Step 2 We now prove the theorem assuming L = K.

In our situation we have A C B C K = Frac(A). Thus ranks(B) = 1. So
we may apply Lemma 4.57 to get that A(B/aB) < MA/aA) < oo for any
0# a€ A. Let b # 0 be an ideal in B. Pick 0 # b € b. Since b is algebraic over
A it satisfies a relation of the form

™ + A D™+ 4 ag =0 with a; € A.

Since B is a domain we can assume ag # 0. Thus 0 # a9 € bN A. So
Ag(b/agB) < Aa(b/agB) < Aa(B/apB) < oo. Thus b/agB is a finitely gener-
ated B-module; hence b is finitely generated. Thus B is Noetherian. Further, if
p is any nonzero prime ideal of B, then B/pB is Artinian and a domain, hence
a field. So p is maximal. Therefore dim(B) = 1. [ |

Corollary 4.59 Let A be a Noetherian domain with dim(A) < 1. Then the
integral closure of A is Noetherian.

Remark Many extensions of the above theorem that one might want are
actually false. For the following A is a Noetherian domain, K = Frac(A4),
[L: K] < oo and B is the integral closure of A in L.

(1) If A is as above even if dim(A) < 1, then B is not necessarily a finitely
generated A-module.

(2) If dim(A) > 2 and C is a ring such that A C C C L then C is not
necessarily Noetherian.

(3) If dim(A) > 3 then B is not necessarily Noetherian.
See [14] for examples of these.
We include a couple of similar results:

Theorem 4.60 Let A be a Noetherian domain with dim(A) < 2. Then the
integral closure of A is Noetherian.

Proof See [14], Theorem 33.12. |

Theorem 4.61 Let A be a finitely generated k-algebra, K = Frac(A), [L :
K] < oo and let B be the integral closure of A in L. Then B is a finitely
generated A-module and is Noetherian.

Proof See [6], Chapter 13. |

Definition Given field L which is a finite extension of another field K, the
trace of an element o € L is defined as

trp k(@) == Z o(a).
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Theorem 4.62 Let L/K be a finite field extension. Then L/K is separable if
and only if there exists 0 # x € L such that trp g (x) # 0.

Proof See [16]. |

Theorem 4.63 Let A be a normal domain, K = Frac(A), L/K a finite, sepa-
rable field extension, and let B be the integral closure of A in L. Then B is a
finitely generated A-module

Proof Let ey,...,e, be a basis of L over K such that e;,...,e, € B. Let
€1,...,€n be the corresponding dual basis of L, that is try/x(€;ej) = d;;. Fix
b € B. Then thinking of B as a submodule of L* = Homg (L, K), we can write
b= \e1+ -+ A&, where Aj, ..., N\, € K. Then \; = trp /k(be;) € K. But
the trace of an element is the sum of its conjugates, each of which are integral
over A. Thus J; is integral over A for each i. So A; € A for each i. Therefore
B C Aey + -+ -+ Ae,, C L* and so B is finitely generated over A. |

4.6 Unique Factorization and Class Groups

First we consider the case of Dedekind domains followed by a generalization to
all domains.

Definition Let A be a domain and let C(A) denote the set of invertible frac-
tional ideals of A. Let P(A) denote the subgroup of principal ideals and let
Pic(A) = C(A)/P(A) denote the quotient group called the Picard group of
A.

In the case when A is a Dedekind domain, every fractional ideal is invertible
and the Picard group is sometimes called the ideal class group of A.

The following result shows that the size of the class group of a Dedekind
domain A is a measure of the failure of A to be a UFD.

Theorem 4.64 Let A be a Noetherian domain. Then A is a UFD if and only
if every height one prime ideal is principal.

Proof (=) Suppose A is a UFD and let p be a height one prime of A. Let
x € p. Write x = ajas---a, as a product of irreducible elements. Since p is
prime, a; € p for some i. Since a; is irreducible, (a;) is a prime ideal contained
in p. Since p has height one, (a;) = p.

(<) Now suppose that every height one prime is principal. Since A is Noethe-
rian, every nonzero nonunit element can be written as a finite product of irre-
ducible elements so it suffices to show that every irreducible element is prime.
Let = € A be irreducible element and let p be a minimal, hence height one,
prime containing z. By assumption p = (y) for some y € R. So z = yz for some
z € A. Since x is irreducible, z is a unit. So () = (y) = p is a prime ideal and
x is a prime element. |
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Corollary 4.65 Let A be a Dedekind domain. Then the following are equiva-
lent:

(1) Pic(A) is trivial.
(2) Aisa UFD.
(3) A is a PID.

The first instance class groups were investigated was the case of the rings
of integers Ok in a number field K, that is, the integral closure of Z inside
some algebraic field extension of the rationals Q. By the Krull-Akizuki The-
orem 4.58, Ok is an integrally closed, Noetherian domain of dimension one,
hence a Dedekind domain. Not all rings of integers are UFDs though as the
following example shows:

Example 4.66 Let K = Q(v/—5). Then the ring of integers is O = Z[v/=5|.
One checks that Pic(A) = Z /27 and the ideal p = (2, 1++/—5) is a representative
of the non-identity class in Pic(A). (It is not hard to check that p?> = (2) is
principal.) It follows that A is not a UFD.

A result of Minkowski shows that the class group of the ring of integers of
any number field is a finite group, yet there are Dedekind domains with infinite
class groups. Moreover, it is known that every abelian group can be realized as
the class group of some Dedekind domain.

One can also show that, when A is a Dedekind domain, the fractional ideals
are precisely projective (i.e. locally free) rank one modules of A.

Exercise 4.67 Let (A, m) be a local ring. Every projective A-module is free.

Exercise 4.68 Let A be a ring and M a finitely presented A-module. (i.e.
M = Coker(¢ : A" — A™) with m,n € N.) Then M is a projective A-module
if and only if My, is a free Ay-module for every maximal ideal m of A.

Exercise 4.69 Let A be a ring and M a finitely presented A-module. Then
M is flat if and only if it is projective.

Exercise 4.70 Let (A,m) be a local ring. Then all finitely presented (and
hence all finitely generated) flat modules are free.

Exercise 4.71 Let A be a domain and let M be a fractional ideal of A. Then
the following are equivalent:

(1) M is invertible.
(2) M is a projective A-module.

(3) M is finitely generated and for every maximal ideal m of A, My, is a free
An-module of rank one.
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For an arbitrary ring, one defines the Picard group as the group of iso-
morphism classes of rank one projective modules; tensor product is the group
operation and P~! = Hompg(P, R) is the inverse operation. Over a Dedekind
domain, this is the same thing as the ideal class group. In geometric situa-
tions, this provides information about line bundles on a variety. See [6] for more
details.

If A is a domain that is not a Dedekind domain, then the set D(A) of
fractional ideals does not form a group. But in the case of a Dedekind domain,
D(A) was just the free abelian group on the height one prime ideals of A. This
provides an obvious way to generalize class groups to non-Dedekind domains.

Definition Let A be a domain. Let Div(A) denote the free abelian group on
height one prime ideals of A.

4.7 Noether’s Normalization Lemma

The following strengthened version of Noether’s 1926 result (without the chain of
ideals) is due to Nagata 1996. Geometrically, it says that for each d-dimensional
variety X C A™ and a chain of subvarieties X; C --- C X, C X, there is a finite
map X — A? such that the image of each X; is a coordinate plane.

Theorem 4.72 (Noether's Normalization Lemma) Let k be a field, A a
finitely generated k-algebra. Let

a1 CaxC---Ca. CA

be an increasing sequence of ideals in A. Then there exist x1,...,xq € A that
are algebraically independent over k such that:

(1) A is integral over C = k[, ..., x4
(2) For alli=1,...,r, we have integers h(i) € [0,d] such that

a;NC = (.1'1, - 7xh(i))-
Proof We prove this theorem in four steps:

Step 1 Reduce to the case where A is a polynomial ring. Since A is a finitely
generated k-algebra, we may write A = k[y1,...,yn]. Set B = k[Y1,...,Y,], a
polynomial ring in n variables. Then we have the surjection

n:B— A,
Yi = v

Hence we obtain an increasing sequence of ideals in B:
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Assuming the theorem is true for the polynomial ring B, we have algebraically
independent elements x1, . .., 2, € B such that B is integral over D = k[z1,...,zy]
and such that

Ker(n) N B = (z1,...,Zx0))

and
n Na;) N B = (z1,...,240)) for i < j and h(0) < h(i) < h(j).

Setting C' = n(D) we see that C = k[zp(0)41, - - -, 2n], Where z; = n(x;). Since
B is integral over D, A is integral over C and

a;NC = (Zh(O)Jrl, ceey Zh(i))-

It is also clear that the elements zpg)41, - - - , 2n Temain algebraically independent
over k. Thus we have proved the theorem for A.

Step 2 Assuming A is a polynomial ring we prove the theorem for r = 1 and
a; = (z1) principal with z; ¢ k. (Note that the case where x; € k is obvious.)
By assumption we can write A = k[Y7,...,Y,]. Set

=Y, -Y™ fori=2,...,n,

where the «; are yet-to-be-determined constants. Then we have the inclusion
C =kl[zy,...,x,] = A. If Y7 is integral over C' then A would be integral over
C and we would be done. So we proceed to show that for some choice of the
«;, Y7 is integral over C.

Since 1 € A we may write

= JVi V) =Y VYV
We then have that
fY, e + Y2 23 + Y72, 0y + Y1) = 2.

We want to choose the a; so that they the highest degree term in f(Y7, 29 +
Y2, ., o+ YY) s of the form ay, g, Yy T2 anin Pick s larger than all
exponents ij appearing in the expansion of f. We leave it to the reader to check
that setting ap = s, a3 = s2,...,a, = s" ! satisfies the above criterion. With
this choice of «o; we have that A is integral over C. Thus we have dim(C) =
dim(A4) = n.

We must also show that these elements x1, ..., x, are algebraically indepen-
dent; in other words, we must show that C' = k[z1,...,x,] is isomorphic to a
polynomial ring. So take an onto map

kX1, ..., Xn] =5 k[z1, ..., 20].

Since dim(k[X71,...,X,]) = dim(C) = n, Ker(n) = 0, for otherwise dim(C) =
dim(k[ X, ..., X,/ Ker(n)) < n.

Last, we must verify that a; N C' = (x1). Clearly ay N C D (z1). But by the
Going-Down Theorem, ht(a; N C') = ht(a;) = 1. Since (z1) is a prime ideal of
height 1 inside a; N C, we must have a; N C = (7).
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Step 3 We now prove the theorem for » = 1 and a any ideal of the polynomial
ring A = k[Y1,...,Y,].

Pick nonzero x; € a and consider the ideal 1 A. Then by Step 2 there are
Xa,...,Z, € Asuchthat Aisintegral over C = k[z1,...,2,] and 21 ANC = (z1).
Now consider a N C'. We proceed by induction on the number of variables n.

If n = 1 then the theorem is obvious. So we consider the ideal ank[za, ..., xy]
in the polynomial ring B = k[za,...,z,]. By induction there are to,...,t, € B
such that B is integral over k[ta,...,t,] and a N k[te,...,t,] = (t2,...,tq) for
some d < n. Setting D = k[z1,ta,...,t,] we have that A is integral over D and

aﬁD:xlD—l—aﬁk[tQ,...,tn]:(xl)—l—(tg,...,tn): (Il,tg,...,td).

Step 4 We now prove the general case of the theorem for the polynomial ring
A=Ek[Y1,...,Y,].

We proceed by induction on r. Step 3 finished the base case of r = 1. So by
induction we may assume that there exists algebraically independent elements
Z1,...,%, such that A is integral over C' = k[z1, ..., z,] and such that

a; NC = (z1,...,2Tp)) with h(i) < h(j) for 1 <i<j<r—1.

Write d = h(r — 1). We may assume that h(r — 1) > 0. Consider a, N
klgi1,-.-,xn] iIn D = k[xgs1,...,2n]. By Step 3 we can find tg41,...,tn
algebraically independent over k such that D is integral over k[t441, ... ,t,) and

ar NVE[tayt, ... tn] = (ta, - ther)) where h(r) < n.

We leave it to the reader to check that A is integral over

B=k[z1,...,Zd,td+1,- - tn)
and that
a; N B = (x1,...,Tp3:)) fori < r
and
ar N B = (21, Tdy tat1,- - th(r))-
This completes the proof. |

Definition If k is a field, A is called an affine k-algebra if A is a finitely
generated k-algebra. If in addition A is a domain, then A is called an affine
k-domain.

Definition If K is a field extension of &, then the transcendence degree of
K over k is the cardinality of a maximal algebraically independent set .S over
k. Hence, K is an algebraic extension of k(S). We denote the transcendence
degree of K over k by trdeg (K).

Corollary 4.73  Suppose A is an affine k-domain. Then dim(A) = tr deg; (K),
where K = Frac(A).
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Proof Let dim(A) =n and let

be a corresponding chain of prime ideals in A. By Noether’s Normalization
Lemma, Theorem 4.72, we have algebraically independent elements x1,...,zq €
A such that

Elxy,...,zq] = A

is an integral extension and such that

pi N k[xla s ;Id] = (Ila s 7'rh(i))
where ¢ < j implies that h(:) < h(j). In particular, since k[x1,...,zq4) — A is
an integral extension, we have that d = n and p; N k[z1,...,z,] = (z1,...,3;).
Taking fraction fields we have

k= k(xy,...,zp) = K

where the second inclusion is an algebraic field extension. Thus tr deg; (K) < n.
If tr deg, (K) < n then we would have an integral extension

Elyr, ..., ym] — A

with m < n. But this would imply that dim(A) = m < n, a contradiction.
Therefore tr deg;, (K) = n = dim(A). [ |

Corollary 4.74 Let A be an affine k-algebra and let m be a maximal ideal of
A. Then A/m is a finite-dimensional vector space over k.

Proof By Noether’s Normalization Lemma we can find x4,...,2, € A that
are algebraically independent over k£ such that

klxi,...,zn] = A
is an integral extension and such that
mNE[x,...,Tn] = (X1,...,Tn).

Therefore
k=k[z,...,x5]/(21,...,2,) = A/m

is an integral extension which is finitely generated as a k-algebra. Thus A/m is
a finitely generated k-module. ]

Corollary 4.75 Let A = k[X1,Xo,...,X,]. Then any maximal ideal m is
generated by n elements. Moreover, m can be written as

m = (f1(X1), f2(X1, X2), ..o, fu(X1, .0, X)),
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Proof Let m be a maximal ideal of A. Then by the previous corollary
k— A/m
is a finite field-extension. Write o for X; € A/m. So we have:

A/m = k[oq, ..., qp]

=k(ag,...,ap).

Letting P (X) denote the minimal irreducible polynomial for a over k, consider
the polynomials

P (X1) where ko = k,
P2 (X2) where k1 = k[ay],
Pg:,l(Xn) where k1 = klag, ..., an_1].

Let .fi(Xh ceey Xl) be Pg;,1 (Xz) where aq,...,0Q5;_1 are replaced by Xl, . ,Xi,1
respectively. We now show that

m = (f1(X1), f2(X1, X2), ..o, fu(X1, .0, X)),

That
(f1(X1), fo(X1, Xa), .., fu(X1, .., X)) Cm

is clear. The other containment will follow if we show that

K = k[Xl, . ,Xn]/(fl(Xl), fQ(Xl,XQ), .. .,fn(Xl, . ,Xn)) = A/m

Note that
o= k[ Xq1,...,X,]
(f1(X1), f2(X1, X2), ooy fu(X1,y .o, X0))

- klaq, Xa,..., X,]

T (falon, X2), .., fu(on, Xa, ..., X))

- klag, g, ..., X,

" (falon, a2, X3), -+, falon, ag, X3, ..., X))

> klag, ..., an)

>~ A/m.
So we are done. |

Corollary 4.76  Let k be an algebraically closed field and let A = k[ X1, ..., X,].
Then every maximal ideal of A is of the form

m=(X; —a,Xo—az,..., X, —an),

where a1, a9,...,a, € k.
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Proof Use the previous corollary. |

Exercise 4.77 By the previous Corollary, we have a bijective correspondence
between k™ and MaxSpec(k[X7, ..., X,]) when k is algebraically closed. Show
that k™ = MaxSpec(k[X1, ..., X,]) is dense in Spec(k[X1, ..., X,]).

Corollary 4.78 Let A be an affine domain, p a prime ideal of A. Then
ht(p) + dim(A/p) = dim(A).

Proof By Noether’s Normalization Lemma we can find z1,...,x, € A which
are algebraically independent over k with A integral over k[z1, ..., z,] and such
that p N k[xq,...,2,] = (21,...,2;). By the Going-Down Theorem ht(p) =
ht((z1,...,2,)) = i. Also since k[z1,...,z,] < A is an integral extension, so is

kElXig1, .. xn] = K[z, .. xn]/ (21, .. 25) — Afp.
Thus dim(A/p) = n — i = dim(A4) — ht(p). |

Remark As a special case of this corollary we get the following result:
If m is a maximal ideal in an affine domain A, then ht(m) = dim(A).

Definition Let A be aring. If any two saturated chains of primes of A between
two primes p C q have the same length, then A is called catenary.

Corollary 4.79 Let A be an affine k-algebra, then A is catenary.

Proof Let
P=PoCpP & Cpr=q
and
P=0Gn&G - Sas=4
be two saturated chains of prime ideals in A. By considering both chains in

A/p, which is an affine domain, we may assume p = 0. Since A/p is an affine
domain we have by the previous corollary that

dim(A) — r = dim(A4/p,)
= dim(A/q)
= dim(

(A

A/qs)
) —

Therefore r = s. |

= dim

Corollary 4.80 Let A be an affine k-domain, K = Frac(A), L/K a finite field-
extension, and B the integral closure of A in L. Then B is a finitely generated
A-module.

110



CHAPTER 4. INTEGRAL EXTENSIONS

Proof By Noether’s Normalization Lemma we can find z1,...,z, € A such
that A is integral over k[z1,...,x,] where z1, ..., 2, are algebraically indepen-
dent over k. So it suffices to show that B is a finitely generated k[z1, ..., z,]-
module. Now let L be the normal closure of L in the algebraic closure of K and
let D be the integral closure of k[x1,...,x,] in L.

Set F = L where G = Galg(x)(L). Then L is separable over F and F is
purely inseparable over k(z1,...,x,) by Proposition 4.19. Let C be the integral
closure of k[z1,...,zy] in F. If we can show that C is a finitely generated
klx1,...,xy]-module, then C' would be Noetherian, and hence normal. It would
then follow from Theorem 4.63 that D was a finitely generated C-module, and
hence that B was a finitely generated A-module.

Therefore we must show that C' is a finitely generated k[z1, . . ., z,]-module in
the situation where C' C F and F is purely inseparable over E = k(z1, ..., ).
We have the following diagram:

yd .

c F=1L

B————1L

A——K

kx| — E = k(x)

Since F/k(x) is purely inseparable, we can write F' = E(y1,...,yq) where E =

k(x), such that there exists ¢ > 0 with y?i € E for each j =1,...,d. Thus we
can write
yfz _ fj($1,...,$n) c k(X) - E
gi(z1,..., )
where fj,g9; € k[z1,...,2z,]. Let S be the (finite) set of coefficients of the
1
polynomials f;,g;. Set k' =k (S »’ ) Since we are appending a finite number

of pi-th roots, [k’ : k] < co. Set
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Then we have the following diagram:

¢ ——— F/

A1

F

Clearly k'[z1, ..., x,] is a finitely generated k[x1, ..., z,]-module since [k’ : k] <
0o. Also note that C’ is a polynomial ring. So C” is a UFD and hence normal.
So (' is the integral closure of k[z1,...,z,] in F’. Since C is integral over
klx1,...,2,], C" is the integral closure of C' in F’. Since C’ is integral over
k'[x1,...,x,] and is finitely generated as an algebra over k'[x1, ..., x,], we have
that C’ is a finitely generated as a k'[x1, ..., z,]-module. It follows that C is a
finitely generated k[z1, ..., z,]-module. |

Exercise 4.81 Let f : A — B be a map of finitely generated k-algebras, where
k is a field. Suppose m is a maximal ideal of B. Then f~!(m) is a maximal
ideal of A.

Exercise 4.82 Let A be a finitely generated k-algebra, where k is a field. For
any ideal I of A we have
Vi=m

ICm
where m runs through all maximal ideals of A.
Exercise 4.83 Suppose A is a Noetherian domain and B is a finitely generated

A-algebra. Then there exist x1,...,x, € B algebraically independent over A
and 0 # a € A such that A[][z1,...,x,] — B[1] is an integral extension.

Exercise 4.84 Let f1,..., f: € Z[X1,...,X,]. Then fi1,..., f; have a common
root over C if and only if they have a common root over finite fields of infinitely
many prime characteristics.

Exercise 4.85 Let K be an algebraically closed field and let L O K be a field-
extension. Then a set of polynomials in K[x1,...,2,] has a common solution
in L if and only if they have a common solution in K.

112



Chapter 5

Homological Methods

At first, homological methods may seem very abstract. How can something so
abstract be useful? Consider the following;:

Definition If (A, m) is local, A is a regular local ring if
dim(A4) = p(m) := {the minimal number of generators of m}.

In particular, every field is a regular local ring of dimension 0 and every
DVR is a regular local ring of dimension 1 (and vice versa). Regular local
rings correspond to smooth points of an algebraic variety. Before homological
methods, proving the following result took hundreds of pages even in special
cases.

Theorem If A is a regular local ring and p is a prime ideal of A, then A, is a
regular local ring.

We will develop the tools of homological algebra and kill this problem with
ease.

5.1 Complexes and Homology

Definition Let A be a ring, by a complex, we mean a sequence of A-modules
and A-module homomorphisms

~--—>Xn+1dﬁ>anﬂ>Xn,1—>
such that d,,_1 od, = 0 for all n € Z. We denote a complex by X,.
Definition If X, is a complex of A-modules, then the nth homology of X,
is

_ Ker(d,)
H,(X,) = Tn(d )

113



5.1. COMPLEXES AND HOMOLOGY

Definition Let A be a ring. By a cocomplex, we mean a sequence of A-
modules and A-module homomorphisms

n—1 n
e — Xn_ld_> X"L) X"+1_>
such that d" o d"~! = 0 for all n € Z. We denote a cocomplex by X*°.

Definition If X* is a cocomplex of A-modules, then the nth cohomology of
X*is Ker(d")
er
H'(X®) = —————~.
(X*) Im(d»—1)
Since complexes and cocomplexes are dual notions, we will only discuss the
situation for complexes, and leave the rest as an exercise for the reader.

Definition Let X, and Y, be two complexes over a ring A. A map of com-
plexes
,fo : Xe =+ Y,

is a collection of A-module homomorphisms such that the diagram below com-
mutes:

ax ax
n+1 n
Xn+1 Xn Xn—l —_—
fn+1J/ fnl fnlJ/
Yn+1 v Y, v Yo
n+1 dn

Exercise 5.1  Show that a map of complexes fo : Xo — Y,, defines a collection
of homomorphisms:

fi : Ker(d¥) — Ker(d) ).
fi :Im(d; ;) — Im(d),).
H,(fo) : Ho(Xe) = Hp(Ys).
Definition Two maps of A-complexes
Jo: Xe =Y,
go : Xo = Ya,

are called homotopic if there exist A-module maps h,, : X,, — Y, 11 such that
in the diagram below

d7)1(+1 n
e X X X1

n
. H /H By _— H
fnt1 Int1 fn In fn—1 gn—1
Ya

e Yo

Y
dn+1 n
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we have

d?fﬂ ©hp + hn—1 OdT)l( = fn—0n
for all n € Z. We denote this by fe ~ ge.
Exercise 5.2  Check that fo ~ ge implies that Hy,(fe) = Hy(ge).
Definition A sequence of complexes and complex maps

0— X, X, 9% X/ — 0
is called an exact sequence if for all n € Z,

0— X/ LN X X'—0
is an exact sequence of A-modules and A-module homomorphisms.
Lemma 5.3 Given an exact sequence of complexes,

0— X% Iy X, LN ¢y
we obtain a long exact sequence of homologies:

Hyt1(fe) Hnt1(ge)
N

c— Hp1(X,) Hy1(Xo)

Hp1(XJ) _j
Ont1
: H H, (f.) Hn(X.) Hy(ge) Hn(X:/)
On

? Hn 1 fn- l(f.) Hn—l(X.) anl(g'% Hn—l(X:/) —

Proof Consider the following commutative diagram with exact rows:

0— Xr/L+1 frnt1 X1 In+1 Xr/{+1 0
d{n+1 dn+1 dx+1

0 x, I x, I X 0
d! dn d!’

0 x/ I I x 0

115



5.1. COMPLEXES AND HOMOLOGY

First we will show that

H(fs)
)

Hoy(x)) ™) g (x ) 9 g (x

is exact. By the construction of Hy(fs) and H,(ge) we know that Im H, (fs) C
Ker H,,(ge). Thus we must show that

Ker H,,(ge) € Im H,(fo).

Let x,, € X,, and suppose that T,, € Ker H,,(gs). Then there exists 2], ,; € X/ |
such that

Z+1($Z+1) = gn(Tn).
By exactness of the rows, there exists x,41 € X,,+1 such that
gn+1(17n+1) = IZ-H'

This z,41 in turn maps down via d,4+1 to some element of X,,, call it y,,. By
the commutativity of the diagram

gn(In - yn) =0

and so by the exactness of the rows, there exists =, € X/ such that

fn(xiz) = Tn — Yn-

However, since y, = d;,1+1(Zn+1) we have 7,, = 0 and

Tn, =Tp — U, € Hu(Xe).

Thus, Z,, € Im H,(f.). The method used in the above part of the proof is called
diagram chasing. Often when it is done in practice, the elements found above
are written next to the object they live in on the commutative diagram itself.

Now we need to define the 9,’s. Consider 7|, € H,(X]) we will define
On(Zl)). Take z, € X, such that

gn(Tp) = 2.

Since z!! € Ker(d), d!(x') = 0. Hence if 2,,_1 = d,,(xy ), then
gn—l(xn—l) =0.

So by the exactness of the rows above, there exists !, ; € X, _; such that

fn—l(xil_l) =Tp—1-
Hence d],_(x},_1) = 0. Since dp,—1(zn—1) = dp—1 0 dp(xy) =0,

n

;—1(55;1—1) =0.
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Now we define
On(27) = Tp_1 € Hpo1(X,).

It is left as an exercise for the reader to check that this definition of 9,, is well

defined. Moreover, the reader should check that the sequences
olge) g (X0) 2 H, 1 (X0),
0,

Hn(X') .
) oo (fe)

H,(X!))— H, (X,

. anl(X')v
are both exact. |

Definition In the above proposition, the 0,’s are called connecting homo-
morphisms.

Corollary 5.4 Given a commutative diagram of complexes with short exact

Irows:
0 X! X, X/ 0
0 Y/ Y, Y/ 0

we get a commutative diagram with long exact rows:

oo — Hp1 (X)) — Hp (X)) — Hp(Xe) — Ho (X)) — Hp 1 (X)) — -+

T T T

e Hy (V) — Ho (Y]) — Hu(Ye) — Hu(Y!) — Hpa (V) — -+

Definition Given a map of complexes f, : Xo¢ — Y,, the mapping cone of
fe is the following complex:

= X @Y — X1 0Y, — X 0 @Y — -
where the degree i part is X;_; @ Y; and the differentials are defined as follows:
di: Xi1®0Y; > Xi 20®Yi
(z,y) = (—=dily(2), d (y) = fim1(2))
Exercise 5.5 Show that the mapping cone of a map of complexes is a complex.
Definition  Given a complex (X,,d), Xe(j) is used to denote a shift, where

Xi(j) == X4, and with differential &'V = (~1)7dX, .

Exercise 5.6  Given a map of complexes fo : Xo — Y, let Cy be the mapping
cone of fo. Then there is a short exact sequence of complexes:

0 Y. C. Xo(~1)——0

y——(0,9)

(x,y) ———
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The above short exact sequence of complexes induces a long exact sequence:
Hi(fe)
co— Hi(Xe) =" Hij(Ye) — Hi{(Co) — - -
5.1.1 Projective Resolutions

Definition An A-module P is projective if any of the following equivalent
conditions are met:

(1) Given any right exact sequence M — N — 0 of A modules and a homo-
morphism ¢ : P — N, there exits ¢ : P — M such that the diagram
below commutes:

P

2

Y s

s L"

1’4
M——N——0

(2) Homy (P, —) is an exact functor.
(3) Every short exact sequence 0 — M’ — M — P — 0 is split exact.
(4) There is a free module F such that F = P & @ for some A-module Q.

Exercise 5.7 Show that the conditions in the above definition are actually
equivalent.

Exercise 5.8 Show that if A — B is a ring homomorphism and P is a projec-
tive A-module, then P ® 4 B is a projective B-module.

Definition If M is an A-module, a projective resolution of M is a complex
of projective modules P, and a map 7 : Py — M such that

s P P P M 0

is exact.

Given a ring A, every module M has a projective resolution. Firstly, note
that given any module M, we may map a free module Fy onto M. Set

S = Ker(Fo — M)

Now we may map another free module onto S;. Hence we may inductively
define

Si+1 = Ker(Fi — Sz)
Now we may inductively write the exact sequences:

0—S5 = F—>M—0,
0—=Siy1 — F,— 5 —0.
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Now we put the above short exact sequences together letting each S; connect
the short exact sequences:

The d;’s above are formed by taking the composition of the relevant maps, while
7 is the canonical surjection. Hence we obtain a free resolution of M. Since
every free module is projective, we obtain a projective resolution of M. Note
that if M were a finitely generated module over a Noetherian ring, then we
could insist that each F; be a finitely generated free module.

Lemma 5.9 Let f: M — N be a homomorphism of A-modules. If P, is a
complex of projective A-modules such that Ho(P,) = M and Q. is an exact
complex with Hyo(Q.) = N, then there exists a map of complexes fo : Po — Qe
lifting f.

Proof Here is the situation in question:

dZ\/I -
PP MM 0
|
dy ™
Q1 Qo N 0

Since Py is projective, we can obtain fy by:

Py

s/
fO/ 4 J/fowM

%4
QoﬁN%O

Now since S; = Ker(ny) = Im(d)), we can obtain f; by:

Py

Ve
J1
Ve ’ J/"O Ml

%4
O — S ——0
1

Note that fo o dM maps into S; since it is in Ker(ny). Working inductively, we
repeat a similar procedure to find f,. |
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Remark Note that the lift fo is not unique.

Lemma 5.10 Let f : M — N be a homomorphism of A-modules, P, be a
complex of projective A-modules such that Ho(P.) = M, and Qe be an exact
complex with Hy(Qe) = N. If fo and ge are two lifts of the map f, then fo ~ ge.

Proof Here is the situation in question:

M
dy M

P, P M 0
I
@1 N Qo——Ff—N 0

1
Since both f, and g, are chain maps, we have that
Jomu =7N o fo=7nN o go,

and so we see
0=mno fo—7mnogo=mno(fo—go0)
Thus Im(fy — go) € Ker(nn) = Im(dY). By the projectivity of Py, we obtain
ho
P

-
ho e .
I fo—go
-

K
@1 T{@Im(d?’) —0

such that hg : Py — Q1. Set h_; to be the zero map and déw = mpr. Now
d{voho—Fh,l Odéw :fo—go.

Working inductively, suppose that we have constructed homotopy maps for
1 < n. We must show

dﬁcrl ohy + hp_10 dr]\f[ = fn — Gn.

By the definition of a map of complexes, we have that:
dﬁr © fn = fn—l o d%?
dﬁ[ogn = 9n-1 Odrjy’

and so by the inductive hypothesis,

dﬁ[ o (fa—9gn) = (fam1—gn-1) 0 d%

= (dﬁ[ ©hp—1+hp20 drjy—l) o drjy
:dﬁ[ohn,lodi\{[—l—hn,godﬂ{lod%

=dYN oh,_10dM.
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Thus
dy o (fa = gn = ha—1 0 dy!) = dy o (fu = gn) = dpy 0 hn—y 0 dy)
=d¥oh, 10d” —dNoh, jodV¥
=0.
Therefore

Im(fp, — gn — hpn-10 df‘l/[) C Ker(dﬁ’) = Im(dﬁ[_,_l).

Now we obtain h,, as before

P,
-
hyp 7

- J.fn_gn_hnlodi/j

-
K

Qni1 —x~ Im(d))} ;) —— 0
n+1

such that h, : P, =& Qn+1 and dﬁﬂrl oh, +h,_10 d,]y = fn — gn. Thus f, is
homotopic to ge. |

Lemma 5.11 (Horseshoe Lemma) Consider the following short exact se-
quence:
0—=M —-M-—M'—0

Let P, — M’ and P) — M" be projective resolutions. Then, there exists a
projective resolution P, — M such that the rows in the diagram below are
exact:

0 P! P, Pl 0
0 M’ M M 0

Proof Take projective resolutions (P,,n’) and (P),7") of M’ and M" re-

e

spectively and consider the following commutative diagram:

f

m - no -
e -
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First we must define 7 : Py = Pj & P} — M such that the diagram commutes.
Since P is projective, there exist g : P}’ — M such that g o ng = 7. Define

n(z',2") == forn'(z) + no(z").

This makes the diagram above commute. From a simple diagram chase one can
see that 7 is surjective.

Now we will define d; and then complete the construction by induction.
Since 1 o d] = gongp od] =0, we have that

Im(ng o dy) C Ker(g) = Im(f).
Thus we have the commutative diagram:

171
Pl
s
m

y noody
e ’

P () ——0

And so
fom om =mnood.

By changing the sign of 77; we see that

for on +mngodi =0,
and so we define

di(a’,2") = (di (2') +m(a"), d (a")).

Plugging everything in we see that 7 o d; = 0. Following the diagram around
we see that Im(d;) = Ker(r).
Now working inductively, consider the diagram:

0 0 0
d d,
/ n / " /
Pn Pn—l Pn—2
d dp—1
/ " n / 1" / 1"
T T ﬁpn@Pn - %Pn71®Pn71*>Pn72@Pn72*>"'
NMn -~ 7 Nn—1 ~
- ~
s -~
~ " - 4"
e dn, v n—1 1"
P Pn 1 Pn—2
0 0 0
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Here we have inductively defined n,—1 : P/, — P)_, similarly to how we
defined n; and we can write

dn—1 (2, 2") = (dyy 1 (&) + 1 (2"), dyy (27)).
We must now define d,,. By construction we have that
dy—20Mn—1+nNn—20d,_1 =0,

and so we see

dpy01n—10dy =—nn-10d,_yod; =0.
Thus Im(n,—1 o d])) C Ker(d],_5) = Im(d],_;). Again we are in the following

situation:

1
P’ﬂ

e

M~
_ - J"]nl Od/T:
K

P ——Tm(d'

n—1

)——0
So we may now define
dn (2, ") := (d,, (2") + nn(2), dyy ("))
with the sign of 7, chosen so that:
dn o dp—y (2, 2") = (d},(d}, 1 (2") + nn—1(2")) + 0 (dy; 1 (")), dyy (dyy 1 (27)))
= (dy,(mm—1(2")) + mn (1 (")), 0)
=0.

Since the direct sum of two projective modules is projective, and since we can
see that Im(d,,) = Ker(d,,—1), we see that we have constructed the needed exact
sequence. |

Compare the above construction to the construction of the mapping cone as
described in the previous section.

Exercise 5.12 Show that given the following commutative diagram of A-
modules with exact rows:

0 M’ M M 0
0 N’ N N" 0

Then there exist associated projective resolutions that form a commutative di-
agram of A-complexes with exact rows:

0 P, P, P 0

e

Hint: Do you know how to draw cubes?
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5.1.2 Injective Resolutions

Definition An A-module E is injective if any of the following equivalent
conditions are met:

(1) Given any left exact sequence 0 — M’ — M of A-modules and a homo-
morphism ¢ : M’ — FE, there exits ¢ : M — E such that the diagram
below commutes:

0O— M — M

Ve
g{ e
7]
1’4

E

(2) Homy(—, E) is an exact functor.
(3) Every short exact sequence 0 — E — M — M"” — 0 is split exact.

Exercise 5.13 Show that the conditions in the above definition are actually
equivalent.

Theorem 5.14 (Baer’s Criterion)  Let A be aring. An A-module E is injective
if and only if given any ideal I of A, a module homomorphism ¢ : I — E can
be extended to a module homomorphism ® : A — E.

Proof (=)If FEisinjective, and ¢ : I — E, then apply the functor Hom 4 (—, E)
to

0—>1— A.

Since Hom 4 (—, E) is an exact functor, ¢ : I — FE can be extended to a module
homomorphism & : A — E.

(<) Suppose that every A-module homomorphism I — E can be lifted to a
homomorphism A — E. Consider the diagram:

0O——L—M
d
E

Let L’ be a submodule of M containing L and ¢’ : L’ — E be a lift of ¢. In
this case, the ordering: (L', ') < (L”,¢") if L’ C L” and ¢" |1, = ¢, partially
orders the set S,

S={(L,¢): ¢ lifts p to L'}.

Note that S # @ as (L,p) € S. Now considering any chain C in S, it is clear

that
U @.¢)
(L' ¢")eC
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is an upper bound. Hence by Zorn’s Lemma this set contains a maximal element,
(M', ). We will show that M’ = M. Suppose that m € M — M’. Consider the
ideal (M’ :4 m). Note that

(M':gm)— E,
a— p(am),

is an A-module homomorphism from (M’ :4 m) to E, thus there exits an A-
module homomorphism ® : A — E which restricts to the one above. Consider
the submodule

M +Am C M
and define

f:M +Am — E,
m' +am — @(m) + D(a).

To check that f is well defined, consider m; + aym = ms + asm. Then
(a1 —ag)m =mg —my
and so (a1 — ag) € (M’ :4 m). Thus
P(ar — az) = ¢((ar — az)m) = @(mg — my).

So we see that
P(m1) + @(a1) = p(m2) + (az).

Thus f is well defined and it is a lift extending ¢ to M’ + Am, which contradicts
the maximality of (M’, ¢), and so we must conclude that M’ = M. |

Definition If A is a PID, an A-module M is divisible if given any m € M
and nonzero a € A, there exists ¢ € M such that

m=a-q which essentially says m_ q.
a

From the above definition, we obtain the following corollary to Baer’s Cri-
terion, whose proof we will leave as an exercise to the reader.

Corollary 5.15 Let A be a PID. An A-module is injective if and only if it is
divisible.

Example 5.16 Q is an injective Z-module as it is divisible. Moreover, Q/Z is
an injective Z-module as well.

Theorem 5.17 If A is a ring, then every A-module can be embedded into an
injective A-module.
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Proof Step 1. We will show that every A-module M can be embedded into
a divisible Z-module. First note that while M is an A-module, it is also a Z-
module. Hence there exists a free Z-module Z surjecting onto M. Letting K
be the kernel of this surjection, we have that

Z/K = M.

On the other hand, Z canonically embeds into some free Q-module, call it Q.
If we denote this canonical embedding by n: Z — @, and set D = Q/Im(n|x)
we may write

M= Z/K = Im(n)/Im(n|x) C D.

Since D is divisible, we have completed Step 1.
Step 2. We will now embed M into Homy(A, D) where D is defined as in
Step 1. We will denote the embedding of M into D by

t: M — D.
Applying Homy (A, —), we get an injective Z-module homomorphism

t« : Homy(A, M) — Homgy(A, D),
© Lo p.

Noting that there is a canonical injection of A-modules
Homy (A, M) < Homg(A, M),
where the A-module structure on Homgz (A, M) is given by
a- f(z) = f(ax) for a € A and f € Homg (A, M),
we see that we have an embedding of A-modules
M = Homy (A, M) — Homyz (A, M) — Homy(A, D).

Step 3. We will show that if D is a divisible Z-module, then Homy(A, D) is
an injective A-module. Note that this step completes the proof of the theorem.
Consider an ideal a of A. By Baer’s Criterion, Theorem 5.14, we need to show
that any A-module homomorphism

1 : a — Homgy(A, D), extends to
U : A — Homgz(A4, D).

Now consider the Z-module homomorphism:

p:ra—D
a > P(a)(la)
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One should check that this is indeed a Z-module homomorphism. Since D is a
divisible Z-module, by Corollary 5.15, we see that it is an injective Z-module,
and so we write

0——a—5A

and obtain a Z-module homomorphism ¢ such that the diagram above com-
mutes. Now define

U : A — Homy(A, D),
a—f,

where f(z) = @(ax). One should check that this defines an A-module homo-
morphism. For a € a and = € A, we have

V(a)(z) = f(z) = plax) = p(ax) = P(azx)(1a).
Since 1 is an A-module homomorphism, we have
Y(az)(1a) = z¢(a)(la) = P(a)(z),

where the right-most equality is due to the A-module structure on Homgz (A, D).
Hence we have U : A — Homy(A4, D) and ¥|, = ¢b. Thus we see Homy (A4, D) is
an injective A-module. |

Definition If M is an A-module, an injective resolution of M is a cocomplex
of injective modules E*® and a map ¢ : M — Ej such that

d° dt
0O— M- F° S Bl S5 B2 ..
is exact.

If Ais aring and M is an A-module, we can use Theorem 5.17 to construct
an injective resolution as follows. Set

E := {a module which M embeds into},
C' := Coker(M — EY),

and inductively define

E' := {a module which C* embeds into},
C™1 .= Coker(C" — EY).

Now we may inductively write the exact sequences:

0—-M— E°—=C' >0,
0= C' = E' = o > 0.
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Putting the above exact sequences together we obtain:

0\02/0
OHMAEL*@*»EZ@*\»...
S
0/ \0

The d*’s above are formed by taking the composition of the relevant maps, while
¢ is the canonical injection. Hence we obtain an injective resolution of M.

We now include the corresponding results for injective resolutions that we
had for projective resolutions. The statements and proofs are precisely the duals
of the projective case.

Lemma 5.18 Let f : M — N be a homomorphism of A-modules. If I®
is a cocomplex of injective A-modules such that H°(I®) = M and J*® is an

exact cocomplex with H°(J®) = N, then there exists a map of cocomplexes
fe:I* — J° lifting f.

Lemma 5.19 (Horseshoe Lemma) Let
00— My — My — Mg —0
is an exact sequence of A-modules, and M, — I} and M3 — I$ be injective

resolutions. Then, there exists an injective resolution My — I3 such that the
rows in the diagram below are exact:

0 b&s I3 I3 0
0 M, M, M; 0

Exercise 5.20 Show that given the following commutative diagram of A-
modules with exact rows:

0 M,y Moy Ms 0
0 Ny Ny N3 0

Then there exist associated injective resolutions that form a commutative dia-
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gram of A-complexes with exact rows:

0 b&s I3 I3 0
0 J? J3 J3 0

Exercise 5.21  Consider the short exact sequence:
0-2—-Q—Q/Z— 0.

Note that this is an injective resolution of Z. Is Q/Z indecomposable? That is,
is Q/Z a direct sum of Z-modules? If so, what are the summands? If not, why
not?

5.2 Tor and Ext
5.2.1 Tor

Construction of Tor

Definition Given a ring A and an A-module N, Torf(—, N) is the left de-
rived functor of the right exact covariant functor — ®4 N.

To be more explicit, consider any projective resolution of an A-module M:
i P-B P py
Apply the functor — ®4 N to get the complex Py ® 4 N:
o3> PBbRAN—>PLRAN—>FPh®aN—0

We now define

Ker(di (] 1)

Tor (M, N) := H;(P, @4 N) =
il ) ( aN) Im(diy1 @ 1)

Note that since
Ph—-FP—>M-—0

is exact,

PrRs N —->Py®sa N —->M®q4N —0

is also exact. Hence
Torg (M,N) = M ®4 N.

Proposition 5.22 Tor (M, N) does not depend on the choice of projective
resolution used. Hence it is well-defined.
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Proof Let P, and Qs be two projective resolutions of M. So we may write:

P; e Py M 0
J% foo J/HZ\/I
Qi e Qo M 0
2 o l
P e Py M 0

Note that the lifts o and 10e of 1), are guaranteed to exist by Lemma 5.9.
Thus e 0 e : Po — P, is a lift of 15,. But clearly 1p, is another such lift.
Thus e © e ~ 1p,. Similarly, pe 010e ~ 1g,. Applying —®4 N to everything
we obtain that

(Ve o) @ () ~ (Ip,) ® (L)  and  (peothe) ® (In) ~ (Lg,) @ (In)

and so
13&(}% ngX]V)QE EQ(CQ.G§A<A7)

Thus Tor? (M, N) is well-defined. [

Properties of Tor
Exercise 5.23 If N is A-flat or if M is A-flat, show that
Tor (M, N) =0
for all A-modules M and i > 0. Hint: For the second part, first show that if
0— My — My — M3z —0
is exact and My and M3 are flat, so is M;.
Proposition 5.24  Given an exact sequence of A-modules,
0—->M —>M-—>M"—0

we obtain a long exact sequence of Tor:

On+1

- — Torp,1 (M, N) — Torj, 1 (M, N) — Torj 1 (M”, N) j
:—> Tor (M, N) —— Tor/ (M, N) —— Tor’ (M", N _>
8’”
C%Tor;?_l(MZN)H ............ - >Tori‘x(]\/[//,zv)j
o1

C%M’@AN%M@AN—>M”®AN%0
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Proof Let P, and P) be projective resolutions of M’ and M" respectively.
By the Horseshoe Lemma there exists a projective resolution P, of M such that

0—P P, —P/ =0

is an exact sequence of complexes. Since P is projective, we have following
short exact sequence of complexes:

0= P.@aN = Po,@s N —-P/®sN—=0

By Lemma 5.3, we obtain a long exact sequence of homologies, and hence the
result. ]

Proposition 5.25  Given an exact sequence of A-modules,
0N —-N-—=N'"=0

we obtain a long exact sequence of Tor:

-+ — Torfy 1 (M, N") — Tor,; (M, N) — Tor{ (M, N")

On41
L Tor;?(M, N/) — Tor;?(M, N) E— TOl“Z‘(M, N”)

On
L Torf_l(M, N — e - Torf(M, N

01

QM@AN’%M@AN—)M@AN”%O

Proof Let Qe be a projective resolutions of M. Since projective modules are
flat, applying successively N’ ®4 —, N ®4 — and N ® 4 —, we get a short exact
sequence of complexes:

0= Qe@AN = Qe@4N — Qe xaN"—0

By Lemma 5.3, we obtain a long exact sequence of homologies, and hence the
result. ]

One may also define Tor; (M, N) as the left derived functor of M ®,4 —.
We leave it as an exercise to show that this definition does not depend on the
choice of projective resolution of N and that there are corresponding long exact
sequences as well. Let us temporarily set mZA (M,N)=H;(M ®4 P,), where
P, is a projective resolution of N.

Theorem 5.26 (Balancing of Tor) Let M, N be A-modules. Then
Tor;! (M, N) = Tor;"(M, N)

for all 1 > 0.
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Proof We proceed by induction on i. When ¢ = 0, the right exactness of
both M ® 4 — and — ® 4 N show that Torg (M, N) = M @4 N = Tor{ (M, N).
Assume the result for all M and N and for ¢ < n. Take a short exact

sequence of the form
0->K—F—>M—0,

where F is free. Since all free modules are projective, Tor:(F, N) = 0 for i > 0.
If n =1, we have exact sequences of the form

0—— Tor}(M,N) — = K®@s N ——F@aN——M@s N——0

T

0—— Tor}(M,N) —— K®@s N ——F@aN—— M@y N ——0

1R

It follows that Tor{(M, N) = Tor{ (M, N). If n > 1, we have exact sequences
of the form

0 —— Tor} (M, N) —— Tor | (K,N) ——0

0 —— Tor’ (M, N) —— Tor? | (K,N)——0
from which the claimed isomorphism follows. ]

The symmetry of tensor product leads to the following isomorphism.

Proposition 5.27  Given a ring A and two A-modules M and N, we then have
Tor (M, N) = Tor(N, M).
Proof First note that
Tor}(M,N)2M®s N and  Tory (N,M)= N ®4 M.
Since

M®RANZ=ZN®s M
men—n@m

we have that Tory (M, N) = Tory (N, M). Consider
0=+S—=P—=+M=—=0

where P is a free module and S is the kernel of the surjection. Note that since
P is a free module, it is flat, and so

Tor (P, N) =0 for i > 0 and
Tor (N, P) =0 for i > 0.
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Hence by Proposition 5.25 we now have two long exact sequences of Tor’s:

<o — Torfy 1 (S, N) — 0 — Torf, (M, N) ;
i+1

)

LTorfl(S,N) — 0 — Tory ; (M,N) — - --

L Tor!(S, N) — 0 — Tor(M, N)

And:

<o — Torfy (N, S) — 0 — Torg (N, M) ;
i+1

)

CHTorfl(st) —0— Tor |(N,M) —>---

L Tor{(N, S) — 0 — Tor(N, M)

Thus we see that

Tor (M, N) = Tor (S, N) ifi>1,
Tor{ (N, M) = Tor;" (N, 5) if i > 1.

We see now that it is enough to show that Tori' (M, N) 2 Tor{!(N, M). Consider
the commutative diagram with exact rows:

0 —— Tor(M,N) —— S @4 N ——P@s N —— M4 N ——0

0 —— Tor!(N,M) ——= N®4 S ——N@sP—— N4 M——0

Note that the left-most terms are 0 because M and N are projective. And so
we see that Tor{ (M, N) = Tor{'(N, M). |

Exercise 5.28 Tor;(M, @, Na) = P, Tor;(M, N,).
Exercise 5.29 Let B be a flat A-algebra. Then

B®4 Tor (M, N) = Tor?(M ®4 B,N ®4 B).
In particular, if U is a multiplicatively closed set in A, then

U~ Tor(M,N) = TotV" (UM, U'N).
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5.2.2 Ext

First Construction

Definition Given a ring A and an A-module N, Extl(—, N) is the left de-
rived functor of the left exact contravariant functor Hom (—, N).

To be more explicit, consider any projective resolution of an A-module M:
d2 d1
= P P— B

Apply the functor Hom4(—, N) to get the complex Hom 4 (P., N):

0" Homa(Py, N) -2 Homa(Pi, N) -2 Homu(Ps, N) —s ---
where df; := 0. We now define:

, . Ker(d}
Exty (M, N) := H'(Homu(P,, N)) = ﬁ

The shift in degrees of the differentials in the quotient above, compared to the
definition of cohomology, is due to the fact that d} is the (i — 1)th differential
in the cocomplex Hom 4 (P, N). Since

Ph—-FP—>M-—=0

is exact,

0 —s Homa(M, N) —s Homa(Po, N) -2 Hom(Py, N)

is also exact. Hence

Ker(d})

Ext% (M, N) = 0

>~ Homu (M, N).

Proposition 5.30 Ext’ (M, N) does not depend on the choice of projective
resolution of M used to compute it. Hence it is well-defined.

Proof Let P, and Qs be two projective resolutions of M. We can lift 1, to
maps of complex p, and 1, and write:

P; - Py M 0
J‘Pi J/SOO J/llM
Qi a Qo M 0
2 [ o
P; - Py M 0
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Since 1 p, and 1) 0 e are both lifts of 17, we have 1, 0 o ~ (1 p,). Similarly,
e 0 e ~ (1g,). Applying (—)* = Homa(—, N) to everything we obtain that

(Yeope)” ~ (Ip,)"  and  (peothe)” ~ (1g,)"

and so . ‘
H'(Homy(P.,N)) 2 H'(Homa(Qe, N)).

Thus Ext(M, N) is well-defined. [

Second Construction

Definition Given a ring A and an A-module N, Ext% (M, —) is the left
derived functor of the left exact covariant functor Hom 4 (M, —).

To be more explicit, consider any injective resolution of an A-module N:
0 1
0— NS B pt 4y g2y
Apply the functor Hom 4 (M, —) and chop off the Hom 4 (M, N) term to get the
complex Hom 4 (M, E®):
;! 0y 44 1y Oa 2
0 — Homu (M, E”) — Homyu (M, E*) — Homyu (M, E*) — - -
where d; ' := 0. We now define:
, , Ker(d!
Ext’, (M, N) := H'(Homu (M, E*)) = L_R
Im(di ")

Note that since
0—-N—E—> E!

is exact,
0
0 —s Homa (M, N) —s Hom (M, E®) 2% Hom (M, EY)
is also exact. Hence

Ker(d?)
0

Ext% (M, N) = =~ Homy (M, N).

Proposition 5.31  Ext’,(M, N) does not depend on the choice of injective res-
olution of N used to compute it. Hence it is well-defined.

Proof Let I* and J*® be two injective resolutions of N. So we may write:

0 N 10 It
JHN L"O Lai

0 N JY Jt
J/llzv Lp” lwi

0 N I° I
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Thus we see that ¥°® o ¢®* ~ (L7.). Similarly, ¢® o ¢* ~ (Lj).

(—)* = Homa (M, —) to everything we obtain that
(¥*o@®)" ~ (L))" and  (p"0¢)*)" ~ (L0)"

and so . ‘
H'(Homy (M, I%)) = H*(Homyu (M, J*®)).

Thus Ext? (M, N) is well-defined.

Properties of Ext

Applying

Proposition 5.32  The two constructions of Ext’y(M, N) given above produce

isomorphic modules and hence are equivalent.

Proof We omit the proof of this result, though it is similar to the proof that
the two definitions of Tor are the same. Readers who are familiar with spectral
sequences can see the result easily by taking a projective resolution P, — M
of M and an injective resolution N — I* and considering the double complex

Homa (P, I°).
Proposition 5.33  Given an exact sequence of A-modules,
0—-M —-M-—M'—0

we obtain a long exact sequence of Ext’s:

0 — Homy (M"”, N) — Hom (M, N) — Hom (M’, N)

L Ext” (M", N) —— Ext’y (M, N) — Ext’y(M’, N

LEX@,(M”,N)% ............ —— Bxt” Y(M',N i
an 1

L Ext’y™H(M" N) — Ext3 (M, N) — Ext’;" (M',N) — -

Proof By the Horseshoe Lemma, there are projective resolutions P,

P,, and

Pl of M', M, and M" respectively, yielding a short exact sequence of complexes:

0— P,—P,— P/ =0

Since P is projective, we have following short exact sequence of complexes:

0 — Homu (P, N) — Homu(P,, N) — Hom(P),N) — 0

By Lemma 5.3, we obtain a long exact sequence of homologies, and hence the

result.
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Proposition 5.34  Given an exact sequence of A-modules,
0N —-N-—=N'"=0

we obtain a long exact sequence of Ext’s:

o — Bxt’y (M, N") — Ext’y ' (M, N) — Ext’; ' (M, N")

L Ext’y (M, N') — BExt’s (M, N) —— Ext’y (M, N") —>

L Ext} (M, N') — Ext% ™ (M, N) — Ext P (M, N") — - .-

Proof Note, one could dualize the above proof or one could take a projective
resolution P, of M and look at the short exact sequence of complexes:

0 — Homa (P, N') — Homa(Ps, N) — Homa(Ps, N") — 0

By Lemma 5.3, we obtain a long exact sequence of homologies, and hence the
result. ]

Proposition 5.35 If A is a ring, the following are equivalent:
(1) M is projective.
(2) Ext’y(M,N) =0 for all A-modules N and for all i > 0.
(3) Ext (M, N) =0 for all A-modules N.

Proof All that needs to be shown is (3) = (1). We must show that given
any short exact sequence

0N —-N-—=N"=0
of A modules, we have
Homyu (M, N) —» Homu (M, N").

But by the long exact sequence of Ext and the fact that Extl (M, N) = 0 for
all A-modules N, we have

0 — Homa (M, N') — Homa (M, N) — Homu (M, N") — 0
is exact, which shows M is projective. |

Proposition 5.36  If A is a ring, the following are equivalent:

(1) N is injective.
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(2) Ext’y(M,N) =0 for all A-modules M and for all i > 0.
(3) Ext (M, N) =0 for all A-modules M.

(4) Exty (M, N) = 0 for all finitely generated A-modules M.
(5) ExtY(A/I,N) =0 for all ideals I C A.

Proof  All that needs to be shown is (5) = (1). By Baer’s Criterion, Theo-
rem 5.14, we must show that given any ideal I of A, a module homomorphism
@ : I — N can be extended to a module homomorphism ® : A — N. This
amounts to saying that

Homy (A, N) — Homa (I, N).

Write
0—-I—-A—->A/I—>0

and apply the functor Homa(—, N), and note that Ext’(A/I,N) = 0 for all
ideals I C A, to obtain the exact sequence

0 — Homa(A/I,N) — Homyu(A,N) - Homa(I,N) = 0
Hence N must be injective. |
Exercise 5.37
(1) Exty (@, My, N) =[], Extly(M,, N).
(2) Ext’y(M,[], Na) =1, Extly(M, Ny,).
In particular, finite direct sums in either variable pass through Ext.

Exercise 5.38 Let B be an A-algebra that is finitely generated and projective
as an A-module or let B be a flat A-algebra where A is Noetherian and M is
finitely generated. Then

B ®4 ExtYy(M,N) = Exty(M ®4 B,N @4 B).

If U is a multiplicatively closed set in A, A is Noetherian and M is finitely
generated, then

U~ Exty (M, N) = Extl,_. ,(U "M, U'N),

5.3 Homological Notions of Dimension

5.3.1 Projective Dimension

Definition Given a ring A and an A-module M, the projective dimension
of M is defined to be:

pd 4 (M) := inf{n : there exists a projective resolution of M of length n}.
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Recall that
0O—-PFP,—-FP1—= =P ->FP—->M=0

is a resolution of length n if it is an exact complex and each P; is projective.
Remark Sometimes projective dimension is called homological dimension.

Proposition 5.39 If A is a ring and M is an A-module, then the following are
equivalent:

(1) pda(M) <n.
(2) Ext’y (M, N) =0 for all A-modules N and for all i > n.
(3) Ext’y™ (M, N) = 0 for all A-modules N.

Proof All that needs to be shown is (3) = (1). Write
P, : 0—-S.,—-P,1—>—>P—>P—M-—=0

where S, is the kernel of d,,_;. We’ll show that S, is projective. By Proposi-
tion 5.35, we need only show that Ext} (S, N) =0 for all A-module N. Break
up P, into short exact sequences as follows:

0 Sn P, Sn_1 0
0—— Sn—l Pn—2 Sn—2 0
0 S1 Py M 0

Apply Hom(—, N) and from the corresponding long exact sequences for Ext
we see

Ext! (S,, N) = Ext%(S,—1, N) & .- =2 Ext';(S1, N) = Ext’y™ (M, N) = 0.
Hence we see that S, is projective. |

As immediate corollaries to this proposition we have two more characteriza-
tions of projective dimension:

Corollary 5.40 If A is a ring and M is an A-module, then:

pd (M) := inf {n ~Given any projective resolution (Pe,ds) of M,}
A =

"Ker(d,—1) is projective
Corollary 5.41 If A is a ring and M is an A-module, then

pd 4 (M) = sup{n : Ext’, (M, N) # 0},
N
where N varies over all A-modules.
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Example 5.42  For arbitrary modules, projective dimension is not always fi-
nite. Consider the local ring A = k[[x,y]]/(2?) and the A-module M = A/(z),
where k is a field. Then

Po: o ABA5A5A

is a projective resolution of M. If apply Homa(—, M), then all the differential
maps become 0 (since x € Anny(M)) and so Ext’y (M, M) = M for all i > 0.
By the previous proposition, pd 4, (M) = cc.
On the other hand, the A-module N = A/(y) has the following finite free
resolution
0>A%A

and so pd4(N) < 1. A similar argument shows that in fact pd 4(N) = 1.

Exercise 5.43 If A — B is a ring homomorphism and P is a projective A-
module, then P ® 4 B is a projective B-module.

Proposition 5.44  Given an A-module M, suppose that x € A is a nonzerodi-
visor on both A and M. If pd 4 (M) < oo, then pd 4,4 (M/xM) < occ.

Proof Consider the following projective resolution of M
P, : 0O0—-P,—wP,1—> - —P—F
We would be done if we knew that
0— P,/aP, = -+ — Py/aPy = M/xM — 0

was exact; this follows from the above exercise. But we can also prove this
directly.
Now note that

H;(P, @4 A/zA) = Tor (M, A/zA).

Since
0— A5 A— AJzA— 0 (%)

is a free resolution of A/xA, we see that
Tor (M, A/zA) = 0 for i > 2.

We must show that Tor{'(M, A/zA) = 0. Applying — ®4 M to (%) above we
obtain the exact sequence

0 — Tori' (M, AjzA) — M - M — M/zM — 0.

But we see that Torj' (M, A/zA) = 0 as the above complex is exact and mul-
tiplication by z is injective. Thus P, ® 4 A/xA is a projective resolution of
M/xM. |
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Proposition 5.45 Let 0 - M — N — T — 0 be an exact sequence of A-
modules. Then

(1) pda(N) < max{pd, (M), pd,(T)}
(2) pd4s(M) < max{pd,(N),pda(T) — 1}
(3) pda(T) < max{pd,(N),pd, (M) + 1}
Proof This follows easily from the long exact sequence of Tor. |

Exercise 5.46 With notation in the previous proposition, show that

(1) If pd (M) > pd 4 (N), then pd,(T) = pd (M) +1
(2) Ifpd (M) < pda(N), then pd,(T) = pd4(N)
(3) Ifpd4(N) > pd4(T), then pd o(M) = pd,4(N)
(4) If pd(N) < pd(T), then pd 4 (M) = pdy(T') — 1
(5) If pds(M) > pdu(T) — 1, then pd o (N) = pd, (M)
(6) If pds(M) < pdu(T) — 1, then pd 4(N) = pd,(T)

5.3.2 Injective Dimension

Definition Given a ring A and an A-module M, the injective dimension of
M is defined to be:

ida(M) := inf{n : there exists an injective resolution of M of length n}.

Recall that
0-M-—-E"-FE' ... 5 E"! 5 E" 50

is a resolution of length n if it is an exact cocomplex and each E° is injective.

Proposition 5.47 If A is a ring and N is an A-module, then the following are
equivalent:

ida(N) < n.

2) Ext’y(M,N) =0 for all A-modules M and for all i > n.

(1)

(2)

(3) Ext’;™(M,N) =0 for all A-modules M.

(4) Ext’y™ (M, N) = 0 for all finitely generated A-modules M.
(5)

5) Ext"T (A/I,N) = 0 for all ideals I C A.

Proof This proof is left as an exercise for the reader. Hint: See the proof of
Proposition 5.39. |

141



5.3. HOMOLOGICAL NOTIONS OF DIMENSION

As immediate corollaries to this proposition we have two more characteriza-
tions of injective dimension:

Corollary 5.48 If A is a ring and N is an A-module, then:

. . _Given any injective resolution (E®,d*) of M,
ida(M) := inf {n "Im(d"~1) is injective

Corollary 5.49 If A is a ring and N is an A-module, then

ida(N) = s]1\14p{n : Ext’y (M, N) # 0},

where M varies over all finitely generated A-modules.

Exercise 5.50 State and prove the analogous statements to Proposition 5.45
and Exercise 5.46 for injective dimension.

Example 5.51  The earlier exact sequence
0-Z—-Q—->Q/Z—0

shows that idz(Z) < 1. One can show that, in fact, idz(Z) = 1.
Rings which have finite injective dimension as modules over themselves are
called Gorenstein. These rings are covered in a later chapter. An example

of an Artinian non-Gorenstein ring is A = k[x,y]/(«?, zy,y?). It follows then
that idA(A) = oQ.

5.3.3 Global Dimension

Definition Given a ring A, the global dimension of A is defined to be:
gd(4) = suppd, (M)

where the M varies over all A-modules.
‘We now have the following corollary to Proposition 5.39 and Proposition 5.47:
Corollary 5.52  Given a ring A we have that:

gd(A) = sup pdy(M)
McMod 4
sup ida(M)
McMod 4

= sup pdyu(M) such that M is finitely generated.
MeModa
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5.4 The Local Case

Let (A, m,k) be a local ring. Recall Corollary 2.35 which states that if M is a
finitely generated A-module, then

p(M) :={the minimal number of generators of M}
— dimy (M/mM).

The above fact will be used extensively.

The next theorem is very important as it shows that projective modules and
flat modules are locally free. This means that when you localize a finitely
generated flat or projective module at a prime ideal, you get a free module.

Theorem 5.53 If A is a local ring and M is a finitely generated A-module,
then the following are equivalent:

(1) M is free.

(2) M is projective.

(3) M is flat.

(4) Tor(M,N) =0 for all A-modules N and for all i > 0.
(5) Tori!(M, k) =0.

Proof All that needs to be shown is (5) = (1). Let F be a free module
mapping onto the minimal generators of M and obtain the short exact sequence

0=+S—=F—=M-=D0.
Applying — ® 4 k we obtain the short exact sequence
0—S/mS— F/mF — M/mM — 0

since Tor{ (M, k) = 0. However, since we map a basis of F onto a minimal
set of generators of M, we see F/mF = M/mM and so S/mS is 0. Hence by
Corollary 0.29, Nakayama’s Lemma, we see that S =0 and so M & F. ]

5.4.1 Minimal Free Resolutions

Let (A,m, k) be a local ring and M be a finitely generated A-module. We are
going to discuss the construction of a minimal free resolution of M. Recalling
Corollary 2.35, set

Bo = ranky (M /mM),
Sp := Ker(A% — M),
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where the map A% — M is defined by mapping a basis of A% onto a minimal
set of generators of M. Inductively define

Bi = rankk (Sl/mSZ),
Si+1 = Ker(ABi — Si),
where at each step, the map A% — S, is defined by mapping a basis of A%

onto a minimal set of generators of S;. Now we may inductively write the exact
sequences:

0— 9 — A% 5 M =0,
0— Sip1 — AP = 5, — 0.

The integer (; is sometimes called the ith Betti number of M and S; is referred
to as the ith syzygy of M. The rather mysterious word syzygy means yoke.
After putting the above exact sequences together, we can see why syzygy is a
good term to use for the S;’s, as each S; is connecting two free modules via
A-module homomorphisms:

7777777 ﬁAﬂlffdj,%ABoL)MHO

Ny
/\

The d;’s above are formed by taking the composition A% — S; — APi~1 while
7 is the canonical surjection. Hence we obtain a free resolution of M, that is
a long exact sequence of free modules ending at M:

— AIBS Aﬂz Aﬂl ABO M —0

A resolution of this form is called a minimal free resolution. Note that the
condition that A is local, and hence Noetherian, is critical for this construction.
By Corollary 5.57, we see that the projective dimension of M is given by

pd 4 (M) = sup{n : Tor:(M, k) # 0}.

Since the entries of the matrices defining the d;’s in a minimal free resolution
live in m, they become zero maps when tensored by k. Hence

Ker(d; ® 1)
Im(dHl (24 1)
Thus we see that if the projective dimension of M is finite, then the degree of

the final nonzero term in the minimal free resolution is equal to pd 4, (M ). Hence
a minimal free resolution is truly a resolution of minimal length.

Tor (M, k) = = AP @ k= kP
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Proposition 5.54 Let (A,m,k) be a local ring, M a finitely generated A-
module, and F, be any free resolution of M where each F; has finite rank and
such that:

(1) m: Fy - M and Ker(w) C mF.
(2) Im(dz) = Ker(di_l) - mE-_l.
Then F, is a minimal free resolution of M.

Proof Consider the exact sequences:

0—-S1—=F—>M-—=0
0—>Si+1—>Fi—>Si—>0

Where S; is the ith syzygy as defined above. Now apply — ®4 k to obtain

FoRak=M®ak,
F,4k=S;®4k.

Thus by Corollary 2.35, we see that the rank of Fy is the minimum number of
generators of M. Similarly, we see that F; is a free module of rank equal to the
minimum number of generators of S;. |

Exercise 5.55 Let M be a finitely generated module over a local ring A. Then
the minimal free resolution of M is unique up to isomorphism of complexes.

Proposition 5.56 If (A,m, k) is a local ring and M is a finitely generated
A-module, then the following are equivalent:

(1) pds(M) <n.
(2) Tori'(M,N) =0 for all A-modules N and for all i > n.
(3) Tora, (M, k) =0.

Proof The only nontrivial implication is (3) = (1). Let Fo be a minimal free
resolution of M. After tensoring by k, all the differentials become 0 maps and so
Tort, (M, k) = Fy11 ®ak = 0. This means F,41 =0 andsopdy(M) <n. B

Later on we will be able to remove the condition that A is a local ring for
the above proposition.

Corollary 5.57 If (A,m,k) is a local ring and M is a finitely generated A-

module, then
pd 4 (M) = sup{n : Tor(M, k) # 0}.

Proposition 5.58 If (A, m, k) is a local ring, the following are equivalent:

(1) gd(4) <n.
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(2) Tor(M,N) =0 for i > n and all A-modules M and N.

(3) Torpy(k, k) = 0.
Proof All that needs to be shown is (3) = (1). If Torf+1(k,k) = 0, then
pd 4 (k) < n. So by Proposition 5.56, Tor;?H(M, k) = 0 for all A-modules M. In
particular, Tor? +1(M, k) = 0 for all finitely generated A-modules M. Again by

Proposition 5.56 we have that pd 4 (M) < n for all finitely generated A-modules
M. Thus gd(A) < n by Corollary 5.52. |

Corollary 5.59 If (A,m, k) is a local ring,
gd(A) = pd (k).

There is an analogous result to Corollary 5.57 for injective dimension over
local rings.

Theorem 5.60 Let (A,m,k) be a local ring and M a finitely generated A-
module. Then _
ida(M) = sup{i : Ext’y(k, M) # 0}.

Proof We refer the reader to [3, Proposition 3.1.14]. |

5.5 Regular Rings and Global Dimension

5.5.1 Regular Local Rings
Definition If (A, m) is local, A is a regular local ring if
dim(A4) = p(m) = {the minimal number of generators of m}.

Example 5.61 Examples of regular local rings:

(1) Consider A = k[Xy,...,X,]| where k is a field. Here dim(A) = n and
m = (Xy,...,X,). Thus A is a regular local ring.

(2) Any DVR is a regular local ring of dimension 1 since its maximal ideal is
principal. In particular, Z,) and k[X] x) are regular local rings.

Example 5.62 A nonexample of a regular local ring:

k[X,Y,U, V] S XY U V]
xy —ov) " T Xy —0V)

In either case m = (X,Y,U,V) but dim(A) = 3.

A:

Exercise 5.63 Consider
EX,Y,U,V]n

A= (XY —UV)

Letting p = (X, U), write down a free resolution of A/p over A. Can you get a
finite free resolution of A/p over A?
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Definition If (A, m) is a regular local ring, a system of parameters x1,...,zq
is called a regular system of parameters if m = (21,...,24).

Proposition 5.64 Let (A, m) be a regular local ring of dimension n and

T1y-..,Tj €M
Then x1,...,x; form part of a regular system of parameters for A if and only
iffor alli,1<i<j, A/(x1,...,x;) is a regular local ring of dimension n — 1.

Proof Throughout this proof set A; = A/(x1,...,x;) and thus
my, = m/(:cl, e ,.’L‘i).

(=) By the definition of A; we have that dim(A;) > n — i. The maximal
ideal m4, of A; is generated by n — ¢ elements since you can extend x1,...,x;
to a regular system of parameters. Thus dim(4;) < n — ¢ and so we see that
dim(A4;) =n —i.

(<) If dim(A;) = n — i and A; is a regular local ring, then m4, can be

generated by n — i elements. Since A is a regular local ring, z1,...,x; must
form part of a regular system of parameters. |
Definition Given a ring A and an A-module M, z1,...,x, € A is called an

M -sequence or a regular sequence on M if the following hold:
(1) (xla" 7xn)M 7& M.
(2) For each i > 0,

M 2N M
(.Il,---,I»L',l)M ('rlv"'v'rifl)M
is an injective map; that is, z; is a nonzerodivisor on M/(z1,...,x;—1)M
for 1 <i<n.

Example 5.65 If A =k[Xy,...,X,], then Xq,...,X,, form an A-sequence.

Exercise 5.66 IfA=k[X,Y,Z],21=X,20=Y(X—1), and a3 = Z(X —1),
then x1, %2, x3 form an A-sequence, but xs, o, x1 does not.

The next lemma tells us the relationship between an M-sequence and a
system of parameters:

Lemma 5.67 If A is a local ring, every M-sequence is part of a system of
parameters for M.

Proof This follows by repeatedly applying the exercise after Corollary 3.42.
|

Corollary 5.68 If A is local and M is finitely generated A-module with x4, ..., x;
an M-sequence, then i < dim(M).
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It should be pointed out here that unless the ring is nice, the inequality
above is strict.

Lemma 5.69 If (A, m) is local ring and a € m — m?, then the exact sequence
0— aA/am = m/am — m/aA — 0
splits.
Proof We must define i : m/am — aA/am such that not =1,4/4m. Take n
to be the composite
m/am — m/m? %5 A/mi aA/am
where (@) =T and ¢ sends the rest of a k-basis for m/m? to 0. |

Lemma 5.70  Suppose that (A, m) is Iocal and gd(A) is finite. Let a € m —m?
such that a is a nonzerodivisor on A. Then gd(A/aA) is finite.

Proof First note that by Corollary 5.59 we have that gd(A) = pd4(A4/m).
Thus if gd(A) = 0, we have that A is a field implying that m is zero, and hence
we are done.

Assuming that gd(A) > 0, write

0-m—A4A—-A/m—0

and so we see that if pd 4(A/m) is finite, then pd 4(m) is finite. If a is a nonze-
rodivisor on A, then it is also a nonzerodivisor on m. Hence pd 4/, 4(m/(am))
is finite by Proposition 5.44. By Lemma 5.69, we have that

m/am = A/m P m/aA.

By considering the Tor characterization of projective dimension we see that
pda/qa(A/m) is finite. Hence gd(A/aA) is finite. |

Lemma 5.71 If A is Iocal and M is a finitely generated A-module with finite
projective dimension, and a € m is a nonzerodivisor on M, then

pdy(M/aM) = pd (M) + 1.

Proof Write
0— M-% M— M/aM — 0

apply the functor — ®4 k and consider the long exact sequence for Tor. Since
a € m, the map Tor (M, k) —% Tor (M, k) is in fact the zero map for all ¢ and
so we have the exact sequence

0 — Tor (M, k) — Tor(M/aM, k) — Tor | (M, k) — 0

for i > 1. Since Tor? ,(M,k) = 0 implies that Tor{ (M, k) = 0, we must
conclude that

Tor{ (M /aM, k) =0 whenever Tor (M, k) = 0.

The theorem now follows from Theorem 5.56. |
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Exercise 5.72 If A is a ring and a is an ideal such that
aClyuUhu---Ul,

where Iy is a prime ideal. Show that there exists a proper subset S of {0,...,n}

such that
aC U Ii.

Lemma 5.73 Let A be a local ring and suppose every element m — m? is a
zerodivisor. Then every finitely generated module of finite projective dimension
is free.

Proof To start note that

and so

mC U p | um?
pEAss(A)

Repeatedly applying the previous exercise we see that either m € Ass(A) or that
m C m?. If the latter is the case, then

m = m?

which implies that m = 0 by Corollary 0.29, Nakayama’s Lemma. Hence A
must be a field, and every finitely generated module over a field is free as it is
a vector space.

So now suppose that m € Ass(A4). Thus A contains an element x annihilated
by m and we may write, setting k = A/m, the exact sequence:

0— k- A— AJzA— 0

Suppose that there exists some finitely generated A-module M of positive pro-
jective dimension. Applying the functor — ® 4 M to the above exact sequence
and considering the long exact sequence for Tor we see that for all ¢+ > 1

Tory (k, M) = Tory, (A/xA, M).
However now we see by Proposition 5.56 that if pd 4 (M) = n, then
Tora(k,M)#0  and  Tor, (A/zA, M) =0
which is impossible. Thus M must be free. |

Theorem 5.74 (A, m, k) is a regular local ring if and only if gd(A) is finite.
In this case
gd(A) = dim(A).
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Proof (=) Suppose that A is a regular local ring with m = (z1,...,2,).
Setting x; = 1,...,x;, we see that x,, is a regular system of parameters for
A and thus x, forms an A-sequence by Proposition ??. Consider the following
short exact sequences:

x1

0 A A Af(z1) —— 0

0—— Af(x1) —=— Af(x1) — A/(x3) —— 0

0—— A/(gn,l) LN A/(gn,l) — 5 A/ (x,) ——0

By Lemma 5.71 we have that

pdA(A) = 07
pd4(A/ (1)) = 1,
pda(4/(x2)) = 2,

pd,(A/ (%)) = n.

But A/(x,,) = A/m, and hence by Corollary 5.59, gd(A) = n.

(<) Now suppose that gd(A) is finite. Let n = rankg(m/m?), and proceed
by induction on n. If n = 0, then m = m? and by Corollary 0.29, Nakayama’s
Lemma, we see m = 0 and so A must be a field, and hence regular.

Suppose that the statement is true up to n. We must check the case when
ranky (m/m?) = n+1. We claim that some element of m—m? is a nonzerodivisor.
Suppose to the contrary that every element of m — m? is a zerodivisor. Now
by Lemma 5.73 we see that every module of finite projective dimension is free.
But if gd(A) is finite, then pd 4 (k) is finite, and hence free, and so we must
conclude that A is a field, a contradiction. Thus there is a € m — m? which is a
nonzerodivisor on A.

Now by Lemma 5.70, gd(A/aA) is finite and if we set m = m/aA, then we
have n = rank(m/m?). Thus dim(A4/aA) = n, and so dim(A) =n + 1. |

Now we turn to the question which we started with in this section: If
A=C[Xy,...,X,]

and p is a prime ideal in A, is A, a regular local ring? We answer this question
in the affirmative with the following corollary:

Corollary 5.75 If A is a regular local ring and p is a prime ideal of A, then
A, Is a regular local ring.

Proof Since A is a regular local ring, gd(A) is finite and hence pd 4(A/p) is
finite. Consider a free resolution of A/p:

F,: 0O—-F—--—F —>F—>A/p—0
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Apply the functor — ®4 A, to get:
(Fo)p : 0= (Fi)p =+ = (F1)p = (Fo)p = Ap/pAp = 0

Since Ay is a flat A-module, (F%)y is an exact complex. Thus pd, (A, /pAy) is
finite, and so gd(A,) is finite, and hence A, is a regular local ring.

Theorem 5.76 A regular local ring is a domain.

Proof Let (R,m) be a regular local ring with dim(R) = n. Proceed by
induction on n. If n = 0, then m is an ideal generated by 0 elements, so m = (0)
and R is a field.
If n = 1, then m = zR is principal. It follows that R is a DVR and in
particular a domain.
When n > 1, let py,...,ps be the minimal primes of R. Since m ¢ m? and
m ¢ p; for all 4, there exists £ € m that is not contained in m?,p1,...,p;. So
7 € m/m? is a regular parameter. By Proposition 5.64, R/zR is a regular local
ring of dimension n — 1. By induction, R/xR is a domain and so zR is a height
one prime ideal of R. Suppose p; is one of the minimal primes contained in zR.
Let y € p1 € xR. Then we may write y = ra for some r € R. Since = ¢ py,
r € p1. Therefore p; = zp;. By Nakayama’s Lemma, Corollary 0.29, p; = (0).
Thus R is a domain.
|

Theorem 5.77 (Nagata) Let A be a Noetherian domain, S a set of prime
elements, and U the multiplicatively closed set generated by S. If U'A is a
UFD, then so is A.

Proof Let p be a height one prime ideal of A. If p N U # @, then p contains
an element = € S, and since x A is a nonzero prime ideal, p = zA. If pNU = @,
then pU~'A is a height one prime ideal of U"'A. Since U 'A is a UFD,
pU A = aU~'A is principal for some a € p. Among such a choose one such
that aA is maximal under containment. Then a is not divisible by any s € S.
If x € p, then sz = ay for some s € S and some y € A. Let s = 51+, with
s; € S. By the choice of a, a ¢ s;A for any ¢ and so y € s;A for all 4. It follows
that y € sA so that x € aA. Hence p = aA.

]
Theorem 5.78 (Auslander-Buchsbaum) If (A, m) is regular local, then A is
a UFD.
Proof We refer the reader to [12] for a proof. |

5.5.2 Regular Rings
Definition A Noetherian ring A is regular if gd(A) is finite.

Exercise 5.79 If A is Noetherian and M is a finitely generated A-module,
then show the following:
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(1) pdy(M) = sup  pdy, (Mn).
meMaxSpec(A)
(2) Suppose that pd 4 _(My) is finite for all m € MaxSpec(A). Then pd 4 (M)
is finite.

Proposition 5.80 If A is a Noetherian ring and M is a finitely generated
A-module, then the following are equivalent:

(1) pda(M) <.
(2) Tor(M,N) =0 for all A-modules N and all i > n.
(3) Tors, (M, A/m) =0 for all m € MaxSpec(A).
Proof Follows from the above exercise and Proposition 5.56. |
Proposition 5.81 If A is Noetherian, the following are equivalent:
(1) gd(4) < n.
(2) For all finitely generated A-modules M and N, Tor:!, (M, N) = 0.

(3) For all finitely generated A-modules M and all maximal ideals m C A,
Toris (M, A/m) = 0.
(4) Torf+1(A/m, A/m) = 0 for all maximal ideals m C A.
Proof Follows from the above exercise and Proposition 5.58. |

Corollary 5.82 If A is a ring then A is regular if and only if pd 4(A/m) < oo
for all maximal ideals m C A.

Corollary 5.83 If A is a regular ring, then A, is regular local for all p €
Spec(A).
Exercise 5.84  Consider
R[X,Y, 7]
(X24+Y2-22-1)

Show that A is a regular ring but not a UFD. Conclude that the previous
theorem is false if the local condition is dropped.

Example 5.85 If A is regular, then Alx] is regular. Moreover
gd(Afa]) = gd(4) + 1.
Example 5.86 The following are examples of regular rings.
(1) Ifk is a field, then k[X1, ..., X,] is regular.
(2) Z[X1,...,X,] is regular.
(3) If A is a Dedekind domain, then A[Xq, ..., X,] is regular.
(4) Ifk is a field, then k[ X1,..., Xp][Y1, ..., Ym] is regular.
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Chapter 6

Depth and Cohen-Macaulay
Modules

6.1 Depth

Definition Given a ring A and an A-module M, x1,...,2, € A is called
M-regular or an M-sequence if the following hold:

(1) (z1,...,2,)M # M.

(2) For each i > 0,

M 2N M
(CCl,---,I»L',l)M ('rlv"'v'rifl)M
is an injective map; that is, z; is a nonzerodivisor on M/(z1,...,x;—1)M
for 1 <i<n.

Example 6.1 If A=k[Xy,...,X,], then X1,..., X, form an A-sequence.
Exercise 6.2 IfA=Fk[X,Y,Z],z1=X,22=Y(X —1),and 3 = Z(X — 1),

then x1,x2, x3 form an A-sequence, but x3,xs,x1 does not.

Remark By the exercise we see that a permutation of an M-sequence is not
in general another M-sequence.

Lemma 6.3 Ifxy,...,x, is an M-sequence and
£C1§1 ++xn§n :Oa
with £ € M for all i, then §; € (x1,...,x,)M for all i.

Proof Proceed by induction on n. If n = 1, then we have x1£; = 0 which
implies that & =0 € (z1)M.
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Now suppose the lemma is true for 1,...,n — 1. Since

$1§1 + -+ $n71§n71 + xnén - 07

we have that x,&, = 0 in M/(x1,...,2,—1). However, since x, is a nonzerodi-
visor on M/(xy...,xp_1), we see that in fact &, € (x1,...,2,-1)M. Hence for
some mzi,...,My_1 we have

n=x1m1+ -+ Tp_1Mp—1.
Thus
161 + -+ Tpo1§p-1 + To(@rma + -+ Tpo1mp-1) =0,
r1(&1 + xama) + 22(§2 + xam2) + -+ 21 (§n1 + Tamn—1) = 0.
By induction, (&§; + x,m;) € (21,...,2,-1)M and so we see that
& e (rr,. . xn)M fori=1ton—1
and so we are done. ]

Lemma 6.4 Ifxy,...,x, isan M-sequence, thenx7', ..., al» is an M-sequence
for any positive integers ry, ..., .

Proof It is enough to show z{,z2,...,z, is an M-sequence as then we may
consider M’ = M /x] M with M’-sequence 3, . . ., x, and work inductively. Note
that it is clear that

(x],...,zn)M # M,

since

(1, xn)M # M.

Now proceed by induction on r. The case of » = 1 is trivial. So let’s assume

that our theorem is true for r =1,...,r — 1. Since
M 1 M
s

(xl,...,xi,l)M (.Il,...,.fci,l)M
is injective, so is

(xl,...,xi_l)M (:vl,...,:vi_l)M'

We must now show that x; is a nonzerodivisor on M/(a},za,...,2,—1)M for
i=2,...,n. Suppose for some m € M and for &;,...,&_1 € M that

xm =x1& +x2be + -+ xim1&i—1.

Since we assume x{_l, ..., x;—1 is an M-sequence by induction, we have

-1
m=a] mi+xToma+ -+ T 1My
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where mq,...,m;_1 € M. Hence
0= I1($71“71§1 —z;mi) + z2(§e —xima) + -+ Tp—1(§im1 — TMp—1).

Thus by Lemma 6.3, we see that (xg_lﬁl —x;mq) € (z1,...,2p—1)M. Thus,
(x;m1) € (21,...,2,-1)M and so wesee my € (x1,...,2,—1)M, because x1, ..., x;
is an M-sequence. Hence

'
me (zf,...,2i-1)M
and so we see that z; is an injective map on M/(z1,...,x;—1). Hence a7, ..., z,
is an M-sequence. This proves the theorem. |

Definition Let A be a ring and let M be an A-module. Then z4,...,z,
is called an M-quasi-regular sequence if given a ring A, an A-module M,
X1,...,Tn € M such that if (x1,...,2,) = I, IM # M, and a module homo-
morphism ¢ : M[X] = M via

S X X Sl a
the following condition holds for each r:

(%) Given f € M[X], a homogeneous polynomial of degree r, ¥(f) =
f(x1,...,2,) € I"™'M implies that the coefficients of f are in M.

Proposition 6.5 In the above definition the condition (%) is actually equiva-
lent to each of the following:

(%K) Given f € M[X], a homogeneous polynomial, ¥)(f) = 0 implies
that the coefficients of f are in IM.

(Y% %) The map

“IM IM

d il
M 7 I3M

defined by sending a homogeneous polynomial f of degree r to the residue
class of f(z1,...,2,) in I"M/I""1 M is an isomorphism.

Proof (%) = (%*) Clear.

(%% ) = (%) Suppose that ¢(f) € I""* M. Now there exits a homogeneous
polynomial g(X) € M[X] of degree r such that 1(f) = 1(g) with the coefficients
of g in IM. Since ¢ is a homomorphism, ¥ (f — g) = 0, and so we see the
coeflicients of f — g are in IM. Hence the coefficients of f are in IM.

The equivalence of (J¥) and (k%) is left to the reader. [ |

Remark Let x1,...,x, be an M-quasi-regular sequence. Then z1,...,x; for

i < n is not necessarily M-quasi-regular. This is in contrast with the case for
M-sequences.
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Theorem 6.6  Given a ring A, M an A-module with I = (21, ...,2,) an ideal
of A, we have the following

(1) Suppose that x1,...,x, is an M-quasi-regular sequence. If x € A is such
that (IM :pr x) = IM, then (I"M :pp x) = I" M, where

(IM :ppx):={meM:axmeIM}.

(2) If x1,...,x, Is an M-sequence, then x1,...,x, is an M-quasi-regular se-
quence.

(3) If the I-adic topologies on M, M/x1M,... ., M/(x1,...,2n—1)M are all
Hausdorff and if x1, . . . , xy, is an M -quasi-regular sequence, then x1, ..., T,
is an M -sequence.

Proof (1) Proceed by induction on r. The statement is trivial if » = 1.
Assume that (I" 1M :ps ) = I""*M. Then

me (I"M :pz)=ame "M CI" M.

Thus m € (I""*M :pr ) = I""'M by induction. Hence there is a homogeneous
form F(x1,...,2,) € M[z1,...,2,] of degree r — 1, which we can write as

_ i1 %
F(‘Tlv"'vxn) - E Miy,. L inT1 Ty’

such that

By above,

Tm = Z:z:mil _____ inajzf . ~3::-1" e I"M.
By quasi-regularity, xm;, .. ;. € IM for all tuples (i1,...,4,). Since each
Miy,...in € (IM :pr &) = IM, we have that

m = F(a1,...,a,) € I"M.

(2) Let x1,...,2, be an M-sequence. We proceed by induction on n. If
n = 1, then a degree r form F(X) in M[X] must be of the form mX" for
some m € M. If F(xz1) = 0, then ma} = 0. Since x; is an M-sequence, x; is
a nonzerodivisor on M and so m = 0. In particular m € IM. Therefore by
(%), 1 is an M-quasi-regular sequence.

Now assume that (2) is true up to n—1. So we can assume that x1, ..., Z,—1
is M-quasi-regular. Let F(Xy,...,X,) be a form in M[X7,..., X,] of degree r
such that F(z1,...,z,) = 0. We prove by induction on 7 that the coefficients
of F lie in IM. The case r = 1 is proved by Lemma 6.3. Assume (2) holds for
forms of degree less than r. Write

F(Xl,...,Xn) = G(Xl,...,Xn_l)-i-XnH(Xl,...,Xn),
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where deg G = r and deg H = n — 1. Therefore
T H(x1,...,2n) = —=G(21,...,Zpn-1) € (X1,...,Tpn_1)M.
Since z1, ..., z, form an M-sequence, we have
(1, oy 1) M pg ) = (21, .., Tpe1) M.
Thus by (1), H(z1,...,2n) € (X1,...,Tpn-1)"M C (z1,...,2,)M. Since deg H =
r — 1 by induction we have that the coefficients of G are in IM. In addition we
can write H(x1,...,z,) = H'(21,...,2,-1) where H' is a form of degree r in
M[Xy,...,X,-1]. Now set
F/(Xl, c. aXn—l) = G(Xl, - aXn—l) + ,TnHI(Xl, e 7Xn—1)-
Then F” is a form of degree r in M[X1,..., X,_1]. Further, we have

Fl(z1,...,op_1) =G(x1,...,xn_1) + xnH' (21,.. ., T0n_1),
=G(r1,...,Tn-1) t xH(x1,...,2T0),

=0.
Since x1,...,T,_1 18 M-quasi-regular, the coefficients of F’ are in IM. There-
fore the coefficients of H are in IM, and hence those of F' are in IM. This
proves that x1,...,z, is M-quasi-regular.

(3) Suppose that z1,...,z, is an M-quasi-regular sequence and that the I-
adic topologies on each of M, M/x1 M, M/(x1,x2)M, ..., M/IM are Hausdorff.
We first show that z; is an M-sequence. Suppose zym = 0 for some m € M.
Then since x; is a quasi-regular sequence, m € IM. Thus we can write

m=ximi+---TpMnp
where mq,...,m, € M. Thus
2
rimi +x1x9me + - + 1T, My, = 0.

Again, since z1,...,T, is a quasiregular sequence, m € I2M. Continuing in
this way we get that m € () I™M, which is (0) by hypothesis. Thus z; is a
nonzerodivisor on M.

It suffices now to show that xo, ..., x, is an M/x; M-quasi-regular sequence,
since by induction then xa, ..., x, is an M/xqM-sequence and hence z1,...,x,
is an M-sequence. Using the (3% ) criterion, we must show that if F(Xs,..., X,)
is a form of degree v in M[Xa,...,X,] such that F(zs,...,2,) € 21 M, then
the coefficients of F' are in IM. This is true for v = 1, since z1,...,z, is M-
quasi-regular. Assume the statement is true for forms of degree less than v. We
can write

F(za,...,xyn) =x1m
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for some m € M. Since (\I"M = 0, there is some integer ¢ such that m €
I'M — I'** M. Thus we can write

F(za,...,xn) =21 H(x1,...,2p)

where H(X1,...,X,) is a form of degree i in M [X;,...,X,]. Supposei < v—1.
Then X1H(X1,...,X,) is a form of degree at most v. Since F(za,...,z,) —
v H(x1,...,2,) = 0, the coefficients of H are in IM. But then m € I'™1 M, a
contradiction. Therefore ¢ > v — 1. We may assume then that deg(H) = v — 1.
Then

FI(X1,. X)) = F(Xoy. ., X0) — XeH(X1, ..., X)

is a form of degree v such that F'(x1,...,2,) = 0. Thus the coefficients of F”,
and hence those of F', are in I M. |

Corollary 6.7 If (3) in the above theorem is satisfied, then the sequence can
be permuted; that is, any permutation of an M-sequence 1, ..., T, is again an
M -sequence, because any permutation of an M -quasi-regular sequence is again
M -quasi-regular.

Remark Now consider the Noetherian case. Let A be a Noetherian ring and
M a finitely generated A-module. Let x1,xo,... be an M-sequence. Then we
get a strictly increasing sequence of submodules

(x1)M C (x1,22)M C (21,22, 23)M C - -- .

By assumption this chain must terminate. Hence any M-sequence must be of
finte length. The natural question then is do all M-sequences have the same
length. The next couple results will answer that question in the affirmative.

Lemma 6.8 If A is a Noetherian ring with M a finitely generated A-module
and N any A-module, then Ass(Hom (M, N)) = Supp (M) N Assa(N).

Proof (C) Recall that p € Assy(T) if and only if pA, € Assa, (). So
take p € Assa(Homa(M,N)). Then pA, € Assa,(Homy,(M,, Np)). Since
Assa, (Homy, (My, Ny)) # @, Homa, (M, Ny) # 0 and hence M, # 0. Thus
p € Supp(M). Further, we have an injection A,/pA, — Homa, (M, Np).
Therefore

Since M, /pM, = Ay/pA, ®a, M, is a vector space over A,/pAy, there is a
nonzero map from A,/pA, — M,/pM,. Therefore Homu, (Ay/pAy, Np) # 0
and so we have an injection A,/pA, — N,. Therefore pA, € Assa,(Np) and
hence p € Assa(N).

(2) Working backwards, take p € Supp 4(M)NAssa(N). Then we have that
M, # 0 and there is an injection A,/pA, — N,. By Nakayama’s Lemma,
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Since A, /pA, is a field, M, ®4, Ap/pA, is a nonzero vector field over Ay, /pA,.
Hence there is a nonzero map M, ® 4, Ap/pAy, — A,/pA,. Composing with the
injection above yields a nonzero map in Hom 4, (M,®a, Ap/pAy, Ny). Therefore

Hom y,, (My, Homa, (A, /pAp, Np)) = Homa, (My ®a, Ap/pAy, Np)) # 0.
Therefore pA, € Assa, (Homy, (M, Ny)), and so p € Asss(Homs(M,N)). B

Theorem 6.9  If A is a Noetherian ring and M is a finitely generated A-module
and I is an ideal of A such that IM # M. Then the following are equivalent:

(1) Ext’y(N, M) =0 for all i < n and for all finitely generated A-modules N
such that Supp 4 (N) C V(I) = {p € Spec(A4) : p D I}.

(2) Ext’y(A/I, M) =0 for some ideal I of A and for all i < n.

(3) Ext’y(N,M) = 0 for all i < n for some finitely generated A-module N
where Supp 4(N) = V(I).

(4) There exists x1,...,x, € I which form an M-sequence.

Proof (1)= (2) = (3) is obvious.

(3) = (4) First we show that if Hom4 (N, M) = 0, then there exists a1 € I
a nonzerodivisor on M. By the previous lemma, Supp4(N) N Assa (M) = .
We prove by induction that there is an M-sequence of length n in I. Let p be
a prime ideal of A.

p € Assa(M) = p ¢ Supp4(N),
=>ppI.

Hence, by prime avoidance,

¢ J

pEAssa (M)

Since the union of associated primes are exactly the zerodivisors, there exists
a € I such that a is a nonzerodivisor on M.

We now prove (3) = (4) by induction on n. Observe that the n = 0 case is
vacuous. Above we proved the n = 1 case. Now suppose that Exzti, (N, M) =0
for i < n for some finitely generated A-module N where Supp(A(N) = V().
Since Hom4 (N, M) = 0, there exists a; € I be a nonzerodivisor on M. Then
we have an exact sequence

0= M- M— M/a;M — 0.

From the long exact sequence for Ext we have Ext% (N, M/a;M) = 0 for 0 <
i < n — 1. By induction, there is an M /a1 M-sequence ag,...,a,. Therefore
ai,-..,a, is an M-sequence.
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(4) = (1) Suppose ai,...,a, is an M-sequence in I. Let N be a finitely
generated A-module with Supp4(N) C V(I). Let J = Anng(N). Then V(J) C
V(I) and VI C +/J. Hence there exists t > 0 such that It C .J. Take any
f € Homu(N,M). Fix n € N. Since a} € Annu(N), we have a! f(n) =
f(ain) = f(0) = 0. Since a} is a nonzerodivisor on M, f(n) = 0 and so
Hom (N, M) = 0.

Now consider the exact sequence

0— M- M — M/atM — 0.

Since ag,...,a, is an M /a1 M-sequence, we may assume by induction that
Ext, (N,M/a{M) = 0 for 0 < i < n — 1. By the long exact sequence for
Ext 4 the map

Ext’, (N, M) — BExt’, (N, M)
is an isomorphism for 0 < i < n — 1 and is injective for i = n — 1. Since a} €

Anny4(N), the above map is the zero map for 0 < i < n. Hence Ext’ (N, M) =0
for 0 <i < n. |

Definition Let A be a Noetherian ring, M a finitely generated A-module, and
I an ideal of A such that IM # M. Then we define

depth, (M) :=inf{i : Ext’(A/I, M) # 0},
= length of maximal M-sequence in I.

If A is a local ring with maximal ideal m, then depth,, (M) will be abbreviated
by depth(M).

Exercise 6.10 Suppose that A is a local ring and M is a finitely-generated
A-module. Show that depth(M) = 0 if and only if m € Assa(M).

Corollary 6.11 If
0— My — My — M3z —0

is a short exact sequence of finitely generated A-modules. Set d; = depth;(M;).
Then:

(1) dl Z min{dg, d3 + 1}
(2) dg Z min{dl, dg}
(3) dg Z min{d1 - 1, dg}

Proof Use the long exact sequence for Ext and the previous theorem charac-
terizing depth. |

Exercise 6.12  Suppose that A is Noetherian, M and N are A-modules, where
depthy ., (ar) (V) = n. Show that

0 ifi <n,

Exty (M, N) =
xta(M, N) {HomA(M,N/(:zzl,...,:cn)N) ifi=n,

where 21, ...,y is a maximal N-sequence in Ann(M).
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Exercise 6.13  Suppose that A is local, M and N are A-modules, with deptha,,, ) (N) =

n. If x1,...,x, is both an A-sequence and an N-sequence, then setting A =
A/xA we have

Exty (M, N) = Ext'="(M, N/(z1,...,2,)N)
for all i > n.

Definition If A is a Noetherian ring, and M is a finitely generated A-module,
then the grade M is

grade(M) :=inf{i : Ext’y(M, A) # 0},
= depthAnn(M) (A)7
=inf{depth(A4;) : p € Supp(M)}.

Exercise 6.14 If A is a Noetherian ring with an ideal I, then
depth;(A) < ht(I).

Exercise 6.15 Ifzq,...,xz, is an A-sequence, then
depth;(A) = ht(I)

where I = (x1,...,Ty).

Proposition 6.16 Let A be a Noetherian ring and M, N be finitely generated
A-modules where grade(M) = m and pd4(N) =n. Then fori <m —n

Ext’y(M,N) = 0.

Proof 1If n =0, then N is projective and hence a direct summand of a free
A-module. That is, there exists an A-module T such that N @ T = A? for
some integer t. Since grade(M) = m, Ext’y(M,A) = 0 for i < m. Hence
Ext’y (M, AY) = 0 for i < m. Thus Ext’y(M,N) =0 for i < m.

Now suppose n > 0. Then let

0N -F—N=0
be a short exact sequence where F' is a finitely generated free A-module. Then
pd(N’) = n—1 and so by induction Ext (M, N') = 0 for i < m—(n—1). Again
we have Ext% (M, F) =0 for i < m. Thus Ext4y(M,N)=0fori<m—-n. W

Theorem 6.17 Let (A,m) be a local ring, and M, N be finitely generated
A-modules where depth(M) = m and dim(N) =n. Then fori <m —n

ExtYy (N, M) = 0.
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Proof 1If n = 0, then Supp,(N) = {m}. By assumption there exists an
M-sequence of length m in m. By Theorem 6.9, Ext’, (N, M) = 0 for i < m.
Now assume n > 0. By prime filtration theorem, N has a filtration

N=N,2N;2---2N, =0

such that N;/N;1q = A/p; for j = 1,...,t — 1. To show that Ext’(N, M)
vanishes for ¢« < m — n, it is sufficient by the long exact sequence for Ext to
show that Ext’y(A/p, M) = 0 for i < m — n. By induction, it suffices to prove
this for primes p with dim(A/p) = n. Pick x € m — p and consider the short
exact sequence

0—A/p—5 Alp — A/(p+xA) = 0.

Then dim(A/(p + xA)) = n — 1. By induction, Ext’ (A/(p + zA), M) = 0 for
it <m —n -+ 1. By the long exact sequence for Ext,

Ext'y(A/p, M) - ExtYy (A/p, M)

is an isomorphism for 7 < m — n. Since x € m, by Nakayama’s Lemma we have
Ext, (N, M) =0 for i < m — n. [ ]

Corollary 6.18 Let A be a local ring and N C M finitely generated A-modules.
Then dim(N) > depth(M).

Proof Since N C M, there is a nonzero map N — M. Thus Homyu (N, M) #
0. The conclusion follows from the previous Theorem. |

Corollary 6.19 Let A be a local ring and M be a finitely generated A-module.
Then depth(M) < dim(M).

Proof Use the previous Corollary with N = M. |

Exercise 6.20 If A is a local ring and M is a finitely generated A-module with
z1,...,T, an M-sequence, then

&m<6;%%§M)—&mwﬁ—n

Exercise 6.21 If A is a Noetherian ring and M is a finitely generated A-
module, then
depth; (M) < igfl{depth(Mp)}.
p2

WARNING 6.22  There exist local rings A such that depth(A) < depth(A4,;).
As an example consider

A_( HKKZ]>
(XZYZ.2%)) xy.z
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Now we see that the depth of A is zero as every element of m = (X, Y, Z) is killed
by the nonzero element Z. Moreover if we localize at p = (Y, Z), X becomes a
unit. So we get

(xvz ) Hxvay
Ap_<(XZ,YZ,Z2)>(Y7Z) ( (2) )(Y,Z) kX, Y]y,

a ring of depth 1.

Exercise 6.23 If ¢ : R — A is a homomorphism of Noetherian rings, M is
a finitely generated A-module, and I is an ideal of R, prove that the following
numbers are equal:

(1) The length of a maximal M-sequence in I.
(2) depthy,(M).
(3) inf{i: Exty(R/I, M) # 0}.

Hint: Assp(M) = ¢~ (Assa(M)).

As an application, suppose one wishes to calculate depth;(M) where I =
(x1,...,24). Define a map ¢ : Z[X1,..., X4 — A via X; — x;. Then

depth, (M) = inf {z | Exty, . x, (Z, M) # o}
by the previous exercise. This is often easier to compute.

Minimal Free Resolutions

Let (A, m, k) be a local ring and M a finitely generated A-module. We are going
to discuss the construction of a minimal free resolution of M. First an exercise:

Exercise 6.24 Let (A,m, k) be a local ring, and M a finitely generated A-
module. Show that

ranky (M /mM) = the minimum number of generators of M.

Hint: Use Nakayama’s Lemma.
We are going to construct a minimal free resolution of M. Set
Bo = ranky (M /mM),
Sy := Ker(AP — M),
and inductively define

Bi = rankk (Sl/mSZ),
Si+1 = Ker(ABi — Sz)
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Now we may inductively write the exact sequences:

0= 5 — AP - M -0,

0— Siyg — A% 5 5, = 0.
The integer [; is called the ¢th Betti number of M and S; is referred to as
the ith syzygy of M. The rather mysterious word syzygy means yoke. After
putting the above exact sequences together, we can see why syzygy is a good

term to use for the S;’s, as each S; is connecting two free modules via A-module
homomorphisms:

0 0
N,
R

7777777 AP - D s AP T M0
N,
0 / \ 0
The d;’s above are formed by taking the composition of the relevant maps, while

7 is the canonical surjection. Hence we obtain a free resolution of M, that is
a long exact sequence of free modules ending at M:

"'—>A'83£>A'62£>Aﬂli>ABO—W>M—>O

Moreover, since at each point we are mapping onto a minimal set of generators,
a resolution of this form is called a minimal free resolution. Note that the
condition that A is local, and hence Noetherian, is critical for this construction.
We know that the projective dimension of M is given by:

pd 4 (M) = sup{i : Tor (M, k) # 0}

Since the entries of the matrices defining the d;’s in a minimal free resolution
live in m, they become zero maps when tensored by k. Hence

Tor! (M, k) = AP @4 k.

Thus we see that if the projective dimension of M is finite, then the degree of
the final nonzero term in the minimal free resolution is equal to pd(M). Hence
a minimal free resolution is truly a resolution of minimal length.

Proposition 6.25 Let (A,m,k) be a local ring, M a finitely generated A-
module, and Fy be any free resolution of M where each F; has finite rank, such
that:

(1) 7: Fy - M and Ker(mw) C mM.
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(2) Im(dl) = Ker(di,l) - mFl-,l.
Then F, is a minimal free resolution of M.
Proof Consider the exact sequences:

0—-85 —>F—>M-—=0
0—>Si+1—>Fi—>Si—>0

Where S; is the ith syzygy as defined above. Now apply — ®4 k to obtain

Fo@ak=2M®ak,
F,oak=5;®4k.

Consider a basis {b1,...,b,} of M ®4k. We claim that {by,...,b,} is a minimal
set of generators for M. Write

=1

Setting M = M/>""" | Ab; we then have M = mM, and so by Nakayama’s
Lemma, we see that M = > | Ab;. To see that this is minimal, suppose that
it is not, then we have Z?:_ll Ac; = M. But now {¢,...,¢,-1} form a basis for
M ®4 k, a contradiction as M ® 4 k is a free module of rank n. Thus we see
that the rank of Fy is the minimum number of generators of M. Similarly, we

see that F; is a free module of rank equal to the minimum number of generators
of S;. ]

Exercise 6.26 If A is local, M a finitely generated A-module, and P, is a free
resolution of M, then there exists a minimal free resolution F, of M such that

P, =F, @ H,.

Lemma 6.27 Let (A, m) be local, depth(A) = 0, M a finitely generated A-
module of finite projective dimension. Then M is free.

Proof Take a minimal free resolution of M

0 — Aln % Abno1 2250 2L gto M 0,
where ¢, = (a;;) for a;; € m. Since depth(A4) = 0, for all x € m, there
exists a € A with za = 0. Thus Ker(y,) # 0 since all entries in (a;;) are in
the maximal ideal m. Yet by exactness of the above sequence, Ker(p,) = 0.
Therefore n = 0 and M is free. |

Lemma 6.28 Let A be a local ring and let M be a finitely generated A-module
with finite projective dimension. Suppose x € m is a nonzerodivisor on A and
on M. Then

pdy (M) = pdA/zA(M/xM)'
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Proof Take a minimal free resolution of M
0— Aln — Abn-1 ..o 5 AT 5 M 0.

Observe that since A — A is injective, tensoring by A = A/xA yields the
complex
0 A" A 5. 5 A° S 0.

The homology of the truncated complex above is clearly Tori(M,A). Since
 is a nonzerodivisor on A, pd4(4) = 1, so Tor{"(M,A) vanish for i > 1.
Furthermore, Tor{ (M, A) = Ker(M — M) = (0) by assumption. Thus the
above complex is exact and so forms a minimal free resolution of M over A.
Hence pd 4 (M) = pd 4, 4(M/2zM). [ |

Theorem 6.29 (Auslander-Buchsbaum) Let A be local and M be a finitely
generated A-module with finite projective dimension. Then

pd 4 (M) + depth(M) = depth(A).

Proof We induct on pd(M) depth(A). In the base case, pd(M ) depth(A) = 0.
If pd(M) = 0, then M is free. Hence depth(M) = depth(R) and we are done.
Similarly if depth(A) = 0 then by Lemma 6.27 M is free. Hence pd(M) =0
and depth(M) = depth(A) = 0.

Now suppose pd(M) depth(A) > 0.

Case 1: depth(M) > 0.
Since depth(M) > 0 and depth(A) > 0 we have,

md U p and m¢ U q.

pEAssa(A) q€Assa (M)

So by prime avoidance

m¢ U .

pEAssa(M)UAssa (A)

So there is € m that is a nonzerodivisor on both A and M. By the previous
lemma, pd (M) = pd s, a(M/zM). Clearly depth(M/zM) = depth(M) — 1
and depth(A/zA) = depth(A) — 1. Since

pd g/, a(M/xM)depth(A/zA) < pd(M) depth(A),
by induction we have

pd g /,a(M/xM) + depth(M/xM) = depth(A/zA).
Therefore

pd (M) + depth(M) = depth(A).
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Case 2: depth(M) =0.
Take an exact sequence

0—-N—-F—M-—Q0,

where F' is a free A-module. Since depth(A) > 0, we have depth(N) =
depth(M) + 1 by Corollary 6.11. Clearly pd(N) = pd(M) — 1. Since

pd 4 (N) depth(A) < pd(M) depth(A),
by induction we have
pd4(N) + depth(N) = depth(A).

Hence
pd4 (M) + depth(M) = depth(A).

Corollary 6.30 If A is a local ring, M a finitely generated A-module and
pd 4 (M) < oo, then depth(M) = depth(A) if and only if M is free.

Proof Over a local ring, pd 4 (M) = 0 if and only if M is projective if and
only if M is free. |

Corollary 6.31 If A is a regular local ring with dim(A) = n, then a finitely
generated A-module M is free if and only if depth(M) = n.

Proof Over a regular local ring, all finitely generated modules have finite
projective dimension. So we are done by the previous corollary. |

6.2 The Koszul Complex

Construction of the Koszul Complex

Given a ring A and x € A, then K,(z) denotes the Koszul complex of A
generated by x. We define K,(z) as follows

Ko(x) =A
Kl(:v) =A

and we have

00— Ky () —2 Ko(z) —— 0

0— s A—2 5 A—0

where we define d; to be multiplication by z. We can now define

Ke(z; M) := Ko(z) ®4 M.
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Definition If X, and Y, are complexes with

ax

Xn — anlv
dY

Yn — Yn—17

then we can form a complex (X, ® Y,)e defined via

(X.®Yo)n = @ X, ®Y,

ptg=n

with the maps

(Xo ® Y;)n % (Xo ® Y;)n—l

being defined as follows:
dn(Tp ® yq) = dff(xp) ®@yg+ (=1)fr, @ dzf(yq)
where p + ¢ = n.

Definition Givenaring A, x1,...,z, € A, and M a finitely generated A-module,
the Koszul complex of A generated by x1,...,x, is

Ko(x1,...,2p) = Ko(1) @ Ko(22) ® -+ @ Ko(y,).
Likewise, the Koszul complex of M generated by z1,...,z, is defined by
Ke(z1,...vxn; M) := Ke(21,...,2) @4 M.

From the definition of the Koszul complex we see that K,(x) is a free A-
module. Explicitly, we see that Ko(z1,...,z,) = A and for p # 0, we have

Kp(xlv"'v'rn): @ Aei1®"'®AeiP

1<ip <--<ip<n

and moreover that

P
dples, ® - ®e;) = Z(_l)k+1xikeil ® @D Be,
k=1

where the €;, denotes that the element e;, is omitted.
We may also write the differential in the Koszul complex as a matrix. If
dy; is the pth differential in a Koszul complex of n elements, and I denotes the

(") X (") identity matrix, then it is not hard to show:
P P

= dZ+1 (—1)p$n+1~7
P+l 0 d;}
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Exercise 6.32 Let z1,...,x, € A. Let us construct the first several Koszul
complexes. Starting with Ke(21), which we already know has the form:

[1]

T1
04 = A—=0.
Using the notation above, we have

d% = [l‘l] s

and d} is the empty matrix for i > 1.
By above, we have

d% = [d% (—1)0112]] = [l‘l xg]

-4 [2]

So Ke(21,22) is the complex
=

and

1 T T
0—=A"— A2[1—> Q}A—>O.
Going one step further we have
dilj‘ = [d% (—1)0113]] = [l‘l xI9 xg]
2 _ 1 _$2 _$3 0
dj = A 1)2553] = | m 0 -z,
O X1 i)

and

—1)225] T3
dg = {( C)l2I3 ] = |72
2 T

So Ke(21,22,x3) is the complex

T3 —T2 —I3 0

—x2 X1 0 —I3

I 0 X1 T2 {{El T2 Ig}
— —

0A — A3 A3 A —0.

At this point we may regroup, and note if F = @', Ae;, then

p
Kp(z1,...,2n) :/\F

where A" F' denotes the pth exterior power of the free A-module F. Thus we
see that:

0 K, (x) K,_1(x) .. Ki(x) Ky(x) ——0

0 A Al - A1) A 0
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Koszul Homology
A common notational convenience is to set
H,(x) = Hy(K.(x)) and H,(x; M) := Hp(Ko(x; M)).
From the construction of the Koszul complex we have that:
Hy(Ko(x)) = A/xA, H,(K.(x)) = (0:4 %),
Hy(Ko(x; M)) = M/xM, H, (Ko(x; M)) = (0 :p1 x).

Proposition 6.33 (Serre) Let Lo be a complex of A-modules and let x € A.
Then we have an exact sequence

Hy(Le)

0—
xHy (L)

— Hp(Le @ Ko(z)) — (0 ‘H,_1(La) x) =0

for all p.

Proof Consider the complex Lo ® Ko(z). Let d, : L, — L,_1 be the differ-
ential map in Le. In Lo ® Ko(z), the pth degree part is

(Le ® K-(x))p =Lp® Ly,
and the differential map is
d; : Lp D Lp_l — Lp_l D Lp_g,
(w,0) = (dp(u) + (=1)P " 20, dp1 (0)).

We have then the following exact sequence of complexes

0 Lp Lp@Lp_l *)Lp_l —0
d, d, dp1
0 Lp,1 Lpfl D Lp,Q _ Lp72 —0

By the corresponding long exact sequence of homology we get that
+x +x
H,(Ls) — Hp(Le) = Hy(L @ Ko(x)) = Hp—1(Le) — Hp_1(La)

is exact for all p > 0. Hence we get the

Hy(Le)

0 xHy(Ls)

— Hp(Le ® Ko(x)) — (0 ‘H,_1(La) xz) =0

is exact for p > 0. ]
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Corollary 6.34 If F, — M — 0 is a free resolution of M, and x is a nonzero-
divisor on M, then
Fo® Ko(x) > M/azM — 0

is a free resolution of M /xM over A.

Corollary 6.35 Ifzy,...,x, € A, where A is a local ring, and M an A-module,
then the following sequence is exact

Hp(:vl,...,:vn_l;M)

0—
enHp(z1,. .., Zn_1; M)

Proof Take Lo = Ko¢(21,...,2,—1) in the above proposition. |
Corollary 6.36  Ifxq,...,x, is an M-sequence, then H,(x; M) =0 for p > 0.
Proof Suppose n = 1. Then x is a nonzerodivisor on M. Hence

Hy(z1; M) = (0:p z1) =0,

and we are done.
Now assume the result is true for M-sequences of length less than n. Then

Hp($1,...,$n_1;M) =0

for p > 0 by induction. So by the previous corollary Hy(z1,...,2z,) = 0 for
p>1and

Hl(xlu ce 7$n;M) = (0 ‘Ho(x1,ees@n—1;M) xn) = (0 ‘M/(x1yeTn—1)M xn) =0,

since x,, is a nonzerodivisor on M/(x1,...,xn—1)M. [ ]
Corollary 6.37 Ifx1,...,z, is an A-sequence, then Ko(x) is a free resolution
of A/(x).

Remark Take an A-sequence 1, ...,%,, M an A-module and set:

B=ZX1,...,X,) = A
X; = x;
Since Xi,...,X, form a B-sequence, Ko(X;B) is a free resolution of B/X.

Moreover,
Ko(X;B) ®p A= Ke(x; A)

and hence
K¢X;B)®@p M = Ko(x; M).

Thus
Hy(x; M) = Torly(B/X, M).

From this we see that x + Anny4 (M) kills Hy(x; M).
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Proposition 6.38 Let A be Noetherian, M a finitely generated A-module, and
let x1,...,x, € J(A), the Jacobson radical of A. The following are equivalent:

(1) x1,...,z, is an M-sequence.
(2) Hp(x; M) =0 forp > 0.
(3) Hi(x; M) =0.

Proof (1) = (2) = (3) is clear.

(3) = (1) For n = 1, we have that Hy(z1; M) = (0 :pr 1) = 0. Thus z;
is a nonzerodivisor on M. Now suppose n > 1. By Corollary 6.35 we have the
following short exact sequence:

Hl(xl,...,xn_l;M)
TnHi(x1,. .., Tp_1; M)

0— = Hy(z1,...,20; M) — (0 “Ho (21,01 M) Zn) — 0.

By assumption,
Hl(:vl,...,xn;M) = Hl(X;M) =0.

Thus

Hl(ZCl,.. .,Infl;M)
:vnﬂl(xl,...,xn_l;M)

=0 and (0 Ho (21,0 —1: M) Zn) = 0.

Since z,, € J(A) and since Hy(z1,...,2n—1; M) is a finitely generated A-module,
Hy(x1,...,2,-1; M) = 0 by Nakayama’s Lemma. So by induction, x1,...,&,—1
is an M-sequence. Since

(O CHo(Z1yey@Tr—1;M) xn) - Oa

Zn 18 a nonzerodivisor on M/(x1,...,2n,—1)M. Hence z1,...,x, is an M-
sequence. |

Koszul Cohomology
We start this section off with an exercise!

Exercise 6.39 If P is a finitely generated projective A-module, and M is any
A-module, then show that

HOmA(P, M) = HOmA(P, A) ®aq M.

To define Koszul cohomology, we must first have a cochain complex. Define:

K*(x; A) := Homy (Kl (x; A), A),
K®*(x; M) := Homa (Ke(x; A), M).

By the exercise above we have that

K*(x; M) =2 K®*(x;A) @4 M.
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There is a strong connection between Ko(x) and K*®(x), namely
Ky(x) = K" P(x).

To see this, first note that from the symmetry of the Koszul complex we can
see that

K,(x) @4 Ky p(x) = Kp(x) = A,
URQU— uNv.

Now we may define an isomorphism
op : Kp(x) = K"7P(x) = Homa (Kp—p(x), A)
via
e, Ao Ney, = EH{v (e, Ao Neg, ) Aoy = (G A ANpon)®,

where (—)* signifies the application of the Hom 4 (—, A) functor and the the sign
comes from the sign of the permutation

1 2 ... p p+1 ... n
i1 e ... dp  J1 coo Jn-p/)
By our choice of ¢, it can be shown that

Kp(x) — s K"P(x)

dpJ Jdi;ﬁl
K, 1(x) =5 Knortl(x)

commutes, and so we have that
Hy(x; M) = H" P(x; M).

Moreover,
HY(x; M) = H,(x; M) = (0 :pr x)
and

H"(x; M) = Hyo(x; M) = M/xM.

The Koszul Complex and Depth

Let A be Noetherian, I an ideal of A, M a finitely generated A-module. We
can use the Koszul complex to study depth,(M). Recall

depth; (M) = inf{i : Ext’y(A/I, M) # 0}.
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Suppose that I = (z1,...,2,) and consider
B=17[X1,...,X,] = A,
X — x;.

Then by a previous exercise,
depth, (M) = inf{i : Extlz(B/X, M) # 0},
= inf{i : Ext'(Z, M) # 0}.

Since K, is a free resolution of B/X = Z over B, we have

depth; (M) = inf{i : H'(x; M) # 0},
=inf{i: Hp_;(x; M) # 0},
=n —sup{i: H;(x; M) # 0}.

6.3 Cohen-Macaulay Modules and Rings

Definition If A is a local ring and M finitely generated A-module, then M
is called Cohen-Macaulay if dim(M) = depth(M). A is called Cohen-
Macaulay if it is Cohen-Macaulay as a module over itself.

Theorem 6.40 (Properties of Cohen-Macaulay Modules) If (A, m) is a local
ring and M is a finitely generated A-module, then the following are true:

(1) M is Cohen-Macaulay implies that for every prime ideal p € Assa(M),
dim(A/p) = depth(M). Note that this shows us that A has no embedded
primes.

(2) Given a nonzero x € m such that x is a nonzerodivisor on M, M is Cohen-
Macaulay if and only if M /xM is Cohen-Macaulay.

(3) M is Cohen-Macaulay if and only if M, is Cohen-Macaulay for every
p € Supp(M). In this case, depth, (M) = depth(M,).

(4) M is Cohen-Macaulay if and only if every system of parameters of M form
a M -sequence if and only if some system of parameters form a M -sequence.

(5) Let x1,...,xz, be a system of parameters of M. M is Cohen-Macaulay if

and only if
H1 (X; M) =0
if and only if
N IPM
M/XM[Xl,,Xn]—) m
t=0
is an isomorphism, where I = (x1,...,2,), if and only if

erf(M)=XM/IM)
where ey(M) is the Hilbert-Samuel multiplicity of M with respect to I.
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(6) If M is Cohen-Macaulay and p € Supp(M), then
dim(M,) + dim(A/p) = dim(M).

(7) If M is Cohen-Macaulay and p, P € Supp(M), then any two saturated
chains from
ps--CP

have the same length. In other words, A/ Anny (M) is catenary.
Proof (1) For all p € Assa(M), one has
depth(M) < dim(A/p) < dim(M).

Since M is Cohen-Macaulay, dim(M) = depth(M). Hence, dim(A/p) = dim(M)
for all p € Ass4 (M) and so M has no embedded primes.

(2) Let  be a nonzerodivisor on M. Then
dim(M/zM) =dim(M) -1 and depth(M/xM) = depth(M) — 1.
Hence M is Cohen-Macaulay if and only if M/xzM is Cohen-Macaulay.

(3) One can show that for any finitely generated module M,
depth, (M) < depth(M,) < dim(My).

We show that depth,(M) = dim(M,) if and only if M is Cohen-Macaulay.
That this condition is sufficient to force M to be Cohen-Macaulay is clear, so
assume M is Cohen-Macaulay. We prove the above equality by induction on
depth,, (M). If depth, (M) = 0, then p € Ass4(M). Since M has no embedded
primes, dim(M,) = 0. Now assume depth,(M) > 0. Then let z € p be a
nonzerodivisor on M. Then

depth, (M/zM) = depth,(M) —1 and dim(M,/zM)y) = dim(M,) — 1.
Since M /xM is Cohen-Macaulay by (2), we are done by induction.

(4) Suppose M is Cohen-Macaulay and let 21, ..., z, be a system of parameters
for M. Then for 1 <i <n,

dim(M/(z1,...,z;)M) = dim(M) — i.

Observe that it suffices to show that if z € m and dim(M/zM) = dim(M) — 1,
then x is regular on M. If z € p for some p € Assa(M), then dim(M) =
dim(M/xzM) since M has no embedded primes. Therefore

x ¢ U p.

pEAssa(m)
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It follows that x is a nonzerodivisor on M and that M/zM # 0. Hence z is
regular on M and we are done. That is, all systems of parameters are M-regular
sequences.

Now suppose M is Cohen-Macaulay and that z1,...,z, is a system of pa-
rameters that is also M-regular. Then

dim(M) = s(M) < depth(M) < dim(M).
Hence dim(M) = depth(M) and so M is Cohen-Macaulay.

(5) Let x1, ..., x, be a system of parameters for M. Then H;(x; M) = 0 implies
that x1,...,z, forms an M-regular sequence. Thus depth(M) = dim(M). In
particular, x1,...,x, is an M-quasi-regular sequence. Hence

M/IM([X,,..., X, = 1M/ M.

By Serre’s Theorem on dimension, the previous isomorphism is equivalent to
the equality
er(M)=XM/IM).

(6) Suppose M is Cohen Macaulay. If dim(M) = 0, there is nothing to prove. If
dim(M) > 0, then if p € Asss (M) we have p € Supp(M). Hence dim(M,) =0
and dim(A/p) = dim(M), since M has no embedded primes. If p ¢ Assy (M),
then there exists a nonzerodivisor x € p on M. Thus

dim(M/zM) =dim(M) -1 and dim(M,/zM,) = dim(M,) — 1.
The result then follows from induction on dim(M).

(7) Suppose M is Cohen-Macaulay and let p C p’ be two primes in Supp(M).
Let

p=poCp1 & Cpr=yp
be a saturated chain of prime ideals. We’ll prove that

dim(A/p) — dim(A/p’) = r.
It is enough to show that
dim(A/po) — dim(A/p1) = 1.
By (6),
dim(Ay,) + dim(A/po) = dim(A) and dim(A,,) + dim(A/p1) = dim(A).

Also by (6),
dim(Apo) + dim(Am/pOAm) = dim(Apl )

Since there are no primes strictly between po and pi1, dim(Ay, /pody,) = 1.
Thus

dim(A/po) — dim(A/p1) = dim(Ay,) — dim(Ap,) = dim(Ap, /poAp,) = 1.
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Theorem 6.41 (Properties of local Cohen-Macaulay Rings) If (A,m) is a
local ring, then the following are true:

(1) A is Cohen-Macaulay implies that for every prime ideal p € Assa(A),
dim(A/p) = depth(A). Note that this shows us that A has no embedded

primes.

(2) Given a nonzero x € m such that x is a nonzerodivisor on A, A is Cohen-
Macaulay if and only if A/x is Cohen-Macaulay.

(3) A is Cohen-Macaulay if and only if for every A, is Cohen-Macaulay for
every p € Spec(A). Moreover, depth,,(A) = depth(Ay).

(4) If A is Cohen Macaulay, depth;(A) = ht(I).

(5) A is Cohen-Macaulay if and only if every system of parameters of A form
a A-sequence if and only if some system of parameters form a A-sequence.

(6) Let x1,...,x, be a system of parameters of A. A is Cohen-Macaulay if
and only if
H1 (X) =0
if and only if

oo It
A/X[Xl,...,Xn] — @m
t=0

is an isomorphism, where I = (x1,...,2,), if and only if
er(A) = A(A/T)
where ey(A) is the Hilbert-Samuel multiplicity of A with respect to I.
(7) If A is Cohen-Macaulay and I is an ideal of A, then

ht(I) 4+ dim(A/I) = dim(A).

(8) If A is Cohen-Macaulay and p, P € Spec(A), then any two saturated chains
from

ngP

=

have the same length.

Proof We leave it to the reader to translate the proof from the module case.
|

Corollary 6.42 Suppose that A is the image of local Cohen-Macaulay ring.
Then any saturated chain between two prime ideals p C P have the same length;
that is, A is catenary.

177



6.3. COHEN-MACAULAY MODULES AND RINGS

Corollary 6.43  Suppose that A is a local domain which is the image of a local
Cohen-Macaulay ring. Then for all p € Spec(A),

ht(p) + dim(A/p) = dim(A).

Note that if A is a regular local ring, then m is generated by an A-sequence.
Hence A is Cohen-Macaulay. Consider for an example

B =k[X1,...,Xn]

Letting A = B/q where q € Spec(B), we see that A satisfies the above corollary
as follows. By Cohen’s Structure Theorem, any complete local ring A has the
form B/q where

B=K[Xy,...,X,]

and K is a field or a DVR. Hence any complete local domain satisfies the above
corollary.

Theorem 6.44 If ¢ : A — B is a homomorphism of Noetherian rings and M
is a finitely generated A-module, N is an A-flat finitely generated B-module,
then

(1) For every P € Spec(B),

» _Jo ifN/PN =0,
%) (ASSB(N/PN))_{p 1fN/PN7éov

where p = o~ 1(P).
(2) Assp(M @4 N) = U, e ar) As3(N/PN)

Proof (1) Suppose N is A-flat and let P be a prime in A. Suppose N/PN #
0. Then N/PN is A/P-flat. Since A/P is a domain, for every a € A — P the
map A/P % A/P is injective. Hence N/PN —% N/PN is injective. Hence if
p € Assp(N/PN), then p~—1(p) = P.

(2) (D) Suppose P € Asss(M). Then we have an injection A/P < M. Since
N is A-flat, we have an injection N/PN = A/P ®4 N — M ®4 N. Hence
Assp(N/PN) C Assg(M ®4 N).

(C). We prove this containment in two steps.

Case 1 First suppose M is P-coprimary, i.e. Asss(M) = {P}.

Then every element of M is killed by a power of P. Hence every element of
M ®4 N is killed by a power of P. Thus every associated prime of M ®4 N
over B contains PB. Let q € Assg(M ®4 N). Pickz € A— P. Then M — M
is injective. So M ®4 N —= M ®4 N is injective. Thus ¢~ (q) € P. By above
we also have ¢~ 1(q) D P, and so p~1(q) = P.
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Now take a prime filtration of M:
M =My 2 M 22 M, =0),

where M;/M;11 = A/P; and each P, € Assq(M). In particular, P, = P for
some i. Now since N is A-flat, we have a new filtration

M®AN=MQ®AN2M1®AN2"'QMn@)AN:(O)

satisfying M;/M;11 ®4 N = N/P,N. Clearly

n—1
Assp(M ®4 N) C U Assp(N/P;N).
i=0

But if q € Assg(N/P;N) for P; # P, then ¢~ 1(q) = P, # P. Hence, by (1),
q ¢ Assp(M ®4 N). Thus

Assp(M ®4 N) C Assg(N/PN).
Case 2 Now we prove the containment for arbitrary M.

Let (0) = My N---N M, be a primary decomposition of (0) in M where M; is
P;-primary. We then have in injection

M=M/|M; — P M/,
i=1 i=1
where each component map is the natural surjection. Since M/M; is P;-coprimary,
by Case 1 we have Assp(M/M; ®4 N) C Assg(N/P;N). Therefore,
Assp(M ®4 N) C UASSB(M/Mi)g U Assp(N/PN).
=1 PcAssa(M)

Corollary 6.45 If f : A — B is a flat homomorphism of Noetherian rings, then

Assp(B)= | J Assp(B/pB).
pEAssa(A)

If f above is faithfully flat, then f~'(Assp(B)) = Assa(A).

Lemma 6.46 Suppose A — B is a local homomorphism of local rings where m
and n are the maximal ideals of A and B respectively, M is a finitely generated
A-module, and N is a finitely generated A-flat module. If x € B is regular on
N/mN, then x is regular on M ® 4 N and N/xN is flat over A.
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Proof Let x € B be regular on N/mN. Suppose we have zz = 0 for some
z € M®aN. If 2 # 0 then since ;2 m* = (0), there is a largest integer i such
that z € m{(M ®4 N) — m*1 (M ®4 N). We then have

M (M@AN)/mT(M@4N) =2 (m'M/m T M)@4N = (A/m)!'@aN = (N/mN)F,

for some ¢t > 0. Since x is regular on (N/mN), z is regular on m‘(M ®4
N)/m (M @4 N). Thus z € m**1(M ®4 N), a contradiction. Hence z = 0,
and z is regular on M ®4 N.

To show that N/xN is A-flat, consider an exact sequence

0—> My — My — Mg —0

of finitely generated A-modules. In the following commutative diagram, the
first two rows are exact since N is A-flat, and all columns are exact since z is a
nonzero divisor on M ® 4 N for all finitely generated M.

0 0 0
0—— M QN ———> My N ————M3@4 N——0

0—— M @A N———>My®@ N ————M3@4 N——0

0—— My ®4 N/JaN —— My ®4 N/eN —— M3 ®4 N/zN —— 0

0 0 0
A diagram chase argument shows that the bottom row is exact. ]

Theorem 6.47 If A — B is a local homomorphism of local rings where m
and n are the maximal ideals of A and B respectively, M is a finitely generated
A-module, and N is a finitely generated A-flat module, then the following are
true:

(1) depth,(M ®4 N) = depth,, (M) + depth, (N/mN).
(2) dimp(M ®4 N) = dima (M) + dimp(N/mN).

Proof 1If depth (M) > 0 then we have € m which is regular on M. Hence
M -5 M is injective. Since N is flat, M ® 4 N == M ®4 N is injective. Since
zem, (M®sN)/z(M ®4 N) # 0 by Nakayama’s Lemma. So z is regular on
M ® 4 N. Since

depth, (M ®4 N) = depth, (M ®4 N)/z(M ®4 N))+1
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and
depth,, (M) = depth 4, (M /zM) + 1,

we may assume by induction that depth,, (M) = 0.

If depthz(N/mN) > 0 then again we take x € n to be a regular element on
N/mN. By the previous lemma, z is regular on M ® 4 N and N/zN is A-flat.
So again by induction we may assume that depthyz(N/mN) = 0.

We are now reduced to the case where depth, (N/mN) = 0 and depth,,, (M) =
0. Thus m € Assa(M) and n € Assg(N/mN). By Theorem 6.44, n €
Assp(M ®4 N). Thus depth, (M ®4 N) = 0 and we are done.

(2) Let 1, ..., x5 be asystem of parameters for M and let yy,. .., y: be a system
of parameters for N/mN. It follows that \(M®aN)/(x1, ..., Zs, Y1, .-, Yt)(M®a
N) < co. Thus dim(M ®4 N) < dim(M) + dim(N/mN).

For the other inequality, we may replace A by A = A/ Anny (M) so that
Supp(M) = Spec(A) since M@ 4N = M®%(N/ Anns(M)N). Further replacing
Bby B/(Anns(M)B+Anng(N)) and N by N/ Anns(M)N allows us to assume
that Suppg(NN) = Spec(B). So proving that

dim(M ® 4 N) > dimy (M) + dimp(N/mN)
is equivalent to proving that
dim(B) > dim(A) + dim(B/mB).

But since A — B is flat, it satisfies the going-down property. So choosing a
prime ideal p minimal over mB gives ht(p) > ht(m). Thus

dim(B) > ht(mB) + dim(B/mB),
> ht(m) + dim(B/mB),
= dim(A) + dim(B/mB).

Corollary 6.48 If A — B is a local homomorphism of local rings where m
and n are the maximal ideals of A and B respectively, M is a finitely generated
A-module, and N is a finitely generated A-flat module, then M ® 4 N is Cohen-
Macaulay if and only if M is Cohen-Macaulay and N/mN is Cohen-Macaulay
as a B-module.

Corollary 6.49 If A — B is a local homomorphism of local rings where m is
the maximal ideal of A, then B is Cohen-Macaulay if and only if A is Cohen-
Macaulay and B/mB is Cohen-Macaulay.

Definition If A is Noetherian, and M is a finitely generated A-module, then
M is called Cohen-Macaulay if for every maximal ideal of A, My, is Cohen-
Macaulay. A Noetherian ring A is Cohen-Macaulay if it is a Cohen-Macaulay
module over itself.
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Definition Let A be a Noetherian ring and I an ideal of A of height r. We
say I is unmixed if ht(p) = r for all p € Assa(A/I).

Definition We say that the unmixedness property holds in A if for every
r > 0 and every height r ideal I generated by r elements is unmixed.

Theorem 6.50 If A is Noetherian, then the following are equivalent:

1) A is Cohen-Macaulay.

(1)
(2) For every p € Spec(A), Ay is Cohen-Macaulay.
(3) For every ideal I in A, ht(I) = depth;(A).

(4)

4) The unmixedness property holds in A.

Proof (1) = (2) Let p € Spec(A) and take m a maximal ideal containing
p. Then A, is Cohen-Macaulay by definition. Thus R, = (Rm)pr., is Cohen-
Macaulay by by local theorem.

(2) = (3) It is enough to show that for all prime ideals p, ht(p) = depth, (A).
But
ht(p) = dim(A,) = depth(A,) = depth,,(A)

since A, is Cohen-Macaulay.

(3) = (4) Let I = (a1,...,a,) be an ideal such that ht(I) = r. Let
p € Assa(A/I). Since ht(J) = depth;(A) for every ideal in A and since p €
Assa(A/I), we have r = depth;, (Ap) = depth, 4 (Ap) = dim(Ap) = ht(p).

(4) = (1) Suppose the unmixedness property holds in A. Let m be a maximal

ideal. Let ay,...,a, be a maximal A-sequence in m and set I = (ay,...,a,).
Then we have ht(m) = dim(An) = r = depth,, (A) = depth(An ). Therefore Ay,
is Cohen-Macaulay. Therefore |

Example 6.51 A= k[X,Y]/(X? XY) is not Cohen-Macaulay, asm € Ass(A)
and therefore depth(A) = 0, but dim(A) is at least 1 as we have the chain of
prime ideals

(X) ¢ (X,Y).

Example 6.52 Any ring of dimension zero is Cohen-Macaulay.
Example 6.53 Any domain of dimension one is Cohen-Macaulay.

Definition A ring is called a complete intersection if it is of the form
A/('rlv s 7:67“)'

where A is a regular ring and z1, ..., z, an A-sequence.
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Exercise 6.54  Show that if A is regular, then A is Cohen-Macaulay. Use this
to show that any local complete intersection if Cohen-Macaulay.

Exercise 6.55 If A, B are Noetherian rings, f : A — B is faithfully flat, then
B is Cohen-Macaulay if and only if A is Cohen-Macaulay and for all p € Spec(A)
such that p = f~(P) where P € MaxSpec(B), k(p) ®4 B is Cohen-Macaulay.

Exercise 6.56__ If A islocal, M is finitely generated, then M is Cohen-Macaulay
if and only if M is Cohen-Macaulay. Similarly, A is Cohen-Macaulay if and only
if A is Cohen-Macaulay.

Exercise 6.57 A[z] is Cohen-Macaulay if and only if A is Cohen-Macaulay.
Moreover, A is Cohen-Macaulay if and only if Alx1, ..., xz,] is Cohen-Macaulay.

Exercise 6.58 Suppose f: A — A|z] is the canonical injection.
(1) Is f faithfully flat?
(2) For p € Spec(A), is k(p) ®a A[z] local? Note that
(p) ®4 Al]l € 5(P)[a]-

(3) Is k(p)[z] the completion of k(p) ® 4 Alz]?

Proposition 6.59 If A is a regular local ring, and M is finitely generated
A-module, M is free if and only if M is Cohen-Macaulay.

Proof Use the Auslander-Buchsbaum formula and the fact that M is free
over a local ring if and only if pd(M) = 0. [ |

Corollary 6.60 Let A be a regular local ring where B is a local module finite
extension of A. Then B is Cohen-Macaulay over A if and only if B is a free
A-module.

Example 6.61 Let R = k[X? V2], A = k[X? XY,Y?], and B = k[[X,Y].
Consider the canonical injections

R— A< B.

Note R is a regular local ring. Since A is free over R with basis {1, XY}, A is
Cohen-Macaulay as an R-module. Is B Cohen-Macaulay? Since B is regular,
it is in fact Cohen-Macaulay as a module over itself. Moreover it is Cohen-
Macaulay over R as we can have the basis {1,X,Y, XY}. But is B Cohen-
Macaulay over A? Well it is clear that A is not regular as it is integral over R
and thus dim(A) = 2 while m is generated by 3 elements. However B is regular,
and so if B is flat over A, then for i sufficiently large

0 = Tor?(B/m, B/m) = Tor{* (A/m, A/m) ® 4 B.

Thus we would then see that Tori'(A/m, A/m) = 0 for i sufficiently large im-
plying that A is regular, a contradiction. Hence B is not Cohen-Macaulay as
an A-module.
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Exercise 6.62 Suppose that f : A — B is a local homomorphism of local
rings, A is regular, B/mB is regular, and

dim(B) = dim(A) + dim(B/mB).
Then show that:
(1) B is regular.
(2) f is flat.

Example 6.63 Let A = k[X?, Y] and B = k[X?, X3, XY,Y]. Note that B is
integral over A and hence dim(B) = 2. Check that {1, XY, X3} form a minimal
set of generators of B over A. Since A is regular, B is Cohen-Macaulay as an
A-module if and only if B is free over A. However B is not free as

X?XY -YX*=0.
Thus B is not Cohen-Macaulay as an A-module.

Theorem 6.64 (Hartshorne’s Connectedness Theorem) Let A be a local ring
such that depth(A) > 2. Let I and J be two ideals such that I + J is m-primary
and I N J is nilpotent. Then either I or J is nilpotent.

Proof Since I NJ is nilpotent, (I N J)* =0 for some ¢ > 0. Thus (IJ)* =0
for some tg > 0. By the Artin-Rees Lemma, there exists ¢ > 0 such that
mrnJge =1 (Jenr) crrJe
for all n > 0. Thus for n > tg we have
ImnJt Cc =gt C (IJ) =0.

Thus by taking large powers of I and J, we can assume that I NJ =0 and
I+ J is m-primary. Thus depth;, ;(A) = 2, so we may pick a,b € [ and ¢,d € J
such that a + ¢, b+ d is an A-sequence. Then

alb+d)—bla+c)=ad+bc=0

since IJ = 0. Thus a = A(a + ¢) for some A € A. Hence (1 — A)a = Ac. Exactly
one of A\, 1 — X is contained in m, otherwise 1 € m. Thus exactly one of \,1 — A
is a unit. So either a = pc or ¢ = na. Hence a € I NJ or c € I NJ. Therefore
a =0 or ¢ =0. Since a + ¢ was the first element in an A-sequence, either a is a
nonzerodivisor or ¢ is. But since aJ = I¢ =0, either I =0 or J = 0. |

Remark  Geometrically speaking, this is saying that Spec(A) — {m} is con-
nected. If not then
Spec(A) =V(HHuV(J)=V({INJ)

such that V(I)NV(J) = V(I +J) = {m}, that is I + J is m-primary and I N.J
is nilpotent. Then by the theorem, I or J is nilpotent and so V(I) = Spec(A)
or V(J) = Spec(A). Hence either V(I) = {m} or V(J) = {m}. Said otherwise,
this means that Spec(A) — {m} is connected as a topological space.
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Exercise 6.65 If
C[X5 Y’ U’ V]

(X,Y)n(U,V)
show that A is not Cohen-Macaulay.

A:
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Chapter 7

Injective Modules over
Noetherian Rings

7.1 Essential Extensions and Injective Hulls

For the moment, we do not need A to be Noetherian.

Definition Let A be a ring and M, N, A-modules with a : M <— N an A-
linear map. N is called an essential extension of M if for every nonzero
submodule Ny of N, NgN M # 0.

Equivalently, suppose M are N are A-modules. IV is an essential extension
of M if for all A-modules T and all A-linear maps 5 : N — T, whenever the
composition B o « is injective, (§ is also injective.

Exercise 7.1 If A is a domain, show that A — Frac(A) is an essential exten-
sion.

Exercise 7.2 If M is an injective A-module with M % N, show that
M — N

is never an essential extension of M.

By the exercises above, we see that no integral domain is injective over itself
unless it is a field.

Proposition 7.3 Ifa: M — N and 8 : N < T such that a and 3 are essential
extensions, then

Boa:M— N—T

is an essential extension.

Proof Let Ty be a nonzero submodule of T'. Since N < T is essential, NNTj
is nonzero. Since M < N is essential, M N(NNTy) = M N7, is nonzero. Hence
the composition is essential. |
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Theorem 7.4 Let A be a ring, M and N be A-modules, then the following
are equivalent:

(1) @ : M < N is a maximal essential extension; that is, there is no proper
extension B : N — T such that o « is an essential extension of M.

(2) a: M < N is an essential extension of M and N is injective.

Proof Let E be some injective module containing M. Since E is injective,
we can lift an essential extension M < N to a map a: N — E. See diagram.

0O—— M —N

| A

E

Since N is essential, « is injective. So we may view all essential extensions as
submodules of a chosen injetive module containing M. (1) = (2) Suppose that
T C FE is a maximal essential extension. By Zorn’s Lemma, there is a maximal
submodule N of E such that N NT = 0. We then have an injection T — E/N.
If this is not an isomorphism, then E/N is a proper essential extenion of T, a
contradiction. Hence F =T & N and so T, being a summand of an injective, is
itself injective.

(2) = (1) Suppose now that M < E is essential and that E is injective.
Take any other essential extension M — T' C E. If T" were maximal essential,
then & must be an isomorphism. |

Corollary 7.5 N is a maximal essential extension of M if and only if N is an
injective module which contains M minimally.

Lemma 7.6 Suppose that o : M < Ny and 3 : M < N, are both maximal
essential extensions of M. Then there exists a (nonunique) isomorphism ¢ such
that the diagram below commutes.

Proof Since N, is maximal essential, it is injective. Hence the map ¢ above
exists. Since f is injective and M < Nj is essential, ¢ is injective. But since
N; is maximal essential, ¢ must be an isomorphism. |

Definition If M is a A-module, a maximal essential extension of M is called
the injective hull of M and will be denoted by E4(M).

Lemma 7.7 Let (A, m) be a local ring and let M be an A-module such that
every element of M is killed by some power of m. Then M is a module over A.
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Proof Exercise. |

Lemma 7.8 Let M be an A-module and let U be a multiplicatively closed
set. If multiplication by v on M is an isomorphism for all w € U, then M is a
U~'A-module.

Proof Exercise. |
Now we consider injective modules over Noetherian rings.
Theorem 7.9  Let A be a Noetherian ring. Then:
(1) Any direct sum of injective modules is injective.

(2) For every p € Spec(A), Ea(A/p) is indecomposable. Moreover, there
exists a one-to-one correspondence between Spec(A) and the set of all
(nonisomorphic) indecomposable injective modules over A.

(3) Every element of E4(A/yp) is annihilated by some power of p.
(4) For all p € Spec(A):
Ea(A/p) = Ea, (k(p)) = E3 (k(p))

(5) Every injective module can be expressed as a direct sum of indecomposable
injective modules.

(6) The number of copies of E4(A/p) for any prime ideal p in such a decom-
position as described in 5 above, is independent of the decomposition. If
E is an injective A-module, then the number of copies of Eo(A/p) in the
decomposition is dim, ) (Hom 4, (k(p), £y ).

Putting (5) and (6) together from the theorem above we see that given an
A-module M, we have that:

Ea(M)= € Ea(A/p)Tms Homa, (x(p) My)
pESpec(A)

Proof (1) Let {E;}jes be a family of injective modules. By Baer’s crite-
rion, to check that E = Gaje] E; is injective, it suffices to check that any map
¢ :a— FE, where ais an ideal of A, can be extended to a map ¢ : A — E. Let
mj : £ — E; be the jth projection map and let ¢; = 7 0 ¢. Since A is Noethe-
rian, a is finitely generated. Hence ¢; is the zero map for all but finitely many
j € J. For those indices, we can lift ¢; to ¢; : A = E; since each Ej; is injective.
Setting ¢; = 0 for the remaining indices we obtain a lift ¢ = @jGJ pj: A= E
of .

(2) Let p € Spec(A). Suppose E4(A/p) = E1 @ F2 with E; N Ey = 0. Let
a: Alp — E4(A/p) be the injection. Then

(Er Na(A/p)) N (B2 Na(A/p)) = (E1N E2) Na(A/p) = 0.
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Since « is an essential extension,
IlelﬁO[(A/p)#O and IQZEQHOZ(A/p)¢O

Viewing I, I> as ideals in A/p, we have that I; NIy D I;15. Since A/p is a do-
main, I; I # 0. This contradicts I; N I; = 0. Thus E4(A/p) is indecomposable
for all primes p.

Now let £ be any indecomposable injective A-module. Pick 0 # e € FE.
Take p € Assa(Ae). Then A/p — Ae — E. Since F is injective, there exists a
map ¢ : E4(A/p) — E such that

0¢ A/pS Ea(A/p)

L~

E

commutes. Since A/p — E4(A/p) is an essential extension, ¢ is injective. Since
EA(A/p) is injective, it is a direct summand of E. Since E is indecomposable,
E = Ea(A/p).

It remains to show that if p # q then Ea(A/p) 2 E4(A/q). Let z € A. We
have the following commutative diagram:

Alp————A/p

EA(A/p) —=— Ea(A/p).

If « € p, multiplication by z is the zero map on A/p and so x must kill some
nonzero elements (i.e. is not injective) in E4(A/p). If = ¢ p, then multiplication
by « is injective on A/p. Since E4(A/p) is an essential extension, multiplition
by z is injective on E4(A/p). Since E4(A/p) is injective, multiplication by x is
an isomorphism on E4(A/p).

Now let p # g be two prime ideals of A and pick z € p — q. Then multi-
plication by z is an isomorphism on E4(A/q) but is not injective on E4(A/p).
Therefore E4(A/p) % Ea(A/q).

(3) Let 0 # e € E4(A/p) and let q € Assa(Ae). Then A/q — Ae — Ea(A/p).
Therefore ¢ = p and Assa(Ae) = {p}. Thus p™e = 0 for some integer n.

(4) First note that A/p < k(p) = Frac(A/p) is an essential extension. Thus
EA(A/p) = E4(k(p)). Since multiplication by € A — p induces is an isomor-
phism on E4(A/p), Ea(A/p) is an Ap-module. The map k(p) — Ea(A/p) is
an essential extension over A, and hence an essential extension over A,. Fi-
nally, since an Ap-module is A-injective if and only if it is Ap-injective, we have

Es(A/p) = Ea(k(p)) = Ea, (k(p)).
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Now since every element in E4(A/p) is killed by a power of p, E4(A/p) is a
module over A,. By the same argument as for A,, E4(A/p) = Ez(k(p)).

(5) Let E be an injective module. Asin (3), forany 0 #e € E, A/p — Ae — E
where p € Assa(Ae) and so E4(A/p) is a summand of E. Let F be the col-
lection of families of indecomposable injective submodules {E)} of E such that
NaEx = 0. We have shown that this family is nonempty, so by Zorn’s Lemma
F has a maximal element, say {E,}. Set B/ = @®,FE,. If E' C E, then
E = E' ® E” for some necessarily injective module E”. Pick a prime p with
i: Es(A/p) — E" an injection. Then {E,} U {i(E4(A/p))} is a member of F
strictly larger than {F,}, a contradiction. Hence E = E’.

(6) Let E = @, cspec(a) Ea(A/p)’. For any prime g,

By =D Ea,(A/p)"» = P Ea(A/p)>.

pCq pCq
For p C q,
oma (K _Jo ifp#q
Homa, (k(q), Ea(A/p)) {H(q) itp—q.
Thus
Hom 4, (k(q), Eq) = Hom, (k(p), @D Ea(A/p)) = Homa, (r(q), Ea(A/q))" = k(q)™.

pCq

Therefore the integers ¢, are independent of the decomposition and

iq = dim,(q)(Homa, (x(q), Eq)).

Exercise 7.10  Consider Z as a module over itself. What is Ez(Z)?

Exercise 7.11  Consider the Z-module exact sequence:
0-Z2Z—-Q—->Q/Z—0

Is Q/Z indecomposable? If not, find its factors.

Exercise 7.12 If A is Noetherian, M is an A-module, and U is a multiplica-
tively closed set, then

U'EA(M) = Ey-14(U'M).
Exercise 7.13  If we have A — B and M is injective over A, then Homy (B, M)
is injective over B.
Exercise 7.14  What is Ej[y, . (k)? What is Ez(Z/pZ)?
Remark If (A,m, k) is a local ring, and we have an ideal I C m, then
Eaji(k) ={z € Ea(k): I -z =0},
= HOIIIA(A/I, EA(k))

~~7mnﬂ
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7.2 Matlis Duality
Definition If (A, m, k) is a local ring, we define the Matlis dual as follows:
MV = HOInA(M, EA(k))

Lemma 7.15 Let (A,m,k) be a local ring and let M be a finitely generated
A-module. If \(M) < oo, then A(M) = A(M"Y).

Proof By assumption, A\(M) < co. So M has a filtration
M=My2 M 2---2 M =(0)

such that M;/M; 11 = k for all 0 < i < t. Since E = F4(k) is injective, by
applying the functor Hom(—, F) = ()Y, we get surjections

MY = (Mp)V 8 (M)V B .- & (M) = (0).

Since Hom(—, F) is contravariant and exact, Ker(p;) 2 kY =k for 1 < i < t.
Set Kz = Ker(gpt,i O--+0 @1) g (Mo)v. Then

Ki/Kit1 2 Ker(pi—i) € (My—i—1)".

Thus
MY=Ky2K 2 2Ky =(0)

is a filtration of length ¢t = A(M) of M. [ ]

Theorem 7.16  If (A, m, k) is a local ring of dimension zero, then E (k) is a
module of finite length, with A\(E4(k)) = A(A4). Moreover

w:A— Homa(Ea(k), Ea(k)), via
a — map defined by multiplication by a,

is an isomorphism.

Proof  For the length assertion, we proceed by induction on A(A). If A\(4) =1,
then A = k = E4(k). So suppose A(A) > 1. Since m € Assg(A), we have a
short exact sequence

0—-k—A— A/zA—0

for some z € A. Applying (—)V we have the short exact sequence
0— Eajpa(k) = Ea(k) =k — 0.
(Homa(A/xzA, Ea(k)) = E4/54(k) be a previous remark.) By induction
AMEa/za(k) = A(A/zA).
Thus
AMEA(k)) = Ak) + AMEa/za(k)) =14+ XA/zA) = X(A).
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It remains to show that p: A — Homu(FE, E) is an isomorphism. Since
AHomy (E, E) = MEY) = AM(E) = A(AY) = A(A),

it suffices to show that p is injective. So suppose not. Take 0 # x € A such
that p(z) = 0. Then we have the exact sequence

0= 0:az) A5 A AJzA —0.
Applying (—)V we have the exact sequence
0= Ejpa(k) = Ea(k) S Ea(k) = Ea(k)/zEA(k) — 0.
Since p(x) =0, Eg/54(k) = E4(k). This implies that
A/ A) = X(Basea(k)) = MEa(k)) = A(A),
a contradiction since z # 0. Thus p is injective, and hence, an isomorphism. W
Corollary 7.17  If A is a local ring, then

i A— Homu(Ea(k)), Es(k)) = Ea(k), via
a — map defined by multiplication by a,

is an isomorphism.

Proof Let E, = (0:g m") C E = E4(k). Then we have the commutative
diagrams

A——— " s Homu(E,E)

J |

Afm® —— " Hom(E,, E,)

for each n > 0. (One checks that the restriction of a map ¢ : E — E to E,, has
image inside E,,.) By the previous theorem, since dim(A/m™) = 0, the map pu,
is an isomorphism for each n. Solet 0 < a € A. Then there exists n > 0 such
that a ¢ m™. Thus p, (@) # 0. Hence p, # 0 and p is injective.

To show that u is surjective pick @ € Homa(E, E). Set o, = a|g, €
Homy (E,, E). Consider the following commutative diagram.

A/mrtt — P Homy (Bpgs, E)

| |

Afmn —— " Homu(E,, E)

Then «,, is just multiplication by a,, for some a,, such that a,+1 — a, € m™.
Thus a = lim a,, exists in A. It follows that « is just multiplication by a. Then
1 is surjective; hence an isomorphism. |
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Remark Even if A is not complete, the map sending a € A to multiplication
by a is still injective.

Lemma 7.18 If (A,m, k) is local and M # 0 is an A-module, then M # 0.

Proof Let 0 # x € M. Set I = Anna(xz). Then we have an injection
A/I — M sending 1 to z. We also have a surjection A/I — A/m = k since I is
a proper ideal. Recall that (—) = Homa(—, Fa(k)) is an exact functor since
E4(k) is injective. We then have exact sequences

MY — (A/I)Y -0 and 0— k" — (A/I)".
Since kY 2k #£0, (A/I)V # 0. Thus M"Y # 0. |
Proposition 7.19  If (A, m, k) is local, then E (k) is Artinian (satisfies DCC).
Proof Let E = E4(k) and let
E=FEy2E DFEyD---

be any descending chain of submodules of E. Applying (—)V

Homy(E, E) = A, we have

and noting that

Set 1, : A— E) to be the composition. Then

Ker(y1) C Ker(i) C Ker(y3) C - -

is an ascending chain of ideals in A. Since A is Noetherian, this chain stops so
that Ker(¢y,) = Ker(tp41) = --- for some n > 0. Thus EY = EY_, for i > 0.
For all ¢ we have the short exact sequence

0 _>El'+1 —)El _)Ei/EiJrl — 0

and hence
0— (Ei/Ei1) = E/ - E/,; =0

is exact. Since E = EY ; for i > 0, (E;/Ejy1)Y = 0 for i > n. By the
previous lemma, E;/E; 11 = 0 for ¢ > n. Thus the descending chain stops with
En — Lptl — . |

Theorem 7.20 If (A, m,k) is local and complete with M finitely generated,
then

@ : M x MY = Ea(k),
(x, f) = f(z),

induces an isomorphism ®p; : M — MYV viam — ¢o(m,—) € MVV.
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Proof First we show that ® is injective for any A-module where A is merely
a local (not necessarily complete) ring. Observe that ® is injective if and only
if for every 0 # x € M there exists f € Homa (M, E) = MY such that f(z) # 0.
Let I = Anny(z). Then we have an injection A/I < M sending 1 — . Thus
we have a surjection MY — (A/I)V. By Lemma 7.18, (A/I) # 0. Hence
MY # 0 and there exists f € MV such that f(z) # 0.

Now assume A is complete and M is finitely generated. Note that by Corol-
lary 7.17, &, : A — EV = AV is an isomorphism. Consider a finite presenta-
tion of M

AP A" - M — 0.

Applying (—)V we have the following exact sequence
0— MY — (A")Y — (A%)Y.
Applying (—)VV we have the following commutative diagram with exact rows
A* A" M 0.

e o |

(As)\/v (Ar)\/v MV\/ O

Since ® 45, P 4- are isomorphisms, so is ®,; by the Five Lemma. |

Corollary 7.21 If (A,m, k) is local and M is finitely generated, then M =~
MYV,

Proof This follows from the previous theorem. ]

Proposition 7.22 (Structure of Artinian Modules over Local Rings) Let
(A, m, k) be local and M an A-module. The following are equivalent:

(1) M is Artinian (satisfies DCC).
(2) Supp(M) = {m} and dimj, Homy4 (k, M) < occ.
(3) M € @iy Ba(k).
Proof (1) = (2) Suppose M satisifes DCC. Then since
Homy (k, M) — Homa (A, M) = M,

Hom 4 (k, M) has DCC. Since it is a vector space over k, Homy (k, M) is finite
dimensional over k.

To show that Supp(M) = {m}, take 0 # x € M. Set I = Anny(x). Then
there is an injection A/I < M. So A/I has DCC. Being Noetherian, this im-
plies that A(A4/I) < co. Thus m™(A/I) = 0 for some n. Hence m™ C I, which
implies that m™z = 0. Therefore Supp(M) = {m}.
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(2) = (3) Now suppose Supp(M) = {m} and dimy(Homa(k, M)) < co. Con-
sider Homy (k, M) — M. Fix 0 # z € M. Then there exists a greatest integer
t such that m'z # 0. Taking 0 # y € Homu(k, M), we have that my = 0. So
the map ¢ € Homy(k, M) sending 1 — y is well-defined and nonzero. Hence
Az NHomy (k, M) # 0. Therefore Hom 4 (k, M) < M is an essential extension.

Now since Hom 4 (k, M) is finite dimensional over A, we have Hom 4 (k, M) =
k". Thus
EA(M) = EA(HomA(k,M)) = EA (kr) = EA(/C)T.

Therefore we have an injection

T

M — Es(M) = P Ea(k).

=1

(3) = (1) This follows from Proposition 7.19. |
Theorem 7.23  Suppose that A is a complete local ring. The following are
true:

(1) If M is Noetherian (satisifes ACC), then MV has DCC (is Artinian) and

M= MVV.

(2) If N is Artinian (satisfies DCC), then NV has ACC (is Noetherian) and
N~ NVV.

Proof (1) By assumption, M is finitely generated, so there is a surjection
A™ — M. Hence there is an injection MY — " | E. By the previous propo-
sition, M" has DCC. That M = M"Y was shown in Theorem 7.16.

(2) Now suppose N has DCC. By the previous proposition, we have an exact

sequence of the form
0—N— @ E— @ E.
i=1 i=1

Applying the functor (=) yields the exact sequence
A™ — A" — NY = 0.

Then clearly NV has ACC. (It is a quotient of a free A-module.) Moreover,
because we have the commuatative diagram

0 N E" E™

Lol

0—— NV — E" —— E™,

we have that N — NVV is an isomorphism.
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We can restate the above theorem as follows:

Theorem 7.24 (Matlis Duality) Let (A, m, k) be a local ring, then there is a
perfect duality between modules with DCC over A and modules with ACC over
A, that is:

{Modules with DCC over A} «+— {Modules with ACC over A}
N+~ NY
MY «— M

Moreover, when A is complete, A > Homu(E(k), Ea(k)).

Proof This follows from the above results. |

7.3 Minimal Injective Resolutions

If A is Noetherian and M is an A-module, we can construct a minimal injective
resolution as follows. Set

E° = EA(M),
C' = Coker(M < E°),

and inductively define

E' = EA(CY),
C'" = Coker(C* — E*).

Now we may inductively write the exact sequences:

0—-M— E°—C! -0,
0= C' = E' = o > 0.

In this case, C? is referred to as the ith cosyzygy of M. Putting the above
exact sequences together we obtain:
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The d*’s above are formed by taking the composition of the relevant maps, while
¢ is the canonical injection. Hence we obtain an injective resolution of M,
that is a long exact sequence of injective modules starting at M:

0 1 2
(N N N N LN E

If this resolution is finite, the index of the final nonzero term is called the
injective dimension of M and is denoted by ida (M), or just id(M). If
id(M) = n, then we have a minimal injective resolution:

0-M-—-E"-FE' ... 5 E"! 5 E" 50

Moreover, if we are given a minimal injective resolution with a nonzero term in
degree n, then there does not exist any injective resolution of M of length less
than n, because of the uniqueness of injective hulls.

Lemma 7.25 Let N be an irreducible submodule of M. Then E4(M/N) is
indecomposable and hence

Es(M/N) = Ea(A/p)
for some p € Spec(A).

Proof First note that N is an irreducible submodule in M iff (0) is an irre-
ducible submodule in M/N. Suppose E(M/N) = Ey ® E5. Let i : M/N —
E(M/N) be the canonical injection and let m; : E(M/N) — E; be the projection
maps for i = 1,2. Then (m; 0i)~1(0) is a proper submodule of M /N for i = 1,2.
Since ;1 (0) Ny 1 (0) = 0, we have that (m 04)~1(0) N (72 04)~1(0) = (0). This
contradicts the fact that (0) is an irreducible submodule of M/N. So E(M/N)
is indecomposable. |

Proposition 7.26  Suppose A is Noetherian and M is an A-module, if there
exists a decomposition
0=NN---NN,

where each N; is irreducible, then

T

Ea(M) = @D Ea(M/N;).

i=1
Proof Since 0 = NiN---N N,, we have an injection
T
a: M — P M/N;.
i=1
Hence we have an injection

E(M) < éaE(M/Ni).

i=1
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To show this is also a surjection, it suffices to show that a : M < @._, M/N;
is an essential extension.
For any ¢ = 1,...,r, we have an injection

N;:=N,n---NN;N---NN, = M/N;,

where the hat ~ means that N; is removed. Let T C M/N,;. Since N; is
irreducible in M, TN'N; # 0. Hence N; — M/N; is an essential extension. We
leave it to the reader to show that this implies that o : M — @;_, M/N; is an
essential extension. |

Definition Define

the number of copies of E4(A/p)
in a decomposition of E4(M) as a
direct sum of indecomposable in-
jective modules

HO(va) =

Proposition 7.27 If A is Noetherian and M is an A-module, then
1o (p, M) = dimy, ) Hom s, (s (1), My).

Hence p(p, M) is well-defined.
Proof This follows from the definition and from part (6) of Theorem 7.9. W
Definition Given a minimal injective resolution of M,

0—-M-—>E"5E'"-FE?— ...
we define

w;(p, M) := {the number of copies of E4(A/p) in E}.

Corollary 7.28  Given a Noetherian ring A and an A-module M with a minimal
injective resolution

0—-M-—-E"—-E'-FE*— ...

we have:

E' = @ Ea(A/p)Hi(p:M)
pESpec(A)

Exercise 7.29 Show that if pN S # @, then p,(p, M) = p,(pS~1A, S~ M).
Hence if 0 — M — E, is an injective resolution of M, 0 — M, — (E,), Is an
injective resolution of M, over A,.

Exercise 7.30  Show that ida (M) = supyemaxspec(a) ida, (M).
WARNING 7.31 Contrary to the case with projective dimension, even if
ida, M, < oo for all p € Spec(A), it is possible that ida(M) = oc.
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Proposition 7.32  If A is Noetherian and M is an A-module, then
i (p, M) = dim,e(p) Ext’y ((p), Mp).
In particular, p;(p, M) < oo for all i and all p € Spec(A).

Proof By the previous exercise, by replacing A by A, and M by M, we may
assume that A is local. Let

0 1
0-M—-E" S EL Y

be a minimal injective resolution of M. Then ExtY (k, M) = H*(k, E*). We can
identify Hom 4 (k, E*) with the submodule T = (0 : E'm) of E*. By construction
E' is an essential extension of the image d'~!(E*~1). So for z € T%, Az N
d7H(ET1) #£. Since Ax 2 k, we have z € d*~!(E*~1). Thus d*(T%) = 0. So the
complex Homy (k, E®) 22 T* is exact. Hence

Homa(k, E') = Ext (k, M).
Thus

w;(p, M) = po(EY) = dimy (Hom 4 (k, E) = dimy, Ext’, (k, M).

Proposition 7.33 If
E'SE' S E*— ...

is a minimal injective resolution of an A-module M and x € A is a nonzerodivisor
on A and M, then

(0:gox) = (0:g1a) = (0:g2x) = -~
is a minimal injective resolution of M/xM over A/xA.
Proof Since z is a nonzerodivisor on A,

0+AS5 A A/lzA—0

is a minimal free resolution of A/xA over A. Since x is a nonzerodivisor on
M, Homy(A/xzA, M) = 0. Hence Exty (A/zA, M) = M/xzM if i = 1 and 0
otherwise. Break up the minimal injective resolution of M as follows:

0—-M— Ey(M)—D—0
0—D— Ei(M)— Ex(M)—---

Note that the second exact sequence is an injective resolution E*® of D. Since
x is a nonzerodivisor on M, x is a nonzerodivisor on Ey(M). So the following
sequence is exact

0 — Homa(A/xA, D) — Exth(A/zA, M) — 0
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In other words, (0 :p ) = M/xM. Since Eo(M) is injective, Ext’y (A/zA, Eo(M)) =
0 for i > 0 and so ExtY (A/zA, D) = Ext"(A/zA, M) = 0 for i > 1. Further-
more, since H'(Hom4(A/zA, E®)) = Ext'(A/zA, D) = Ext* (A/zA, M) =0

for ¢ > 0, for ¢ > 0, applying the functor Homy(A/zA,—) to 0 - D —
Ey(M) — E3(M) — - - yields the exact sequence

0— (0 ‘D (E) — (0 ‘B (M) JI) — (0 ‘B (M) JI) —

It follows that this is a minimal injective resolution of M/xM = (0 :p x) over
A/zA. [ |

Corollary 7.34 If M is an A-module and x € p is a nonzerodivisor on both A
and M, then

pi(p/xA, M/xM) = pq(p, M).

Corollary 7.35 Given an A-module M with finite injective dimension and
x € A a nonzerodivisor on both A and M, then M/xM has finite injective
dimension over A/zA.

Proposition 7.36  If A is Noetherian, M is a finitely generated A-module and
p C q are two primes with no other prime between, then

pi(p, M) #0  implies that — p;1(q, M) #0

Proof Localizing at q we can assume that A is local with maximal ideal q.
Pick « € ¢ —p. Then we have the exact sequence

0— A/p 5 Alp = A/(p+zA) — 0.

In particular, dim(A/(p + zA)) = 0. So A/(p + xA) has a filtration with suc-
cessive quotients equal to k& = A/q. Taking the long exact sequence for Ext
associated to the above short exact sequence we get that

o= BxtYy (A/p, M) 5 Ext’y (A/p, M) — ExtH(A/(p + zA), M) — - -

is exact. By Nakayama’s Lemma, x Ext%(A/p, M) # Ext%(A/p, M) since by
assumption Exty(A/p, M) # 0. Thus Ext’'(A/(p + zA)) # 0. By con-
sidering the filtration of the finite length module A/(p + zA) one sees that
Ext’{'(A/q, M) # 0, which is what we wanted to prove. ]

Corollary 7.37 If A is a Noetherian ring and M is a finitely generated A-
module, then id (M) > dim(M).

Proof Takepy C p1 € -+ C p, amaximal chain of prime ideals in Supp 4 (M).
Then po € Assa(M) so there is an injection A/py < M. Hence we have
Ey(A/po) — Eo(M). By the previous proposition, F;(A/p;) — E;(M) for
i=0,...,n. Thus ida(M) > dim(M). [ |

Proposition 7.38 Suppose A is local and M is a nonzero finitely generated
A-module. Ifida(M) < oo, then id (M) = depth(A).
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Proof Set s = depth(A) and r = ida(M). Let z1,...,zs be a maximal
A-sequence. Using Koszul Cohomology, we see that

Ext(A/xA,M)=H*(x: M)=M/xM

and H®(x, M) = Ext%(A/xA, M) =0 for i # s. Thus s < r.
Since depth(A/xA) = 0 we have an exact sequence of the form

0—>k— A/xA—L—0.
Since id4 (M) = r, we have the exact sequence
- — Ext’y (A/xA, M) — Ext’y (k, M) — 0.

Further we have p,.(m; M) # 0. Thus Ext’y (k, M) # 0, and hence Ext’y (A/xA, M) #
0. Since A/xA has free resolution K,(x; A), the Koszul complex with length s,
we must have r < s. Combining the two parts we have r = s. |

Corollary 7.39 If A is local with finite injective dimension as a module over
itself, then it is Cohen-Macaulay.

Proof Use the previous two propositions. |

Up to this point, the work we have done is mostly elementary in nature—
we have needed no “weapons of mass destruction” to prove our results. The
above corollary clearly motivates the next theorem, whose proof however, is
quite nontrivial and will not be presented here.

Theorem 7.40 (Bass’ Conjecture) If A is local and M is a nonzero finitely
generated A-module such that id (M) < oo, then A is Cohen-Macaulay.

In 1971 Peskine and Szpiro proved this theorem in nearly every case when
A contains a field. To do this they used Artin Approximation, characteristic p
techniques, reduction from characteristic 0 to characteristic p, and worked a bit
in the derived category. Later in 1976, Hochster proved the above theorem for
every case when A contains a field. To do this, he proved the existence of bal-
anced big Cohen-Macaulay modules. Finally Roberts in 1987 used intersection
theory and characteristic p techniques to prove the mixed characteristic cases.

7.4 Gorenstein Rings

Definition A local ring is called a Gorenstein ring if it has finite injective
dimension as a module over itself.

Lemma 7.41 (Gorenstein Rings in Dimension Zero) If (A, m, k) is local and
dim(A) = 0, then the following are equivalent:

(1) idA(A) < 00.
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(2) A is injective as an A-module.
(3) A= Ea(k).

(4) Homy(k, A) 2 k.

(5) (0) is an irreducible ideal in A.

(6) There exists a unique nonzero minimal ideal in A.

Proof (1) = (2) Suppose id4(A) < co. Then by Proposition 7.38 id4(A) =
depth(A) = 0. Therefore A is injective over itself.

(2) = (3) By assumption A is injective as an A-module. Since A is local,
A is indecomposable and so isomorphic to E4(A/p) for some prime p. Since
depth(A4) = dim(A) = 0, we have Ass4(A) = {m}. Thus A = E4(k).

(3) = (4) By assumption A = E4(k) = E. Thus Homy(k, A) = Homy (k, E).
We can identify V = {e € E : me = 0} with Hom4(k, E'). Then V is a nonzero
vector space over k inside E and k — FE is an essential extension and so we
must have V = k.

(4) = (5) Suppose Homa(k, A) = k. Further suppose that I, I, are proper
ideals of A such that I; N I; = (0). Since A(A) < oo we have A(I1), A(I2) < oo.
Hence if I1, I5 # 0 we have injections k < I; and k < I5. But this contradicts
Homy (k, A) = k. Hence I; =0 or I = 0.

(5) = (4) Suppose the zero ideal (0) is irreducible. Since Hom4 (k, A) is a vec-
tor space over k, we have Hom4(k, A) = k". If r > 1 then there are distinct
copies of k (ideals) in A whose intersection is necessarily the zero ideal. This
contradicts our assumption. Hence r = 1.

(4) = (6) Suppose Hom(k, A) = k. Then every nonzero ideal I, being a sub-
module of a finite length module, has finite length. Hence there is an injection
k — I. Consider the image Iy of k under one of the nonzero maps to A. Then
every ideal I must contain I, for otherwise we have disjoint ideals in A isomor-
phic to k as A-modules, which implies that Hom (k, A) = @;_, k with r > 2.
Thus Iy is the unique minimal ideal in A.

(6) = (1) Suppose now that A has a unique minimal ideal Iy. Since A(A) = 0,
Iy =2 k. Since Iy is minimal, k¥ = Iy — A is an essential extension. It follows
that A < E4(k). Since A(A) = M(Ea(k)) (Theorem 7.16), we have A = E (k).
Thus A is injective and so has finite injective dimension. ]

Proposition 7.42  If (A, m, k) is a local ring withid 4(A) = oo, then p,(m, A) #
0 for all i > dim(A).
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Proof We proceed by induction on dim(A). If dim(A) = 0, then every module
in an injective resolution of A is of the form @ E4 (k) and we are done. So now
assume dim(A) = n and the proposition is true for rings of smaller dimension.
Take p # m a prime ideal. If ida, (Ap) = oo, then by induction p;(pAp; Ap) =
pi(p: A) #0 for i > ht(p). Taking a saturated chain of primes
p=Rch G - CPh=m

we see that n + ht(p) < dim(A) and p,(m; A) # 0 for all i > n + ht(p).
Otherwise, ida, (Ap) < oo for all nonmaximal primes p. Since ida,(A,) =
dim(Ap) = ht(p), we have that p;(p; A) = 0 for i > ht(p). Thus p;(p : A) = 0 for
all nonmaximal primes p and for all ¢ > dim(A). Therefore, since id4(A4) = oo
we have p,;(m; A) # 0 for all ¢ > dim(A). [ |

Theorem 7.43 If (A, m, k) is a local ring of dimension n, then the following
are equivalent:

(1) ida(A) < co. (i.e. A is Gorenstein.)

(2) p;(m, A) =0 for all i > n.

(3) p;(m, A) =0 for some i > n.

(4) p;(m, A) =0 for some i #n, p,(m, A) = 1.

(5) A is Cohen-Macaulay and dimy, Ext’y (k, A) = 1.
(6) p;(p, A) = 0; ne(p) where

. ~Jo ifi#ht(p),
iht(p) = 4 if i = ht(p).

(7) Every system of parameters of A generates an irreducible ideal of height
n in A.

Proof We prove the following implications, which suffice to prove the equiv-
alence:

(1) = (2) Obvious.
(2) = (3) Obvious.
(3) = (1) This follows from the previous proposition.
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(1) = (4) Since id4(A) < o0, A is Cohen-Macaulay by Corollary 7.39. Hence
depth(A) = n. Thus Ext%(k, A) = 0 for i < n. By the long exact sequence of
Ext we have

Ext'y (k, A) 2 Homa(k, A/(x1,...,25)),

where x1,...,x, is a maximal A-sequence. Further we have that

idA/(zl _____ IH)A(A/(CL'l,...,In)A) =0.

= Ext’; (k, A).

(4) = (6) Clearly if ida(A) < oo we have ids, (A4y) < oo. Since p,(p; A) =
1;(pAp; Ay) we get that p;(p; A) = 65 ne(p)-

(6) = (1) Use that
id4(A) = sup{i : Ext’y(k, A) # 0} = sup{i : u;(m; A) # 0}.

(1) = (7) Suppose ida(A) < oo. Then by the above implications, A is
Cohen-Macaulay and Ext’y (k, A) = k. Let x1,...,x, be any system of param-
eters. Since A is Cohen-Macaulay, any system of parameters is a maximal A-
sequence. So by the long exact sequence of Ext we have that Hom 4 )« (k, A/x) =
Homy (k, A/x) = k. Thus A/x is a zero-dimensional Gorenstein ring. Thus (0)
is an irreducible ideal in A/x, or in other words, (x) is an irreducible ideal in

A.

(7) = (1) Suppose that every system of parameters of A generates an irre-
ducible ideal. If dim(A) = 0, then A is Gorenstein by the lemma. So by
induction we may assume the claim holds for local rings of dimension less then
n. Suppose dim(A) = n and let z1, ..., x, be a system of parameters. For every
t > 0, we have

(0:am)C ((CL‘?H, . ,CL';Jrl) A M.
Since :Ei“, ..., 2kt is a system of parameters, (x’_{“, ..., xt1) is an irreducible
ideal. Thus Homa (k, A/(2i™, ... 2!=1) = k. Therefore
(282t t ) cam) C (ah, ... a2t)

for all ¢. Therefore (0 :4 m) C (N, (zf,...,25) = 0. So Hom(A/m,A) = 0
and hence depth(A) > 0. So there is a regular element a on A. By induction
ida/q(A/a) < oo. Since A is local and a is a regular element, we have

idA/a(A/a) = idA(A) — 1.
(See Bruns and Herzog, Corollary 3.1.15.) Therefore id4(A) < .
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(4) = (5) Since ida(A4) < oo, then A is Cohen-Macaulay by Corollary 7.39.
By (4), dimy, Ext” (k, A) = p, (k, A) = 1.

(5) = (4) This follows from the Ext characterization of depth. [ |
So we have the following implications for local rings:
Regular = Complete Intersection = Gorenstein = Cohen-Macaulay
Corollary 7.44 A is Gorenstein if and only if A is Gorenstein.

Proof We already know that A is Cohen-Macaulay if and only if A is so.
Since Ext; (k, A) = Ext’y(k, A) ®4 A = Ext3(k, A), we see that u, (m;A) =1
if and only if p, (mA; A) = 1. |

Corollary 7.45 If A is a local Gorenstein ring with dim(A) = d, and if
0A—-E"-FE'—... 5 E1 50,

is the minimal injective resolution of A then

E'= P Ea(A/p).

ht(p)=1i
Proof This follows from the above theorem. |

Definition A cochain complex of injective modules
E*:0-E > E'-... 5 E1 >0

such that E? = Dhro(p)=i £a(A/p), that is each copy of E4(A/p) only occurs

once in the decomposition of E?, and such that the homology H*(E®) is finitely
generated, is called a dualizing complex of A. So in particular, if A is Goren-
stein, a minimal injective resolution of A is a dualizing complex for A.

Suppose that A is Gorenstein and

0-A—-E 5E' ... 5 E 50

is a minimal injective resolution of A. Now what are the maps in the above
resolution? This is a hard question and the answer has to do with the Cousin
complex. For more information, ses Hartshorne Residue and Duality or Sharp
Cousin Complex Gorenstein Rings.

Definition If (A, m, k) is local and Cohen-Macaulay, with d = dim(A), then
we define the type of A to be:

dimy, Ext4 (k, A)
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So we see that A is Gorenstein if and only if it is Cohen-Macaulay of type 1.

Example 7.46 Let A = k[t3,t*,°]. What is the dimension of A? Well
k[, 4, 6°] < K[t]

is an integral extension of A and since dim(k[[t]) = 1 we have that dim(A) = 1.
So A is a Cohen-Macaulay ring of dimension 1. Now the type of A is

dimy, Ext! (k, A).

We claim that
dimy, Exty (k, A) = dimy, Hom4 (k, A/zA)

where x is a parameter of A. To see the above statement, consider the short

exact sequence
0+A5 A A/JzA—=0

and apply Hom (k, —). Now we obtain
0 — Homu(k, A/zA) — Exth (k, A) 5 BExt! (k, A)

But note that the right most map is in fact the zero map, and hence our claim
is true. So if x = t3, then what is

E[[t3, 1%, 7]
(t?)

We know that if ¢ : k[x,y, 2] — k[t3,t*, %] via

)?

dimy, Hom 4 (,

:v'—>t3, y>—>t4, z'—>t5,
then Ker(¢) = (2 — ya® — yz, 2%y — 22), and so
k£, ¢4, ¢°] = klz, y, 2]/ Kex(e).
We deduce
k£, ¢4, 67 /1 2= kllz,y, 2]/ (x, Ker(p)) = kly, 2]/ (4%, y2, 2%).
Now check that
Hom(k, klly, 2] / (v, yz, 2%)) = ky @ kz,

and hence has dimension 2. Thus A is not Gorenstein. Moreover it can be
shown exactly when a ring is a quotient of an ideal generated by minors it is
not Gorenstein. To clarify, if

4 = Kzl

., 1<i<m, 1<j<n
I,
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and I is the ideal generated by t x t minors of

Z1,1 e T1,n

Tm,1 - Tm,n

then ht(I;) = (m —t+ 1)(n — t + 1) and dim(A4) = mn — ht(l;). A theorem
of Hochster and Eagon states that A/I; is normal and Cohen-Macaulay for
t < min{m,n}, and a theorem of Svanes says that A/I; is Gorenstein if and
only if m = n and 0 < t < min{m,n}. For the maximal minor case, that is
when t = m < n, then A/I; is Gorenstein if and only ift =m =nort =m = 1.
In the case of the example above, Ker(p) was the ideal generated by the 2 X 2

minors of
T Yy z
]
This is not quite a generic matrix, but if we take the above result for the
matrix
Ty z
[u v w] '

and the corresponding determinantal ideal in k[u, v, w, z, ¥y, 2] and mod out by
the regular sequence u — y,v — z,w — 22, we can carry the above result about
the Gorenstein property to the previous case.

Let B be a regular local ring and consider A = B/I where I is chosen such
that A is Cohen-Macaulay. Then

pdg(A) + depth(A) = depth(B),
and so

pdp(A) = depth(B) — depth(A4),
= dim(B) — dim(A),
— nt(1).

Hence we can take a minimal free resolution of A over B, where d = ht(I):
F,: 0—+B"—...5B"+B—A4-0
Since depth;(B) = ht(I) = n, we have
Ext5(A4,B)=0 i<n. (%)
Apply Hompg(—, B) to F, to get

0B B .. fipgh Lo 0
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where €2 = Coker(d}). Since TA = 0, and Q = Extz(A, B), we see that I = 0,
and hence I C Anny (). Moreover if we apply Homp(—, B) to F}, a minimal
free resolution of Q by (%), we get Fo and so

0 ifi<d,

Ext (2, 5) = {A if i =d

Thus Anna ()2 = 0 implies that Anng(Q2)A = 0 which show us that I D
Anny(92) and so I = Anny(Q).

Remark  While our decision to denote Coker(d}) by € may seem a bit arbi-
trary, we actually did it for a good reason. You will later see that 2 is the
canonical module for A.

Theorem 7.47  The type of A is pu(§2) where ) is as above.
The proof of the above theorem will be provided later in the next section.

Corollary 7.48 If A is Cohen-Macaulay and is the quotient of a regular ring
B, then the following are equivalent:

(1) A is Gorenstein.
(2) The type of A is 1.
(3) p(2) =

(4) Q is eyclic.

(5) ©

(6)

6) A= Ext%(A, B) where d = pdg(A).
Proof Exercise. |

Exercise 7.49 If
0— Al» ... s A 5 M =0

is a minimal free resolution of M, then show Ext’y (M, A) # 0.

Theorem 7.50 If (A,m, k) is a local Gorenstein ring and x1,...,x4 is any
system of parameters for A, then

Ba(k) = lim(A/(c}, .., 2}) A).

t

Proof Let x1,...,x, be a system of parameters for A. Since every e € F is
killed by a power of the maximal ideal and since the ideal x generated by the
system of paramters and m are cofinal, we have that F4(k) = E = J, E; where

E,={e€ E:x'e=0} = Homa(A/x'A, E).
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Take a minimal injective resolution E® of A. Since A is Gorenstein, E' =
Dri(py—i Ea(A/p). Thus Homy (A/xtA, E?) = 0 for i < n. So for each t > 0 we
get a commutative diagram

Ext’(A/x'A, A) —— Homu(A/x' A, E)
J 0
Ext’ (A/x!*1A, A) —— Homu(A/x!*1 A, E).

So lim, Fy = lim, Ext’y (A/x'A, A). Since A is Gorenstein, it is Cohen-Macaulay.

Therefore !, ..., z!, is a maximal A-sequence for allt > 0. Thus Ext’j (4/x'A4, A) =
A/xtA and we are done. [ ]
Exercise 7.51 If A is Cohen-Macaulay and x1,...,x4 is a system of parame-

ters for A, then the map (in the missing above proof) is injective.
Exercise 7.52  Letting
A= k[Xl, - ,Xd] or A= k[[Xl, . ,Xd]] or A= k[Xl, . aXd](Xl,...,Xd)

whatever you prefer, show that E (k) is a vector space with basis:

1
>0 CR(X,. ., X
{Xf1~-~X§d b= }_ % 2

Definition If A is a Noetherian ring, A is called Gorenstein if for every
maximal ideal m, A, is Gorenstein. Note this is true if and only if for every
p € Spec(A), A, is Gorenstein.

Exercise 7.53 A Noetherian ring A is Gorenstein if and only if for every
finitely generated A-module M

grade 4 Ext’y (M, A) > i.

Exercise 7.54 Consider a Noetherian ring A with finite injective dimension.
Show that
ida(A) = dim(A).

Note that:
Regular = Complete Intersection = Gorenstein = Cohen-Macaulay
Example 7.55 Consider A = Z. Note we have an injective resolution of Z
0-Z—-Q—-Q/Z— 0.
Is Q/Z indecomposable? No. From Corollary 7.45 we see that

@ Q/Z = Ez(Z/pZ)
pprime
where
Bo(Z/p) 2 liny(Z/pZ 5 TfpL Vs - ).
LET’S GET TOGETHER AND DISCUSS THIS :)
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7.5 Grothendieck’s Functorial Approach

Let A be a Noetherian ring, m any ideal of A (this follows Grothendieck’s
notation; often m is the maximal ideal in a local ring), and define:

Ab = The category of Abelian groups.

C = The category of A-modules.

Cw = The category of A-modules with support contained in V' (m).
ct = The category of finitely generated A-modules.

Cl = The category of finitely generated A-modules with support

contained in V(m).

Proposition 7.56 Let T be a contravarient additive functor from C to Ab.
Then there exits a natural transformation

n:T — Homa(—,T(A)).
That is, if f : M — N, then the following diagram commutes:

T(N) —2 Hom4(N, T(A))
7Kﬂl lHomA<ﬁ7xA»
T (M) 2 Hom 4 (M, T(A))

Proof First note that for M € C, T(M) € C. The A-action that turns
T (M) into an A-module is given by a -z = T (ug)(x) for z € T(M) and where
te : M — M is the multiplication by a map.

Now for € M, define a homomorphism €, : A — M by setting e, (1) = =.
Then, since T is contravariant, we get a homomorphism 7 (e;) : T (M) — T (A).
Now we can define a homomorphism nas : T (M) — Hom4 (M, T (A)) by setting
v (w)(z) = T (ez)(w) for x € M and w € T(M). We leave it to the reader to
check that @), is the natural transformation we sought. ]

Proposition 7.57 Let T be a contravarient additive functor from Cf to Ab.
The natural tranformation

7:T — Homa(—, T (A))
is a natural isomorphism if and only if T is left exact.

Proof If nis a natural isormorphism, then since Homa(—, 7(4)) is left exact,
sois T.

Now suppose that T is left exact. First note that since 7(A4) = Hom4 (A, T (A)),
and since T (A) is additive, we have that g is an isomorphism for any finitely
generated free A-module F. Let M € C! and let A™ — A" — M — 0 be a
presentation of M. Then we have a commutative diagram

0 T(M) TAY) ———— = T(A™)

J/UM J/”]A" l’mm

0 —— Hom (M, T(A)) —— Homa (A", T(A)) —— Hom4(A™, T(A))

210



CHAPTER 7. INJECTIVE MODULES OVER NOETHERIAN RINGS

where the rows are exact. Since A™, A™ are finitely generated free modules,
NAn,Nam are isomorphisms. Hence 7y is an isomorphism by the Five Lemma.
|

Corollary 7.58 Let T be a contravarient additive functor from C! to Ab. T
is exact if and only if T(A) is injective.

Proof The functor Homy(—, N) is exact if and only if N is injective. By the
previous proposition, 7 is naturally isormorphic to Homa(—, 7 (A)) if and only
if T is left exact. |

: f
We now prove the analogous results in the category Cy,.

Proposition 7.59 Let T be a contravarient additive functor from CL to Ab.
Then there exits a natural transformation

©: T = Homyu(—,I),
where I = lim (7(A/m")).

Proof Let M € Cf . Since M is finitely generated, there exists n > 0 such
that m"M = 0. Thus M is a finitely generated module over A/m™ for some
n > 0. By Proposition 7.57 we have a natural map

N s T (M) — Hom g jn (M, T(A/m™)) = Homa (M, T (A/m")).
Moreover, the canonical surjection A/m"™* — A/m™ induces maps
Homa (M, T (A/m™)) — Homa (M, T(A/m"T)).
So we have a natural map

oy =Hm gy T(M) — liﬂHomA(M,T(A/m")) = HomA(M,ligT(A/m")).

Proposition 7.60 Let T be a contravarient additive functor from Ci to Ab.
The natural transformation

¢:T — Homa(—, 1),
with I as above, is a natural isomorphism if and only if T is left exact.

Proof If ¢ is a natural isomorphism, then 7 is left exact because Hom 4 (—, I)
is left exact.

So assume that 7 is left exact. Let M € Cf . As before m"M = 0 for all n
sufficiently large. Thus we have natural isomorphisms

T(M) S Homa (M, T(A/m™))
for n sufficiently large. This then induces a natural isomorphism

T (M) = lim Homa (M, T(A/m"™)) = Hom4 (M, I).
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Corollary 7.61  Let T be a contravarient additive functor from CL to Ab. T
is exact if and only if I = h_ng(T(A/m")) is an injective A-module.

Proof Using Baer’s criterion, we must check that if J C A is an ideal and

J L I'is an A-module map, then we can lift f to a map f: A — I making the
resulting triangle commute. Note that f(J) C T'(A/m™) for n >> 0. Moreover
f(m™J) =0 for n >> 0. By the Artin-Rees Lemma, we have

m"NJ=m""‘(m'nJ)Cm"'J

for n >> 0 and a fixed t > 0. So f(m"NJ) =0 for n >> 0 and f induces
amap f:J/(JNm") = T(A/m™). Since T(A/m™) is injective over A/m™ by
Corollary 7.58, we have a commutative diagram

J———A

L

J n
JNm™n A/m

[
T(Ajm)

The direct limit of the maps from A to T (A/m"™) provides our lift.
The other implication is clear. |

Definition Let A be Noetherian, m an ideal of A, and E be an injective A-
module. We define the Oth local cohomology module of E with respect to m,
to be

HO(F) :={z € E:m"z = 0 for some n > 0}.

Corollary 7.62 Let A be a Noetherian ring, m an ideal of A and E an injective
A-module. Then HY (E) is injective over A.

Proof Let T :CL — Ab be the functor Hom4(—, E). Since E is injective,
T is exact. Hence, by the previous corollary,

I =1l T(A/m") = lig Homa(A/m", E) = HY(E)

is injective. |
Remark Sometimes we denote

I'n(E) :={z € E:m"z =0 for some n > 0},
and in this case we call I'y,(E) the m-torsion functor.

Theorem 7.63  Suppose that A is Noetherian, m is an ideal such that A\(A/m) <
oo, and T is a left exact additive contravariant functor from Cf to Ab. Then
the following are equivalent:
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(1) For all M € CL, T(M) is a module of finite length and M — TT (M) is
an isomorphism.

(2) T is exact and for all maximal idealsm; 2O m, ifk; = A/m;, then T (k;) = k;
via some noncanonical isomorphism.

Proof (1) = (2) Since T (k;) is assumed to be a module of finite length and
is killed by m;, it is a finite dimensional vector space over k;. So T (k;) = k.
since kP = TT (k;) = k; we have that n = 1 and so T (k;) & k;.

It remains to show that if 0 - M — N is exact, then T(N) — T(M) — 0
is exact. Suppose to the contrary that

T(N)=>T(M)—>Q—=0
is exact where @) # 0. Then we have the exact sequence
0—-T(Q)— M — N.

Therefore T(Q) = 0. But since @ # 0 we have a surjection Q — k; — 0.
Applying T we have the exact sequence 0 — T (k;) — Q. But T (k;) = k; by
above, and T(Q) = 0, a contradition. Therefore T is exact.

(2) = (1) Since M has a filtration with quotients of the form k; and since T is
exact with 7 (k;) = k;, T(M) will have a filtration with quotients of the form
k;. Hence T (M) is a module of finite length.

Since TT (M) is of finite length, we may induct on the length of M to prove
the other assertion in (1). We already have 7T (k;) = k;. For arbitrary M we
have a commutative diagram with exact rows:

0 M’ M M 0

L]

0——TTM)——TT(M) ——TT(M")——0.

By induction, since M', M" have smaller length, the outer maps are isomor-
phisms. By the Five Lemma, 77T (M) = M. [ |

Definition  Suppose that A is Noetherian, m is an ideal such that A(4/m) < oo,
and 7 is a left exact additive contravarient functor from Ci, to Ab. T is called
a dualizing functor for A and m if 7 satisfies one of the equivalent conditions
in the above theorem.

Definition  Given a dualizing functor, the corresponding module

I = lin(T(A4/m"))

is called a dualizing module for 7.
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Corollary 7.64 If (A,m,k) is a local ring and T is a dualizing functor for A
and m, then

I =limy(T(A/m")) = Ea(k).

Proof We have already that k = T (k) = Homy (k, I), with I as above. Since
elements of I are each killed by some power of m, we have an injection k < I
and this is an essential extension (since Homy (k, I) 2 k). Since I is injective,
Ea(k)=1. |

Definition Let A be a Noetherian finitely generated ky-algebra and m a maxi-
mal ideal of A. Then by Noether’s Normalization Lemma we have that k = A/m
is a finite dimensional vector space over ky. In this case we call

Homy, (A/m", ko)
the continuous hull of A with respect to m.

Corollary 7.65 Let A be a Noetherian finitely generated kg-algebra and m a
maximal ideal of A. Then by Noether’s Normalization Lemma we have that
k = A/wm is a finite dimensional vector space over kg. In this case

EA(A/m) = EAm (k) = ligHomko(A/m”, ko).

Proof Let A = A, and let M € Cf. Let T be the functor Homy, (M, ko).
Since A(M) < oo, Homy, (M, ko) is a finite dimensional k-vector space. Since k
is a finite dimensional vector space over kg, we have by the previous theorem
that 7 is a dualizing functor. So by the previous corollary,

Ea(k) 2 I 2 limg T(A/m") = lim Homy, (A/m", ko).
n

Corollary 7.66 If A is a zero dimensional local ring containing a field K, we
have by Cohen’s Structure Theorem that A contains a field k which is isomorphic
to A/m, that is we have the following commutative diagram:

K A—"5 A/m
4\
I
J/
i

Proof Use the previous corollary. |

Then E4(k) = Homy (A, k).

Corollary 7.67 If (A, m) is local and Gorenstein of dimension d, then for all
M e Ct,
0 ifi < d,

Extiy(M, 4) = {MV ifi—d

In other words, Ext‘i(—, A) is a dualizing functor with E4 (k) its corresponding
dualizing module.
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Proof Exercise. |

Corollary 7.68 If (A, m) is local and Gorenstein of dimension d, and we have
an exact sequence of modules of finite length

0— My — My — M3 — 0,

then
0 — Ext% (Ms, A) — Ext% (My, A) — Ext% (M, A) = 0

is exact. We also have that Ext%(k, A) = k.
Proof This follows from Theorem 7.63. |

Thus we see that 7 : Cf, — Ab where T(—) = Ext%(—, A) is an exact
functor such that 7(k) = k. Hence

Ea(k) = lim T(A/m") = lim Ext} (A/m’, A).
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Chapter 8

Local Cohomology

8.1 Grothendieck’s Definition and Basic Prop-
erties

Definition Let A be a Noetherian ring, M an A-module and I an ideal of A.
We define the ith local cohomology of M with respect to I by

i 1 i t
H}Y (M) := %ExtA(A/I ,M).

Unfortunately this definition tells us next to nothing about what local co-
homology really is, but we do have an immediate corollary to the definition:
Corollary 8.1 If (A, m, k) is a local Gorenstein ring of dimension d, then

Hiy (4) = Ba(k),
and H (A) = 0 otherwise.

Proof We know that since A is Gorenstein, p;(m;A) = d;, where n =
dim(A4). So if 0 - A — E*® is the minimal injective resolution of A, then
lim, Hom 4 (A/mt, E™) = Ea(k) (since every element of E™ is killed by some
power of m) and Hom(A/m, E?) = 0 for i < n (since no element of E4(A/p)
is killed by m for any prime p # m). Hence H%(A) = Ea(k) and H (A) for
< n. ]

Now we will discuss the relationship between H%(—) and H%(—), starting
with an exercise.

Exercise 8.2 Show that

HY (M) ={x € M : "z =0 for some n > 0}.
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Now let ‘
0-+M-—E"-FE" ... 5 E — ...

be an injective resolution of M. Applying Homa(A/It, —) we get:

0 ——— Homa(A/I', M) —— Homu (A/It, E®) —— ..

0 —— Homa (A/I*, M) —— Homa (A/I* E0) —— ..
Now we make take the direct limit of the above system to obtain a complex:

0 — HY(M) — HY(E?) - HY(E') —» -+ — H}(E") — - --
Since we know that
HY(M) :={x € M : I"x = 0 for some n > 0},
=lim Hom4 (A/I*, M),
n

we see

H'(Hj(E*)) = H'(lim Homa(A/I', E®) = lim H' (Homa (A/I', E*)
t t
— lim Exct!y (A/I', M) = Hi, (M)
t
as cohomology and direct limit commute. Thus if we consider H(—) as a

functor, then the ith local cohomology is the right derived functor of Oth local
cohomology functor, that is

H(-) = R'H](-).
Proposition 8.3  If F is an injective module, H,(E) = 0 for every i > 0.

Proof If E is injective, then Ext’(A/I*, E) = 0 for alli > 0. Hence H;(E) =0
for i > 0. By Corollary 7.61, H}(E) is injective. [ |

Proposition 8.4  Every element of H;(M) is killed by a power of I.

Proof Every element of Ext}(A/I*, M) is killed by I*. So every element of
H% (M) is killed by some power of I. |

Proposition 8.5 If the filtration
I=5h2J2-2J 2

is cofinal with respect to {I'}, that is for all t, there exists m; and n; such that
Im, C It and I C J,

then . ‘
H} (M) = lim Ext’ (A4/J¢, M).
=
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Proof Exercise. |
Proposition 8.6 If\/I = /J, then H}(M) = H’,(M) for any module M.

Proof Since A is Noetherian, if v = v/J then {I'} and {J'} are cofinal.
Now apply the previous result. |

Proposition 8.7 HY(M) # 0 if and only if Homa(A/I, M) # 0.

Proof (=) This implication is clear.

(<) Suppose that HY(M) # 0. Then there exists a nonzero element x € M
such that I'z = 0 and I'"'z # 0. Take 0 # y € I'"'x. Then Iy = 0 and
Hom(A/I, M) # 0. n

Proposition 8.8 (LES of H%(—)) Given an exact sequence
00— My — My — Mg —0

we have long exact sequence of local cohomology modules:

0 —— H(M1) —— HY(Mz) —— Hj(Ms) )

L H} (M) —— HY(My) —— HY(M3) —— - --

Proof This follows from the long exact sequence of Ext and the exactness of
direct limits. ]

Theorem 8.9 (Relation between depth; (M) and H%(M)) If A is Noethe-
rian, M finitely generated and I is an ideal of A, then Hi(M) = 0 for all i if
and only if IM = M. Otherwise if IM # M, then

depth; (M) = min{i : H;(M) # 0}.
Proof First note that

Supp(M/I'M) = Supp(M) N Supp(A4/1"),
= Supp(A/ Ann(M)) N Supp(A4/1Y),
= Supp(A/(Ann(M) + IY)).

Hence

M =1IM & M =1'M for all t > 0,
& Ann(M) +I' = A for all t > 0,
& Extly(A/I', M) =0 for all t > 0 and all i > 0,
< HY(M) =0 for all i > 0.
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Now suppose that IM # M. By Theorem 6.9 and by Proposition 8.7 we
have that

depth;(M) =0< Hom(A/I, M) # 0,
& HY(M) #0.

So assume that the claim is true for i < n. If depth; (M) = n, then Ext’ (A/I*, M) =
0 for all i < n and all ¢ > 0. Hence H;(M) = 0 for i < n. Now take z € I a
nonzerodivisor on M. Then we have an exact sequence
0= M5 M— M/zM — 0.
We get the following long exact sequence of local cohomology
0=H}"'(M)—Hy Y(M/aM) — HF (M) — - - .

Since Hy{(M/xM) = 0 for i < n — 1 and H} '(M/zM) # 0 by induction.
Therefore H} (M) # 0. |

Exercise 8.10 If f : A — B is a flat homomorphism of Noetherian rings,
where I is an ideal of A and M is an A-module, then

H (M 4 B) = H}(M) 4 B.

Hint: Ext’(A/I', M) ®4 B = Extz(B/I'B,M ®4 B).

8.2 Local Cohomology and the Koszul Complex
Observe that if A is a ring and z € A, then

li_rr;(Ai>A£>---):Am.
To see this, define ¢, : A — A, by sending 1 — zln These maps combine to

give a map ¢ : ligt(A 5 A5 ...) = A,. Clearly ¢ is onto. Now suppose that

= =0¢€ A,. Then for some t > 0, we have
zta =0.

But this says that ¢ = 0 in the direct limit. Hence ¢ is an isomorphism. The
same proof works for modules. We leave the proof to the reader as an exercise.

Lemma 8.11 If M is an A-module, then
My =lm(M = M = --).

Proof Exercise. |
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In a similar way we will take the direct limit of the Koszul complex. Consider

I=(x1,...,2,), and set x* = (xf,..., 2! ). While we know that

Hj (M) = lim Ext’ (A/x', M).

we would like to try to get our hands on it.
For x € A, we have that when s >t

o —— Ky (x%; A) —— Kop(x%; A) A/x? 0
Jwit lwét J
e R A) —— Ko(x A) —— Afxt ——0

where 5 1 K, (x%; A) = Kp(x'; A) via

s—t
Z iy, ip €3y N - " NEG, Z (i, - xi,)° 4y, €0y N

1<ig <-<ip<n 1<ir<-<ip<n
Applying Hom 4 (—, A) to Ke(x%; A) — Ke(x%; A), we obtain:

Hom 4 (Ko(xt; A), A) —— Hom (K, (x%; A), A)

st

K*(xl;A) ——————— K*(x%; A)
And so we have the commutative diagram:

K*(xt; A) —— A/xt =0

K*(x%;A) —— A/x* =0
Definition Define
K*(x*; A) = lim K*(x'; A).
v
Note that we can similarly define K*®(x>°; M), where we use the maps
o @aidy .
In this case one should check that we have
K*(x>*; M) = lim K*(x'; M),
%9
=lim K*(x'; A) @4 M,
%9

= K.(XOO;A) ®a M.
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So at this point we see that
K*(x*;A)=K* (2% A) @ @ K*(ap°; A)
and hence we have K*(x*; A):

0—-A— @ Agy) == @ Agivomsy, == Agyigy, = 0

P
1<i <n 1<iy <-<ip<n

where each map is just the sum of the localization maps with the appropriate
sign.
In a similar fashion we have K*(x*°; M):

0> M — @ M, —---— @ Mmil...wv o= Mg, =0

Tiq p
1<i1<n 1<ip < <ip<n

Note that the first nonzero term on the left is in degree zero. This sort of cochain
complex is called a Cech complex.

Definition Define
Hi(M) ==H' (K* (x5 M),
=lim H(K*(x"; M)).
g

We call this the Cech cohomology of M.

Proposition 8.12  If A is a ring, M is an A-module, and I = (x1,...,2,), then
the following are true:

(1) Hy(M) = Hj(M).
(2) Given a short exact sequence
0— My — My — M3 — 0,

there exists a long exact sequence:

0 —— HY (M) —— HY(My) —— HO(M3) ->

L HY (M) —— H} (My) —— HY (M3) —— - -

(3) If E is injective, then H. (E) = 0 for i > 0.
Proof (1)

HY(M) = Ker(M — @) M..,)
i=1
={me M :alm =0 for somet>0andall 1 <i<n}
={me& M : I'm =0 for some t > 0}

= HY(M).
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(2) Let
0— My — My — M3 — 0,

be an exact sequence. Since localization is exact, we get an exact sequence of
complexes

0— K*(x*™°; M) = K*(x™; Ma) — K*(x*°; M3) — 0.

Taking the long exact sequence in homology associated to this short exact se-
quence of complexes we get that

0 — HY (M) — HS(My) — H2(Ms3) — HL(M;) — - -
is exact.

(3) Any injective module E is of the form P, Ea(A/p;). Since direct sums
commute with homology, it suffices to show that Hi(E4(A/p)) = 0 for any
prime ideal p € Spec(A). Since

HL (EA(A/p)) = Hi(Ea, (A/p)),

we may assume that A is local with maximal ideal p.
Now since p is maximal, F(A/p) = J; By where

E,={e€ E(A/p)|p"e = 0},

and since HL(E(A/p)) = hgﬂ]l;(En), it suffices to prove that H: (M) = 0 for
¢t > 0 and M finite length. By taking a filtration, it suffices to show that
H: (k) = 0 where k = A/p is the residue field. Observe that if x; is a unit, then
ky; =k, and if z; € p, then k;, = 0. By considering the Cech complex, one sees
that K*(x*°;k) is exact if at least one z; is a unit, whereas if all x; € p, the
Cech complex reduces to

0—-k—=-0—0—---.
In either case, H'(K*(x>;k)) = 0 for i > 0. This completes the proof. |
Theorem 8.13  If A is a ring, M is an A-module, and I = (z1,...,x,), then
Hy (M) = HL (M) fori > 0.

Proof We proceed by induction. Note that the previous proposition takes
care of the base case H2(M) = H2(M). So suppose the theorem is true up to
1 > 0. Take an exact sequence

0—+M—=-E—-N=0
where F is injective. By the long exact sequences of Hy and Hy we get that

Hi (N) = H{P (M) and Hj(N) = H{"'(M). By induction, Hi (N) = Hj(N).
Hence HLH (M) = HYHH(M). [
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Corollary 8.14 If A — B is a homomorphism of Noetherian rings, I an ideal
of A, and M an B-module, then

H} (M) = Hip(M).

Proof The corresponding Cech complexes are isomorphic as complexes of
A-modules; that is,
K®*(x*;4 M) 2 K*(x*B; M).

Remark The above result would be difficult to obtain if we only used the
Ext-definition of local cohomology.

8.3 Local Duality

The Case of Gorenstein Rings

Proposition 8.15 If A is Noetherian, m a maximal ideal and M is a finitely
generated A-module, then

HE (M) = HL 4 (My) =2 HA (My).

mAn, m

Proof (sketch) For a module of finite length T, T = T ®4 An = T ®4

Ap. Since tensor products commute with direct limits and since each module
Ext’ (A/m!, M) is killed by a power of m, the result follows. ]

Remark  The upshot from the preceding proposition is that when working with
local cohomology you can localize and then complete, thus you may reduce to
the case of a complete local ring!

WARNING 8.16 Localization does not commute with completions. Even if A
is a complete ring there may be p € Spec(A) such that A, is not complete. This
usually does not present much of a difficulty as in most cases one may choose
to simply localize first and then complete.

Theorem 8.17 (Cohen) If A is a complete local ring, then there exists a
complete regular local ring B and an onto map B — A. Moreover B will have
one of two forms:

(1) B=k[Xy,...,X,] where k is a field.
(2) B=V[Xy,...,X,]| whereV is a DVR.

Lemma 8.18 If M is an A-module and F, is a flat resolution of M ; that is,
each F; is flat, F, is exact except in degree 0, and Hy(F,) = M, then

Tor (M, N) = H;(F, ® N).

Proof Exercise. (Hint: Think about how to prove the balancing of Tor.) W
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Theorem 8.19 If A is Noetherian, and m is a maximal ideal with M finitely
generated, then Hi (M) satisfies DCC.

Proof By above, we can assume that A is a complete local ring and that we
have a surjective map n : B — A where B is a complete regular local ring. If
n denotes the maximal ideal of B, then by Corollary 8.14 H:{ (M) = H: (M)
since n(n) = m. By replacing A by B we may assume that A is a complete
regular local ring, say of dimension d. Since A is regular, depth(A) = d and
by Theorem 8.9 we have Hi{ (A) = 0 for i < d. Further by Corollary 8.1,
Hﬁl(/%) = FE4(k) = E. Since A is regular local, we can write m = (z1,...,xq).
The Cech complex K*(x>°; A) is then a flat resolution of F; that is,

O—)A—>@Azi — = Apyageny, — HL(A) =0

is exact. By the previous lemma,
H! (M) = H(K*(x>®;M)) = H(K*(x>®; A) ®4 M) = Tor} ;(M, E).

Since M is finitely generated, if F — M — 0 is a minimal free resolution of M,
then we also have
Torldéti(Mv E) = dei(Fo XA E)

If we write F; = A™ for each i, then F; ® 4 E = E™, which is a module with
DCC by Proposition 7.19. Hence Hi (M) = Hy_;(Fe®4 E), being a subquotient
of a module with DCC, has DCC. |

Lemma 8.20 IfC, is an A-complex and F is an injective A-module, then
H'(Hom4(Cs, E)) = Hom4 (H;(Cs), E).
Proof Exercise. (Or see Cartan-Eilenberg, Theorem 7.2.) [ |

Theorem 8.21 (Local Duality) If A is a complete local Gorenstein ring of
dimension n and M is a finitely generated A-module, then for all i > 0

HE(M)Y = Ext’y (M, A),
where we recall that Hi (M)Y = Hom (H: (M), Ea(A/m)).

Proof Since A is Gorenstein, H, (A) = 0 for i < n and HZ (A) = Ea(k) = E.
As in the previous proposition, we have that
Hy, (M) = H'(K*(x*; M)),
= H'(K*(x®; A) @4 M),
= Tor? ,(M, E).

n—i
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Let Fo — M — 0 be a free resolution of M. Then

H,, (M) = Tor,_;(M, E),
= ani(Fo XA E)
It follows then that
H;, (M)Y = Homa (H;, (M), E),

= HomA(Hn—i(F. XA E)u E)7

= H" "(Homa(F, ®4 E, F)),

= H" "(Hom(F,,Hom(E, E)),

= H" "(Homu(Fs, A)),

= Exty (M, A).
The first equation is the definition of (—)V, the second holds by the above
argument, the third holds because E is injective, the fourth holds by the adjoint

isomorphism, the fifth holds since A is complete and local, and the last equation
is the definition of Ext. This completes the proof. |

Corollary 8.22  If A is a complete local Gorenstein ring of dimension n and M
is a finitely generated A-module, then

Hi (M) = Ext’y” (M, A)Y
Proof This follows from Theorem 7.20 since A is complete and local. |

Corollary 8.23 If A is a local Gorenstein ring of dimension n and M is a
finitely generated A-module, then

—
-~

Hi (M)Y = Bxt™ (M, A) = Ext}y (M, A).

Proof

—
-~

H;, (M)Y = Hg (M)Y = Ext’."" (M, A) = Ext} " (M, A).
Remark We will show later that there exists a bilinear map
Hi (M) x Exty (M, A) — HZ(A)

which leads to this isomorphism as in the above corollary when A is a complete
local Gorenstein ring of dimension n.

Theorem 8.24 (Relation between dim(M) and H (M)) If A is local and
M is a finitely generated A-module, then

dim(M) = sup{i : H. (M) # 0}.
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Proof Note that for a system of parameters z1,...,z,, we have Hi (M) =
HL (M) = 0 for i > dim(M). So we need only prove that H% (M) # 0 where
d = dim(M).

Let I = Anny(M). Since H, (M) = H, , (M) = H:ﬁZ/\I
assume that dim(M) = dim(A) and that A is complete.

By the Cohen Structure Theorem, any complete local ring is a homomorphic
image of a complete regular local ring. So A 22 S/T where S is a complete regular
local ring. Let r = ht(I) and let 1, ..., 2, be an S-sequence in I. Then S/x is
complete and dim(S/x) = dim(A). Replacing A by S/I we may assume that A
is Gorenstein and complete and that dim(M) = dim(A).

Since we have reduced to the case where dim(A) = dim(M), we have that
ht(Anna(M)) = 0. Therefore grade(M) = depthy,,, A (M) = 0 and hence
Homa (M, A) # 0. Now since A is assumed to be Gorenstein, local duality says
that H? (M)Y = Homa(M, A), where d = dim(M). Therefore H¢ (M) # 0, as
required. |

(J\/Z), we may

8.4 Set-Theoretic Complete Intersections

We will see in this section that there are connections between the vanishing of
local cohomology modules and the set-theoretic complete intersection property.

Definition If [ is an ideal in a regular Noetherian ring R of height n, then I
is called a complete intersection if there exists x1,...,x, such that

I=(z1,...,2,).

The ideal I is called a local complete intersection if for every maximal
ideal m, I, is a complete intersection in Ry,.
The ideal I is called a set-theoretic complete intersection if there exists

Z1,...,Ty such that
VI=/(z1,...,2,).

Corollary 8.25 H%(—) =0 for all i > n if n is the minimal number of elements

in I such that
VI=/(21,...,2).

Proof The Cech complex K* (2°°; M) has length at most n. |

Corollary 8.26  If I is an ideal of height n and if there exists some A-module
M such that H;(M) # 0 for i > n, then I is not a set-theoretic intersection.

Proof This follows from the previous corollary. |

Theorem 8.27 (Kunz) If A is a regular ring of positive characteristic, then
the Frobenius map

LA A,

n
a+— a?
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is flat for alln > 0. (Equivalently, the Frobenius functor taking M to M @f" A
is an exact functor.) Conversely if f™ is flat for all n > 0, and A is reduced,
then A is regular.

Proof See “Characterizations of Regular Local Rings of Characteristic p” by
Kunz. ]

Theorem 8.28 (Peskine-Szpiro) Let A be a regular domain of positive char-
acteristic and I is an ideal such that A/I is Cohen-Macaulay with ht(I) = n.
Then

Hi(=)=0 for i > n.

Proof Since A is regular, by the previous theorem applying the mth power
of the Frobenius functor to the minimal free resolution of A/I, we get a reso-
lution of A/I [P"] where I'P™] is the ideal generated by the p™th powers of the
generators of I. Hence Ext’y(A/IP"] —) =0 for all i > n. Therefore

Hj(—) = lim Exty(A/107, ) =0

for all 7 > n. |

Corollary 8.29 Let A be a regular domain of positive characteristic and I is
an ideal such that A/I is Cohen-Macaulay with ht(I) = n. Then

Hi(A) =0 for i # n.

Proof That H:(A) vanishes for i > n follows from the previous theorem.
Since A is regular, depth;(A) = ht(I) = n. Therefore H}(A) vanishes for i < n
as well by Theorem 8.9. |

Example 8.30 Let A = k[z; j]1<i<2 and suppose that k is algebraically closed.
1<5<3
If

I = ideal generated by 2 x 2 minors of {xl’l 1.2 xl’?’] = (A1, Ag, A3)
T2,1 T22 23

where A; are homogeneous polynomials in A. By a previous discussion, ht(I) =
2 and A/I is Cohen-Macaulay, but not Gorenstein. This can be seen by noticing
that we have a free resolution

0—>A2§A3—>A—>A/I—>O

of A/I. Hence pd (A/I) = 2 and depth,, (A/I) = depth,, (A) — pds(A/I) =
6 — 2 =4, where m is the graded maximal ideal.

Is I a set-theoretic complete intersection? If the characteristic of k is p, then
by the above theorem we have Hi(—) = 0 for i > 2. In the late 1990’s Paul
Newstead showed that I is not a set-theoretic complete intersection by using
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the étale version of local cohomology. In characteristic 0, we can show that
H3?(A) # 0 and hence I is not a set-theoretic complete intersection.

Let G = SL(2, k). Let G act on the matrix of variables by left multiplication.
Then the three minors A1, Ao, Az are fixed by the action of G and in fact the
fixed ring AY = k[A1, Ag, As]. Since Ay, As, Az are algebraically-independent
over k, A% is a polynomial ring of dimension 3 and so H3(A%) # 0. We have
a split injective map of A® modules A® — A. Therefore the map of local
cohomology modules H3(A%) — H3(A) is injective. Hence H3(A) # 0 and so
I is not a set-theoretic complete intersection.

It is an open question in A™ for n > 3 in the equicharacteristic 0 case as to
whether every curve is a set-theoretic complete intersection. This is equivalent,
in the n = 3 case, to the question of whether for every height 2 prime p €
k[X,Y, Z] there are element f, g € k[X,Y, Z] such that p = /(f, 9)-

Conjecture 1  Every curve is a set-theoretic complete intersection—equivalently,
every prime ideal of height n — 1 in a ring of dimension n is a set-theoretic com-
plete intersection.

In characteristic p, Cowsik and Nori proved that every curve in A" is a set-
theoretic complete intersection in 1978. They used results of Mohan Kumar as
well as Peskine-Szpiro. Their main theorem was the following:

Theorem 8.31 If A = k[xy,...,x,] with ht(p) =n — 1, then

p=(91,--,0n)

In the general case, Herzog provides a many examples of set-theoretic com-
plete intersection with his result showing that k [t"1,¢"2 ™3] is a set-theoretic
complete intersection if ged(ny, ne,ng) = 1. For instance, k [t3,t4,t5} is a set-
theoretic complete intersection. We have seen this example many times already

Generalizations to Cohen-Macaulay Rings

Definition Let A be a local Cohen-Macaulay ring of dimension n and let w

be a finitely generated A-module. We call w a canonical module for A if
w=HY(A)Y.

Theorem 8.32 (Local Duality) If A is a complete local Cohen-Macaulay ring
of dimension n and M is a finitely generated A-module, we have

Hi (M) = Exty (M, w).
(Note that since A is complete, it has a canonical module.)

Proof Since A is Cohen-Macaulay, H: (A) = 0 for i < n. So again K*(x>; A)
is a flat resolution of H, (A). Let Fe — M — 0 be a free resolution of M. Then
we get isomorphisms

H, (M) = Tor,,_; (M, Hy (A)) = Hy—i(Fy ©.4 Hip (A4)).
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Hence

Hi (M) = Homa(H,_i(Fe @4 H%(A), E))
~ H" (Homa(Fe ®4 HL(A), F))
=~ H" ' (Hom(F., Hom(HZ (A), E)))
=~ Exty (M, w).

Proposition 8.33 If (A m) is local with two finitely generated A-modules M
and N such that M N then M = N.

Proof Since M, N are finitely generated,

Homg(]\//f, N) = Hom (M, N).

—

Let 3 : M = N be an isomorphism. There exists ¢ € Homa (M, N) such that
& — %o € M Hom (M, N).
Set @@ = Coker(pg) and consider the exact sequence
MZNSQ-—O0.

Tensoring by A/m = E/ m we get the exact sequence
M/mM N/mN — Q/mQ — 0,

where g is the induced map of ¢ on the quotient. Since A/m = E/ m, and
since @5 = po = @, Q/mQ = 0. Therefore @ = 0. Hence g is onto.

Now pick 1Z . N 5 M such that 1Zo ¢ = Idg; and o zz = Idg. Then
we get a map ¥y : N — M such that ¢y o pg : M — M is onto and such that
wooty : N — N are onto. Since M, N are finitely generated, 1y opg and g oty
are isomorphisms. Hence 1y and ¢ are isomorphisms, whereby M = N. |

Corollary 8.34  If canonical modules exist for a local Cohen-Macaulay ring A,
then they are unique up to A-isomorphism.

Proof This follows from the definition of the canonical module and the pre-
vious proposition. |

Proposition 8.35 If A is a local Cohen-Macaulay ring and A = B/I where B
is a local Gorenstein ring, then

w = Extc;im(B)fdim(A) (A, B)

is a canonical module for A.
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Proof

3

~ AU dim(B)—dim(A) , 7 DB\ ~ prdim(A) , D\V ~ prdim(A) , 7 ~ prdim(A
o = ExtGM I (4 By = I (4)Y = HI (4)Y = HRY Y (4)

where the second equality uses local duality for the Gorenstein ring B. Therefore
w is a canonical module for A. |

Proposition 8.36 Let A be a local Cohen-Macaulay ring, A has a canonical
module if and only if A is the image of a Gorenstein ring.

Proof (<) By the previous proposition, if A is the image of a Gorenstein
ring, say A = B/I where B is Gorenstein, then w = ExtdBfm(B)_dlm(A) (A, B) is
a canonical module for A.

(=) Suppose A has canonical module w and set B = Axw, thatis B = A®w
as A-modules with multiplication defined by

(a,w) - (a',w") = (ad’, aw’ + a'w).

Let x1,...,x, be a system of parameters for A. By part (3) of the following
theorem, x1,...,z, forms a maximal w-sequence. Setting z; = (z;,0) € B, we
have that z7, ..., Z, is a maximal B-sequence. So B/(z1,...,&,) = A/XBw/xw
and B has maximal ideal p := m ® w. We leave it to the reader to check that

Homp(B/p, B/X) = Homa(A/m,w/xw),
= Homa(A/m, Eq)x(k)),
=},

whence B is Gorenstein and dim(B) = dim(A). |

Theorem 8.37 (Properties of the Canonical Module) Let (A4, m, k) be a local
Cohen-Macaulay ring of dimension n. Suppose that A has a canonical module
w. The following are true:

(1) If A is Gorenstein, w = A.
(2) If dim(A) =0, then w = E4(k)

(3) If x is a nonzerodivisor on A, then x is a nonzerodivisor on w and w/xw
is a canonical module for A/xA.

(4) If zq,...,x, is a system of parameters for A, then

w/xw = Eg i (k).
(5) ida(w) = n. Moreover,

0 ifi#mn,
1 ifi=n.

pi(m,w) = {
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(6) For every p € Spec(A), wy Is a canonical module for A,.
(7) H(w) = Ea(k).
(8) Homg(w,w) = A.
Proof Note that for (1) - (8), we may assume that A is complete.
(1) If A is Gorenstein, then H?. (4) =2 E4(k) = E. So
w = Homy (Hp (A), E) 2 Homy (E, F) &2 A.
(2) If dim(A) = 0, then A\(A) < co. Hence H (A) = A. Therefore
w=HY(A)Y =~ Homu (A E) = E.
(3) Let « be a nonzerodivisor on A. Then we have that
0+A5 A AJzA—=0

is exact. Since A is Cohen-Macaulay and x is a nonzerodivisor on A, A/zA is
Cohen-Macaulay. So the long exact sequence of cohomology associated to the
above short exact sequence reduces to

0— HZ ' (A/zA) — HY(A) 5 HEL(A) — 0.
Applying (—)¥ we get the exact sequences

0—— HR(A)Y S5 HL(A)Y —— H2 Y (A/zA) ——0
w xr

w/zw ——— 0.
Therefore z is a nonzerodivisor on w and w/xw is a canonical module for A/zA.
(4) Let x1,...,2, be a system of parameters for A. Then x1,...,2, is a
maximal A-sequence. So for all i, w/(z1,...,2;)w is a canonical module for
A/(x1,...,x;) and x1,...,x, is a maximal w-sequence by part (3). By (2),

IR
IR

0

S

w/xw = E g )i (k).

(Note: In particular w/xw is injective over A/x.)

(5) Since id 4 /x (w/xw) = 0, we have id 4 (w) = n, see Bruns-Herzog Corollary
3.1.15. Thus depth(w) = dim(w) = n. It follows that p,(m,w) =0 for i < n
and p,,(m,w) = 1.

(6) By the previous proposition, there is a Gorenstein ring B and a surjective
map 1 : B — A is a homomorphic image of B. Let p € Spec(A) and let

231



8.4. SET-THEORETIC COMPLETE INTERSECTIONS

g =n"'(p). Then By — A, is a surjective map. Since a, is a homomorphic
image of the Gorenstein ring By, A, has canonical module

w(Ap) = Eth:n(Bq)_dim(AP)(Apa By),
= ExtimB=Im) 4 By o5 B,
= wq,

where w is a canonical module for A.

(7) Let 0 — w — I* be the minimal injective resolution of w. By part (5),
HE (w) = H™(HO,(I) = Ea(k).
(8) Using local dulaity and part (7), we have
Homa (w,w) = HY ()Y = E4(k)Y = A.
|

Theorem 8.38 Let A be a Cohen-Macaulay ring with a canonical module w.
Then the type of A is equal to the minimal number of generators of w.

Proof We may assume that A is complete. Hence A = B/I for a regular
local ring B. Recall now that if A is a Cohen-Macaulay ring of dimension n
and A = B/I, where B is a regular local ring with ht(I) = d, we then have a
minimal free resolution of A:

0—B¢—...5B" B3 A-0

By our work above we have that Ext% (A, B) = w. We wanted to show that the
type of A is equal to the minimal number of generators of w. We now know
know that w is a canonical module for A. Recall that the the type of A is

dimy, Ext’; (k, A) = dimy, Hom4 (k, A/ (21, ..., 2x))

where x is a system of parameters for A. Since dim(A/x) = 0 and recalling that
w/xw is the canonical module for A/x, we see that

w/xw = By i (k).
Moreover
A/x = Homy /x(Ea/x(k), Ea/x(k)),
= Hom 4 /5 (w/xw, w/xw).
Now practicing our yoga we have
Hom (k, A/x) = Hom 4 (k, Hom 4 /x (w/xw, w/xw)),
= Homy /x(A/m @4 w/xw, Ea/x(k)),
= Hom y jx (w/mw, Ea/x(k)),

=~ (w/xw)".
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However, putting our steps above together, we see that

dimy, Hom 4 (k, A/x) = A\ (Hom 4 (k, A/x)),
= M ((w/xw)"),
= A (w/xw),
= dimy (w/mw).

So we see that the type of A is dimy(w/mw), which is the minimum number of
generators of w. |

Definition Let A be Cohen-Macaulay and w be a finitely generated A-module.
w is called a canonical module for A if for A if for every m € MaxSpec(A4),
wm 1s a canonical module for Ay,.

Theorem 8.39 If A is Cohen-Macaulay, w and w’ are two canonical modules
for A, then there exists a projective module P of rank 1 such that

w®a P2,

Proof Consider the map ¢ : w®4Hom g (w,w’) — w’ defined by ¢ : z®4 f —
f(z). Localize this map at a maximal ideal m. Over Ay, wm = wl,. We conclude
that

(Homa (w,w"))m = Homa,, (wm,wp) = Am,

and therefore P = Hom4(w,w’) is a locally free rank 1 A-module and ¢y, is an
isomorphism for every maximal ideal m. Therefore P is projective and ¢ is an
isomorphism. [ ]

Example 8.40 As we have done before, let A = k[x; j|1<i<2 and let consider
1<5<3

A/I, where I is the ideal (A1, Ag, Ag) generated by the 2x2 minors of the matrix

X form by putting x; ; is position (i,7). We saw that A/I is a 4-dimensional

Cohen-Macaulay ring and that A/I has a free A-resolution:

05 A2%5 43 5 A AJT 0.

Since A is Gorenstein, A/I has canonical module
w = Ext @O =dmA/ D41 4) = Bxt? (A/I, A) = Coker(A® 5 A2).

Therefore the minimal number of generators for w is 2. We can conclude that
A/I is not Gorenstein for it is of type 2.

Now write w = Aay + Aas and define a map ¢ : w — A/I by sending
@ :ay = Ti1 and @ : ap — Ta 1. We leave it to the reader to check that this
map is well-defined and injective. But this now shows that w is isomorphic to
an ideal of A/1!

More generally, let A = k[x; j]1<i<n and let I, be the ideal generated by
1<j<m
the t x t minors of A. Then the canonical module w of A/I is isomorphic to the
ideal J™~™ C A/I where J is generated by the (t — 1) x (¢t — 1) minors of any
t — 1 columns. (Note that this agrees with our example above.)
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We state the following theorem to give a geometric interpretation.

Theorem 8.41 If A is a affine domain over C, and A is normal, {4 ,c is the
module of Kahler differentials of A over C, and

%
i
w = /\wA/(C,

then the canonical module for A is Qdim(4)

8.5 Grothendieck’s Functorial Approach

Resolutions and Pairings

In this subsection C is an Abelian category with enough injectives.

Definition If A € C we say that K®, a cochain complex of objects in C is a
nonexact resolution of A if K? = 0 for i < 0 and there exists ¢ : A — K,
such that

0—+AS5 K- K!

is exact. We will call such a nonexact resolution an exact resolution if
HY(K®) =0 for all i > 0.

WARNING 8.42 While resolutions are exact, this is a different sort of res-
olution and hence we use the term nonexact resolution. The confusions arises
from the usage of the term resolution by Grothendieck to describe what we have
renamed a nonexact resolution. So within these notes, the term resolution will
always be exact above degree 0.

Definition Let K*® and L*® be two complexes. f®: K® — L°® is a morphism of
degree s if
froKh— L',

that is if the following diagram commutes:

Ki Ki-l-l

J/fi J/fH»l

...*>Li+5*>Li+S+1*>...

Definition The group of all morphisms of degree s from K*® to L*® is denoted
Hom®(K*, L*®).

Definition Two maps f*® and g* of degree s each taking K*® to L® are called
homotopic if there exits
h*:K*— L*
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such that
fn _gn _ d?[l/Jrsfl ° hn 4 hn-i—l Odrlz(

Equivalently, in a more pictorial fashion, if f® and g°® are homotopic, then we
have a diagram

dyt di
Kn—l Kn Kn+1
fnluqnl w f"ué’”%luq"“
. LnJrsfl — LnJrs - Ln+s+1 ..
dr, dr

which “commutes” in the sense that the above equation holds.
We denote

H?(K*®, L*) := {the group of all homotopic maps from K*® — L* of degree s}
Now consider an object A in C and let
0-ASK®

be a nonexact resolution of A. Take any complex L°®, and consider f*® €
Hom®(K*®,L*®). Now we see that f oe € Hom(4,L*) and we have the fol-
lowing differential

d : Hom(A, L*) — Hom(A, L**1),

floersd®ofloe,
but we see that d* o f o e = 0 by the following commutative diagram:

0 A—S3 KO K

L

dS
Ls Lerl

Since f° oe € Ker(d®), f° o ¢ is represented up to homotopy by some element
in H*(Hom(A, L*)). So we have a map:

©®: H(K*®,L*) — H®(Hom(A, L®)).

Theorem 8.43 Suppose that K*® is an exact resolution of A and L® consists
of injective objects only. Then

©®: H(K®,L*) — H°(Hom(A, L*))
as described above is an isomorphism for all s.
Proof This follows from properties of injectives modules and the exactness

of K*. We leave it as an exercise for the reader. [ |
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Corollary 8.44 Suppose that K*® is an exact resolution of A and L*® is an
injective resolution of B, then

Ext®(A,B) = H*(K*,L*).
Proof Apply the above theorem where L*® is an injective resolution of B. W

Corollary 8.45 Let T : C — C’ be an additive covarient functor of Abelian
categories with enough injectives. Then for every pair of objects A, B € C and
for every i, s we have a map

¢ : R'T(A) x Ext*(A, B) — R"™™*T(B).

Proof Let K*® be an injective resolution of A and let L® be an injective
resolution of B. Then we have that R'T(A) = H'(T(K*®)) and R*"T(B) =
H5(T(L®)). By the above corollary, Ext(A, B) = H*(K*®, L*). Let h be a map
of degree s from K*® to L*. Then 7 (h) is a map of degree s from T(K*®) to
T(L®).

Now let A € RIT(K*®). Then ) is represented by u € T (K*®) with T (d%,)(u) =
0. Hence T (d5t*)(h*(1)) = 0 since the following diagram commutes

lhi

i+s i+s+1

So we can define ¢ by (\,h) — h*(u). (One should check that this is well-
defined.) |

Serre Duality and Local Duality

Let A be a Noetherian ring, I an ideal of A, and C be the category of A-modules.
Let 7(—) = HY(—). Thus we have a map

¢ HY (M) x Ext’ (M, N) — H{T5(N)

For another application, if X is a scheme and Ox is the structure sheaf
with C being the category of Ox-modules and C’ being the category of Abelian
groups, then given any F € C, there exists an injective resolution of F

0F =20 =T - 5 I" — -
each Z' € C is an injective Ox-module. Define
HY(X,F):= RT(X,F)
and write:

0= T(X,F) > I(X, 7% 5> T(X,TY) = - = (X, T") = -
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Taking homologies we obtain

Exty, (G,F) = H'(Homo, (G,Z°))
and so we have a map

H'(X,F) x Exty (F,G) = H'*(X, G).
This leads us to Serre duality:
Theorem 8.46 (Serre Duality) Let X =P}, then
@i H'(X,F) x Exty *(F,wx) = H"(X,wx) =k
is a perfect pairing; that is, the canonical maps
H'(X,F) = Ext{ '(F,wx)",

Extyy ' (F,wx) — H(X, F)*
are isomorphisms, where (—)* denotes Homy(—, k).
Proof See Hartshorne or wait til later in the notes. |

Theorem 8.47 (Local Duality) Let (A, m) be a local Gorenstein ring of di-
mension n. Let M be a finitely generated A-module. Then the pairing

@ :HL (M) x Ext’y (M, A) — H.(A) 2 Ea(k) = E
gives rise to maps
Hi (M) — Ext’y (M, A)Y,
Ext (M, A) — Hi, (M)"
which are isomorphisms. In particular, if A is complete, then this is a perfect
pairing.
Proof By Matlis duality we need only prove that we have an isomorphism

Wiy s L (M) = Ext’y (M, A)Y.

Case 1: i =n First consider the case where M = A*. Then we have H? (A") =
E? and Homy (A%, A) =2 A, So ¢ : HZ(A?) x Homa (A, A) — H2(A) = E is
just the tensor product map, which induces an isomorphism

Y% Hom!, (A) = Homy (A, A)V.

Clearly we get that ¢, is an isomorphism for M = A" and t > 0.
Now suppose M is an arbitrary finitely generated A-module. Then M has
a presentation
At — A = M — 0.
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(From this exact sequence we get the following commutative diagram with exact
rows:

H? (AY) ————— HP (A%) ——— H (M) ———— 0

ﬂﬁtlﬁ WXslﬁ wan
Hom 4 (At A)Y —— Homa (A%, A)Y —— Homu (M, A)Y —— 0.

The first two vertical maps are isomorphisms as mentioned above. By the five
lemma, we have that ¢, is an isomorphism.

Case 2: i =n—1 Let M be a finitely generated A-module and choose a short
exact sequence of the form:

0+ N—A"— M-—0.
Since A is Gorenstein of dimension n, we have Hi{ (A) = 0 for i < n and

H (A) = E. By the long exact sequences of Ext and Hy, and the exactness of
the (—)V functor, we have the following commutative diagram with exact rows:

0 — H 1 (M) ———— H(N) ———— H (A4Y)

’l/JIT\L/IlJ/ w%J/’l th J/:

0 —— Exty (M, A)Y —— Ext’} (N, A)Y —— Ext’j (A*, A)V.

The second two vertical maps are isomorphisms by Case 1. Hence ¢! is an
p p Y M
isomorphism.

Case 3: t <n—1 By the same arguments as in Case 2, we get the following
commutative diagram:

0 — Hi (M) %Hfjl(n)—ﬂ)

%J W{ﬁ
0 —— Ext (M, A)Y —= Ext"” TV (V, 4)Y —— 0.
The top and bottom maps are isomorphisms by the vanishing of the appropriate

Ext and local cohomology modules for a free module. The right vertical map is
an isomorphism by decreasing induction. Therefore, 1, is an isomorphism. W
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Chapter 9

Applications and
Generalizations

9.1 Hartshorne-Lichtenbaum Vanishing Theorem

Exercise 9.1 If A is a local ring of dimension d and I is an ideal of A, show

that
VI=/(x1,...,24)

where x1,...,xq € 1.

Exercise 9.2 If A is a Noetherian ring of dimension d and I is any ideal of A,
show that

VI = \/(xl,...7xd,:vd+1)
where x1,...,244+1 € I.

Note that the first of the two exercises above shows us that if A is a local
ring of dimension d, then H%(—) = 0 for i > d. This also holds for nonlocal
rings by the following proposition:

Proposition 9.3 If A is a Noetherian ring, I is an ideal of A, M is an A-
module, then the following hold:

(1) Hi(A) = 0 for i > n implies that H,(M) = 0 for i > n.

(2) Given a prime ideal p if H{(A/p) = 0, if M is killed by a power of p, then
HY (M) =0 for all i > n.

(3) If S is a finite subset of Spec(A) where for every p € S
H;(A/p) =0 fori > n,
and every prime ideal in S is contained in a prime ideal of Supp(M ), then

HY (M) =0 for all i > n.
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(4) H%(A) = 0 fori > dim(A). Moreover, by (1) above, if M is any A-module,
then HY (M) = 0 for all i > dim(A).

(5) Hi(M) =0 for i > dim(M).

Proof (1) By the second exercise above we have that H;(—) = 0 for i > d+1
where d = dim(A). First let M be a finitely generated A-module. Take a short
exact sequence of the form

0= N—= A" - M—0.
By the long exact sequence of H; we have that
HYFL(AY) = P (M) — HYP2(V)

is exact. H7T!(A?) = (H} ™ (A))! = 0 by assumption. Also Hf™?(N) = 0 as
noted above. Therefore H} (M) = 0 for all finitely generated A-modules M.

Now let M be any A-module. Then we can write M = liﬂMa as the direct
limit of its finitely generated submodules. We then have

H (M) = Hy+ (lim M,,) = lim ) (M,) = 0.
By induction, we are done.

(2) Since a module is the direct limit of its finitely generated modules, we may
assume that M is finitely generated. (See the argument in part (1).) So there
exists t > 0 such that p’M = 0. Since M; = p/ M /p?*' M is annihilated by p,
M is an A/p-module for all 0 < j < t. By part (1), Hy(M;) = Hj,,,(M;) =0
for i > n and all 1 < j < t. It follows from the long exact sequence of H; that
Hi{(M) =0 for i > n.

(3) We may assume M is finitely generated. Let
M=Mo2 M 2 -2 M = (0)

be a prime filtration of M with M;/M;+1 = A/q; and each q; € Assa(M) C
Supp4(M). by assumption for each ¢ there exists p;, € S such that p;, 2 q;.
So for each 4, M;/M;1 is annihilated by p;,. By part (2), H(M;/M;+1) = 0
for i > n. Again by the long exact sequence of H;, we have H: (M) = 0 for i > n.

(4) Suppose H%(A) # 0 for some i > n = dim(A). Then there exists p € Spec(A)
such that

T4, (Ap) = H(Ap) = Hj(A) @4 Ay = (H7(A)), # 0.

However dim(Ay) < dim(A) < 4, so we have a contradiction since Ay, is local.
Hence H%(A) = 0 for i > dim(A). By part (1), H,(M) = 0 for i > dim(A).
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(5) Let A = A/ Anny(M). Since M is an A-module,
Hj (M) = Hi (M).
By part (4), HZ}Z(M) =0 for i > dim(A4) = dim(A/ Ann 4 (M)). |

Definition If A is a Noetherian ring and [ is an ideal of A, then we define the
cohomological dimension of A as follows:

cd(A, ) := H}E}X{d cHY (M) # 0}

where M varies over all A-modules.

Corollary 9.4  Let (A, m) be a local ring. Then
cd(A,m) = dim(A).

Proposition 9.5 (Excision for Local Cohomology) Let I C J =1+ xA be
ideals in a local ring A. Let M be an A-module. Then we have a long exact
sequence:

0— HY (M) — HY(M) — HY(M.

QH?(M) — Hy (M) — Hy (My) — -+

_>
CHH}](M)*>H},(M — H}(M, —>
D

Proof First note that for any ideals I C J, we have the exact sequence
AT — AT — 0

for all ¢ > 0. Taking the long exact sequence of Ext and taking a direct limit
over t, we have a map

HY (M) — Hy(M).
Now for I C J =1+ xA, as above, consider the sequence of maps

0 — H;(M) — H} (M) — H} (M,)

where the last map send any element killed by a power of x to 0 and fixes the
rest. Clearly if J'm = 0 for m € M, then I'm = 0. So H%(M) — H}(M) is
injective. Suppose z°m = 0 with m € H?(M). Then I'm = 0 for some ¢t > 0,
hence J*"*m = 0 and so m € HY(M). Similarly if m € H (M), then 2°m =0
for some s > 0. Thus the above sequence is exact for all A-modules M.
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Now suppose F is an injective A-module. We want to show that we have a
short exact sequence

0— HY(E) - HYE) - HYE,) - 0. %

Then E = @ E(A/p;), so we may assume FE = E(A/p) for some prime p. Recall
that E4(A/p) is an Ay-module where every element is killed by a power of p.
If x € p, then E4(A/p), = 0. If x ¢ p, then z acts as a unit on E4(A/p) and
so HY(Ea(A/p)) =0 and E4(A/p) = Ea(A/p).. Therefore % is exact.

Now let 0 - M — L*® be an injective resolution of M. Note that 0 — M, —
L% is an injective resolution of M,. Then we have a short exact sequence of
complexes

0— HY(L®) = HY(L*) — HY(L?) — 0.

The associated long exact sequence gives us the desired result. |

Lemma 9.6 Let A be a normal domain, let K = Frac(A4), and let L/K
be a field extension. Suppose that x € L is integral over A. Then Alx] =
A[X]/(f(X)) where f(X) is a monic irreducible polynomial in A[X].

Proof Since z is integral over A, it is algebraic over K. Let f(X) be the
minimal polynomial for z in K[X]. Since z is integral over A, all conjugates
of = are integral over A. Therefore the coefficients of f(X) are integral over A.
Since A is normal, the coefficients of f(X) arein A. Let T' = Ker(A[X] — Alz]).
Clearly (f(X)) € T. If g(X) € T, then g(z) = 0. Therefore f(X)|g(X)
in K[X]. Since f(X) is monic, g(X) € A[X]. Hence g(X) € (f(X)) and so
Alz] = A[X]/T = A[X)/(f(x). n

Lemma 9.7 (Chevalley’'s Lemma) Let (A,m) be a complete local ring. Let
M be a finitely generated A-module with {M;} a nonincreasing sequence of
submodules of M. Then

th =0 & for every n > 0 there exists t > 0 with M; C m" M.
t

Proof Note that the implication (<) is obvious from Krull’s Intersection
Theorem.
(=) Suppose that (), M; = 0. Consider the composition

cpt,n:Mtf—>M—»M/m"M

for each t,n > 0. Set Vi, = Im(¢py,). If Vi, # 0 for all ¢ > 0, then since
M/m™M has finite length, the modules V; ,, stabilize for large ¢; that is, V;, =
ﬂt Vin = Vin for t >> 0. Note that we have a surjection V41 — V,, for all
n > 0. Thus we have

V =limV, Clim M/m"M = M.
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However, one checks that

Vgﬂ(MH—m"M):ﬂ (ﬂMt—i-m”M) :ﬂMt:O.

t

Hence V' = 0 from which it follows that V,, = 0 for n >> 0; that is, M; C m"M
for t >> 0.
[ |

Theorem 9.8 (Hartshorne-Lichtenbaum Vanishing Theorem) Let (A, m) be
a local ring of dimension d and I be an ideal of A. We have the following:

(1) If A is a complete local domain, then H4(A) = 0 when I is not m-primary.
Note that this says that cd(A,I) <d — 1.

= 0 if and only 1if for every minimal prime idea in Asuc that
QH?A 0 if and only if f 'y minimal pri ideal p in A h th
dim((A)/p) = d, p + IA is not @-primary.

Proof First we show that (1) = (2). We may assume that A is complete.
Suppose H¢(A) = 0. Let p be a minimal prime. Then

H{7(4) — H{(A/p) =0

is exact. Therefore H¥(A/p) = 0. So by (1), p + I is not m-primary.
Conversely, suppose that for all primes p with dim(A/p) = d, we have p+ I
is not m-primary. Then H4(A/p) = Hl(il+p)/p (A/p) = 0 by part (1). Note that
H¢(A/p) = 0 for the nonminimal associated primes as well since dim(A/p) < d.
Taking a filtration of A and using the long exact sequence of local cohomology,
it follows that H¢(A) = 0.
We now prove part (1). For this part of the proof, we will need a few steps.

Step 1 Reduction to the case where I is a prime ideal of A such that dim(A/I) =
1.

Suppose this is not the case. Then let I be maximal in the family of non m-
primary ideals such that the H¢(A) # 0. If I is not prime with dim(A4/I) =1,
then there exists ¢ I such that J = I + xA is not m-primary. Using the
excision sequence, we have that

HY(A) — Hf(A) - Hf(A;) = 0

is exact. Since A is a local domain with dim(A) = d, then dim(A;) < d.
Therefore H4(A,) = 0. But H4(A) # 0 by assumption and hence H%(A) # 0
by the above exact sequence. This is a contradiction since I was chosen to be
maximal.
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Step 2 Reduction to the case where A is a complete, local, Gorenstein domain.

Since we can now assume that [ is prime, set P = I. Let x1,...,x4 be a
system of parameters of A such that z1,...,z4-1 € P and x4 ¢ P. To invoke
the Cohen Structure Theorem, we need to consider a few separate cases:

Case a: If A is equicharacteristic, then A contains a field £ and is module-finite
over the ring S = k[z1,...,zq]. Moreover, PN S = (z1,...,2q).

Case b: If A is mixed characteristic with char(A/m) = p and p € P, we can take
x1 = p. Then A is module finite over S = V[za,...,z4] where V is a complete
DVR and PN S = (p,x2,...,T4-1)-

Case ¢: If A is mixed characteristic with char(A/m) = p and p ¢ P, then A
is module-finite over S = V{[xz1,...,24-1] where V is a complete DVR and
PNS= (xl,...,xd,l).

In all three cases, we can find a complete regular local ring S such that
S — A is a module-finite extension and such that P NS is an ideal generated
by part of a regular system of paramters of S.

Let Py,..., P be the minimal primes of A containing P N S. Let

aeP—UH.
i#1

Set B = S[a]. Then B = S[X]/(f(X)) by the previous lemma. Set Q = PN B.
Then P is the only height d — 1 prime of A containing ). Therefore /QA = P

and hence
HY) (A) = H 5 (4) = HA(A).

Note that B is a complete, d-dimensional, complete-intersection and hence
Gorenstein. Moreover, A is module-finite over B. So it suffices to show that
Hg(B) = 0 by Proposition 9.3.

Step 3 The rest of the proof.

We want to show that { Pt} and { P(Y)} are cofinal families of ideals. Clearly
Pt C P for every t > 0. We must also show that for every n > 0, there exists
t > 0 such that P® C P™. Fix n > 0. Consider a primary decomposition of
Pt. Since P is prime with dim(A/P) = 1, the only possible associated primes
of Pt are P and the maximal ideal m. Recall that the symbolic power P® is
the smallest P-primary ideal containing P*. Thus the primary decomposition
of P" is of the form

pr=pP" o P"=PpP"MNy,

where J is m-primary. If P = P(") then we are done. So assume P" = P(")NJ.
Since J is m-primary, there is some s > 0 such that m* C J C m. Since A is a

244



CHAPTER 9. APPLICATIONS AND GENERALIZATIONS

domain,

(PY =()(ANP'Ap) C[)P'Ap =0,
t t t

by Krull’s Intersection Theorem. By Chevalley’s Lemma, there exists ¢t > 0 such
that P® C m®. Hence

plmaxttnl) ¢ p() A ¢ P J = pn.

Therefore the two sequences of ideal {P*} and {P("} are cofinal. Hence

d % d toAY 1 d t

HL(A) = h%ExtA(A/P JA) = th;ExtA(A/ﬂ ), A).
Since P(®) is P-primary, Hom4(A/m, A/P®) = 0. Therefore depth(A4/P®) > 0
for all ¢ > 0. Hence by local duality,
Ext%(A/P® A) = H%(A4/PM)V =0,

for all ¢ > 0. Therefore

H{(A) = lim Ext (A/PY, A) = 0.
t

9.2 Canonical Modules of Local Rings

Recall the defintion of a canonical module.

Definition If A is a local ring, a finitely generated A-module w is called a
canonical module for A if

o= H(A)Y. (ie wV

1%

Hi (4))
Definition J(A) is ideal of A defined as follows
J(A) :={z € A:dim(zA) < dim(A)},

Hence J(A) is the maximal ideal such that its dimension as a module is less
than the dimension of the ring.

Remark Observe that if x,y € J(A) and @ € A then z +y € J(A) and
ax € J(A), so J(A) is actually an ideal. Note moreover that R = A/J(A) is
unmixed, meaning it has no embedded primes, and equidimensional, meaning

dim R/p = dim R for all p € Ass(R).

Proposition 9.9 (Properties of Canonical Modules) If A is a local ring of
dimension n, then we have the following:

(1) If A is complete, then A has a canonical module.

245



9.2. CANONICAL MODULES OF LOCAL RINGS

(2) If wy and wy are two canonical modules for A, then there is a nonunique
isomorphism wi = wo.

(3) If R— fA is a local ring homomorphism of local rings such that R is
Cohen-Macaulay with canonical module wr and A is module-finite over

f(R), then Ext%m(R)fdim(A)(A, wpg) is a canonical module for A. (In par-

ticular, if A is the image of a Gorenstein ring or if A is a module finite
extension of a Gorenstein ring, then A has a canonical module.).

(4) If A has a canonical module w, then w is also a canonical module for
R/J(R); that is, w is killed by J(R).

Proof (1) Simply take w =& = H% (A)V.
(2) This follows from Proposition 8.33.

(3) Suppose R and A are as above. Set wa = Ext’s(A,wg) where h = dim(R) —
dim(A). Then

—

Ti = Ext}]%(A,wR) _ Ext(IiA%im(R)*dim(A) (A\,(ﬁ}}) ~ Hgfm(R) (A)\/7

where the last isomorphism follows from the local duality for Cohen-Macaulay
rings.
(4) Consider the short exact sequence
0—JA) - A— A/J(A) — 0.
Since dim(J(A)) < dim(A) = d, we have that
0— HL(A) — HL(A/J(A) =0
is exact by the long exact sequence of local cohomology. Hence
wa 2 HL(A)Y = HE(A)T(A))Y.
Therefore wy is killed by J(A). |

Definition If A is a Noetherian ring and M is a finitely generated A-module,
M is said to satisfy Serre’s S; condition if for all p € Spec(A)

depth(M,) > min{dim(M,),}.

Remark If M is S;, then for all p € Spec(A4) such that dim(M,) < i, M, is
Cohen-Macaulay.

Definition If A is a Noetherian ring and M is a finitely generated A-module,
M is said to satisfy Serre’s R; condition if for all p € Spec(A) such that
ht(p) <1, Ay is a regular local ring.
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Definition A ring A is called normal if for all p € Spec(A4), A, is a normal
domain.

Exercise 9.10 Show if A is normal, then
A=A10--- DA,
where each A; is a normal domain.
Exercise 9.11  Show if A is regular, then
A=A41® -0 A,
where each A; is a regular domain.
Exercise 9.12  Show that a ring is normal if and only if A is S and Rj.

Proposition 9.13  If A is Noetherian and M is a finitely generated A-module,
then the following hold:

(1) M satisfies S; if and only if for all ideals I of A, such that I € Ann (M),

I+AnnA(M)> Z}

o
depth; (M) > min {ht ( Ann (M)

(2) If M is Sy, then M does not have any embedded primes. If A is S; then A
is unmixed and local. If A is Sy and catenary, then A is equidimensional.

(3) If M is S; over a ring, and A is a module finite extension of the same ring,
then M is S; as an A-module.

4) Let f: A — B is a local flat homomorphism of rings, and M is a finitel
g y
generated A-module. If M ® o B satisfies S; over B, then M satisfies S;
over A.

If M is S; over A and and the fibers of f,
k(p) ®a B,
are Cohen-Macaulay, then M ® 4 B satisfies S; over B.
Proof (1) (=) Suppose M satisfies S;. Set I = IAmA(M) e

Ann g (M)

depth; (M) = ll%fl depth(Mp)

Y

li%f]{min(i, dim(Mp))}

— inf {min(i, dim(M))}
PDI
— inf {min(i, ht(P)))
POT
= min(4, inf ht(P))
PDI

= min(i,ht(I)).
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(<) Now suppose we have the above inequality for all ideal I. Then

depth Mp > depthp M > min(é, ht(P) = min(i, dim(Mp)).
(2) =

Theorem 9.14 If A is a local ring which is the image of a Gorenstein ring,
and w is the canonical module for A, then we have the following:

(1) There exists an A-module homomorphism

A — Homy (w,w),
a — map defined by multiplication by a,

where J(A) is the kernel of the map above and so if w is a faithful A-
module, then A is equidimensional and unmixed.

(2) Suppose that A is equidimensional. Then for all p € Spec(A), wy is the
canonical module for A,.

(3) If x is a nonzerodivisor on A, then x is a nonzerodivisor on w and

W/TW = WA zA-

(4) Both w and Hom 4 (w,w) are Sy. Moreover, Hom 4 (w,w) can be identified
with an A-submodule of U~1(A/J(A)) where U is the set of all nonze-
rodivisors in A/J(A). Hence Homu(w,w) is a semi-local module finite
extension of A/J(A). Moreover

A — Homy (w,w)
is an isomorphism if and only if A is Ss.

(5) If A is unmixed, equidimensional, and generically Gorenstein—that is for
all p € Ass(A), A, is a Gorenstein local ring, then w can be identified with
an ideal of A containing a nonzerodivisor of A. Moreover if A is Sy, then
w is pure of height 1, that is, for all p € Ass(A/w), ht(p) = 1.

Theorem 9.15 (Murthy’s Theorem) Let A be a Cohen-Macaulay, locally
UFD ring that is the image of a Gorenstein ring. Then A is Gorenstein.

Proof Note that we may assume that A is a local Cohen — Macualay UFD
that is the image of a Gorenstein ring of dimension at least 2. Then since A is
the image of a Gorenstein ring, we can write A = S/P where S is a Gorenstein
ring and dim(A) = dim(S). Then A has a canonical module w = Homg(A4, S) =
Homg(S/P,S). By a previous exercise, w is a torsionfree A-module of rank 1.
Hence w is a reflexive module. One can show then that since w is a rank 1
reflexive module, then

U lw=U"1A = Frac(A),
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where U = A — {0} is the set of nonzero elements in A.
Hence we have an injection w < Frac(A). Since w is finitely generated, write

w = (“—tl, cee “—;) where each %+ € K and 0 # ¢t € A. Hence w is isomorphic to

the ideal T = (ay,...,as) C A.
Now take p € Ass(R/I). We want to show that ht(p) = 1. Suppose ht(p) >
2. Then consider the short exact sequence

0—-IT—=A—=A/I—=0.
Localize at p to get the short exact sequence
0—TA, = Ay = Ay /IA, = 0.

Since ht(p) > 2 and since w is S, depth IA, > 2. But since p € Ass(R/I) the
depth of A,/IA, is 0, a contradiction. Hence all associated primes of R/I have
height 1.

Now take a primary decomposition of I:

I:qlﬁ...ﬂqT,
where g; is p;-primary. Since A is a UFD, A is normal so
qidp, € Ap,,

where each Ay, is a DVR since all the associated primes p; have height one.

Thus q;Ay, = (p;iAp,)" for some n; > 0. Thus q; = p{"*). Since A is a UFD,
each height one prime is principal. Therefore

I:pgtl)m...ﬁpgtr):pil...pfj,

and so [ is principal - that is, I &2 A. Thus w 2 I = A. Since A is Cohen-
Macaulay with w = A, we have that A is Gorenstein. |

Recall that if A is a Cohen-Macaulay ring of dimension n with a canonical
module w, then by Local Duality, we have

Hi (M) = Ext’y (M, A)Y

for all finitely generated A-modules M and all i < n. Unfortunately this is not
the case when A is merely a local ring. However we can say this:

Proposition 9.16  Let (A, m) be a local ring of dimension n with a canonical
module w, and let M be a finitely generated A-module. Then only the highest
nonzero local cohomology module satisfies a duality, that is:

H! (M) = Homy (M, w)".

Corollary 9.17 Let A — B be a homomorphism of local rings and B be a
module finite extension of A. If w is a canonical module for A, then Hom 4 (B, w)
is a canonical module for B.
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Theorem 9.18 (cf. Theorem 9.14) If A is a local ring of dimension n with a
canonical module w, then we have the following:

(1) There exists an A-module homomorphism

A — Homy (w,w),
a — map defined by multiplication by a,

where J(A) is the kernel of the map above.

(2) Both w and Homy (w,w) are Sy. Moreover, Hom 4 (w,w) can be identified
with an A-submodule of U~1(A/J(A)) where U is the set of all nonze-
rodivisors in A/J(A). Hence Homy(w,w) is a semi-local module finite
extension of A/J(A).

(3) If we consider p € Ass(A) such that dim(A/p) = dim(A), then we have
A/pA is equidimensional.

(4) The map given above
A — Homy (w, w)

is an isomorphism if and only if A is Ss.

Proposition 9.19  Let (A, m) — (B, n) be a local, flat, homomorphism of rings.
Assuming that B/mB is a 0-dimensional Gorenstein ring we then have:

(1) Ep(B/n) = B®s Es(A/m).

(2) If w is a canonical module for A, then w ® 4 B Is a canonical module for
B.

Theorem 9.20 Let A — B be a flat homomorphism of local rings and M and
N be finitely generated A-modules. If

M®asB=2N®uB,

then M = N.

9.3 Mayer-Vietoris Sequence for Local Cohomol-
ogy

The next theorem is a very useful tool to have when working with local coho-
mology:
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Theorem 9.21  If A is a Noetherian ring, I and J are two ideals, and M is an
A-module, then we have a long exact sequence of local cohomology modules:

0— HY, ;(M) — H}(M) ® H5 (M) — HY;

Q Hi (M) — Hj (M) & H} (M) — Hj (M) — -+

(M)j
CHH}JFJ(M) — H}(M) & HY (M) HH}N(M)—>

Proof First let M be any A-module. It is easy to check that we that the
following sequence is exact:

0—— H?—i—J(M) —— H)(M) ® HY(M) —— Hjq ;(M)
(v, —x)

(x,y) ————— x + .

Now let E be an injective A-module. We wish to show this left exact sequence
is also right exact; that is that

0— H}\ ;(E) — H}(E) ® Hj(E) — Hjp,(E) — 0

is exact. By previous work, E = €, Ea(A/p;). Since direct sums commute
with homology, we may assume that E = E4(A/p) for some prime ideal p.
Since E(A/p) = Ea,(Ay/pAp) and since HP(E) = Hp, (E), we may assume
that A is local with maximal ideal p. By a previous proposition, E = E4(k) is
Artinian, and so £ = ligMi where A(M;) < oo. Since direct limits commute
with homology, we may assume that £ = M and A(M) < co. By replacing A
by A/ Anna (M), we may assume that dim(A) = 0. Note then that the only
radical ideals in A are (0) and A. Since we may replace I and J by v/T and v/J,
there are four cases to consider: I =0 or A and J =0 or A. But each of these
cases is easily checked by hand.

Now let M be an arbitrary A-module and let 0 — M — L°® be an injective
resolution of M. Then we have a short exact sequence of complexes

0— H} ,(L*) — HY(L*) ® HY(L*) — H}n,;(L*) — 0.

The associated long exact sequence in homology, gives us the Mayer-Vietoris
sequence. |

At this point let us revisit an exercise that we stated earlier:
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Exercise 9.22 If
C[X’ Y’ U’ V]

(X,Y)n(U,V)
show that A is not Cohen-Macaulay.

A:

When this exercise was given earlier, Hartshorne’s Connectedness Theorem
was the intended tool to be used to solve this problem. However, now we may
give another proof using the theorems above.

Exercise 9.23 Prove Hartshorne’s Connectedness Theorem, Theorem 6.64,
using the Mayer-Vietoris Sequence for local cohomology.

Thus from the exercise above we see that in a sense, Hartshorne’s Connect-
edness Theorem, Theorem 6.64, is merely a special case of the Mayer-Vietoris
seqgence for local cohomology.

9.4 Faltings’ Connectedness Theorem

Theorem 9.24 (Faltings Connectedness Theorem) If (4,m) is a complete
local domain of dimension d and a is an ideal of A be generated by at most d — 2
elements, then the punctured spectrum,

Spec(A/a) — {m/al,
is connected.

Proof Suppose for some ideals I, J of A containing a we have Spec(A4/a) —
{m/a} = V(I/a) UV(J/a) and V(I/a) NV (J/a) = {m/a}. In other words,
VINJ = +/aand v/I+ J = m; that is, I + J is m-primary. We wish to show
that V(I/a) = {m/a} or V(J/a) = {m/a}. Algebraically, we must show that
VI =m or vJ = m. By the Mayer-Vietoris sequence for I, J we get that

Hi 7 (A) = Hi, ;(A) = H{(A) © H5(A) = Hf;(A) = 0

is exact. Since a is generated by at most d— 2 elements, H4~1(A) = HZ(A) = 0.
Since VINJ = va, H{Z7(A) = H{ ;(A) = 0. Hence

H{\ ;(A) = H{(A) ® Hj(A).
Since I + J is m-primary, H{, ;(A) # 0. Therefore H{(A) # 0 or H}(A) # 0.
Hence, by the Hartshorne Lichtenbaum Vanishing Theorem, one of I or J is
m-primary. Therefore either v/ = m or v/J = m. [ ]
Definition A finite dimensional ring A is called equidimensional if

dim(A4) = dim(A/p)

whenever p is a minimal element of Spec(A).
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The following result is due to Hochster and Huneke:

Theorem 9.25 (Generalized Faltings Connectedness Theorem) If A is an
equidimensional local ring of dimension n, HJ:(A) is indecomposable, and a is
an ideal of A be generated by less than n — 2 elements, then the punctured
spectrum,

Spec(A/a) — {m/a},

is connected.

The following connectedness result is due to Fulton and Hansen and is de-
rived from Falting’s result.

Theorem 9.26 Let K be an algebraically closed field, and let X and Y be
irreducible sets in P},. If dim X +dimY >n + 1, then X NY is connected.

9.5 The Krull Schmidt Theorem

We will state the Krull Schmidt Theorem for modules of finite length and then
progressively generalize it.

The Krull Schmidt Theorem for Modules of Finite Length

Theorem 9.27 (Krull-Schmidt) Let M be a module of finite length over a
ring A. Then we can write

M=M®@- - &M,
where each M; is indecomposable. Moreover if
M=M & &M,
is another such decomposition, then r = s and there exists o € S, such that

M,; = M(’j(i) for every 1.

The Krull Schmidt Theorem over Complete Local Rings

Proposition 9.28 Let A be a complete local ring and M be a finitely generated
A-module. If f : M — M is a A-module homomorphism, we have the following:

(1) M =V @W such that f|v is an isomorphism and given any t, there exists
n such that f*(W) C m'W.

(2) If M is indecomposable, then every endomorphism f is either an isomor-
phism or for some t, there exists n sufficiently large such that f™(W) C
m'W.

(3) If M is indecomposable, then the nonunits of Ends(M) form a 2-sided
ideal.
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Theorem 9.29 (Krull-Schmidt) Let M be a finitely generated module over a
complete local ring A. Then we can write

M=M®- &M,
where each M; is indecomposable. Moreover if

M=M&--- &M,
is another such decomposition, then r = s and there exists o € S, such that
M,; = M(’j(i) for every 1.

Exercise 9.30 If A is a complete local ring, M, N, and T are finitely generated
A-modules, if M @ T = N @& T, then show that M = N. Moreover show that if

b=y
i=1 i=1
then M = N.

Theorem 9.31 Let A — B be a local, flat, homomorphism, with M and N
finitely generated A-modules, ift M ® 4 B~ N ®4 B, then M = N.

9.6 So-ification

Theorem 9.32 Let A be local, equidimensional, and So, with a canonical
module w. The the following are true:

(1) For all p € Spec(A), A\/pg is generically Gorenstein. In particular if
p € Assy(A), then A/pA is unmixed and generically Gorenstein.

(2) For all p € Spec(A), wy is a canonical module for A,.

Proposition 9.33 If A is a local ring with J(A) = 0, and w is a canonical
module for A, consider
A — Homy (w,w) = B.

In this case it can be shown that B is module finite over A and it is contained
in the total quotient ring of A as an A-algebra. The following hold:
Every maximal ideal of B has the same height.

If A is complete, then so is B. Moreover, if

~

B:f;m]@...@Bm

(s

then
w=w1 D Dw,

where each w; is a canonical module for By,
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w is a canonical module fo B in the sence that for all p € Spec(B), wy is a
canonical module for By,.

Definition If A < B and B is a semi-local, module finite extension of A, then
B is called the Sa-ification of A if

(1) B is contained in the total quotient ring of A. as an A-subalgebra.
(2) For any b € B,
Db):=(A:ab)={acA:abc A}
is an ideal of height 2 or larger.
(3) Bis Ss.

Remark The letter D used in the aboved definition is hopefully reminsient of
the word denomators.

Proposition 9.34  If A is local and J(A) = 0, let
R={be Q(A) : ht(D(b)) > 2}.
Then
(1) R is a subring of Q(A) containg A.
(2) If B is a A-algebra of Q(A) such that B is Sy, then R C B.
(3) R is the Sq-ification of A if and only if R is a finitely generated A-module.

Proposition 9.35 If A is a local ring, and J(A) = 0 with w being a canonical
module for A, then
B = Hom 4 (w, w)

is the So-ification of A.

Proposition 9.36  If A is local, J(A) = 0, assume that A is catenary. If B is
the So-ification of A, then for all p € Spec(A), B, is the Se-ification of A,.

Proof |

Theorem 9.37 If A is a local equidimenisonal catenary, ring with canonical
module w, then for all p € Spec(A), wy, is a canonical module for A,.

Proof COME BACK TO THIS!
]

Definition If A is a normal catenary domain, then w, a finitely generated A-
module, is called a canonical module for A if w, is a canonical module for A,
for all p € Spec(A).
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Theorem 9.38 Ifw and W’ are two canonical modules for a normal catenary
domain A, then there exists a projective module P of rank 1 over A such that

w®4 P2,
Proof Let P=Homy(w,w') and let ¢ : w® P be given by ¥(z ® f) = f(x).
Localizing at p € Spec(A), we have that Homa(w,w’) = A, and so ¢, is an

isomorphism. Therefore 1 is an isomorphism. Since P = A, locally, P is a
projective module. |
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Appendix A

Diagram and Examples of
Domains

All rings are assumed to be domains in the diagram below:

/ Integrally Closed

-

Regular \

/UFD

6
10 /" Dedekind Domain "\
12
PID
11 13 \

Noetheri%

15

Regular Local
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Examples:
(1) Not Noetherian, not integrally closed:
o k(X2 X3 V1,Ys,Ys,.. ]
(2) Integrally closed, not a UFD, not Noetherian:

o Z[2X,2X2,2X3,.. ]
o k[UV,Y,Z,X1,X2,X3,..]/(UV =Y Z)

(3) A UFD but not Noetherian:
o K[X1, X2, X3, .. ]

(4) Noetherian, not local, not integrally closed:
o k[X? X3
. 21V

(5) Local, not integrally closed:

[ ] k[X2, XS](X27x3)
o k[X?% X7]

(6) Noetherian, integrally closed, not regular, not a UFD, not local:

o KW, X,Y,Z|/ WX -YZ)
o RIW, XY, Z]/(X?+Y?+ Z%2 - W?)

(7) Local, integrally closed, not regular, not a UFD:
o (KW, XY, Z)/(WX ~YZ)) 4y xvz
(8) Noetherian, a UFD, not regular, not local:

o KV,W, XY, Z]/(VZ2+ W2+ X2 +Y?2+ Z?)
o RIW,X,Y,Z]/ (W2 + X2+ Y%+ Z?%)

(9) Noetherian, a UFD, local, not regular:
o (VW XY, Z)/(V2+ W2+ X2+ Y2+ Z?)(v.w.x,v,2)
(10) Regular, not a Dedekind domain, not a UFD:
o K[X,Y,Z]/(X2+Y? 1)
(11) A UFD, regular, not a Dedekind domain, not local:
o k[X,Y], Z|X]



(12) A Dedekind domain, not a UFD and hence not local:
o Z[V-5|
(13) A PID but not local:
o 7
o k[X]
o Z[i]
(14) A DVR, not a field:
* L)
o k[X]x)
(15) A Regular local ring, not a Dedekind domain:
o k[X,Y]
o E[X,Y](x,v)
(16) A field:
e Q
o R

o C
o 7/pZ
Above k represents any field and m represents any maximal ideal in the given

ring. For further information on examples 2,6,8,9, see [8]. These four examples
are all nontrivial.



Appendix B

Table of Invariances

The table below summarizes those basic properties of commutative rings that
are and are not preserved under the basic operations on rings. For example, the
symbol v that appears in the upper left box means that if A is Noetherian, then
A[X] is Noetherian as well. An % in the table merely means “not in general.”

A

Noetherian
local
local and complete
normal domain
Dedekind domain
UFD
PID
regular local
DVR or a field

=
s

S
~

a A/p U'A

&

b
x| %) % <| %/ | %| % |
SEEERNAR
%) %) % x| % % |\
NERERERNRR
NERRRREER
N ASESRNANANEURNEN
SNENESEE 1K I ENENEN S
ANENENENENENENEHERI PN

In the above table, A denotes the completion of A with respect to some ideal I
which is taken to be the unique maximal ideal if A is local. Local, as throughout
these notes, is taken to mean Noetherian and local. For the third and fourth
columns a denotes an arbitrary ideal of A while p denotes a prime ideal. Lastly,
A denotes the integral closure of A, which is assumed to be a domain in this
column.
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