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§1. DEPTH AND DIMENSION

1.0. Conventions Throughout Chapter 1, R is a commutative Noetherian ring. When we say that (R, m, k) is a
local ring, we mean R has a unique maximal ideal m and that ¥ = R/m, the residue field. (When the residue field
is not an issue, we sometimes just write (R, m).) In general, a commutative ring with exactly one maximal ideal is

said to be quasi-local. Thus “local” = “quasi-local + Noetherian”.

1.1. Regular sequences Let M be a finitely generated R-module. A sequence () = (x1,...,2,) of elements of R
is said to be M-regular (or to be an M-sequence) provided (a) x; is a non-zerodivisor on M/(x1,...,2;-1)M for each
t=1,...,r and (b) M # (x1,...,2,.)M. The integer r is called the length of the regular sequence. The M-regular

sequence (x1,...,%,) I8 mazimal provided there is no element = € R such that (x1,...,x,,z) is M-regular.

Note that we use the same symbol for the regular sequence as we do for the ideal generated by its entries. This never
seems to cause much confusion. By the way, since the ideal generated by @ is (0), the case i = 1 in the definition says
that x; is a non-zerodivisor on M. The inductive nature of the definition will be exploited shamelessly: (z1,...,z;)
is M-regular if and only if x; is M-regular and (z2,...x,) is M/x1 M-regular.

Check that if (z1,...,x,) is M-regular then the chain (§) C (z1) C (z1,72) C -+ C (21,...,2,) of ideals is
strictly increasing. (The non-degeneracy condition (b) in the defintion is essential here.) Since R is Noetherian by
assumption, we see that every M-regular sequence can be extended to a maximal one.

Usually we will restrict our attention to finitely generated modules over local rings. In that context, as long as
M # 0, the degeneracy condition is equivalent to the condition that (xy,...,z,) C m.

Recall that a prime ideal p € Ass M if and only if p € SpecR and p = (0 : z) for some = € M. Moreover, Ass M
is finite and, as long as M # 0, Ass M # 0. Also, if M is a finitely generated R—module, then ZD(M) = U Ass(M).
We will use this fact in the proof of the following.

1.2. Lemma Let (R,m, k) M be a finitely generated R-module, and let (z) = (x1,...,x,) be an M-sequence. Then
(z) is a maximal M-sequence if and only if m € Ass(M/xzM).

Proof. We know that (z) is a maximal M —sequence if and only if m C ZD(M/(z)M) C UAss(M/(x)M). By the
prime avoidance theorem, this is if and only if m € Ass(M/(z)M). O

1.3. Definition Let (R, m) be a local ring and M a finitely generated R-module. If M # (0), then depth(M) is the
supremum of integers r such that there exists an M-regular sequence of length r. If M = (0), we put depth(M) = cc.

Verify that depth(M) = 0 if and only if m € Ass(M). This observation is the key to characterizing depth
homologically over a local ring (R, m, k). We have depth(M) = 0 if and only if m € Ass M. Note, however, that if
p € Spec R, then p € Ass M if and only if there is an injection R/p <— M (as p = (0 : z) if and only if Rs = R/p
and Rz C M). Thus, we have depth(M) = 0 if and only if kK — M, which is if and only if Homg(k, M) # 0 as k is
simple. Better: depth(M) > 1 if and only if Hompg(k, M) = 0. Actually, k& can be replaced by any non-zero module
of finite length.

1.3.1 Lemma Let N be any nonzero R—module of finite length. Then Hompg(k, M) # 0 if and only if Hompg (N, M) #
0

Proof. The forward direction is clear by factoring out a maximal submodule (as R is Noetherian) and noting N —
k — M. For the backward direction, let ¢ : N — M be nonzero. Then 0 # ¢(N) has finite length. Thus ¢(N)
contains a copy of k, which implies k — M. O

Thus, for any nonzero module N of finite length, we have that depth M = 0 if and only if Homg(N, M) # 0.

Moreover, we can show, by induction:



1.4. Theorem Let (R, m,k) be local, let N be a non-zero R-module of finite length, let M be a finitely generated
R-module, and let r be a positive integer. Then depth(M) > r if and only if Ext%{(N, M)=0 fori=0,...,r—1.

Proof. We may assume throughout that M # 0. For r = 1, we have depth M > 1 if and only if Ext%(N, M) =
Hompg(N,M) # 0. So assume r > 1 and proceed by induction. Suppose depth(M) > r, and let (z1,...,z,) be
M-regular. Put My := M/x1 M (which has depth at least r — 1 as (z2, ..., x,) is an Mj—regular sequence), and look
at the short exact sequence

0— M5 M — M, —0.(1)

Given i < 7, we look at the following piece of the long exact sequence obtained by applying Hompg (N, —) to the short
exact sequence (}):
Extly '(N, M) — Ext’hy (N, M) 5 Ext’y (N, M)

The first module is 0 by induction, and this means that multiplication by x; is an injection, that is, z; is a non-
zerodivisor on Ext’ (N, M). Since N has finite length, we have m* N = 0 for some ¢ > 1. Therefore 24 N = 0. Then
zt is a non-zerodivisor on Ext% (N, M) even though zt Ext% (N, M) = 0. We conclude that Exts(N, M) = 0.

For the converse, we assume that Ext’ (N, M) = 0 for each i < n. In particular, Hompg(N, M) = 0, so depth(M) >
1. Choose an M-regular element 21 € m, form the exact sequence () as before, and apply Hompg(N, —). The long
exact sequence shows immediately that Extﬁ(N, M) = 0 for each j < r — 1. By induction, depthyp(M;) > r — 1;
therefore depth(M) > r. O

Next we want to show that depth(M) < oo for every non-zero R-module M. We know that there exist maximal

M-sequences (by ACC), so the following obvservation will do the job:

1.5. Proposition Let (R, m, k) be local, and let M be a non-zero finitely generated module. Let (z) = (x1,..., ;)
be a mazimal M -regular sequence. Then Exth(k, M) # 0.

Proof. We've already done the case r = 0, so assume r > 0. Put M; := M/(xy,...,2;)M, for i = 0,...,r. Since
depth(M;) > r — i, we have, by (1.1.3),

Exctd, (k, M;) = 0 for all j < r —i.(1)

Applying Hompg(k,—) to the short exact sequences 0 — M; 2 M — M;11 — 0, we get the following exact

sequences:
— BExty T (k, M;) — Bxth O (ky M) — Extl (k, M) 255 Bxth (k, M;) —

The first module is 0, by (}), and the map x;y; is 0 since z;41 kills k. It follows that Ext;(iﬂ)(k:,MiH)

Ext}; “(k, M;) for i = 0,...,r. Putting all of these isomorphisms together, we get Ext, (k, M) = Ext"(k, My) = ...

Ext%(k, M,.) = Hompg(k, M/(z)M). Since (z) is a maximal M-regular sequence, we have Homg (k, M/(z)M) #0. O

Il

1.6. Corollary Let (R,m, k) be local, and let M be a non-zero finitely generated R-module.
(1) depth(M) < oo.
(2) depth(M) = inf{r | Ext"(k, M) # 0}.
(3) For any non-zero R-module N of finite length, depth(M) = inf{r | Extz (N, M) # 0}.
(4) All mazimal M -sequences have length equal to depth(R).
(5) Let x € m, and assume that x is a non-zerodivisor on M. Then depth(M/xM) = depth(M) — 1. O

1.7. Proposition Let M be a non-zero finitely generated module over a local ring (R,m). Then depth(M) <
dim(M).

Proof. We proceed by induction on d := depth(M). If d = 0, then M # 0, so dim(M) > 0. Suppose d > 0, and let
(z1,...,24) be an M-sequence. Put My = M/x1 M. Given any minimal element P of Supp(M), we see that z1 ¢ P,
since z; is a non-zerodivisor on M and P € Ass(M); it follows that (M7)p = 0. This shows that Supp(M;) contains



none of the minimal elements of Supp(M), and since Supp(M1) C Supp(M), we see that dim(M;) < dim(M). Since
depth(M;) = d — 1, we have, by induction, d — 1 < dim(M;) < dim(M); thus d < dim(M). O

1.8. Definition Let (R, m, k) be a local ring. An R-module M is Cohen-Macaulay (CM) provided M is finitely
generated and depth(M) = dim(M). The ring R is CM provided R is CM as an R-module. The module M is
mazimal Cohen-Macaulay (MCM) provided M is CM and depth(M) = dim(R).

1.9. Background Here we summarize basic results that may have been deployed somewhat flippantly in the notes.

We keep the conventions established in §1.0. In particular, R is always commutative and Noetherian.

1.9.1. Zero-divisors and associated primes An element x € R is a zerodivisor on the module M provided M
has a non-zero element m such that rm = 0. A non-zerodivisor on M is an element r € R that is not a zerodivisor
on M. (Thus 0 is a zerodivisor on M if and only if M # (0).) A prime ideal P of R is an associated prime of M
provided there is some element m € M such that P = (0 :g m) := {r € R | rm = 0}. Equivalently, there is an
injection R/P — M. Notation: Ass(R) = {associated primes of R}.

1.9.2. Proposition Let M be a finitely generated R-module. Then Ass(M) is a finite set, and it is non-empty if
and only if M # (0). The set of zerodivisors on M is | J Ass(M).

1.9.3. Support of a module Let M be an R-module. The support of M is the set Supp(M) := {P € Spec(R) |
Mp # (0)}. Assume M is finitely generated. Then Supp(M) = V(0 :g M), the closed set consisting of primes that
contain the annihilator of M. The dimension of M is the Krull dimension of the ring R/(0 :g M). Thus dim(M) is

the supremum of chains of primes in the support of M. Every minimal element of Supp(M) is in Ass(M).

1.9.4. Prime filtrations Every finitely generated R-module M has a prime filtration, that is, a sequence F =
(M = My D> M, D--- D M; =(0)) such that, for each i = 0,...,t — 1, M;/M; 11 = R/P; for some prime ideal P;.
We put Supp(F) :=={Fy,..., P;—1}. For any prime filtration of M, we have Ass(M) C Supp(F) C Supp(M).

1.9.5. Finite-length modules Let (R, m,k) be a local ring, and let M be an R-module. Recall that M has finite
length provided M has a composition series (in which case the length of M is the length of any composition series,
that is, the number of proper inclusions in the series). The composition factors are, of course, R/m, the only simple

module around. These conditions on an R-module are equivalent:

(1) M has finite length.

(2) M has both ACC and DCC on submodules.

(3) M is finitely generated and m*M = 0 for some ¢ > 1.
(4) M is finitely generated and Supp(M) C {m}.

It’s sometimes useful to look at the “finite-length part” of a finitely generated R-module. This is, by definition, the
sum of all of the finite-length submodules of M. The standard notation for the finite-length part of a finitely generated
module M is HY (M). Since M has ACC, it’s clear that HY (M) has finite length, and that HY, (M) = Us»1(0 :ar m*).
We note that HY, (M) = 0 if and only if Homg(k, M) = 0.

1.9.6. Torsion Let S be the multiplicative set consisting of non-zerodivisors of R. The total quotient ring of R is
the ring of fractions K := S~'R. The torsion submodule Myors of M is the kernel of the natural map M — S~'M
(or M - K ®g M). The module M is torsion provided M = Mo and torsion-free provided Miors = 0 (that is,
M — K ® M is injective).

1.9.7. Crash course on Ext For details, consult [11]. First of all, for R-modules M and N, Hompg (N, M)) is
an abelian group, and it’s an additive functor of each variable, contravariant in the first variable, covariant in the
second. Thus f: Ny — Ny and g : M; — M, induce a homomorphism Hom(f, g) : Hompg(Na, M) — Hom(N;, M>)
taking ¢ : No — M to gpf : Ny — M.
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Additivity just means Hom( f1 + fo2,9) = Hom(f1, g) + Hom(f2, g) and similarly for the other variable. Functoriality
means various diagrams commute. All of this works fine even for non-commutative rings, but since R commutes we
can do much more: Hompg(N, M) is an R-module: For r € R and f € Homg(N, M), we can define rf by either
(rf)(n) :== f(rn) or (rf)(n) ;= r(f(n)). Of course these give the same result. But there’s another way to look at
this: Consider the multiplication maps ry : N — N and rp; : M — M. Then multiplication by r on Homg(N, M)
is given by Hom(ry, 157) and is also given by Hom(1y,7as).

Now, what about Extr(N,M)? We have an abelian group Ext% (N, M) for each i > 0. (Sometimes, to avoid
boundary effects, it is useful to define Extﬁ(N, M) =0 for all j < 0.) We have Ext%(N, M) = Homg(N, M); the
higher Ext’s are cleverly designed to repair the lack of exactness of Homp(—, —). Each Ext%(—, —) is an additive
functor in each variable, contravariant in the first and covariant in the second. Moreover, each has an R-module
structure, obtained exactly as for Homg(N, M), via the R-action on either variable. Finally, each short exact

sequence 0 — M’ — M — M" — 0 gives rise to a long exact sequence

- — Bxtiy (N, M') — Exth(N, M) — Extiy(N, M") 2 Exti (N, M) — ...,
and each short exact sequence 0 — N’ — N — N” — 0 yields a long exact sequence

. — Extiy(N”, M) — Ext’y(N, M) — Extiy(N', M) & Ext'T (N", M) — ...

Moreover, the connecting homomorphisms ¢ are natural, in the sense that various diagrams commute.
Often it is important to know that Exté%(N , M) is a finitely generated R-module. If M and N are both finitely
generated (and R is Noetherian), then each R-module Ext’ (N, M) is indeed finitely generated as an R-module.

1.10. Exercises Assume throughout that R is a Noetherian ring and M is a finitely generated non-zero module.

1.1. (2 points) If (z,y) is M-regular, then x is a non-zerodivisor on M /yM. However, (y,z) need not be
regular.

1.2. (4 points) If R is local, then every permutation of an M-sequence is an M-sequence.

1.3. (3 points) With R = k[X,Y, Z] (k a field), give an example of an R-sequence (z) and a permutation
(y) of  such that (y) is not an R-sequence. (Don’t peek at the example in [10].)

1.4. (15 points) Let R be a commutative ring (containing an infinite field). Let (x1,...,2,) be an

R—sequence. Then there are elements c;; € R such that
(w1, 22 + c2171, 23 + C32T2 + C31T1, - -+, Ty + Crn—1Tn—1 + .o + Cr1T1)

is a permutable R—sequence (that is, every permutation of it is also R—regular).
1.5. (5 points) Let (x1,. .., x,) be M-regular, and let ¢1, ..., ¢, be positive integers. Prove that (x%',...,z!r)
is M-regular.
1.6. (4 points) Let A be the ring of continuous real-valued functions on the unit interval [0,1]. Either
find an A-regular sequence of length 2 or prove that none exists.
1.7. (3 points) Assume R is a local CM ring of dimension 1. Prove that M is MCM if and only if M is
torsion-free. Show by example that this is false if the assumption that R is CM is deleted.
1.8. (2 points) Prove that every reduced local ring of dimension one is CM. (“Reduced” means there are
no non-zero nilpotent elements.)
1.9. (3 points) Find a two-dimensional local integral domain that is not CM.
1.10. (1 point) Find an example of a Z-module whose support is not closed in Spec(Z).
1.11. (3 points) Prove or disprove: Let A — B be a homomorphism of commutative rings, and let M be
a finitely generated B-module. Then Supp 4(M) is closed in Spec(A).
1.12. (2 points) Find an example of a finitely generated module M over a Noetherian ring R, together
with a prime ideal P ¢ Ass(M), such that P € Supp(F) for every prime filtration F of M.



1.13. (4 points) Suppose R is an integral domain and M is a finitely generated torsion-free R-module.
Find, and verify, a simply-stated necessary and sufficient condition for M to have a filtration F such
that Supp(F) = Ass(M).

1.14 (??? points) Given R and M, how does one characterize those prime P ¢ Ass(M) that show up
in the support of every prime filtration of M? (Cf. Eisenbud, Herzog, Landsburg, Aihua Li, clean

filtrations, shellable simplicial complexes, ...)

§2. COHEN MACAULAY MODULES AND FINITE CM TYPE.

2.1 Theorem. Let (R, m, k) be alocal ring and RM # 0 a finitely generated R-module. Then depth(M) < dim(M).
R
dim(M) := dim———— = sup{n |po C ... C pn, pi € Supp(M)}
(0 ‘R M)
Supp(M) := {p|Mp # 0} = V(0 :r M) := {plp > (0:r M)}

Proof. Use induction on depth(M). We can assume that depth(M) > 1 since there is nothing to prove in the base
case i.e. depth is non-negative. Choose z € M, x a NZD on M. Let My = M /xM. Let p be a minimal element
of Supp(M) then p € Ass(M) = p C ZD(M) = z ¢ p. Clearly Supp(M7) C Supp(M). But x avoids all the
minimal elements of Supp(M). Since z € (0 : M), so for all p € minSupp(M) we have (0 :g M1) € p. Thus no
element in minSupp(M;) can be minimal in Supp(M). So dim M; < dim M. Recall, as z is a non-zerodivisor on M
that depth(My) = depth(M) — 1. By induction, depth(M;) < dim(M;) < dim(M). = depth(M) < dim(M). O

2.2 Definition. M is Cohen Macaulay (CM) provided M # 0, and depth(M) = dim(M). M is mazimal Cohen
Macaulay (MCM) provided depth(M) = dim(R). A ring R is CM if it is as an R—module, that is, if depthR = dim R.

2.3 Examples.

e If dim M = 0, then M is CM.

e The standard simple example of a non-Cohen Macaulay ring is R = fw[[fzygj]) It has dimension 1 (as m 2
(z) 2 0) and depth 0 (as = # 0 but xm =0, so m € Ass R).

e R/ (x)~ k[[y]] is an example of a MCM module for a non-Cohen Macaulay ring. It has depth = 1.

2.4 Definition. The local ring (R, m) has finite CM type provided there are only finitely many isomorphism classes
of indecomposable MCM R-modules.

2.5 Theorem. Let (R,m) be zero-dimensional (i.e., Artinian). Then R has finite CM type if and only if R is a
principle ideal ring (PIR), i.e. the only ideals of R are m = () D (z?) D (z3) D ... D (z") =m" = 0.

Proof. For the backward direction, let pM be an indecomposable finitely generated module then M is cyclic (as
every finitely generated module is a sum of cyclics), which implies M is isomorphic to one of R/ (z), R/ (z?), ...,
R/ (z™) or R.

For the forward direction, assume R isn’t a PIR then M needs > 2 generators (If m = (x), then the only ideals
are (z') making R a PIR). We want to show that for all n > 1 that R has an indecomposable module needing exactly
n generators. Then, R will have infinitely many indecomposable modules as the number of generators is invariant
among isomorphic modules. Note that if I C R and we can do this for R I then we can do it for R. So, write
m = Rxy+ ...+ Rxy, t > 2 and pass to R (x3,...,x:). Thus, we may assume m needs exactly 2 generators. Next

pass to R/ (m?), so we may assume m? = 0 (as the number of generators don’t drop by NAK.)



Thus we are in the situation where (R, m, k) is local, m? = 0, and m = Rz + Ry. Note that m is a two-dimensional

vector space over k with basis {z,y}. Fix n > 2 let

y 0O --- 0
0 = Y 0

¢:
0 y O
O e 0 x y
0 o -~ 0 =

be n x n. Let M = coker(¢). Then we have the exact sequence

¢
R R M 0

Note that M is minimally generated by exactly n elements as M = R,Im(¢) and Im(¢) C mR™, by Nakayama’s

lemma.

Claim. M is indecomposable.

Proof. Recall that a finitely generated R—module Ng is indecomposable if and only if Endgr(N) has
exactly 2 idempotents, 0 and 1. Let E = Endr(M) and suppose e = e? € Endr(M). We know
e(1 —e) = 0. We will show that e =0 or 1.

Suppose e is surjective. Then, since M is Noetherian, e is an automorphism. So 1 — e = 0, which
implies e = 1. So assume e is not surjective. As R" is projective and R™ — M is surjective, we can

find «, B lifting e so that the following diagram commutes, that is ¢8 = a¢.

@
R R™ M 0
o
[
R™ R" M 0

We have ¢ = I +yJ, where J equals a matrix with ones on the super-diagonal and zeros elsewhere.

Then, by commutativity, we have
(I +yJ)p=alxl +yJ)

B-—a)r+(JB—ad)y=0
Let @ and 3 denote the reductions module the maximal ideal, putting our entries in k. Since x
and y are linearly independent 3 = @ and J3 = @.J. Therefore @ commutes with .J. Since J is

non-derogatory (only linear combinations of J commute with J), we have @ € k[J]. Therefore,

a b c

Ql
I

0
0 . a
0
0

0 a

If @ # 0, then @ is invertible. This says @ is surjective, which implies o and hence e is surjective, a
contradiction. Thus a = 0 and @" = 0. This implies Im(a™) C mR™ and so Im(e™) C mM. But
e =¢" and so Im(e) C mM. Thus (1 — e) is surjective (NAK) and hence invertible. That is, e = 0. 0

Now let (R, m, k) be one dimensional and CM (so m contains a non-zerodivisor).



2.6 Lemma. (RW, 1994) If R has finite CM type then R, the integral closure of R in the total quotient ring
K := {NZD}~'R is finitely generated as an R-module. Equivalently, R is finitely generated as an R-algebra.

Proof. Assume R is not finitely generated. Then we get elements x,, € K such that
R C R(xz1) C R(x1,x2) C ...

Let S; := R(x1,...,2;). Note that S; is a subring of K = {NZD} 'R and each is finitely generated as an R-module.
Moreover, each is torsion-free as an R—module (as we can find a non-zerodivisor in the maximal ideal) and therefore
MCM. Note further that each .S; is indecomposable. By Exercise 2.2 below, S; is not isomorphic to S; as R-modules
if ¢ # j. Thus R does not have finite CM type. O

2.7 Corollary. R is reduced, i.e. it has no nilpotent elements other than 0.

Proof. Let t € m be a non-zerodivisor. Suppose R is not reduced, and let  be a nonzero nilpotent element. We
will show that the integral closure R of R is not finitely generated. (Then R has infinite CM type by the earlier
result.) Let K be the total quotient ring, and look at the elements z/t", n > 1, in K. These are all in R. (If x
satisfies 2" = 0, then x/t" is a root of the monic polynomial X".) Check easily that R(x/t™) is properly contained in
R(z/t"*1) (as t a non-zerodivisor implies t € m and hence 1 — ¢ is a unit). Thus R is not Noetherian and therefore

not finitely generated. |

2.8 Exercises.

2.1. (2 points) Show that every finitely generated CM module has a decomposition into indecomposable
submodules not necessarily unique. [Note that this representation may not be unique]
2.2. (4 points) Let R be any commutative ring with total quotient ring K let A and B be subrings of K
with R C A C B C K show that A is not isomorphic to B as an R-module.
e Note that we have R = Ry C Ry C Ry, C ... C K. Each R; is finitely generated as an R-
Module. Vi dJc¢; € R s.t. ¢; is a NZD and ¢; R; C R. In any Noetherian ring 3G € N such that
L ©...® Ig,, inside R with I; # 0. The least G is called the Goldie Dimension.
2.3 (2 points) Let (R, m) be one-dimensional local with total quotient ring K. Then R = K if and only
if R is not CM.

§3. ARTINIAN PAIRS

3.0. Conventions. Throughout §3, (R, m) is a one-dimensional, local, reduced ring with finitely generated integral
closure R. Also, M, N are finitely generated torsion-free R—modules. [Recall this means M, N are MCM in the case
that R is CM].

3.1. The Conductor Square. We define the conductor to be  := {r € R[rR C R} = (R :g R) = (R :5 R). Note
that f contains a NZD of R. Therefore f € |J Ass(R) = |JminSpec(R). So dim R/f = 0, that is, R/f is Artinian,

which implies R/f is Artinian. The “Conductor Square” is as follows

R—— R
R/f —— R/}

The bottom line of the conductor square is an example of:
3.2. Definition. An Artinian Pair is a module-finite extension A < B of commutative Artinian rings.
3.3. Definition. An (A — B)-module is a pair W — V', where

(1) V is a finitely generated projective B—module.
(2) W is a finitely generated A—submodule of V.



(3) BW=1V.
Given rM, let RM denote the R-submodule of K ® g M generated by the image of M in the map M — K @z M

(injective as M is torsion free).

3.4. Fact. RM =~ B&rM

torsion
Since RM is torsion free, RM is R-projective. So RM = DY“) XX D,E”f). Therefore, RM/fM is R/f-projective.

This gives us the following pullback diagram, where the pullback M = W_l(f%).

M~——— RM

M/§M —— RM/{M
Note that the bottom line is an (R/f < R/f)-module.

3.5. Examples of pullback diagrams.
(1) Let R = k[[t?,¢%]]. Then f = t?k[[t]] = (¢?,#3)R. The conductor square is:

where 7 = 0.
(2) Let R = k[[t*,¢5,t%]]. Then R = k[[t]] and § = t3k[[t]] = (5,4, 10, #11)R. [Note: We use t® because 8 is the

smallest exponent such that ¢" € R for all n > 8.] The corresponding conductor square is

k[[tt, £, 2% k[[]

i i

B[ k[f]=ka ki okl @kt

with 7° = 0.
(3) Let R = % Note that we have the idempotent e := ()% = 12y7+2y2 = ;. since g (z+y) = (22 +y%)y.
So,1—e= (Ij”ry)2 = 1, Therefore, R = Rex R(1—¢e)as Re = R/(z) = k[[y]], R(1 —e) = k[[x]]. Since,

f = m the conductor square is

Ml il = ki)

(zy)
L

F——— kxk

Given g M f.g. torsion-free, let M,,, :== M/fM — RM/§M. Note, f = fR.
3.6. Definition. A homomorphism of Artinian pairs (Vi, W1) — (Va, W3) is a map Wy %, W, such that (V1) CV,

and such that the following diagram commutes.

Vi —— Wi

Pk

Vo —— W,



3.7. Theorem. Assume R# R. Then My = Ngpy < M = N.

Proof. We prove only the forward direction. Consider the following diagram.

N€ RN

M“~——RM

C

M/§M“~—— RM/fM

IR
1R

M/fNC RN/§N

As RM is projective, there is a map (f) making the right-hand trapezoid commute. The universal property of
pullbacks then gives a unique homomorphism ¢ making the top and left trapezoids commute. NAK implies ¢ is
surjective as f C m. Thus we get maps M — N and by symmetry N — M. So we have a surjective endomorphism
of finitely generated modules M 4N i M, which says ¥ is as isomorphism, since M is a Noetherian module.

Thus, ¢ is 1-1 and so ¢ is an isomorphism. (]

3.8. Exercises

3.1. (5 points) Prove that R®pr M is torsion-free as an R—module if and only if M is a free R—module.

3.2. (5 points) R is a direct-product Dy x ... x Dy, where each D; is a semilocal PID.
k[l’, y](my)

3.3. (2 points) Let R = 2 =% —a?)

. Show R = k[t? — 1,13 — t](42—1,43—¢) and thus the conductor

square for R is:

R“—— R = k[t](+1)u-1)
k——— kxk

3.4. (5 points) Let ¢; < ... < ¢, € R. Let § = {f € RIt]|f*)(c;) = f¥)(¢;),Vi,j, k =0,...,3}, where
f®)(c;) is the k" derivative of f at ¢;. Let S = R[t](t—c,)u...u(t—c,)- Let m = {f € S|f(c1) = 0}
and R := S,. Show that m is a maximal ideal of S and that the pullback for R is

R——— g
EC—— k[t1] x ... X k[ty]

with t? =0.
§4. MORE ON ARTINIAN PAIRS

4.0 Conventions. As before, we take (R, m) to be a one-dimensional, local, reduced ring with finitely generated

integral closure R. Note, by previous exercise, this says R is Cohen Macaulay.

; = R/P; is a one

4.1 General form of R. Let P, ..., P, be the minimal primes in R. Then, for all i = 1,....t, D
dimensional, local domain. Further, its integral closure is finitely generated, as R = Dy x - - - x Dy; thus D; is finitely



generated over R and therefore over D;). Each D; is a semilocal Dedekind domain, and thus a PID. This yields the
following pullback diagram:

R“——— R=D;x---x D,

| i

R/f —— R/f=B; x ---x By
where each B; is an Artinian principal ideal ring. Furthermore, each B; has the same number of maximal ideals
as D;. So, we can decompose each B; = B;1 X -+ X By, where each B;; is local (as any Artinian ring can be

decomposed into Artinian local rings). Thus R/f = IL;Bij

(e1) )

A projective R—module looks like L = D} ' x- - .xbﬁh

a PID is free. Similarly, as projectives over a local ring are free, a projective R/f—module looks like W = [[ B

, as L must be projective over each D; and a projective over
(eiy)
ij °
So W “comes from” a projective R—module if and only if e; ; = e, for all 4,j, k. (By “comes from,” we mean
W = L/fL).

4.2 Theorem. Assume R # R.

(1) Let M,N be MCM R—modules. Then M = N if and only if Mars = Ny

(2) Let (V,W) be any (R/f — R/f)—module. Then there exists a MCM R—module M such that M., = (V,W)
if and only if there exists a finitely generated projective R—module L # 0 such that L/fL = W.

(3) Let (V,W) be any (R/f — R/f)—module. Then there exists another (R/f < R/f)—module (V',W') and a
MCM R—module M such that My.s = (V,W) @ (V',W’).

(4) Let M, N be MCM R—modules. Suppose Moyt ®(V,W) = N, for some (R/f — R/f)—module (V,W). Then
there exists a MCM R—module U such that Uy = (V,W) and M & U = N.

Proof. (1) See Section 3 of the notes.

(2) For the forward direction, note that RM is a finitely generated torsion-free module over R. Since R is a
direct product of finitely many principal ideal domains, L := RM is a projective R-module. Therefore L/fL
is a projective R/f-module. But by definition M., = (M/fM, RM/§M). Therefore W = L/fL.

For the backward direction, choose an isomorphism h : W — L/fL. Let 7 : L — L/§L be the natural map,
and define M by the following pullback diagram:

M C L

Ve W LJfL
(That is, M = 7= 1(h(W)).)
Then M is a MCM R-module. Moreover, since RV = W, it follows that RM = L. As the pullback of

a surjection is always surective, the map 7’ is surjective. Moreover, ker 7’ = fM. (To see this, note that
kerm = fL = fRM = fM C M.) We conclude that Mg, = (V,W). 0

4.3 Proposition. Let (V,W) be an indecomposable (A — B)—module, where A — B is an Artinian pair. Then
E :=End(V,W) is a “local” ring.

Proof. First note that as F is not necessarily commutative, by “local” we mean E/J(FE) is a division ring. Recall
E = {¢ € Homg(W,W)|p(V) C V}. Since B is Noetherian and W finitely generated, E is a finitely generated
B—module. As B is Artinian, E is also left and right Artinian. Thus J = J(F) is nilpotent. Since idempotents lift
modulo nil ideals and E has no nontrivial idempotents (as (V, W) is indecomposable), we see E/J has no nontrivial
idempotents. Thus it is semisimple and Wedderburn’s Theorem applies. Write E/J = M,, (D) x « -+ x My, (D),



where each D; is a division ring. If ¢ > 1, then we would have nontrivial idempotents. Thus E/J = M, (D;). Of

course, if n; > 1, we again have nontrivial idempotents. Thus E/J = D;. ]

Since indecomposables have “local” endomorphism rings, the category of (A < B)—modules has the Krull-Remak-
Schmidt property, that is, everything is uniquely written as a direct sum of indecomposables up to permutations.

We shall see later that this is not true in the category of R—modules.

4.4 Definition. An Artinian pair (A — B) has finite representation type (FRT) if and only if there are only finitely

many indecomposable (A — B)—modules up to isomorphism.

4.5 Theorem. Assume R # R. Then R has finite CM type if and only if Rare := (R/f — R/f) has finite

representation type.

Proof. For the forward direction, let X7, ..., X; represent all MCM R—modules up to isomorphism. Let (X;)qrt =

Yi1® - ®Y;,,, where Y; ; are indecomposable R,,;—modules.

Claim. Every indecomposable R,,;—module is isomorphic to some Y ;.

Proof. Let Y be an indecomposable R,,t—module. By (3) of the previous theorem, there exists an
Ryri—module Z such that Y@ Z =2 M, for some MCM R—module M. Write M = XYI)@- . -EBXt(”)7
sothat Y @ Z = (X)W & & (X)) = @UYZ(]S’) Thus Y 2 Y; ; for some i, j by KRS.

art art
For the backward direction, let Y7, ...,Y,, represent all indecomposable R,,;—modules. Given a MCM R—module
M, write My.; = Yl(”) @ - @Y™ By KRS, the r;’s are uniquely determined by M. Define a function ¢ :
{isomorphism classes of MCM R—modules} — N (where N = {0,1,2,...}) by [M] + (r1,...,7,). By (1) of the
previous theorem, ¢ is injective. Give each copy of N its natural order and give N(") the product poset structure:
(r1, .y mn) < (81, ..., $p) if and only if r; < s; for all 4.
Claim. M is indecomposable if and only if ¢([M]) is a minimal element of im(¢).
Proof. The backward direction is clear as ¢([U @ V]) = ¢([U]) + ¢([V]). For the forward direction,
suppose ¢([M]) is not minimal. Then there exists a MCM R—module N such that ¢([N]) < ¢([M]).
Say ¢(IN]) = (r1,...,rn) and ¢([M]) = (1, ..., ). Let (V, W) =Y, "™ g ..oy ") £ 0. Thus
Nort ® (V,W) = My,t. By (4) of the previous theorem, there exists a MCM R—module U such that
NoU=M.

Now, we want to show im(¢) has only finitely many minimal elements. Of course, the set of minimal elements of
im(¢) is a clutter (i.e., a totally disorded set) and, as the Exercise 4.1 below will show, it must therefore be finite! As

¢ is injective, this says there are only finitely many isomorphism classes of indecomposable MCM R—modules. [
Note in the above theorem that if R = R, then there is exactly one indecomposable module, namely R.

4.6 Theorem. Let (R,m) be a one dimensional, local, reduced ring with R finitely generated. Then R has finite
CM type if and only if

(1) R is generated by < 3 elements as an R—module.

(2) mR/m is cyclic as an R—module.

4.7 Examples. Let R = k[[t%,...,t%"]], where a; < - -+ < ay, and (a1, ..., am,) = 1. Then R = k[[t]] and is minimally
generated by 1,¢,...,t%1 71, Thus (1) of the theorem is satisfied if and only if a; < 3.

e This shows that k[[t*,¢%]] has infinite CM type.

e It can be seen that k[[t3, %], k[[t3, 4], k[[t3, t*,£7]], and K[[t3,5,¢7]] all have finite CM type.

e Although it satisfies condition (1) of the theorem, k[[t3,¢7]] has infinite CM type.

4.8 Exercises.



4.1. (5 points) Let A and B be posets satistying (a) DCC and (b) the finite clutter property (i.e., each
clutter is finite). Then A x B also satisfies (a) and (b). From this, one can deduce that every clutter
of N(™ is finite.

85. TOWARDS CLASSIFYING RINGS WITH FINITE CM TYPE

5.0 Observations. Assume throughout (R, m, k) is a local, reduced, one-dimensional ring with R finitely generated,
A= R/f — R/f =: B is an Artinian pair. The minimal number of generators of an R-module M will be denoted
pr(M).

5.1 Proposition. [5, Thm 2.1] Since R is one-dimensional, e(R), the multiplicity of R, is the number of generators
required for m™, for n >> 0. Then every ideal of R is generated by at most e elements. Moreover, e is exactly the

number of generators required for R as an R-module.
5.2 Lemma. MR(R"'TZ”R) < ur(R).

Proof. Notice that 1 ¢ m(R+mR), so 1 is part of a minimal generating set for R+mR. Therefore, as R is generated
by 1 and we are modding out by R,

pr(BEE) = jp(R+mR) — 1.
But R+mR is isomorphic to an ideal of R (this can be done by clearing denominators as R is finitely generated and

multiplication by non-zero-divisors is an isomorphism on torsion-free modules). Therefore
pr(R+mR) < er(R) = ur(R)

(see Proposition 5.1). Therefore
pr(TER) < pr(R+mR) < pr(R)

The goal of this section is to develop the tools needed to prove the following theorem.

5.3 Theorem. Assume R # R and either up(R) > 4 or u(%R) > 2. Then for all n > 1, there exists an indecom-
posable MCM rM such that RM = R™.

In particular, if R satisfies the condition of this theorem, R has infinite CM type. It is in fact the case that if
u(R) < 3 and pr(mR/m) = 1, then R has finite CM type.

5.4 Reductions for the Proof of Theorem 5.3.

(1) If there exists an indecomposable (A — B)-module (V, W) with W 2 B™ then we’re done. For, take M to
be the pullback

b

Ve—s BT W
where M = 7=%(V). As M is torsion-free, M is MCM, and V = M/fM. If M is decomposable, say
M = P ® Q, then we have a decomposition of the quotient as by NAK P,Q # 0 as f C m.
e Examining T%?; we have the following useful isomorphisms

mfRu mR gR—I—mRﬁMgA—I—mB

f
m  (mRNR) R % A

where the first isomorphism comes from the fact that R is finitely generated and so mR # R by NAK
(i.e., mR does not contain 1) and the second isomorphism comes from the Isomorphism Theorems.



e Based on Lemma 5.2, we have that ug(%) < pur(R). Consequently, if ur(R) < 2, there is nothing to
prove in regards to Theorem 5.3 as ur(mR/m) < 1. Also, if ur(R) = 3, then uR(mTﬁ) <2.
(2) Suppose we can find a ring C' with A C C C B and an indecomposable (A < C)-module (V,C™). Then
(V, B™) is an indecomposable (A < B)-module, and we are done.
(3) If we can build an indecomposable (k — C/mC)-module (V,(C/mC)"), then we get an indecomposable

(A — C)-module, namely, the pullback
A——>(C Y (V)=V——(C

P -

A/m =k“—— C/mC Ve—— (C/mC)"

Check that this pullback works by checking idempotents as in the notes from the first day of class.

5.5 The Plan for Proving Theorem 5.3.

(a) If ur(R) > 4, then pa(B) > 4 by NAK, so dimy(B/mB) > 4. We will work with k¥ < D := B/mB by
Reduction 3.
(b) If pp(R) = 3 and 4B = mE 45 not cyclic (ie., pp (2E2L) = 2), let C = A + mB. Choose z,y € mB

m

such that A+ mB = A -1+ Az + Ay, minimally. As C = A+ mB, C/mC = nfjn’;”g% Reduced mod m,

C/mC = k@ kZ @ kij where 72 = §> = 2 = 0. Nakayama’s lemma gives us that , y are minimal generators.

5.6 Basic Pathological Construction. Let k be a field and D a finite dimensional k-algebra (for example B/mB
or C'/mC). Suppose there are a,b € D such that {1,a,b} is k-linearly independent (i.e., it is sufficient to assume
that dimy D > 3.) Let

a b

a

- nXn

be a matrix over D. Take W = D™ and let V = {z + ¢y|z,y € k™}. Note that k™ C V by setting y = 0, so DV = W.

5.7 Theorem. Assume that one of the following conditions hold.
(i) {1,a,a?,b} is k-linearly independent.
(iii) {1,a,b,ab} is k-linearly independent and a® = b*> = 0.

(iv) (D,n,¥) is local, char(k) = 2, and a*,b> € k (where @ = a+n, b = b+ n), and {1,a,b,ab} is k-linearly

independent.

)

(i) {1,a,b} is k-linearly independent and a®> = ab = b* = 0.
)
)

Then (V, W) is indecomposable.

Proof. Case (i): Assume that o € End(V, W). So « is an n X n matrix over W and oV C V. Note that for all x € k™,
x€V,s0oax €V and ax = o’ + ¢y for 2/, y’ € k™. Using the linear independence of {1, a, b}, one shows that 2’,y’

are unique.



Note that ¢ = al + bJ where I is the n x n identity matrix and

0 1 0
0O 0 1 0

0

L 4 nXn

Also, ax = 2’ +ay’ +bJy' (x) so &’ = fx and y’ = ~ya for some n X n matrices 3, over k. So ax = fx+ayr+bJyr =
a =0+ ay+ bJy(*x).
Given any y € k™, we know that ay + bJy = ¢y € V. Therefore a(ay + bJy) € V. By (%),
alay + bJy) = 0y + aey + bJey,
where d, € are n x n matrices over k. Thus a(al 4+ bJ) = 0 + ae + bJe, and after simplification from (**) we have,
(1) 1-6 =a(B —¢€) +a’y +ab(Jy +~J) + b(BJ — Je) + b JyJ.
Our goal is to show that v = 0. To do this we need the following claim.
Claim. JiyJ? =0foralli,j=1,...,n.
Proof. The proof will use “backwards double induction”. Since J™ = 0, the claim holds if i = n or
j = n. Assume that Ji*1yJ7 = 0 and J*vJ7T! = 0; we will show that JiyJ/ = 0. Multiplying by
J4 J7 to get JU- () - J7 yields:
1-J6J =1-aJ (B —€)J7 + a>J'yJ? 4+ ab(JI Ty J9 4 JiyJ3TY) 4 p(J BT — JiHleJT) 4 b2 (JiH 1y Jith)
The terms in bold are zero by induction; by examining the entries of the “a?” term we see by linear

independence that J'yJ7 = 0, as desired. This completes the proof

Now set j =i = 0. Thus v = 0, as desired. So (}) simplifies to 1 - = a(8 — €) + b(8J — J¢). Therefore § = € and
BJ = Je which implies 8J = J3. Further, (xx) shows o = 3.
So « € k[J], and

A1 G2 e
0 a1 as ..ol
B =
0 0 0 a1 a2
i 0 e ai |

If a® = a, then a =1 or 0. Hence (V, W) is indecomposable.

Cases (ii) and (iii): In each case, we look at the “1”, “a”, and “b” terms of equation (f) and deduce that § = 0
(irrelevant), 3 = ¢, and 8J = Je. Thus 8 commutes with J and is therefore in k[J]. (In case (iii) we look also at the
“ab” term, and get the irrelevant information that Jy+~J = 0.) Thus we have o = 8+ ay + bJ~, and we know that
B € k[J].

Now assume « is idempotent, and expand the equation o = o?, getting

B+ ay+bJy = B> +a(By+78) + b(BIy+ J¥B),

plus an irrelevant “ab” term in case (iii).

Comparing the “1” terms, we get 3 = (32. Since, as we noted before, k[J] has no idempotents other than 0 or 1,
we see that S =0 or 3 =1 (i.e., § is either the O-matrix or the identity matrix).

Now compare the ”a” terms in the equation above: We see that v = v + v3. Obviously either possibility for
(0 or 1) forces v =0. Thus « = 8 =0 or 1, and we’re done. O



5.8 Exercises.

(5.1) (6 points) Prove Case (iv) of Theorem 5.7. (This exercise comes highly recommended.)[Hint: Note that the
parenthetical “irrelevant” remarks that appear in the proof of case (ii) and (iii) are relevant for this case.]
(5.2) (6 points) Let k be a field and D a finite dimensional k-algebra with dimy D > 4. Then either
(a) there exist a,b € D such that {1, a, b} is k-linearly independent and one of (i), (ii) (iii), (iv) of Theorem
5.7 hold.
(b) k] = 2 and D = ;5 4k.
(5.3) (5 points) Suppose k is a field and D = k(*), where s > 4. Then for all n there exists an indecomposable
(k < D)-module (V, D). Prove this. To do so, let V = {(z,y,2 + y,z + Jy,x,...,x) | 2,y € kM}.
Then, show that (V, D) is an indecomposable (k < D)-module, that is, VD = D). [Hint: Take an

idempotent endomorphism of D™ and show it is 0 or 1. D has s orthogonal idempotents, say ey, ..., es
with sum 1: e; = (1,0,...,0), etc. A D-linear map a : D™ — D" has to satisfy a(e;z) = e;a(z). Thus
a=(ai,...,as), where a; : k(™ — k(")

§6. MATRIX FACTORIZATIONS
Let (5,0, k) be a regular local ring of dimension d > 1. Here are some basic facts about regular local rings:

(1) Each finitely generated S-module has finite projective dimension. ILe., there exists an exact sequence of the
form
0—=Fy—- - — Fy— M—0,

where each F; is a finitely generated free S-module. The least such s is called the projective dimension. In
fact, we have

pdgM = d — depth(M),
for each finitely generated S-module (this is the Auslander-Buchsbaum Formula). Note that if pdgM = 0,
then M is isomorphic to a free module.

(2) S is Cohen-Macaulay.

(3) S is an integral domain. (Note CM is key to proving this. The proof is by induction.)

(4) Let 0 # f € 9, and put R := S/(f). We almost always will assume that f € 2. [Note that (R,90,k)
is a regular local ring if and only if f ¢ 2. Here we really do have the same residue field as R/9 =
(S/f)/(N%/f) =5/91 = k.] With R defined in this way, Krull’s Principal Ideal Theorem says dim R > d — 1.
Of course, f # 0 and f € 91 implies dim R = d — 1, as we have exactly one less prime in R.

(5) R is Cohen-Macaulay.

(6) If M is a finitely generated R-module, then depthgM = depthp M. [See exercise 6.1]

Now, suppose gM is MCM. Then
depthgM = depthpM =dim R =d — 1,

and therefore pdg M = 1 by the Auslander-Buchsbaum Formula. Let ugM =n = urM (note that n is unique since

it is taken to be minimal). Then we get a resolution
0—SM s M — 0.

Note that fM =0 and f # 0, so M is a torsion S-module. Therefore K ®s M = 0 (K = Sy and M) = 0). So

tensoring the above exact sequence gives the exact sequence

0— K" - K™ 0,



whence r = n. Therefore we have the exact sequence
(%) 0—8Mm 2% s a0,
Notice M = S™ /im ¢. If x € S, then fa C im ¢, since fM = 0. Therefore there exists a unique 2’ € S(™ such

that ¢(z') = fz (unique as ¢ is 1-1). Since we have uniqueness, we can define a map 1 : S — S by o (z) = /.
Then ¢(¢(z)) = fz. Notice also that

o(Y(x1 + x2)) = f(w1 +22) = fa1 + foo = ¢((21)) + (P (w2)) = (W (w1) + Y(x2)),

and as ¢ is 1-1, we have ¥ (x1 + x2) = ¥(x1) + ¥(x2). Similarly, we can show that 1 respects scalar multiplication,
so that ¢ : S — §(") ig S-linear. Now, thinking of maps as n x n matrices, we have ¢ip = fI, (where I, is the

n x n identity). Therefore
Yo = (f1n)9 = ¢f1n,
implying that ¥¢ = fI,, because ¢ is 1-1. It can also be shown that i is 1-1, so we have two maps v, ¢ such that

f f
¢: and w: )

which give rise to the next definition.
6.1 Definition. A matriz factorization (of f with rings given, etc.) is a pair (¢, 1) of n x n matrices such that
oY = fIn = V.

We have seen that every MCM R-module gives rise to a matrix factorization. Suppose now that pM; =ZrMs,
both MCM. We can draw the following diagram:

0 G —s () M, 0
36 Ja i:
VooV

0 S(n) S(n) Ms 0

As S is projective and M, =R My, we can lift to o : S — S Further, « is surjective by Nakayama’s Lemma,
since the entries of ¢; are in 91 (n is minimal if and only if the entries are in 91). Therefore, (by Exercise 6.2) « is
1-1. Similarly, there exists a unique £ : S — S making the diagram commute. By the Five Lemma, 3 is an
isomorphism.

We’ve just shown that if My = My and (¢1,%1), (¢2,12) are the corresponding matrix factorizations, then there

exists a commutative diagram (see exercise 6.3)

) ) —s g~ o)
= \L «a = \L B = \L «a
G — o) —25 gm)

The above shows that isomorphic MCM modules give equivalent matrix factorizations. In fact, the converse is
true (see exercise 6.4). A matrix factorization gives rise to a MCM module and equivalent matrix factorizations give

isomorphism MCM modules.

6.2 Example. If p M is MCM with R, S as above and 0 — .S EN S — R — 0, the corresponding matrix factorization
is (/. 1).



6.3 Definition. A matrix factorization (¢, ) is reduced provided the entries of both ¢ and ¢ are in .

6.4 Fact. (in Yoshino) Let (¢,1) correspond to gM, MCM. Then (¢, ) is reduced iff M has no direct summand

isomorphic to R. This is sometimes said as, “M has no free summand.”

6.5 Example. Let S = k[[z,y]], and let f = —z* + y°. Find a matrix factorization of f. To do this, we cheat and
resolve k over R first:
0k REY p@ & p@ 2 p@ _ ...

.3 4
where(b:[y i]andwzly
)

—x Ty

thatasw[f O]W[f 0].

3
. Now forget about R and think of ¢, as matrices over S. Check

0 f 0 f
6.6 Theorem. Let (¢, ) be a matrix factorization of f (R = S/(f)). Let gpM = coker ¢, a MCM by exercise. Then

the sequence

DN~ () BN Y CO NN = () BNV

is exact, where ¢ and v are reductions modulo f (and n x n with entries in R).

SIMPLE SINGULARITIES

Let S be a regular local ring, (S, M, k), and let f € M2\ {0}. Define R = S/(f), (R, M, k). We say R is a simple
singularity (relative to the presentation S — R) provided there exist only finitely many ideals I C S such that I C 9
and f € I

6.7 Theorem. If R has finite CM-type, then R is a simple singularity.

Proof. Let M be a maximal CM R-module with no free summand. Let (¢,%) be a corresponding reduced matrix
factorization. “Define” I(M) to be the ideal of S generated by the entries of ¢ and ¢. Note that I(M) depends only
on the isomorphism class of M and f € I(M)?. To complete the proof, see exercise 6.5. O

6.8 Exercises.

(6.1) (4 points) If M is a finitely generated R-module, then depthgM = depthypM. (Proof uses stuff from day 1)
(6.2) (3 points) Let X be a Noetherian left A-module. Then every surjective A-endomorphism of X is injective.
(6.3) (2 points) In the commutative diagram (t), using the fact that ag; = ¢283, show that Yo = B10; (Le., the
matrix factorizations are equivalent).
(6.4) (4 points) Let (¢,1) be a matrix factorization, and let M := coker ¢. Show that fAM = 0. Therefore, M is
an R-module. Show M is MCM (as an R-module).
(6.5) (6 points)
(a) Show that I(M @& N) = I(M)+ I(N).
(b) Show that if I C S is an ideal, f € I2, and I C N, then there exists a reduced matrix factorization of f
such that I(M) = I, for the corresponding MCM rM.
Hint: Let I = (xo,...,x,). Write f = xoyo + -+ + x,y», where y; € I. Let fs = xoyo + - + xsys for
0 < s <r. Show for each s = 0,...,r, there exist 2° x 2° matrices ¢, s with entries in I such that
Osths = folgs x2s. Then

Ps41 = l Tot1 P ] and g1 = l Va1 O ] .

1/)5 —Ys+1 ¢s Ls41

(¢) Complete the proof.



§7. THE ONE DIMENSIONAL ADE SINGULARITIES
7.0 Convention. Let (R, m, k) be a CM local ring containing a field.

7.1 The Goal. We wish to classify those R that have finite CM-type. To do so, we will assume, at first, that R is
complete and k is algebraically closed with char k = 0 (in fact, we only need that char k # 2,3,5). Later we’ll relax

these assumptions.

Step 1. List the 1-dimensional ADE singularities.

Step 2. If dim (R) = 1 and R satisfies (DR): g (R) < 3 and pup2E R < 1, then R dominates an ADE
singularity. (We’ve shown the DR conditions are necessary for finite CM type. Now we will
show the converse).

Step 3. Prove that 2-dimensional ADE singularities have finite CM-type. (This will be a bit sketchy.)

Step 4. Deduce that 1-dimensional ADE singularities have finite CM-type (and therefore are simple).

Step 5. If R = kllzo, 21, -, 2n]]

then R has finite CM-type if and only if R is ADE if and only if R is simple.

where 0 # f € (xq, ..., xn)2 , k is algebraically closed and chark = 0,

7.2 (Step 1) ADE singularities in dimension one.
Let k = k, chark = 0. The ADE singularities are all of the form

k[, l]
(f)

where f is one of the following:

(A4n) 2 +y™ (n>1)
(D) a?y+y ! n=4)
(Es) a®+y*
(Er) 2 +ay’
(Bs) a®+y°
We stipulate n > 1 for (A,) as (Ao) : fx! ’yy]]) = k[[z]], a discrete valuation ring. Here, 2% +y is not a singularity,

but rather is smooth!

k k
The requirement that n > 4 for (D,,) is a bit more complicated. Consider (D3) : 1E237) = ([, y]]

@y +9?) (@ +y)
Notice y (x2 + y) is the graph of two smooth curves tangent to each other. This is in fact isomorphic to (As) as for

(A3) we have f = 22 +y* = (z + iy?) (z — iy?) , which is also two smooth curves tangent to each other. The change
of coordinates (A3) — (D3) given by x +— /—2iy and y +— x + iy? shows that (A43) = (D3).

7.3 Fact. Let (R, m) be local, CM, with ugR < 2. Then R is Gorenstein. Consequently, every MCM R-module is
reflexive (ie, M — M** is an isomorphism where M* = Hompg (M, R)). This will be useful in proving the following

result.

7.4 Proposition. (4,), n even, has finite CM-type.

k _
Proof. Note that R = M ~ [[t27tn+1]] via the map z — t"* and y — —t2. So R=k[t]]=R-1+R-t.
Let R; = K[[t?,¢"*1721]]. Then, we have the chain

R=RyC Ry C---CRz_1C Rz
—_—— =~ NP
(An) (An—2) k[[t]]:ﬁ

Let kM be MCM, with no free summand (that is, R is not a summand). We’ll show M is an Rp-module.
Let M* = Hompg (M, R). Note if there were a surjective homomorphism M — R then M = R@® N; therefore,
Hompr (M,R) = Homp (M,m). Hompg (M,m) is a module over S := Hompg (m,m). Therefore, so is M** and
so, by the fact, M is an S-module. Now, Homp (m,m) = (m:x m) = {o € K : am C m} where K is the quotient
field. Furthermore, as m = (¢2,t"*!) = {power series of the form at? + bt* + - -- 4 ct" + dt" ™' + et" ™2 + ... } | we



see t'm C m if and only if i is even or i > n— 1. Therefore, Homp(m,m) = (m :x m) = k [[t2,t"7']|] = Ry (A,_2).
Thus M is an Ry—module.

Now look at p,M. Write M = Rgr) @ N where g, N has no free summand. If N # 0, repeat! (Note we can
repeat since R is the integral closure of Ry and R = Ry -1+ Ry -t.) If, by the time we get to (As) = k HtQ, t3H, we
still have N’ # 0, then N’ is an k[[t]] = R - module. Since R is a DVR, N’ 2 R(%) (finitely generated torsion free
modules over a DVR are free). Thus, every MCM module is a direct sum of copies of Ry, Ra, ..., Ry = R. Therefore,

R has exactly 5 non-isomorphic indecomposable MCM modules. O

7.5 Proposition. (Fg) is simple. (Note that (Fg) being simple means that & [[z, y]] has only finitely many ideals I
such that z3 + y* € I%))

Proof. Suppose that x® + y* € I?. We’'ll show that I is either n = (x,y) or (m,yQ). Note if f,g € I, then
%(fg) = (B%f)g-i-f(%g) € I. Therefore, %(m3+y4) € I and %(m3+y4) €l. Soxz?2¢cTandy’cl
(assuming characteristic not equal to 2 or 3). Thus, (:c2,y3) C I. If I C n? then 2?4 y* € n*, which is false.
I g2

Choose g € I —n?, say g = ax+by+ (higher degree terms), with a # 0 or b # 0. Then g ¢ n?, so n/(g) is principal.
Therefore k[[z,y]]/(g) is a DVR, and it follows that I has to be m’ + (g) for some j > 1 (since the non-zero ideals of
K[z, y])/(g) are the ideals (m? + ())/(g)).

Case 1. a = 0. Then b # 0, so wlog, b = 1. We have g = y + cxy + dy? + exy? + (elt of (x27y3)) el
—_——
er

Therefore, y + cxy + dy? +exy? = y(1 + cx + y + exy) € I, which implies y € I. So ($2,y) CIC(x,y).

a unit

k
But [[(x,)yﬂ = k[[z]] is a DVR (whose ideals are only the powers of x), so ((1'2, y)) is simple. Therefore,
Y Y
I=(a?y)orI=(zy). Buta®+y* ¢ (9527y)2. So I = (x,y).
Case 2. a # 0, wlog, a = 1. Then g = = + by + cxy + dy? + exy® + (elt of (zz,y3)) el. . h:=

x+ by + cxy + dy? +exy? € I.
Suppose b # 0. Then h =z +y (b+ cx + dy + exy) € I, and so I contains

hixz—y(b+cx+dy+ exy)) = 2>

el

—yZ(b+cx+dy+exy)2.

Therefore, y2(b + cx + dy + cry) € [ = y*> € I. Thus, v +by+cry = h—y*(d+ex) € I. Multiply by y

a unit

to get xy € I. Therefore, looking back at g we see x +by € I. We now have (z +by) +n%? C I Cn, and
since k[[x,y]]/(x +by) is a DVR we conclude that I is either (z,y) or (z + by) +n%. If I = (z + by) +n?,
then 22 +y* € I2 = (x+by)> + (x+by)n2 +n* = 23 € (x+by)® + (z+by)n? + n*, which is a
contradiction. (Set # = —by. Then this would say —b%y® € n*, which is false.) So I = (z,y) in this
case.

Finally, suppose b = 0. Then we have x + cxy + dy?® + exy? € I. Multiply by y to get zy + cxy? € I.
Then zy(1+cy) € I = 2y € I. Now, x + dy?> € I. Now (z + dy?) +n® C I. Since k[[z,y]]/(x + dy?)

a unit

is a DVR, I has to be one of the following: (z + dy?) + n3, (x + dy?) + n?, or n. The second possibility
forces I = (x,y?), so we just have to rule out the first possibility. We assume that I = (z + dy?) + n®
and seek a contradiction. We have 2% + y* € I? = (2 + dy?)? + (x + dy?)n® 4+ nS. Substituting z = —dy?,

we get —d3y% + y* € n8, contradiction.

7.6 Exercises.

7.1 (3 points) Show (A4,,) is a simple singularity for any n.



§8. DOMINATING AN ADE SINGULARITY (STEP 2)

8.0 Convention. Let (R, m, k) be a one-dimensional reduced local ring, with finitely generated integral closure.
Assume further that R is complete, contains a field, and char k # 2,3,5. Also, assume that R satisfies the Drozd-
Roiter conditions: e(R) < 3 and pur(mR/m) < 1.

8.1 Remarks.

(1) Recall that Cohen’s Structure Theorem implies that R contains a coefficient field; that is, a subring that
maps isomorphically onto k via the natural map R — R/m. So, we assume that k£ C R.

(2) Note that the first Drozd-Roiter condition is equivalent to saying that ug(R) < 3, since e(R) = ug(R) in
this situation.

(3) Also note that ur(mR/m) = dimy n‘:‘%‘:%.

8.2 Theorem. The ring R above birationally dominates an ADE singularity. That is, there exists an ADE singularity
A such that A C R C A.

We should discuss what this means. We say that two domains are birationally equivalent if they have the same
quotient field. A ring R dominates enough ring A if the maximal ideal of R contracts to the maximal ideal of A. To
show R birationally dominates A, then really does mean that A C R C A. The point of this theorem is that if A
has finite Cohen Macaulay type, then R has finite Cohen Macaulay type. Thus it is enough to show that the ADE
singularities have finite Cohen Macaulay type to show that R does. In order to prove this theorem, we must first

take a brief excursion to Henselian rings.

8.3 Definition. A local ring (S,n,1) is Henselian provided it satisfies one of the following equivalent conditions:

(1) If f € S[t] is a monic polynomial, and a € [ is a simple root (that is, not a multiple root) of f € [t], then
there exists a 3 € S so that f(3) = 0 and 3 = a, where we are reducing modulo n.
(2) Every commutative, module-finite extension ring of S is a direct product of finitely many local rings. In

other words, S < T with T finitely generated over S implies that "= A; x --- x A,,, where each A; is local.

8.4 Hensel’s Lemma. Complete rings are Henselian.

Note that Hensel verified condition 1.
Complete rings are often nicer to work with because of their qualities. In essence, while local rings capture local
behaviour of a singularity, the completion of a local ring at its maximal ideal captures the extremely local behavior

of the singularity. The following example illustrates this point.

8.5 Example. Let R = k[z,y]/(y*> — #® — 2?), localized at the maximal ideal (z,y). This is the local ring at the

singularity in the nodal cubic. Before completing, R is a domain. However, R is not. Indeed, R = [x,y]/(y* — 2% —

x?) =2 E[t] x k[t].

e To prove this, we first show y? — 2% — 22 = 32 — 2?(x + 1) factors as a difference of squares. By the binomial

expansion, we see g := (1 + x)% eR:

1 1 1 Ll oy (lopg
g=1+-a+(2)2®+ - € k[z,y] where ( 2 :2(2 )o(g—n+t )
2 2 n nl

Note here that when we simplify the coeflicients, we see g = 1 + %x - %xz + %x

3 — ..., where all the

denominators are powers of 2. We rely on the fact that the characteristic is not 2 for this to make sense.
So, R = k[z,y]/(y + zg)(y — zg), and hence

R k[, y]/(y + zg) x k[z,y]/(y — xg) = k[¢] x k[t].



Thus the ring R gives us the singularity of the nodal cubic whereas R gives us the extremely local view of this

similarity, that is, we get essentially the curves 1 +z,1 — x.

Along these lines, we first prove a preliminary lemma on Henselian local rings, which says we can extract roots of
units (like 1 + z above).

8.6 Lemma. Let (S,n,l) be a Henselian local ring, let u € S be a unit, and let n be a positive integer. Suppose that

@ €1 has an n'* root and char I {n. Then u has an n'* root in S.

Proof. Consider the monic polynomial h = X™ —u € S[X]. Then h has a simple root, as char I { n. So, we can
choose v € S such that h(v) =0, i.e., v" = u. O

We now begin the proof of Theorem 8.2.

Proof of Theorem 8.2. If Py,..., Ps are the minimal primes of R, then

R=(R/P)) x---x (R/Py),
which needs at least s generators as an R-module. Therefore, s < 3 by the Drozd-Roiter conditions.
Case s = 1: Since R is reduced with a unique minimal prime, R is a domain. Also, R is a domain that is a direct
product of DVRs by Hensel’s Lemma (part 2), and so R = k[t]. We have k C R C R = k[t]. Our goal is to find
copies of 12, t3, etc in R. However, we cannot do this without a little work.

Since dimj, R/mR = e, mR = t"R for some r, and dimy R/t"R = r, we see that r = e. Thus, mR = t°R. But,
mR =bR+-- -—i—pr for suitable b; € m. Since b; R = ¢t™: R for some m;, we must have mR = bR for b = b; satisfying
mj; < m,; for 1 <4 < p. Therefore, we must have bR = t°R. Hence, there is a unit v of R such that ut® = b.

Since char k # 2,3, we can extract an e'! root v such that v¢ = u. Now (vt)¢ = b. After the change of variable

t — ot, we have t* = b € m. We break the remainder of this case into the following subcases:

e = 1: In this situation, R = R = k[t], and so take A = k[[t?,#3] to get A C R C A. Note that this is essentially a
trivial case.

e = 2: We have that 2 € R. Let f = (R :g R) be the conductor, say R = t" R, for some n. It is an exercise to prove
n is even. Then, t"*!1 ="t € f C R, so t"*! € R. Therefore R birationally dominates the (4,,) singularity
k[t?, tn ).

e = 3: Exercises 8.2-8.5 lead us to find an element a € k such that either t* +at® € R (if v(y) =4) or t> + at” € R
(if v(y) = 5) Then either k[t3,t* + at®] C R or k[t3,t° + at”] C R. In the following section, we look at these
rings to show they are in fact isomorphic to ADE singularities.

([l

8.6. Exercises

8.1. (2 Points) Prove that n is even (when e = 2).

8.2. (3 Points) Show that there are elements o and 3 in mR with v(a) = 4 and v(3) = 5, such that the
R

iR

8.3. (3 Points) Conclude that there exists v € R such that v(y) =4 or v(y) = 5.

8.4. (5 points) Assuming that > € R and R contains an element v with v(y) = 4, prove the following:

images of t3, o, and 3 form a k-basis of

(1) For each positive number n, R contains an element d,, such that v(t” — §,) > n (and therefore
t" € R).
(2) For each positive integer n, R contains an element ¢, such that v(t® — ¢,) > n (and therefore
t® € R).
8.5. (3 Points) Suppose v(y) = 4. Then there exists a € k such that t* + at® € R.



§9. COMPLETING THE PROOF OF THEOREM 8.2

We now complete the proof of Theorem 8.2. We will finish the case s = 1 and e = 3 and then examine the case

s = 2. We leave the proofs for s = 2,e = 3 and s = 3 for the next section.

Proof. (Continued) (Case s = 1,e = 3) First, suppose k[t?,t* 4+ at®] C R. Notice that t°,¢7,¢%,... € k[t?,t* + at?].
Define an automorphism ¢ of k[t] (which will take k[t?,t4] to k[t3,* + at®]) as follows:

1 3 1 3
st + iat2 + 1—6a2t3 =t+ Zat2 (1 + 4at>

(note that we use characteristic not 2 here).

Claim. ¢(k[t?,t1]) = k[t3,t* + at®], so the rings are isomorphic.

Proof. First we consider the images of t3 and t*:

3 3+ 3art (14 3at) + 202 (14 2at)” + (stuff)
=134 3at* + Fa*t® + La?t® + (stuff)
=3+ 3at* + 2415 + (stuff)
=t + 3a(t* + at®) + (stuff)

tt—  tt 4 at®(1+ 3at) + (stuff)
= t* + at® + (stuff)

where the higher order terms lumped into (stuff) are contained in t5k[t] C k[t3,t* + at®]. Therefore,
d(k[t3,t4]) C k[t3, t* + at®].

It remains to show that k[t3,t* + at®] C ¢(k[t3,t*]). Notice that the degree 5 terms in ¢(¢*) and
p(3at?) are equal. So t* = ¢(t> — 2at*) — ¢ where ¢ € t5k[t] € k[t?,t*]. Now we can continue to
refine by removing higher powers of ¢ using that the smallest degree term in ¢(2t™) is 2t"™. Similarly,
t* 4+ at® = ¢(t*) — ¢ for some ¢q € k[t] and so we can continue to refine before we apply ¢ to remove

higher degree terms.
Now suppose k[t?,t5 + at”] C R. Define an automorphism ¢ : k[t] — k[t] by
L3, 4 25
t—t+ —at —a“t
—t 4+ 5(1 + 25@
(note that we use characteristic not 5 here). Similar arguments show that ¢(k[t3,t%]) = k[t3,t° + at].
Thus, up to isomorphism, k[[t3,t* + at®] is an Eg—singularity and k[t3,t% + at”] is an Eg—singularity. (Note that

the result is also true in characteristic 2, 3, and 5, but the proof is drastically different).

Case s = 2: Then R has two minimal primes, say P and Q. Since R is reduced, PN Q = (0). So R = R/P x R/Q.
Notice that e(R) = pur(R) = pr(R/P) + pr(R/Q) = pr/p(R/P) + 1r/q(R/Q). Since e(R) < 3, one of the terms
must be 1. Without loss of generality, assume pg, p(R/P)=1. That is, R/P = R/P.

Recall, since R has two minimal primes, R = k[t] x k[t]. So e > 1. Suppose e = 2 (we omit the proof of
e =3). Then R/Q = R/Q, so R/P ~ k[t] and R/Q ~ k[t]. Define v : k((t)) x k((t)) — (ZU {o0}) x (Z U {cc}) by
v(a, B) = (v1(a),v2(B)) where v;(y) = m if vk[t] = t™k[t] and v;(0) = co. By exercise 9.1 there is some ¢ € R such
that cR = tk[t] xtk[t] = (t,t)R. Then, there is a unit u € R such that u(¢,t) = c (since they generate the same ideal).
Write u = (v, w) where v, w are units in k[¢]. Define an automorphism of k[t] x k[t] by (t1,t2) — (t1v,t2w) = ¢. So,

after a change of variables, we get (t,t) € R.
By exercise 9.2, f = P+ @ and so /P + @ = m. So there is some n such that (¢,t)" € f. Therefore, (it", —it™)

(i, —4)(t,t)" € f where i = v/—1 € R. (Again, we are using that the characteristic is not 2.) So k[(t,1), (it", —it")]

klz,y]
(y2+a2")

O R

via the map x — (¢,t),y — (it"™, —it™), which is an Ay,_;-singularity.



9.1. Exercises.

9.1 (5 points) Relax the assumption that e = 2, but still assume s = 2, that is, R = k[t] x k[t]. Let
v(m) = {v(z) |z € m} C (NU{oo}) x (NU {oo}).
(1) Show that v(m) has a unique minimal element (a,b). (Show any two incomparable elements
have something below them.)
(2) Show a > 0,b> 0.
(3) Show that pR is minimally generated by (1,0),(t,0),...,(t*"%,0),(0,1),(0,t),...,(0,t*=1).
(Hint: Use NAK and show these generate modulo the maximal ideal)
(4) Show that e(R) = a +b.
9.2 (2 points) R = (R/P) x (R/Q). Show that f = P + Q.
9.3 (5 points; 3 points if you find it in the literature) k[t3,¢7] ~ k[t3,¢7 + ¢*] if and only if char(k) = 3.
That is, you can’t get rid of the higher term. (Note: This satisfies DR1, but not DR2, so does not

have finite representation type.

END OF STEP 2 AND START OF STEP 3
We now complete the proof of Theorem 8.2

Proof. (Continued) Suppose R has two minimal primes and e(R) = 3. Then R = k[t] x k[t]. Use the second
Drozd-Roiter condition to get an element (0,«) € R such that

va(a) =2 or wy(a)=3,
where vs is the valuation on the second component of R = k[t] x k[t]. By definition (see notes from last time),
v(a)=2 =  ak[t] = t?k[],
nw()=3 = ak[t] =tk[t] .

(1) If va(e) = 2, then after a change of coordinates t — vt (where v is a unit) we can get an element (0,¢?) € R.

Eventually, we can get (¢,t™) € R for some m > 2, m odd. Then

k[, y]

k[[(oatQ)’ (tatm)]] = W

, the (D,,+2) singularity,
via the isomorphism
x — it t")
y +— (0,%).
Thus
E[(0,#%), (t,t™)] € R C k[(0,2), (t,t™)] ,
and R birationally dominates the (D, 2) singularity k[(0,#2), (¢,t™)].
(Note that if m were even, then y(z? + y™) would factor and R would have three minimal primes instead
of two.)
(2) If va(a) = 3, then we can get (0,t> + at') € R. Note we also showed that we could find v,d such that

v1(y) = 1,v2(6) = 2 and, after a change of variables, (¢,t?) € R.Use a Tschirnhausen transformation to

eliminate a. Then
~ Klz.y]

E[(t,t%), (0,1%)] P g

the (E7) singularity,
via the isomorphism
r — (0,t%)

y — —(t,17).



Thus
E[(t,£%), (0,£%)] € R C k[(t,£2), (0,8%)] ,
and R birationally dominates the (E7) singularity k[(¢, %), (0,%%)].

If R has three minimal primes, tt can be shown that R birationally dominates a (D,,) singularity, where n is even.

Thus, in all cases, we see R birationally dominates an ADE singularity. (]

The following Proposition shows that if R birationally dominates a ring of finite CM type, then R has finite CM
type. (Later we will show that simple singularities have finite CM type and we can conclude that any R as in the
Theorem has finite CM type.)

10.1. Propsition. Let (R,m,k) be a one-dimensional, reduced ring with finitely generated integral closure R. Let
(S,n,1) be a local ring with R C S C R. If R has finite CM type, then so does S.

Proof. Let My, Ms be MCM S-modules (i.e. My, My # 0 are torsion free).
Claim. Homp(M;, Ms) = Homg(M;, Ma).
Proof. The containment (D) is clear. To show (C), let ¢ € Homp(My, M3), m € M; and s € S.

. T ..
Write s = n for some r,t € R and t a non-zerodivisor on R. Then

to(sm) = p(tsm) = @(rm) = ro(m) = tsp(m) = t(p(sm) = sp(m)) =0.
Since My is torsion free, ¢(sm) = sp(m).

Now suppose My, Mo, ... is an infinite list of pairwise non-isomorphic indecomposable S-modules.

Suppose M; = M;, i # j, as R-modules. Then choose a bijection ¢ € Hompg(M;, M;). Since Hompg(M;, M;) =
Homg (M;, M;) by the Claim, ¢ € Homg(M;, M;) is an S-module isomorphism between M; and M;, which gives a
contradiction. Thus My, Mo, ... is an infinite list of pairwise non-isomorphic R-modules.

Suppose the R-module M; decomposes. Then Hom g (M;, M;) has an idempotent different from 0, 1. By the Claim,
Homg (M;, M;) has an idempotent different from 0, 1 and so the S-module M; decomposes, which is a contradiction.
So M; is an indecomposable R-module.

Thus My, Ms, ... is an infinite list of pairwise non-isomorphic indecomposable R-modules, contradicting the fact
that R has finite CM type. Therefore S has finite CM type. |

In the above proposition, since R is finitely generated and the rings are Noetherian, the R-module S is finitely
generated. By NAK, mS # S, so mS C n and n N R =m. Thus S birationally dominates R.

10.2. Example. (If S has finite CM type, then R need not have finite CM type.)
We know R = k[t?,¢"] does not have finite CM type (see exercise 10.1). But we can find a ring S between R = k[t3,¢7]
and its integral closure R = k[t] that has finite CM type. In particular,

E[t3,t7] — k[t3,t1] — Kk[t],

where S = k[t3, 1] is a (Eg) singularity of finite CM type (simple singularities have finite CM type, as we will show
later).

WORKING TOWARD STEP 3 OF THE GRAND PLAN

10.3. Defining R”. Let (S,n,l) be a regular local ring, let f € n%, f # 0 and let R := S/(f) denote the
corresponding hypersurface defined by f in S. Assume S is complete and char [ # 2. Suppose dim R = d, so
dim S = d + 1. Let z be an indeterminate and let

R .= S[2]/(f + 7).



10.4. MICM over R#. We want to study the MCM modules over R# compared to those over R. Note that
dim S[z] = d + 2 and so dim R# = d + 1. Also, S[z] is a regular local ring and so R* is a hypersurface. Also, we

have a surjective ring homomorphism
R* — R=R¥/(3)

z — 0.

Suppose N is a MCM R#-module (so that depth N = d +1). Then N := N/zN is a MCM R-module. Similarly,
suppose M is a MCM R-module and let M# be the first syzygy as an R#-module of M,

M# = syzh, (M) .

(Warning: we are using a different notation from Yoshino.) We want to show that M# is a MCM R# —module. To

do so, we first need some basic facts on minimal free resolutions and depth.

Minimal free resolutions over local rings. Let A be alocal ring and V' a finitely generated A-module.
Let n = 4 (V) be the number of generators of V. Then

Alm) d A

ker 7
0 0

where n, m are chosen as small as possible so that ¢ is a matrix with entries in m. Then

T

|4 0

ker m = syz} (V) is the first syzygy of V, which is unique up to isomorphism.
Depth Lemma. Let 0 = U — V — W — 0 be a short exact sequence of finitely generated modules
over a local ring A.
(1) If depth W < depth V', then depthU = 1 + depth W.
(2) depthU > min{depth V,depth W}.
[These results follow from the long exact sequence of Ext obtained by applying Hom 4 (A/my4, —)
to the short exact sequence. Recall that the vanishing of Ext gives the depth.]
Our Situation Suppose A is CM and dim A = d. Then

depth, (V) +1 if depth (V) < d

depthsyz} (V) =
epthsyz, (V) {d if depth (V) =d.

To see this, apply the Depth Lemma to the short exact sequence

0 —— syz4 (V) An 1% 0,

where depth A™ = d since A is CM.

Thus, depth M# = d + 1 and so M# is a MCM R# —module.

10.5. Theorem.

(1) Assume M is a MCM R-module with non free summand. Then
M# 2= M & syzh(M) .

(2) Let N be a MCM R#-module. Then

N =~ N @ syzp4(N) .



Note. Since syzygies preserve direct sums, we have:

(M#)# = M# @ syzp M#
> M @syzp(M) @ syzp(M @ syzp(M))
M @ syzyp(M) @ syzp (M) & M .

10.6. Exercises.

10.1. Show that k[t3,¢7] does not have finite CM type. (Hint: the second Drozd-Roiter condition fails.)

§11. COMPARING THE CM TYPE OF R AND R¥

11.1. Lemma. Let (S,n,k) be a reqular local ring, char (k) # 2 and R := S/(f) for 0 # f € n?. Let (p,9) be a

reduced matriz factorization of f and let M := coker ¢. Then

(i) (VJ _21 , [ 4 Z]) is a reduced factorization of f + 2% over S[z]?™).
z P —z P

(ii) syzpy (M) = coker VJ _21
z p

(iii) There exists an exact sequence

ool

R#(Qn) R#@") S R#(n) > M > ()

Proof. We first prove (iii). Note that M is MCM as (¢, ) is reduced. So M has no free summands. We have the

following exact sequences

RN ——= Rn) RN ——= M 0

and

M Es p# R 0

R#!

since R = %. Combining these, we get the following commutative diagram with exact columns

R v R @ jroa

R v jro @ jro
N
N U
N
? = N
R R — = R M 0 exact
0 0 0

Note that the first two rows in the diagram are not exact as ¢ = —2% # 0 in R?.

By diagram chasing we see that ker 7 = im ¢ + (z) and ker [ 0 z } =im v -z ] so (#i%) holds.
z
Note that () follows from the matrix multiplication:
—z Z + 22 0 + 22 0
¥ e _ | ¥y . | f i —(F+ ).
z -z Y 0 254y 0 2+f




For (i), note that the entries of v, ¢ and z are in E(fﬁl) (the maximal ideal of R#). Thus our exact sequence

from (iii) is the beginning of a minimal resolution of M over R#. Hence syzk, (M) = ker m = coker [ v oz ] by
z

diagram chasing.

11.2. Theorem. Assume the hypothesis of the previous lemma. Assume further that S is complete and k is closed
square roots.

(1) Let gM be MCM with no non-zero free direct summands . Then M# = M & syzh(M).
(2) Let gs N be MCM. Then N* = N @ syzl,, (N).

Proof. (2) Let d = dim R. Recall that dim R* = d + 1 = dim S

| /SM
N\

R =

S[=1/(f +22)

R#
S
(f)

As exercise 11.1 shows R¥ is finitely generated over S,we can use exercise 6.1 to say depthg N =
depthpy N = dim R#* = dim S. Thus sN is MCM. Now, S is a regular local ring and so pdg(N) < oo.
Thus, we can use the Auslander-Buchsbaum formula to get pdg(N) = 0, that is, gV is free, say of rank n.

Let ¢ : S — §(") represent multiplication by Z on N. This yields the following commutative diagram

)

S(n) S(n) coker p —— 0
I
\L = i = | I
- v
sN sN N 0

so N = coker . Note that (¢, —¢) is a matrix factorization of f, as —22 = f in R*. So N = syZpy (N) is
a MCM R# —module.

Apply (iii) of the previous lemma to the module N = coker ¢ and the matrix factorization (¢, —¢) to get
the exact sequence

R#(2n) R#(QW)

#

By (ii) of the previous lemma N" =syzp, (N) = coker [—(p _Z] .

Proceed to a base change to get N7 into a diagonal matrix

1 1 1 —¢ —zl 1 1 17 0 z—
V21 =1 |z | V21 —1] |=(z4+¢) 0
~—_—— ~———

=A A1

N# =~ coker l_@ _Z] =~ coker

= coker(z — ) @ coker(z + ¢).

zZ—p z—@ 0
=~ coker
—(z+ ) 0 z+




Note that (z — ¢,z + ¢) is a matrix factorization of f + 2% over S[z]. Now

zZ+p zZ—p
R#™ N 0

n Zt% n 7% (n)
R#" — R#" — R#

is an R¥ —resolution of N, so coker(z + ) = syzk, (V). From exercise 11.2, N = coker(z — ¢) so
N coker(z — ) @ coker(z + ¢) = N @ syz4 (N).

(1) gM is MCM with no free summands, so it admits a reduced matrix factorization (g, ) of f over R with

coker ¢ = M. By the lemma, M# = coker V] o . Thus

z p

M# = coker lqg O] = coker(1)) ® coker ().
¥

~

As R0 R™) R™) M 0 is a minimal exact sequence, cokerty = syzh M and
cokerp & M, so M# = syzL(M) & M. O

11.3. Corollary (Knérrer). Adopting the notation and assumptions of the theorem
R has finite CM type if and only if R* has finite CM type.

Note that as dim R < dim R# we can increase dimension without losing finite CM type.

Proof. We will prove the forward direction. The other direction follows similarly. Let My, --- , My be a representative
list of the indecomposable non-free MCM R—modules. Consider an indecomposable, non-free MCM R# —module
p#N. If N has a free summand, write N = X @ R for some R—module X. Then N~ N & syzh# (N) = X#* @ R*.
By Krull-Remak-Schmidt, this says that either N or syz}%# (N) has a free direct summand, deriving a contradiction.
Hence N doesn’t have a free R—summand. Say N = M) & ... & M then N & SyZhy (N) = N Mf(el) ®
- @B Mt# (Ct). As N is indecomposable over a complete ring, use the Krull-Remak-Schmidt theorem to conclude that
N is a direct summand of some Mi#. Each Ml# has finitely many indecomposable direct summands. Therefore so
does Mi#(ei) and Ml#(m D---P Mt#(c”. So N has finite CM type. As a consequence of exercise 11.3, this shows if
R has n MCM indecomposable modules, R¥ has at most 2(n — 1) + 1 indecomposable MCM modules. ]

11.4. Example. Assume k is a field with char k # 2 and let R = % ( Ris an (A,) ADE singularity hence
has finite CM type). Then R¥ = —klzul hag finite CM type. In fact, this arguement also shows %
[CNLIR n

(x2+yn+l+z2)
has finite CM type.

11.5. Exercises.

11.1 (3 points) Under the assumptions of the theorem, prove that R* is a finitely generated S—module.
(We are assuming S is complete.)

11.2 (5 points) Show that the sequence S[z]™) = S[z]™ —— N —— 0 is exact. (Hint: Show
that {1,z} is a basis for R# over S).

11.3 (3 points) If gM is an indecomposable MCM module, then M# is either indecomposable or the
direct summand of two indecomposables.

11.4 (3 points) Under the hypothesis of the theorem, show that if R* is a simple singularity then so is
R.



§12. THE WEIERSTRASS PREPARATION THEOREM

12.1. Lemma. Let R = S/(f), where (S,n, k) is a complete regular local ring and 0 # f € n®>. We also assume
that k is infinite, k C S, and therefore S = k[[xo,x1,...,2n]] by the Cohen Structure Theorem. Suppose further that
R is a simple singularity, and dim(R) > 1. Then:

(1) R is reduced
(2) e(R) <3
(3) If dim(R) > 2, then e(R) = 2.

Proof. (1) Since S is a RLR, S is a UFD. Suppose R is not reduced. Then f is not squarefree, and hence has
a repeated prime factor. Put f = gh?, where g,h € S, and h € n. Therefore, dim(S/(h)) = dim(S) — 1 =
dim(R) > 1. Therefore S/(h) has infinitely many ideals. Note that for any ideal I with (h) C I C n, we get
that f € I?. Of course, there exist infinitely many such ideals. This contradicts R being a simple singularity.

(2) Suppose e(R) > 4. Then f € n*. If J is any ideal such that n®> C J C n, then f € J2. However, n/n? is a
k—vector space, and ug(n) = dimy(n/n?) = dim(S) = dim(R) + 1 > 2. Hence, such J’s are 1-dimensional
subspaces of n/n?. Thus, there are infintely many such J’s, again contradicting R being a simple singularity.
Therefore e(R) < 3.

(3) Set d = dim(R) > 2. Since f € n? 3 > e(R) > 2. Suppose e(R) = 3. We will show R is not simple.

Put f = fs+ fa+ ..., where f; € k[zo,x1,...,24] is homogeneous of degree i (since e(R) = 3, we may
assume f3 # 0 and that there are nonzero terms of degree < 2.) Set V = {p eP¢: f3(p) = O}. Then
dim(V) = d—1 > 1. Thus V is infinite. Given A\ = (ag : a1 : --- : aq) € V, with at least one a; # 0, set

I = ({a;zj —ajz; : 0 < i,j < d}) +n?

Claim. f € I3.

Proof. By making a projective change of coordinates, we may assume that A = (1:0:---: 0).
Then I\ = (z1,2,...,24) + 0% = (23, 21,...,24)S. Hence, I3 is generated by z3, z3z; for 1
< i <d, and z;x; for 1 <i,j < d. Therefore, f3 may be written as: f3 = az} + elements
of I3, for some a € k. However, a = f3(1:0:---:0)=0,as (1:0:---:0) € V. Hence,
f3 €1} and so f € I3.

Claim. I # Iy for X # N.

Proof. Set P = k[rg,r1,...,74). Then P = gr,P = k®n/n?®.... Note that Iy /n? is a subspace
of n/n? corresponding to Ly := k(a;z; — a;z;) C P under this isomorphism. But since the
a;x; — x;a; are the defining equation of A, V(Ly) = {A}. Now suppose that I, = I». Then
III—Q = %’ which implies Ly = Ly/. So V(Ly) = V(Ly/), and thus A = X.

We now know that for every A € V, we get a unique I, whose square contains f. Since V is infinite, we

contradict R being a simple singularity. Hence e(R) = 2 as claimed. O

12.2. The Weierstrass Preparation Theorem. Let (D, m) be a complete local ring, with f € D[[z]]. Suppose
f=ao+a1x+ -+ axt + higher degree terms, with {ag,a1,...,a;_1} C m and ay € D —m. Then there exists
{bo,b1,...,bi—1} Cm and u a unit in D[[z]] such that f = (z' + by_12'= + -+ + by )u.

Proof. See: Lang, 93/99, Chapter IV, Theorem 9.2. g

12.3. Lemma. (Zariski and Samuel, Vol II, Page 147) Let k be a field, and 0 # f € k[zo,21,...,2,]. Then there
exists a change of variables (which is linear when k is infinite) such that f is as in the Weierstrass Preparation
Theorem with t = ord(f) = sup{r : f € (zo,x1,...,Tn)"}.

Proof. We will sketch the proof, assuming k is infinite. Let f = f;+ higher degree terms. Then z,, f; # 0, and, since
k is infinite, there exists ¢ = (cg, ¢1,...,¢,) € k™ such that (x,f;)(¢) # 0. Thus, ¢, # 0. Since f; is homogeneous,



we can scale and assume that ¢, = 1. Now we perform the change of coordinates:

X; +¢6X, ifi<n
¢ Xi—
X, ifi=n
Now, ¢(f) = ¢(f:) + higher degree terms. Now ¢(f;) contains the term fi(co,c1,---,¢n_1, 1)zt = cat, where ¢ #
0, as desired. 0O

Now, let S = k[[xo, ¥1, . .., 2,]], and suppose that char(k) # 2. Let 0 # f € n?, where n = (xg,21,...,%,). Set R =
S/(f), and assume R is a simple singularity with e(R) = 2. We remark that if u is a unit of S, (f) = (u~1f). So, by the
WPT, as well as the lemma, we can assume that f = 22 +byx,,+bg, where b; € (zg,21,...,Tn_1)k[[T0, 1, ., Tn_1]]-
Since char(k) # 2, we can complete the square by x,, — z, — %1. We can therefore put f = 22 + b, with b a non-unit
of k[[zo, 21, ..,Tn_1]]. Finally, this implies that R = B¥  where B = W

§13. ONE DIMENSIONAL ADE SINGULARITIES HAVE FINITE CM TYPE

13.1. Theorem Let (R,m, k) be a one-dimensional ADE-singularity. Assume k C R, R is complete, char(k) =0,
k=k. Then R has finite C M -type.

We will reduce the proof to a simpler case. First note, it is enough to show that R# has finite CM type.
Possibilities for R¥ :

(1) il =)
) A wz,
(Es) (xf [—E—xg;g’j],]z2)
M)

(3 +y° + 22)

13.2 Fact. Note SLs(k) acts on P := k[[u,v]] via

a b u '\ [ autbv
(c d><v>_<cu—|—dv>
that is, u — au +bv and v — cu+ dv. If G is a finite subgroup of SLo(k), welet P¢ = {f € P:of = f, Vo € G},
the ring of invariants of G. Klein showed each of the above possibilities for R* is the ring of invariants of a finite

subgroup of SLs(k) acting on k[[u, v]] linearly. Furthermore, he showed every finite subgroup of SLs(k) is conjugate

to one of these:

n 0 2mi
(A4,) Cp= << G OH (© )71 >> , where (11 = en+1 and the order of C,, is n + 1.
n+1

(D,) D,= << 0 { ) ’ ( C27874 . 0 - >> , where the order of D,, is 4(n — 2), n > 4.
2n—4



(Eg) T = tetrahedral group, and the order of T is 24.
(E7) O = octahedral group, and the order of O is 48.
(Eg) I = icosahedral group, and the order of I is 120.

Thus each of the possibilities of R is isomorphic to the ring of invariants for one of these 5 subgroups of SLo (k).

13.3 Example. Forn > 1,
PC" o~ k[[x,y,z]] )
(22 4 yntl 4+ 22)
To see this, first we need to find what is fixed by C,. So map u +—— (u and v — (~!v. Note that u"* v+ uv.
are fixed. In fact, P = k[[u™!, v+ w]].

One can show we have an epimorphism k[[z,y, 2]] - P%" via x — u®

“+1 n+1

, 2 — "7y — uv where the kernel of
this map is (y"*! — xz). [To see this, note that it is irreducible and hence a height 1 prime. Modding out gives us a
two-dimensional domain mapping onto a two-dimensional domain.]

Using another change of variables, we let z = 2’ + iz, z = —(2' —42’) and y = 3. Then y"*! — 2z = (y/)"* —
(=) ((2")? + (2)?) = ()" + (2')% + (2')?, proving our assertion.

We leave PP~ as an exercise. Now, to prove Theorem 13.1, it will suffice to prove the following theorem.

13.4 Theorem. Let P be a complete RLR of dimension 2. Let G be a finite group of automorphisms of (P, n, k).
Assume R := PY is a complete local ring and that char(k) does not divide |G|. Then, R has finite CM type.

Proof. Note G acts on K:=quotient field of P in the obvious way, i.e., if o € G, then

a(f> :M for f,g € P and g # 0.
g) olg)
Let F be the quotient field of R. Obviously, F' C K¢. We know K /K¢ is a finite Galois extension with Galois group

G.

K
N
G
SN
F
P /
R=PC

Claim. F = K¢ (See Lang’s Algebra book, pages 263-264)
Proof. Given « € P, let Q be the orbit of @ under G. Let Q = {o1¢,...,0.a}, where o; € G and

|| = r. Let h(T) := H(T — o0;a). Then h(T') € R[T] and h(a) = 0. This shows that P is an

integral extension of R.lI\Ilote also that h € F[T]. Therefore each element of P is separable algebraic
of degree < n := |G| over F. Since K = F(P), K/F is separable algebraic.

Choose a € P so as to maximize [F(«) : F] (as these are all bounded by n, we can choose the
maximum). Then, we must have K = F(«). If not, then there exists 5 € P such that 5 ¢ F(a).
Let L, := F(a 4+ t0) for each t € F. Since P is uncountable and K/F is algebraic, F' is infinite
(otherwise K would be countable). Since F(a, §)/F is a finite separable extension, there exist only

finitely many intermediate fields. So, there exist ¢ and w such that ¢ # v and L; = L,. Then



o, 3 € Ly so that Ly 2 F(a) and [L; : F] > [F(a) : F], a contradiction.

K = F(a)

Therefore, we see by the diagram that F' = K©.

Now, we know K/F is a finite algebraic extension.

N\
<oo
/ F=KGC
P

R =P¢
Note P is the integral closure of R in K (P is a UFD so integrally closed and P/R is integral). Since complete rings

are excellent, P is a finitely generated R-module.

Fact. Let R be an integrally closed local domain of dimension 2 and let M # 0 be an R-module.
Then, M is MCM < M is reflexive, i.e the natural map M — M™** is an isomorphism where
()* = Hompg(—, R). [In particular, R is CM.]

Note that Ris integrally closed (this follows from the above diagram) and so the fact applies. Define p: P — R
by p(z | G| Z . Then, R“—— P LA R and p is an R-homomorphism. Therefore,
cEG W
P = R@ X as R-modules, where X is finitely generated
RO X1 D... 0 X, where g X; are indecomposable modules
Note that there are finitely many X; as X is finitely generated.

It is now left to show that R, X, ..., X; are the only indecomposable MCM R-modules. Let pM be an indecom-
posable MCM module. Then,

PRrM2(RIRM)B(X1Qr M) & - & (X, @r M)
N———
~M

Therefore,
(PReM)*"2M"d (X1 r M) @ .0 (X ®r M)**
Mo (X1r M) @®...0 (X, ®r M)*™ since M is reflexive.

Note that (P ®g M)** is a P-module and a MCM R-module. So it is reflexive and thus a MCM P-module. This
implies it is free as a P-module (as P is a RLR) and so g M is a direct summand of P("™) = R(™) @ Xl(m) D... EBXt(m).
Therefore, M = R or M = X, for some 1. O

13.5 Exercises.



13.1 (10 points) Prove that for n > 4,

kllz,y, 2]]

pbn =~ :
(x2y+yn—l +22)

(5 points for n = 4 case). To do so, consider the maps ¢ defined by u — v, v — iu and ¥ defined

by (in the n = 4 case) u — iu and v — —iv. We see u?v?,u? — v? are fixed by ¢ and u*, v, uv are

2

fixed by 1. Invariants for our ring, must be fixed for both. Its easy to see u?v? and u* 4 v* are fixed,

but what is another?

§14. HYPERSURFACES OF FINITE CM TYPE.

14.1 Theorem. Let (R,m) be a local integrally closed domain of dimension 2. Let rM be a nonzero finitely

generated module. Then,

M is MCM <= M is reflexive.

Proof. First we must show R is CM. Choose any x € R — {0}. This is a non-zerodivisor as R is a domain. If R
is not CM, then m € Ass(R/xR). Then, there exists y € R — 2R such that my C Rz. Asy € R — zR, y ¢R
x

and gm CR. If gm = R, then m = RE contradicting pr(m) > 2. Therefore gm C R. So, gm Cm. Then mis a

faithful R [f} -module which is finitely generated as an R-module. Thus LA is integral over R. Slnce = ¢ R, this says
x
R is not integrally closed. Thus R is CM.

(<) Resolve M*

R — = pv) M* 0
Applying Homg(—, R), we get the exact sequence

ot

0 M** R®) R(@) C 0

where C = Coker ¢! and M** = M. Thus M is a second syzygy of C. So depth M > 2 by the depth lemma, and
hence M is MCM.

(=) Build an exact sequence

%

0 K M M** C 0

where K and C' are the kernel and cokernel of the natural map 4, respectively. Let @ = (0). Since (—)* commutes

with localization (for finitely generated modules over Noetherian rings), we have an exact sequence

0 Kq Mq (Mg)”™* ——Cqg ——=0

Since R is a field, Mg = Mg * * and so Kg = 0. But K is torsion-free, since K C M and M MCM is torsion free.
Thus K — Kg, which implies K = 0. Therefore we have

i

0 M M** C 0

Let p be a height-one prime ideal in R. Then R, is a one-dimensional integrally closed local domain. So R, is a DVR.

Now M, is free because it is torsion-free. So M, T, Mp* is an isomorphism. Therefore, C;, = 0. This shows
that Supp(C) = {m} if C' # 0, which implies depth(C) = 0. But M** is reflexive and hence MCM. This implies
depth(M) = 1 from the exact sequence ) —— M — M** —— C —— (0 and the depth lemma. This is a
contradiction, as M is MCM. So C' = 0. O



14.2 Theorem. Let (R,m, k) be a complete hypersurface with k C R, k = k, char(k) = 0. Let d = dim(R) > 1.

k ey Zd—
Then R has finite CM type <= R = [[ac,y2, 0, ’Zd2 2]
(9+25+...+25_5)

If dim R = 1, we have an ADE singularity which we have shown has finite CM type. The key issues of the proof

where g € k[[x,y]] is an ADE singularity.

are the following:

(1) A hypersurface A has finite CM type <= A# has finite CM type. Thus by sharping the one dimensional
ADE singularity, we get all of these.

(2) If d > 2 and A has finite CM type, then e(A4) < 2. We use Weierstrass Preparation Theorem and completing
the square to show if dim A > 2 and A has finite CM type, then A = R¥.

14.3 Definition. Let (R, m, k) be a local CM ring of dimension d. A canonical module for R is a finitely generated

module wg such that
k, i=d

Exts(k,w) =
0, i#d

Note that wg is MCM. Also, not every CM local ring has a canonical module (though complete rings do).
14.4 Proposition. If M and N are canonical modules for R, then M = N.

Sketch of Proof. 1t is enough to show the following.

(1) If dim R = 0, show that wg =& Eg(k), the injective hull, as R-module, of the residue field.
(2) Let n > 1. Let (z) := (x1,...,2q) be a regular sequence in m. Then (z) is both R— and M —regular
(it generates m up to radical), which implies (2) = («F,...,2]) is. Check that wr/(2™)wg is a canonical

module for R/(z™)R. Thus, if M and N were two canonical modules for R, then we would have
M/(2")M =2 N/(2")N forall n>1 by (1)
Therefore
M/m"M = N/m"N foral n>1

Then, by the following theorem, the result is proved. O

14.5 Theorem. (Guralnick): Let M and N be finitely generated modules over a local ring (R, m).

(1) If M/m™M = N/m"N for alln > 1, then M = N.
(2) If M/m"M | N/m"N for alln > 1, then M | N. Note: M | N means there exists X such that M & X = N.

14.6 Definition. (R, m,k) is Gorenstein provided R is CM and R & wg, i.e,

k, i=d

Ext%(k, R) =
0, i#d

14.6 Facts.
(1) Suppose (S,n, k) is Gorenstein and there is a surjection S — R where R is a local CM ring. Then, R has a

canonical module, namely, wr = Extg_d(R, S), where n = dimS and d = dimR.
(2) RLR = Gorenstein.
(3) Cohen-Structure Theorem = Every complete local ring is a homomorphic image of a complete RLR. There-

fore, each complete CM local ring has a canonical module.

Let (R,m, k) be a CM ring. Let €x(i) = {gM : M is CM of dimension i } Recall dim(M) = dim(R/(0 : M)) =
dim(Supp(M)) and M is CM < depth M = dim M.



14.6 Duality Theorem. For M € Cx(i), define M ~:= Ext% *(M,w). (Let d = dim(R) and assume wg exists.)
Then

(1) M€ €g(i)

(2) The natural map M — M " is an isomorphism.

(3) Exth(M,w)=0ifn#d—1i.
(For CM modules, d = ¢ and so M"= Hompg(M,w)).

14.7 Exercises.

14.1 (3 points). Let (R, m, k) be a local ring and M a MCM R-module. Let (z) be an R-regular sequence.
Prove that (z) is M-regular.

14.2 (3 points). Let (R, m, k) be a local CM ring, and let M be a finitely generated R-module. Let © € m
be both R-regular and M-regular. Prove that M is a canonical module for R if and only if M/xM
is a canonical module for R/(x). (Use Lemma 3 on page 140 of [H. Matsumura, Commutative Ring
Theory, Cambridge studies in advanced mathematics 8, 1989].)

14.3 (3 points). Let (R, m, k) be a local ring, let M be a finitely generated R-module, and let NV be a proper
submodule of M. Suppose () is an (M/N)-regular sequence in m. Prove that N N ()M = (z)N.

§15. GORENSTEIN LOCAL RINGS OF FINITE CM TYPE HAVE HYPERSURFACE COMPLETIONS.

Suppose that (R, m, k) is a local ring. Let

RPn RPn—1 e RP RPo k 0
be a minimal free resolution of &, i.e. take the smallest (; at each step. So
Bo=1
B = pr(m)

Brn = ur(syzg(k)).

15.1 Theorem. (Tate and Gulliksen) The (k) are bounded if and only if R is a hypersurface, i.e. R = S/(f)
where S is a regular local ring and f is a non-unit of S.

Note 3; = 0 for all ¢ > dim R if R is a regular local ring.

“Proof”. We already know that hypersurfaces have 3, (k) bounded: Assume R = R, with dim R = d. Then syzin(k) is
MCM for all ¢ > d (depth k = 0 and the depth increases by 1 for each syzygy). Therefore, using matrix factorizations,
we see that §; = ;11 for i > d. O

15.2 Lemma. (Direct Sum Cancellation) Let (R, m, k) be local, and A,B,C' finitely generated R-modules. If A C =
B & C then A= B.

Proof. Let A=R ®pr A, etc. We have
AeC~BeaC

~

because the tensor product distributes over direct sums. By Krull-Remak-Schmidt for complete local rings, A~ B
Recall a result of Guralnick: If A/m'A = B/m'B for all ¢t then A = B. We have

A/m'A~ A/m'A~ B/m'B =~ B/m'B,

since finite length modules are unchanged upon taking the completion. So A & B. O



Note that we could similarly prove the result for semilocal rings.

15.3 Lemma. Let (R,m, k) be a local CM ring. Let M be a MCM R-module and let

0 U—>F M 0,

be exact with F free and ur(F) = ur(M) (a minimal presentation). Assume M has no free direct summand. Then

U has no free direct summand.

Proof. Let d = dim R and let (z1,...,z4) be R-regular. Therefore it’s an M-regular sequence by Problem 14.1. We
have U C mF using some flavor of Nakayama’s Lemma. By Problem 14.3, we have U N (2)F = (z)U, where () is
the ideal generated by z1,...,z4. Therefore we have a one-to-one map U/(z)U — mF/(z)F since something from
U is in (z)F precisely when it’s in U N (z)F = (z)U.

Because U/(z)U sits as a submodule we have (0 :/z) U/(z)U) D (0 :g/ ) mF/(z)F).

But mF/(z)F = (m/(g))(n) where F' = R(™. Since (z) is a maximal R-regular sequence, m € Assg(R/(z)). So
(0:g/@m) m/(z)) # 0. Therefore (0:p/ ) U/(x)U)) # 0.

Suppose that U = R®Z for the purpose of a contradiction. Then U/(z)U = R/(z)®Z/(z)Z. Since (0 :r/z) R/(z) =
0, we have (0 :z/(;) U/(2)U) = 0, a contradiction. O

15.4 Lemma. (Herzog) Let (R,m,k) be Gorenstein. Let M be a MCM R-module that is indecomposable and with

M #R. Let

0 U—>F M 0,

be a minimal presentation, i.e. F free and pr(F) = pr(M). Then U is indecomposable. (We also know that U is
MCM since the depth lemma forces depthU > depth M.)

Proof. Apply Hompg(—, R) = ( )* to the minimal presentation:

0 M* F* U* Extyp(M,R) — -+~

Recall that Gorenstein implies that R = wg. Since M is MCM, we have Ext’s (M, R) = 0 for all i # d —depth M = 0.

So Extp(M, R) = 0. Thus we have an exact sequence

0 M * U 0.

Suppose that U = U; @ Us, with U; # 0 for all i. Then U* = U7 @ U3, and we claim that U # 0. If U} = 0 then
Ur* =0. But U; is MCM so U;"* 2 U;, since X — X** is an isomorphism for any X that is MCM.
Let
0 Vi G; U 0,

be a minimal presentation of U;. Then
0—VioV —G oG, —= U7 o U; —— 0,

is a minimal presentation of Uf ® Us. Since Uy @ Uy = U* we can use our previous sequence for U* to get
M*® RS 2V, & Vo @ R®, for some s and t.

If t > s, use direct sum cancellation to get M* = Vi @ Vo @ R*=%). Therefore M** decomposes. But M** = M
and M is indecomposable. Contradiction.

If s > t, cancel to get V1 & Vo =2 R @ X. Therefore either V; surjects onto R or V,» does. Say Vj surjects onto R.
This map splits, so V7 has a free summand.

By Lemma 15.3, U] has a free summand. Therefore U;* has a free summand. Since U;* = U; we conclude that
U has a free summand. By Lemma 15.3 again, M must have a free summand. But M is indecomposable, so M = R

which implies U = 0, contradiction. O



15.5 Theorem. (Herzog) Let (R, m,k) be a Gorenstein local ring with finite CM type. Then Risa hypersurface.

Proof. By Tate-Gulliksen we just have to show that 3; := §;(k) are bounded.

If j > d := dim R then syzﬁ(kj) is MCM. Let M = syz% (k). Write M = M; @ -+ - & M, with M; indecomposable
and M; free if and only if ¢ > s.

Then syzh(M) = syz " (k) is a direct sum of at most s indecomposable MCM modules by Lemma 15.4. Also
by Lemma 15.4, the syzygy of an indecomposable module is indecomposable. Continue in this manner: syz}é(k) is a
direct sum of at most s indecomposable modules for all j > d. Therefore 3;(k) < Bs for all j > d where

B = max{ur(N) | gN is indecomposable MCM}.
Taking into account the maximum of the 3; with j < d, we see that the Betti numbers 3; are all bounded. O

Recall that (R, m, k) is Henselian provided every commutative module-finite R-algebra is a direct product of local

rings.

15.6 Theorem. Let (R, m,k) be Henselian, and let E be a module-finite R-algebra, not necessarily commutative.
Then idempotents of E lift modulo the Jacobson radical J(E). That is, if v € E and 2* —x € J(E) then there exists
e=e? € E such that e — x € J(E).

Proof. Let A = R[z] C E. This is a commutative subring. Consider the diagram,

A/E\

R \ A/(ANJ(E))
k /
The rest follows from exercises 15.2 and 15.2. O

15.7 Exercises.

15.1 (4 points) In Theorem 15.6, use the fact that A is the direct product of finitely many commutative
local ringsto prove that every idempotent of A/(A N J(E)) is the image of an idempotent of A.

15.2 (3 points) Finish the proof of Theorem 15.6.

15.3 (4 points) Prove that the presentation 0 M* F* U* 0 is minimal (that
is, pr(F*) = pr(U*). Then indicate briefly how the proof of Lemma 15.4 can be completed without

invoking Lemma 15.2 and Lemma 15.3.

§16. UNIQUENESS OF DIRECT SUM DECOMPOSITION

For modules M, N, “ M|N ” means that there exists a module X such that X @ M = N. Recall a ring F is

“local” if E/J(E) is a division ring. Also E is “local” if and only if the non-units form an ideal, namely J(E).

16.1 Theorem. Let (R, m,k) be a Henselian local ring and let M be a finitely generated indecomposable R-module.
Then E = Endg(M) is “local.”

Proof. Map a free module onto M:
R™ — M — 0.



Apply Hompg(—, M) to get:
0— E— MM,

Since M is Noetherian and E C M) E is a module-finite R-algebra. Now note that mE C J(E):

Indeed it is enough to show that for f € mE and g € F, we have E(1 + fg) = E. But by NAK this is
equivalent to E(1 4 fg) + mE = E, which is clear as E(1 + gf) + mE = E + mE.
Thus E/J(E) is a module over R/m = k. Now since E is module-finite over R, E/J(E) is finitely generated and
thus a finite dimensional k-algebra. Hence it is Artinian with jacobson radical 0, i.e. semi-simple Artinian. Since M
is indecomposable F has no nontrivial idempotents. Since idempotents lift modulo the Jacobson radical by Theorem
15.6, E/J(E) also has no nontrivial idempotents. By the Wedderburn structure theorem E/J(E) is a division ring

(as otherwise, we’d have idempotents). O
16.2 Theorem. Let R be a ring and let

M@ &M =N D--- DNy
where the M; and N; are R-modules with “local” endomorphism rings. Then s =t and M; = N; up to permutation.
Proof. Let v : M1 ®--- &My — N1 ®---BENyand p: N1 B--- BNy — M1 P+ --® M, be reciprocal isomorphisms.
By the universal properties of direct sums and products we can write ¢ = [¢;;] and ¢ = [p;;] where ¥;; : M; — Nj,
@ij : Nj — M;. Since ¢ o) = 1) we have that 1 = 23:1 ©1;%51 with 1951 € E := Endg(M;). Since a sum of

non-units is not a unit and 1 ¢ J(E) there exists a j such that ¢1;¢,1 ¢ J(E). Relabel so that j = 1. So we now
have that 11111 is a unit of E:

M, P11 N, P11 M(ltpllwn)_}w_l

Let B = (¢11¢11) ' 011 : Ny — M;. We then have the splitting

/""wllw

0—=M TN ——=C—>0

and thus M7|N7. Since N; is indecomposable 111 (M1) = Ni. Thus 117 is bijective, and so @11 is. Hence M; & Nj.

Now to use induction we must first reduce ¢ = [¢;;] to a simpler matrix. To do so, we will use ¢11 to wipe out all

other entries on the top row and left column:

Let _ -
1 0
—pa1077 1
o — 0 0

0 00 - 1]

and note that agp is the matrix ¢ but with @91 replaced with 0. As « is invertible, a is still an isomorphism.

Continuous with elementary row and column operations to reduce the matrix ¢ to an invertible matrix of the form

w11 |0 ... 0
0

0
One can easily check that x : No @ --- ® Ny — My ® --- @ My is an isomorphism and so we may proceed by
induction. |



16.3 Corollary. Let (R,m,k) be a Henselian local ring. Then the Krull-Remak-Schmidt Theorem is valid for all
finitely generated R-modules.

Proof. Endg (M) is local for all finitely generated indecomposable R-modules. O
16.4 Corollary. The same conclusion holds for complete local rings.

Proof. Complete local rings are Henselian. O

The Krull-Remak-Schmidt Theorem fails for general local rings. An idea for a “proof” would be the following.

Assume we have

M@ - ®OMsENL DD Ny
Completing both sides gives

My@- &M, =N & &N,

and since R is complete we may use K-R-S. However ]\//.Ti, ]/\7; may not be indecomposable.

Let (R, m, k) be a local ring, and let M be a finitely generated R-module. Set
+(M) = {isomorphism classes of R-modules X such that X|M™ for some n > 1}.

With this definition +(M) becomes an additive monoid (a monoid is a semigroup with a neutral element, i.e., identity
element (0)) under the operation [M] 4+ [N] = [M @ N].

Let M = V1(T1) OB V;(T") with r; # 0, V; indecomposable ﬁi—modules, and V; 2 Vj for i # j. If X € +(M), say
X @Y =M™, then

XoV 2y g... gy
and hence X = V"V & ... & V") with s; < nr;. Now we define ® : +(M) —s +(M) by ®([X]) = [X]. By a result
of Guralnick ®(X)|®(Y) if and only if X|Y", i.e. ® has the divisor property and is thus one-to-one.

What is —|—(]\//.7)? We have an isomorphism —|—(]\//.7) — N where [Z] = [Vl(ul) @B Vt(“t)] — (U1,...,ut). So
we may consider ® : +(M) — N® and hence regard +(M) as a submonoid of N*) with the extra property that
+(M) = HNN® for some H < Z! (by the divisor property).

16.5 Exercises.

16.1 (3 points) Let R be an associative ring (not necessarily commutative) and M an R-module. Suppose
E :=Endg(M) is “local.” If M|U &V then M|U or M|V.

§17. RELATING MCM MODULES AND SUBMONOIDS OF N,

Let M be a finitely generated R-module and R® rM = Vl(nl) D-- -EBVt(nt)Where V; is an indecomposable R-module
for all j, V; 22V} for ¢ # j, and n; > 0.
If [N] € +(M), write Rop N 2 V™ & ... & V,"™). Define ®: + (M) — N® by [N] — (m,...,m,). This is
injective by Guralnick’s result. Thus +(M) is isomorphic to a submonoid of N()| an additive monoid.
17.1 Lemma. Let [N],[N'] € +(M). The following are equivalent:
(1) N'IN
(2) Reg N'|R® N
(3) ©(N') < ®(N)

Proof. (1) < (2) follows from a result of Guralnick. We leave (2) < (3) as an exercise. O
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Note that Bruns & Herzog use the term “ semigroup,” but all of their semigroups have an identity element. Thus

they really are referring to monoids.

17.2 Definition. A positive affine monoid is a finitely generated monoid that is isomorphic to a submonoid of
N® for some t. (Positive means: z +y =0 = 2 =y = 0, that is, the identity is the only unit.)

17.3 Definition. A submonid H of N® is a full submonoid provided: If hy, ho € H and hi|hg in N®_ then hi|hg
in H. That is, if hy + = hy with € N®)_ then x € H.

In N®, 2|y & = < y (in the product partial ordering). In H, hy|hs < hi < ho in N®). Indecomposable elements

of H (atoms of H) are the minimal non-zero elements of H. Thus, by exercise 4.1, {atoms of H} is finite.

17.4 Definition. A positive normal affine monoid is isomorphic to a positive affine monoid H that can be
embedded in N® in such a way that h € ZH and n € N — {0} and nh € N= h € H. (By ZH we need the quotient
monoid or the group generated by the monoid. So it is just the set of a — b where a,b € H).

17.5 Definition. A submonoid H < N® is an ezpanded submonoid of N provided H = L N N® for some
Q-subspace L < Q®). (Clearly, expanded = full as LN N® = (L N Z®) N N®))

17.6 Examples.

(1) 2N ={0,2,4,...} is a full submonoid of N, but it is not expanded (if 2 € L, then 1 € L as you can multiply
by %) However 2N = N, which is an expanded submonoid of N.
(2) H = {(x,y) € N® | 3|(x —y)}. This a full submonoid of N® as H = {(z,y) € Z? | 3|(z — y)} NN,
But H is not expanded: If H = L "N®) we have (0,3) € LNN® thus, (0,1) € LN N®. Contradiction!
But H = Hy = {(2,y,2) € N® | x4 2y = 32} where H; is expanded as it is defined by linear equations and
thus is a linear subspace. The isomorphism is given by (x,y) — (z,v, x—g2y)
Note that H < N® is expanded & H = N®) N Kert), where 1 is an m x ¢t matrix over Z. (Reason:

L < QW so L =Ker, where ¢ is an m x t matrix over Z.)

As exercise 17.5 shows, we can have elements «, 3, in a positive normal affine monoid so that 3a = 8 4 7. Can
we have atoms a, b in a positive normal affine monoid H such that 3a = 4b7 No! Embed H < N® . We have a > b.
Thus b | a. So, a = b+ ¢ where b # 0, ¢ # 0. Contradiction!

17.7 Theorem. [R. Wiegand, Journal of Algebra, “Direct Sum Decompositions over Local Rings”, 2001.] Let H be
an expanded submonoid of N, say H = Ker(¢) N N® where 1 is an m x t matriz over Z. Assume 3a € H such
that o = (ay,...,a;) with a; > 0 for alli. Let ¢y < -+ < ¢, € Q withn = m+ 1. Let R be the ring of Fzercise
3.4. Then there exists a finitely generated torsion-free (MCM) R-module M and indecomposable finitely generated
torsion-free R-modules Vi, ..., V; such that R ®@p M = Vl(al), cey Vt(at) and ®(+(M)) = H.

There are two main ingredients in the proof:

Theorem I. With R as above, let p1,...,p, be the minimal prime ideals ofﬁ and let (ry,...,r,) € NOW_{(0,...,0)}.

Then there is an indecomposable torsion-free R-module X such that Xp, = R‘(fii) for all i.

Theorem II. With R and p; as above, let Y be a finitely generated R-module. Let Y,, = R,(J:i’), Then there is an
R-module Z such that Y =~ R ®r Z if and only if ri =--- =1,.

17.8 Exercises.
17.1 (2 points) Prove (2) < (3).
17.2 (3 points) Let H be a full submonoid of N*). Then each non-zero element of H is a sum of atoms
of H. Therefore H is finitely generated.
17.3 (5 points) Let H < N® be a positive affine monoid. Show that these are equivalent:
(1) H is a full submonoid of N,



(2) H=GnNN®

(3) H=7ZHNN®
These conditions imply that H is normal. Conversely, if H; is a positive normal affine monoid, then
H, is isomorphic to a monoid H satisfying (1) — (3).

(Hint: See (6.1.5) in Bruns and Herzog. We have H «— ZH = Z® for some t. Let ( ,) be the
scalar product on ZH corresponding (via the isomorphism) to the ordinary dot product on AWM,
Fact: 3 ay,...,a; € ZH such that if g € ZH then g € H & (a;,g) for all i. You may use this
without proof.)

17.4 (8 points) Let H be a full submonoid of N®. Then H = H; < N® for some u, where H; is
expanded.

(Hint: See Exercise 6.4.16 (c¢) in Bruns and Herzog. There is an outline of the proof there.)

17.5 ( 2 points) Let H = {(v,y,2) € N®| 2 4+ 2y = 32}. Prove that H has 3 atoms, namely o =
(1,1,1),8 = (3,0,1),y = (0,3,2). (Note that 3 = § + 7 so, unique factorization fails and so
H NG

17.6 (3 points) If there is no such « as described in Theorem 17.7, show that there exists a full embedding
H< N(“), where u < t and “Jda”.

§18. MORE ON SUBMONOIDS OF Nt
We assume Theorems I and II from the previous section.

18.1 Theorem. Let H be an expanded submonoid of N, say H = (kery) N N® | where 1 is some n x t matriz
over Z (N® C z® ¥, Z™).  Assume there exists o = (ay,...,a;) € H with a; > 0,Yi. Let n = m + 1 and
let 1 < ... < ¢, be distinct elements of a field k. Let R be the funny ring of exercise 3.4. Then there exists
a finitely generated torsion-free R-module M and f.g. t-f R modules Vi,..., V4, all indecomposable and pairwise
non-isomorphic, such that Rop M = Vl(al) D.. .@Vt(a”) and ®(+(M)) = H. In particular, +(M) = H via [M] < o.

Proof. Write ¢ = [¢;;] (Z matrix). Choose h € N — {0} such that ¢;; + h > 0,Vij. Let Pi,..., P, be the minimal
prime ideals of R. By Theorem I, 9 f.g. indecomposable t-f R-modules Vi,...,V; such that

dimg,, (Vj)p, =
h

, ifi=m+1=n

Given a 8 = (by,...,b) € N® | let N(B) := Vl(bl) D...P Vt(bt). Theorem II says an R-module N “comes from” an
R-module (i.e., 3X such that R®pr X = N) < dimpg, Np, =dimg, Np;, Vi, j. As

t
> (g + Wby, iti<m
dimpg, (N(B)p,) =77

=93t
> hb;, ifi=m+1=n
j=1
t b1
N(B) comes from an R-module < Z%‘jbj = 0,Vi, that is, & : € (kery) NN® = H. Since a € H, we
j=1
bn

see that N(«a) = R®g M , for some R-module M, necessarily finitely generated and torsion-free. Thus R®p M =
Vl(al) ... Vt(at). We just have to show ®(+(M)) = H.
C: Given X € +(M), we can write R ®z X = Vl(bl) @...8 Vt(b‘) = N(B), where 8 = (by,...,b;) = ®([X]).
Then N(8) comes from an R-module, so 8 € H.



O: If 8 € H, 3 an R-module Z such that RopZ = N(8) = V"V &...aV"). But RexM = V"V e.. eV
since a; > 0,Vi, choose u € N such that ua; > b;,Vi. Then R ®r Z | (E ®p M) = E@R (M), By
Guralnick’s result, we see Z | M%), Therefore [Z] € +(M). 0

The pullbacks for the funny ring R and for its completion R are as follows.

RS Et](t—e1)u...U(t—cn) Re——K[[t]] x--- x k[[t]] (n factors)
k[t] k[t] k[t] k[t k[t
L€ (t—C1)4"'(t—Cn)4:tTX.“XtT kcﬂ%x...x%::DZDlx...an

[Using the facts that (t_61)4k_4[?2t_cn)4 = (tfgﬂ)zl X oo X % and k[t]—c) = E[t] )]

Now Theorem I says given (r1,...,7,), with r; > 0, not all r; = 0,3 indecomposable t-f R-module N such that
Np, = (Rp,)™) Vi. So it is enough to build an indecomposable (k, D)-module (V,W) such that W = DYI) X
.-+ x D). (Reason: There exists projective R-module L such that L/fL = W, namely k[t](") x --. x k[t]"™)) By
symmetry we can assume r1; > r; for all ¢. Thus, 1 > 0.

To make things simple, we prove the following more general result.

18.2 Proposition. (Lemma 2.2 of [R. Wiegand, 2001, Journal of Algebral]) Let F be a field, and let Dy,..., D, be
finite-dimensional F-algebras. Assume there exists ai,by € D such that {1,ay,a2,b1} is linearly independent over k.
Let i, ..., € N with 0 < ry > r;,Vi. Then there exists indecomposable (F, D)-module where D = Dy X -+ X Dy,
namely, (V,W), where W = Dgh) X oo X Dgﬁ"),

Proof. Let W; = Dz(ri), soW =Wj x --- x W,,. Define C := F(4) (columns). Define 9 : C — W by

c1 C1 c1 1
— ) b )
Cry Cry Cry Cr,
Let a = (91,0_7...,0),b = (b1,0,...,0) € D. Fix i <n,k <r;. Let e = (0,._..,1_,0,...,0) € D (1 in the ith spot)
0 0
andu= | 1 € C (with 1 is in the kth spot) so that ed(u) = [0,...,| 1 |,...,0
L 0 drix1 L 0 m
01 0
00 .0 L
Let J; = | and let V' = F-subspace of W consisting of elements 9(w) + ad(v) + bO(J1v),
: R
O O (’I‘i ><’I’i)

where w, v range over C. Note, d(u) € V, so ed(u) € DV. Everything in W is a D-linear combination of elements
of the form ed(u). .. W = DV. The proof that (V, W) is indecomposable is similar to (but ickier than) the proof of
Theorem 5.5 Case (4). O

§19. COMPARING R— AND R—MODULES.

Let (R, m, k) be a one-dimensional local ring with completion R. We are interested in determining which finitely

generated R—modules arise from R—modules. To do so, we first consider some general results.



19.1 Proposition. Let R, S be commutative rings and R — S a flat ring homomorphism (i.e., gS is flat). Let
M, N be R—modules with M finitely presented. Then

¢M : S@RHOIHR(M,N) —>H0m5(S®RM,S®R N)

is an isomorphism.

Proof. If M = R, then one can check directly that ¢y; is an isomorphism by choosing a basis. In general, M

finitely presented gives us an exact sequence
R™ — R™ _ M — 0.
By applying Homp(—, N) and then S ® g —, we get the exact sequence
S ®r Homp(R", N) «— S @ Homp(R™,N) «— S ®r Homp(M, N) — 0

as Hompg(—, N) is left exact and S is flat. Similarly, we get an exact sequence by applying S ®r — and then
Homg(—, S ®g N). Thus we have the following diagram with exact rows:

S @ Hompg(R™,N) <—— S ®r Homg(R™) N) <—— S @ Homg(M,N) <—— 0

; : -

Homg(S™, S ®r N) <—— Homg (S, S @r N) <—— Homg(S @ M,S ®r N) <— 0

One needs only show the diagram is in fact commutative and then the Five Lemma yields the desired result. |

Similarly, if there exists --- — F,, — F,,_1 — -+ — Fy — M — 0 with each F; finitely generated and free, then

for all ¢
S @p Exth(M,N) = Exts(S ®r M, S ®g N).
This holds, for example, when R is coherent and p M finitely presented or R Noetherian and rM finitely generated.
In particular, as R — SR is flat for a multiplicatively closed set S, if R is Noetherian and rM finitely generated
we have
Ext(M, N), = Exty (M,, N,).
Returning to our situation with (R, m, k) local, let (S, n,¢) be a local ring and ¢ : R — S a local homomorphism

satisfying
(%) mS = n and the induced map on residue fields is an isomorphism
(i.e., R+ n =.8). The completion or Henselization are examples for the ring S where this holds.

19.2 Lemma. Let R — S be a flat local homomorphism satisfying (x). If RM has finite length, then M — S @ M

is an tsomorphism.

Proof. Induct on Ag(M). If Ag(M) = 1, then M = k. We know S®@rk = S ®r R/m = S/mS = S/n =k. If
Ar(M) > 1, we get a short exact sequence 0 — M’ — M — M"” — 0 where A\(M) > A(M"), \(M") by the additivity

of length. Apply S ® g — to get an exact sequence and the following diagram with exact rows:

0 M’ M M"

R

00— SQrM — SQRr M —— S®Qr M"

By the Five Lemma, done. O



In particular, this shows that finite length modules do not change when taking the completion. Similarly, we have

the following result.
19.3 Lemma. Let R — S be flat, satisfying (x). Let sM have finite length n. Then Ar(rN) = n.

Given a commutative Noetherian ring R, let a(R) = R,,u...up, Where p; are the minimal primes of R. If R is Cohen
Macaulay, then «(R) is just the total quotient ring. Notice that R — «(R) is not injective if R is a one-dimensional

local ring that is not Cohen-Macaulay.

19.4 Theorem. Let (R, m,k) be local with dim R = 1. Let R — S be a flat local homomorphism satisfying (). Let
sN be finitely generated. Then N comes from an R—module if and only if a(S) ®s N comes from a a(R)—module.

Proof. The forward direction is clear by associativity of tensor products and commutativity of the diagram in Exercise
19.1: If g¢N comes from g M (i.e., N =2 S ®@gr M), then a(S) ®s N comes from «(R) @g M.
For the backward direction, assume a(S) ®5 N = a(S) ®4(ry X for some finitely generated ,(g)X.

Remark. If T is a multiplicatively closed set in a commutative ring A and X a finitely generated
I'"! A—module, then there exists a finitely generated A—module Y such that X = I'~'Y.
Proof. Choose generators 1, ...,z, for p-14X and let Y be the A—submodule of X generated by

Llyeeey Ly

Choose rY finitely generated as in the remark so that «(R)@rY = X. Let sZ = S®pr Y. We know by Exercise 19.1
that a(S)®sZ = a(S) ®s N. Choose any isomorphism ¢ € Hom,(g)(a(S) ®s Z, a(S)®s N) = a(S) ®s Homg(Z, N).
Then ¢ = %w for some ¥ € Homg(Z, N) and an element g not contained in any minimal prime of S. Note that
qo : a(S) ®s Z — a(S) ®s N is also an isomorphism as ¢ is a unit of «(S). So we now have an S—homomorphism
v : Z — N such that o(S) @9 : a(S) ®s Z — a(S) ®s N is an isomorphism. Let K = ker and C' = coker ¢). Then
we have the following commutative exact diagram

AN

Note that a(S) ®s K =0 = a(S) ®s C as a(S) ® ¥ is an isomorphism. Thus K, = 0 = C,, for all minimal primes
(i.e., all p # n). This says A\g(K),A\s(C) < 00 so K =S®r K and C = S ®r C. This says Homp(K,Y) has finite
length as an R—module as Hompg(K,Y), = Hompg, (K,,Y,) = 0 for all p # n as K, = 0 for all p # n. So, we have

the following sequence of isomorphisms

0 K N C 0
0

Z\W
Ve

Homp(K,Y) = S @r Hompg(K,Y) = Homg(S ®r K,S ®pY) = Homg(K, Z)

as Z = S®grY. Choose j € Homg(K, Z) = Homg(K,Y). Then there exists ¢ : K — Y such that S ®p i = j. Let
Q = cokeri. Then S ®pr Q =g cokerj =g W as flatness preserves cokernels. Thus W and C are extended. Now
9 - W — N — C — 9 represents an element of Ext(C, W) = S®pExthL(C, W). Again Ext!(C, Q) has finite length
as Cp, =0 for all p#n. So S®g Exty(C, Q) = Exth(C, Q). Thus 0 — W — N — C — 0 comes from an element of



ExtR(C,Q), say 0 — W — U — C — 0. Then we have the commutative diagram with exact rows:
0 Q U
00— W —=85®rU ——>C—>0

0 w N
Thus N =2 S ®g U, that is, N is extended. O

C 0

U 0
19.5 Corollary. Let R be a one-dimensional local domain. Let R be reduced with minimal primes p1, ..., p;. Let
&N be finitely generated and assume Np, = RI(,:) for alli. Then N is extended from R if and only if ry = -+ =14,
Proof. Use the following diagram
Ry, x - xRy,
a(R)=K

(K = the quotient field )

N

O

Exercise 19.1. (4 points) Let R — S be a flat homomorphism of commutative Noetherian rings. Then there exists

a commutative diagram

[Hint: Just show the denominators in a(R) are units in «(S). Lemma A.9 in Bruns & Herzog may be helpful.]

§20. A GENERAL RESULT ON FAITHFULLY FLAT DESCENT.

Let R — S be a map of commutative rings. The map is faithfully flat provided rS is flat and g X # 0 implies
X ®r S # 0. Exercise 20.1 shows that R — S faithfully flat also implies mS # S for any maximal ideal m.

20.1 Theorem. Let R — S be a faithfully flat map of commutative rings. Let M, N be finitely presented
R-modules. Then
Me+(N)<=[S®rM] e +(S®rN)

Proof. One direction is clear. For if M € +(N) then M @ X = N™ for some X and some n € N. Then
(SRRM) D (SRrX)=S@r (M ®X)=S®r N™ = (Sog N)™.



For the other direction assume that S @z M|(S @z N)*) =2 S@zr N®. Since +(N) = +(N®) we may assume ¢ = 1,
ie. S®r M|S ®gr N. This gives the following diagram:

S®RML>S®RN*¢>S®RM
w

lsgpm

where ® € Homg(S®gr N,S®r M) =2 S®gHomg(M, N). So we can write ® = 51 ® 1 + -+ - + 81, @ oy, wWith s; € S
and ¢; € Homp(M, N). Set
Y=[p1...0m]: N™ = M

This gives the following commutative diagram:

S1
e Sm =
SQrM ——> S®@r N (S@r N)™ —— §@p N(™)
15®@
P
lsgpm S ®r M

which shows that 13 ® : S@r N™ — S®p M is a split surjection. By the next lemma 1 is a split surjection and

we’re done. 0

20.2 Lemma. Let R — S be a faithfully flat map and M, N R-modules with M finitely presented. If v : N — M

is an R-linear map with 1g @ ¥ a split surjection, then i is a split surjection.

Proof. Choose 3 : S®r M — S ®g N such that (15 ® ¥)8 = lsgym-. Given any o € Homg(S @ M, S ®r M),
we have B0 : S®@r M — S ®g N and (15 ® ¥)(8o) = o. This says 1s @ ¥)(B0). : Homg(S ®r M,S ®g N) —
Homg (S ®r M, S ®r M) is surjective. Of course, we have

HOl’Ils(S ®R M,S@R N) —— HOI’HS(S ®R M,S@R M)

ET ET

S @p Homp(M, N) ——2"_+ § @ Homp (M, N)

By commutativity, we see that 1®41), is surjective. But 1®1, surjective implies 1), is surjective since S is faithfully
flat. Now choose o € Homp (M, N) such that v, («) = 1p;. Then ¢ o o = 17 implies ¢ is split surjective. O

20.3 Example. Let R = R[z,y]/(2? + y*> — 1) and let m be a real maximal ideal of R, i.e. a point on the circle.
The ideal m will have the foorm m = m, = (x — a, y — b) with p = (a,b) € R? and a® + b*> = 1. Exercises 20.2
and 20.3 show that m, is an invertible ideal and [m,]™! = [m,] and [m,]~* = [m,]. Thus the class group of R has
order |cl(R)| = 2 (the nontrivial element is the “Mobius band”). Now let S = C ®g R = Clx,y]/(2? +y?> — 1) =
Clu,v]/(uv — 1) = Clu, v~ "], where u = x4 iy and v = z — iy. Thus C®g R is a PID. For m = m(y 1) we have m{ R

but S @rm = (2) = S for some z € 5, i.e. S@®rm|S ®r R.

20.4 Theorem. Let (R, m) be a local ring and R — S a faithfully flat homomorphism with S Noetherian. Let M
and N be finitely generated R-modules. Then M|N if and only if S®gr M|S @r N.

Proof. Faithful flatness implies mS # S, so there is a maximal ideal n of S containing mS. We can replace R — §

by the flat local homomorphism R — S,,. Changing notation, we may assume that S is local and R — S is a flat



local homomorphism. By Guralnick’s theorem, it is enough to show that M/m"M | N/m™N for all n > 1.

For any n, we have A := R/m"™ — S/m™S =: B, a flat local homomorphism, and we have finitely generated B-
modules U := M/m"M and V := N/m™N such that B, U|B®4V,say, BaU S Z = B,y V. We want to
conclude that U|V. We proceed by induction on the length of U (or on the number of indecomposable factors; the
argument is the same). We know that U|V® for some t. Since A is Artinian we have Krull-Remak-Schmidt for

finitely generated A-modules. Therefore if U is indecomposable, we clearly have U|V.

If U is not indecomposable, write U = U'@U”, a direct sum of modules that are shorter than U. Since BRsU'|BR4V,
we have U’'|V by induction, say, U’ & W 2 V. Then we have B U @ BRaU" @ Z2BRuUBZ 2B,V
B®aU @ B®yW. Since B is local we can cancel, getting B®4 U”|B ®4 W. By induction, U”|W, and it follows
that U’ @ U”|V, as desired. O

20.5 Exercises.

20.1 (4 points) R — S is faithfully flat if and only if the map is flat and for each maximal ideal m,
mS # S.

20.2 (5 points) Show that m is not principal (use something like the Intermediate Value Theorem).

20.3 (3 points) Show that m,m, = (f) where the line connecting p and ¢ is the vanishing set of f. Also

show m? = (g) where g = 0 is the tangent line at p. In particular m%o,l) =(y—1).

§21. SMOOTH, UNRAMIFIED, ETALE

21.0 Context. R — S is a ring homomorphism, R is Noetherian and commutative, and S is finitely generated as
an R-algebra (R[X1,...,X,] = S). For references, see [7] and Sections 17 and 18 of [6].
We're interested in R-algebras C, ideals I of C' with I? = 0, and R-algebra homomorphisms ¢ : S — C/I. What

liftings are there to ¢ : S — C' making the following diagram commute?
— o1

N
AN
N T
AN
C

_

I —> W

smooth
21.1 Definition. With R, S as above, R — S is { unramified » provided for each R-algebra C, each ideal I of C'
étale
Je
with I2 = 0 and each R-homomorphism @ : .S — C/I, { 3 at most one ¢
o

21.2 Remark. In testing these properties, we can restrict to finitely generated R-algebras C. Why? Write
C = JC.,, where the C, are the finitely generated R-subalgebras of C. Let I, = I N C,. Since S is a finitely

generated R-algebra and R/I = |J Ra/In, im@ C Ry /I for some a. We can consider the following diagram:

@



S C/1

%

o/Ia

|

Ca

R Q\\\C

To prove the unramified case, enlarge « if necessary, and we have the following diagram.

MQ/

c/I

S

\//

%
)
N

Now if there are two arrows to Cy, then there must have been two arrows to Cy /1.

21.3 Properties.
Transitivity: Let R — S — T, R — S finitely generated, S — T finitely generated. If R — S and S — T
are smooth/unramified/étale, the same holds for R — T.
Base Change: Suppose R — T is a ring homomorphism with 7' Noetherian, and R — S is smooth /unramified /étale.
ThensoisT — SQgrT.
Faithfully Flat Descent: Suppose R — T is faithfully flat and T is Noetherian. Assume R — S is finitely
generated. Then R — S is unramified if and only if T'— S ®g T is unramified. (This is true for
étale as well - later!)
21.4 Standard Etale Homomorphism. Start with R, Noetherian. Let f € R[X] be monic. Let g € R[X].
Let S = R[X]/(f) (then S is finitely generated and free as an R-module: If f = X" +a, 1 X" 1 + .-+ qg then S
has R basis {1,X,...,X""!}). Assume f’ = ﬂ is invertible in S [¢g~!]. Such a homomorphism R — S [g7!] is
called a “standard étale homomorphism”. Note that R— S B} is flat. We want to show that R — S [ﬂ is étale:

R“— RIX] —> R[X,}]
N

§———8Gl---~cC

RN

o/l

Note: C' is an R-algebra, so we have an arrow R — C.



Let ¢ € C/I, ¢ = ¢ (X) where X is the image of X in S [ﬂ We want to show that 3! ¢ € C such that
m(c) = ¢ and f(c) = 0. (Notice ¢ (g) will be a unit of C/I. Since I? = 0, any lifting ¢ will take g to a
unit of C.) Choose any ¢y € C such that 7 (cp) = €. Given e € I, using the Taylor expansion about cg, write
f(co+e) = fleo)+ef (co) +q(e), where ¢ € X?R[X]. Note that e € I, so e = 0, hence g(e) = 0. Now,
flco+e)= f(eco)+ef (co). Since f'(co) is a unit of C/I (as it is the image of a unit from S), there is a unique
e € I such that f(co+e€) = 0. Namely, e = f]{,((cc(;)). (Note f’ (¢p) is a unit in C since it becomes a unit in C/1.)
Thus, we have found a unique ¢ € C, namely ¢ = ¢y + e, such that 7 (¢) = ¢ and f (¢) =0, and can use this to get a

unique ¢ : S [ﬂ — C' making the diagram commute.

21.5 Definition. Let R be commutative and gM an R-module. A derivation R — M is a function d : R — M
such that d (a +b) = d (a) +d (b) and d (ab) = ad (b) +bd (a) . Suppose R is a k-algebra, where k is any commutative
ring (not necessarily a field). Then d : R — M is a k—derivation provided that it is a derivation and d (ca) = ¢d (a)
for all c € k and a € R.

Note d(1)=d(1-1)=1-d(1)+1-d(1) = d(1) =0. Therefore, d(c-1) =0 for all ¢ € k.

21.6 Definition A universal k—derivation is a k—derivation d : R — N such that for any k—derivation d’ : R — M

there exists a unique ¢ € Hompg (N, M) making the following diagram commute.

R N

d
E—
\ 3
d/
M
Let Dery (R, M) = {k-derivations : R — M}.

Notation: d: R — Qp/y, is the universal derivation. (g, is called the module of Kéhler differentials.) Note

)

that ¢ +— ¢ o d defines a natural isomorphism Hompr(Qg/i, M) = Dery(R, M).

21.7 Example. Let R =k[X,Y]. Claim: Qp/,, = R® R, where R 2, R® R is defined by ¢ (f) = (S—X,

Qo
S

21.8 Exercises

21.1 (3 points) Show this works! (Hint: Use that if d : R — M is a k-derivation, then d (f) = g—{(dX +
of
20 4v)
In general, there exists 2p,, whenever R = k [X], where X is any set of indeterminates (possibly
infinite). Each ring R is a quotient k [X] /I, so we have the picture

Serx1/h
RX] — % Quixn

L |

SR/k Q
_ k[X] . > —tk[X]/k
R = T Répx)/k (1)

21.2 (2 points) Let R — S (surjective). Then R — S is unramified.
21.3 (4 points) Let f € R. Then R — R [ﬂ is étale.

§22. MORE ON k-DERIVATIONS

Let R be a finitely generated k-algebra, where k is any commutative Noetherian ring. Recall that a universal
derivation is a derivation g/, : R — Qp/j such that for any derivation d : R — M there exists a unique R-module

homomorphism ¢ : g/, — M making the following diagram commute:



Letting Dery, (R, M) = {k-derivations : R — M}, we have:

Dery (R, M) = Hom(Qpgx, M)
d — @ ;
Y odp/k — (0
where ¢ is the map that makes the above diagram commute. Through this isomorphism, we can turn derivations

into R-module homomorphisms.

We look now at another approach to constructing Q2p/;. Here k is any commutative ring and R is a k-algebra,

not necessarily finitely generated over k. Consider the following canonical exact sequence:

-
0——=I—>R@®R—R—>0,

where I is the kernel of the map f: R ®; R — R given by f(a ® b) = ab.
Note that R ®; R is a commutative ring with multiplication given by (a; ® b1)(as ® ba) = (a1b1) ® (a2b2) (and

usual addition).
22.1 Remarks.

(1) T is generated as a left R-module by elements of the form 1®a —a® 1.
Proof. Suppose x = a1 ® by + -+ a, ®b, € I. Then f(x) = a1b1 + -+ + anb, = 0. Note that we can

write

z = (@ )(1®b —b®1)+--- (a, @ 1)(1®b, — b, ®1)+

+
+ (@m1)B @)+ + (e, ®1)(b, ®1)

=(a1b1+---+anb,)®1=0
= (@me)Aeh-hel)+-- + (e, ®1)(1®b,—b,®1).

(2) There are two R-module structures on R ®j, R:
(i) R® R is a left R-module via r(a ® b) = (ra) ® b, r € R, and
(ii) R ®y R is a right R-module via (e ® b)r = a ® (rb), r € R.
These two structures are different, but they agree on I/I2.

Proof. For each generator of I and for all » € R, we have:
rlee—a®l)—(1®a—a®1l)r = ra—ra®l—-1Qra+a®r
= (1®r—-rel)(l®a—a®1)cI?*.

Thus I/1? is an R-module unambiguously. O
(3) Defineamap d: R— I/I? by 6(a) =1®a — a® 1. We leave it as an exercise to show ¢ is a k—derivation.

In fact, § is a universal k-derivation.

Proof. Consider the diagram



where M is an R-module and d : R — M is a k-derivation. We need to show that there is a unique map
@ :I/I? — M. Note that § is surjective and thus uniqueness follows.

Now define ¢ : Ry R — M by ¥(a®b) = ad(b) . Since d(1) =0, »(1®a—a®1) = d(a) — ad(1) = d(a).
Check that (I?) = 0. Then we get a map ¢ : I/I? — M satisfying o(I1®a—a® 1) = d(a). Hence
pod=d. O

22.2 The Fundamental Exact Sequence.

Consider the sequence

k—>R—2>35 ,

of homomorphisms of commutative rings where k is Noetherian, R finitely generated over k and S finitely generated

over R. Then the sequence

o B8
Qr/x @r S Qs/k Qs/p —=0

where
a(dp/k(a) @ b) = bis/k(g(a)) and  B(ds/k(b)) = ds/r(D) ,

is exact.

Proof. Note that all modules in the sequence above are S-modules and so it is enough to show that the sequence
remains exact after applying Homg(—, M), for each R-module M.
Let M be an arbitrary S-module. Apply Homg(—, M) to the sequence above to get:

*

Homs(Qp, @ S, M) <2 Homg (g, M) <-— Homg(Qs/r, M) < 0

lzm i: l:

Dery (R, M) Dery (S, M) =<——— Derg(S,M) =<—0

The isomorphism (%) comes from the fact that tensor products and Hom are adjoint:

Homgs(Qp/r ®r S, M) = Hompg(Qp/i, Homg(S, M))

Il

Hompg(Qp i, M) as M = Homg(S, M)

1

Dery, (R, M) .

So both squares commute. The bottom row is easily seen to be exact, and therefore the top one is exact as well. [

22.3 Theorem. Let R be Noetherian and let o : R — S be a finitely generated R-algebra. Then « is unramified if
and only if Qg/p = 0.
Proof. (<=) Consider the following diagram
S — C/I
1N
R——C

where C is a (finitely generated) R-algebra, I is an ideal of C' with I? = 0, and ¢; and ¢y are ring
homomorphisms making the diagram commute. Define d : S — I by d(s) = ¢1(s) — ¢2(s). (Note that
d(s) € I since the upper triangle commutes). If z € I and s € S, then

p1(s)z — pa(s)r = (p1(s) —pa(s))z € I* = @i(s)w = pa(s)x .



Thus I has a well-defined S-module structure and I is an S-module via sz := ¢;(s)z = @a(s)x. Check that
d(a(R)) =0 and that d : S — I is a derivation (exercise). Hence 1 = pa.
(=) Consider the sequence

C
0—=J—>S®RS——S5 ——0,

where J := ker(S ®g S — S). We want to show J = J2.
S®rS J
Let C = %1; ,I:ﬁSCWithP:O. We have:

§ 2L 501

N L

S®rS
RHC: J2

Define o1 : S — C by p1(a) =a®1 (=a®1+ J?) and g3 : S — C by ¢2(a) = 1 ® a. These two maps
make the bottom triangle commute. Check that the diagram commutes. Hence a ® 1 — 1 ® a € J?. Since
such elements generate J, we conclude that J = J2.

Suppose now that R is Noetherian and S is a finitely generated R-algebra. Then S ®p S is finitely
generated as an R-algebra. Hence S ®p S is a Noetherian ring. So J := ker(S ® g S — 5) is a finitely
generated ideal of S ®p S.

If R — S is unramified, then J = J? and so J is generated as an ideal of S ®x S by an idempotent (the

proof uses the determinant trick). So the sequence
0—=J—=5®rS—>=S5——=0

splits as S ®pr S-modules. m

As a consequence, we have the following Proposition.

22.4 Proposition. Let R — S be unramified and flat. Let N be a finitely generated S-module. Then there is a
finitely generated R-module M such that N |S ®p M.

Proof. Regard N as an R-module (note that N need not be finitely generated as an R-module, unless S is module-

finite). Apply — ®g N to the diagonal sequence
0—=J—>SQrS—>=5——=>0
to get the split exact sequence of left S-modules
0—=J®sN —>S5SQQrN—>N—>0 .

Hence N |S ®g N.

Now write

N:UMa,

87

where the M, are finitely generated R-modules. By flatness,

S@rN=|JS®r M, .

(6%
So there is a such that N | S ®gr M,. Take M = M,. Then M is a finitely generated R-module, and N is a direct
summand of S ®gr M. O

22.5 Exercises.



22.1 (3 points) Show that ¢ is a k-derivation.
22.2 (3 points) Prove that d : S — I is an R-derivation.
22.3 (3 points) Find an example of a homomorphism R — S of Noetherian rings such that S ®g S is not

Noetherian.

§23. FIBERS

a

Suppose R A S is a ring homomorphism. Let Spec(S) AN Spec(R) be defined by

¢"(Q) = ¢ (Q):
We often write ¢~ 1(Q) = Q N R (even if R does not embed into S). The fiber over P € Spec(R) is

(")~ (P) = {Q € Spec(S)|Q N R = P}.
Let k(P) = Rp/PRp=quotient field of R/P. Then there exists a natural homeomorphism
Spec(k(P) ®g S) «— (¢*)"1(P).

Note k(P) @ S = S,/PSp where Sp := (R — P)7'S is called the fiber ring. Let R——= 5, Q € Spec(S),
P =QnNR. Wesay Q is isolated in its fiber provided @ is both minimal and maximal among prime ideals of S lying
over P. Equivalently, QSp/PSp is maximal and minimal in Spec(Sp/PSp).

23.1 Zariski’s Main Theorem (ZMT). Let R be a Noetherian ring, R s S finitely generated algebra. Let
Q € Spec(S) and P =Q N R € Spec(R). Let R’ = be the integral closure of R in S (the integral closure of ¢(R) in
S). Let Q@ = QN R'. Suppose Q is isolated in its fiber with respect to R — S. Then there exists f € R' — Q' such
that R/ H =9 H .

Q——5s

Q/CH R/

T

P~——=R
23.2 Remark. Let R — S be a finitely generated algebra, R Noetherian. Let @ € Spec(S) and P = Q@ N R. Then
Q is isolated in its fiber <= S /PS¢ is a finite dimensional k(P)-algebra.

Proof. Let k = Rp/PRp, A = Sp/PSp, the fiber ring. Let ¢ = QA = QSp/PSp. Note that A is a finitely
generated k-algebra and that A, is naturally isomorphic to Sg/PSg. The remark now follows from the following
proposition. O

23.3 Proposition. Let k be a field and A be a finitely generated k-algebra. Let q € Spec(A). Then q is both

minimal and mazimal in Spec(A) if and only if Aq is a finite dimensional k-algebra.

Proof. The forward direction is an exercise. For the backward direction, since A, is a finite dimension k—algebra, it

is Artinian. Thus q is minimal in Spec(A4) and so we just have to show it is maximal.

Claim. There exists f € A — q such that A5 = A[%]
1

Proof. If not, choose f; € A4 such that the fraction

1 1 1 1
by —...—, that is, A[
i fi Jit1 ¢ Jifi

dimensionality. Thus A = A {ﬂ

the A-subalgebra R; of A, generated
¢ g q 8

1+1

} This would give Ry & Ry & ... & Aq violating finite



If f is transcendental over k, then k[%] is infinite dimensional over k. Since k[%] C A,, we have a contradiction.
Thus, f is algebraic over k. We get f* + a1 f" '+ ..+ an_1f +a, = 0, a; € k. Take n minimal. We have
fFUfrt+afr 2+ . +an1) = —an.

If a,, # 0, f is a unit (multiply both sides by —a,,*. Then 4, = A[%] = A, so q is maximal and we are done. So
suppose that a,, = 0. Write f* + a1 f" '+ ...+ apn_pf* =0, an_r #0, k> 0. Suppose q S P € Spec(A). Then
PA[%] =PA, =A,= A[%] Therefore f € P. We have

Ot P L an g1 f Fank) =0€qC P.

As f* & q (since gAq # A, = A[%]), we see f"F fa, 1 PR 4+ a,_p € q. It follows that a,_ € P as f € P.
But a,— € k — {0}, contradiction. O

22.4 Convention. For the rest of this section, let R — S, R Noetherian, S finitely generated R-algebra. @ €
Spec(S), P=QNR.
We say R — S is étale near QQ provided there exists an element b € S — Q such that R — S [%] is étale.

“Unramified near @)” is defined similarly.

23.5 Theorem. Let R be Noetherian, and let R — S be a finitely generated R-algebra. Let QQ be a prime ideal of S,
put P:=QNR and let k = Rp/PRp, the residue field at P. These are equivalent:
(1) R — S is unramified near Q.
(2) There are elements a € R—P and b € S—Q, a standard étale morphism R[] — C and a surjective R-algebra
homomorphism ¢ : C — S[t] such that ¢ : k @ C — k @g S[3] is an isomorphism, R[] — S[}] is defined,

and the following diagram commutes:

Proof. (2) = (1) : R — R[1] is always étale (Exercise 21.3) and therefore unramified. Thus, if (2) holds, the map
R — S[}] is the composition of two unramified maps and therefore is unramified.
(1) = (2) : Just replace “étale” with “unramified” everywhere (except in quoting the result that characterizes

étale and unramified extensions of fields) in the following theorem. ]

23.6 Theorem. Let R — S be Noetherian and let R — S be a finitely generated R-algebra. Let QQ € SpecS and
P :=QnNR. These are equivalent.
(1) R— S is étale near Q.
(2) There are elements a € R — P and b € S — Q such that R [%] — S [%] is defined (that is, a maps to a unit
of S [3]) and standard étale.



Proof. The proof of (2) = (1) follows exactly from the proof of the previous theorem, where we replace “unramified”

with “étale”. For the other direction, we proceed as in the following outline.

(I) Reduce to the case (R, P, k) is local. So now (R, P, k) is local, @ N R = P (the maximal ideal), and there
exists f € S — @ such that R — § {ﬂ is étale. (Note: Until the very end, we use only the fact R — S is
unramified near Q.)

(IT) Reduce to the case where R — S is module-finite. By base-change, k — k ®g S is étale. Now k ®p Sg =
(S/PS)q, a ring of fractions of k ® S’[%}, which is Artinian. By exercise 23.2, k ®g S[%] — k®g Sq is
surjective and so is unramified. By the fact below, k¥ — k ®r S¢ is unramified, as k — k Qg S[%] is
unramified. Therefore, k ®r Sg = (S/PS)q is a finite dimensional k-algebra by the proposition. Therefore
() is isolated in its fiber over P.

Let R’ be the integral closure of R in S. By ZMT, there exists g € R’ — (Q N R’) such that

1 1
wl5)=s)
g g
We will complete the proof in the following section. O

23.7 Fact. Let A be a finitely generated k-algebra, where k is a field. These are equivalent:
(1) k — A is étale.
(2) kK — A is unramified (as étale = flat + unramified).

(3) A=k x ... x k; where each k; is a finite, separable field extension of k.

23.8 Exercises.

23.1 (5 points) Prove the forward direction of Proposition 22.3. (You will probably need the version of
the Nullstellensatz that says that a field extension that is finitely generated as an algebra is actually
a finite-dimensional extension.)

23.2 (3 points) Let ¥ be a multiplicative subset of a commutative Artinian Ring A. Then the map

A — Y71 A is surjective.

§24. COMPLETING THE PROOF OF THEOREMS 23.5 AND 23.6

From last time, we get the following:
Assume f € Q and R — S {H étale (unramified). Let S’ (R’ last time) be the integral closure of i(R) in S and

Q' = QNS By Zariski’s Main Theorem, there is an element g € S’ — @’ such that S’ B] =9 [ﬂ

From exercise 24.1, S” is a finitely generated R-module (since it is integral over R, it is module finite). In

S"[5] = S[3], write f = [t where h € S”. Note that h ¢ Q" := S” N Q. Invert h to get S”[_;] = S[7]. Then
we have R — S [%} - S [ﬁ] = 5" [gih] where the first and second maps are étale (unramified) as inverting a single

element is always étale (unramified) and therefore R — S” [gih] is étale (unramified).

By exercise 24.2, we may refresh notation by replacing R — S with R — S” and @ with Q". Therefore we have

R S

N\

S14]

where S is module-finite, (R, P, k) local, QR = P, and R — S[%] is étale (unramified).

Set S = S/PS, a finite dimensional k-algebra, and Q = Q/PS € Spec(S). Then we have k — S —» 5“[%] —» SQ.
Since S is Artinian, ) is a minimal prime. So k — Sg is surjective and hence unramified. Then S, is a finite direct
product of finite separable field extensions of k. As it is local, it is a product of just one. So S5 = k(a) by the
primitive element theorem. Write S = k(a) x A, where A is the direct product of the localizations at the other



primes. Choose o € S such that & := 0 + PS = (,04) € S. Let S’ = R[0] € 5,Q' = QN S’. A little work shows
that S/Q/ = SQ/.

Since S is finitely generated as an S-module, S/S’ has closed support, so there is some f' € S’ such that
S’[%} = S[%] Therefore we can refresh notation by replacing R — S, Q with R — S’,Q’. Now,

S[5)

where S is integral and module finite and R — S[%] is étale (unramified). Let r = dimy, S = dimy k[5]. Then
{1,0,...,0"'} generates S as an R-module (by NAK since {1,5,...,5" "1} generates S).

Write 0" as an R-linear combination of 1,0,...,0"~! to get a monic polynomial H € R[z] with deg H = r such
that H(o) = 0. We get, after a little work, a € R — P,b € S — @, and a commutative diagram

R S

l |
N

C

such that ¢ : k ®@r C — k ®g S[}] is an isomorphism. This completes the proof of Theorem 23.5.
To finish the proof of Theorem 23.6, replace R — S by R — S[%], so we may assume R — S is étale. We wish to
show that there is an element ¢ € C, ¢ & ¢~*(Q[}]) such that C[1] — S[.L] is an isomorphism.
Let q = c;S*l(Q[%]),I = ker¢ C q. It’s enough to show that I, = 0. By NAK, it’s enough to get (I/I%), = 0.
Consider the short exact sequence
0—I/I*?=C/I*—=S—0

Since R — S is étale, there is a unique 6 : S — C/I? making the diagram below commute.

R——C/I?
That is, the short exact sequence is split and therefore remains split exact after applying k @ (—).
0> k@rlI/I> > kerC/I> 5 S=kor S —0

Therefore k ®g I/I? = 0. So I/I? = PI/I? which implies I/I? = q(I/I?). Therefore (I/1?)q = 0 by NAK, and
the proof is complete. |

24.1 Remarks. Under the basic assumptions we’ve been working with, R — S is unramified (étale) near @ for all
Q if and only if R — S is unramified (étale).

Proof. For the backward direction, take f = 1. For the forward direction, we sill proof each case separately.

Unramified Case. Take f1,...,f, € S with S =Sfi +---+ Sf, and R — S[fi] unramified (étale)
for all i (using compactness of Spec(S)). Check that QS[%]/R = Qg/r Or S[%] Therefore Qg/p =0
locally, so Qg/r = 0. Thus S/R is unramified.



Etale Case. We seek to show there is a unique ¢ making the diagram below commute. Notice that

by the unramified case, if there is a ¢ it is unique.

SHC/I

N

R——C

For every i, we get a unique ¢; : S [fi] —C [fi] making the appropriate diagrams commute. Consid-
ering these over SpecS [%] = D(f;), we have, by the unramified case, that the ¢; agree on overlaps
and so the maps “glue” together. (Technically, we should reverse the arrows and think of the maps

as morphisms of affine schemes. |

24.2 Exercises.

24.1 (3 points) There exists a finitely generated R-subalgebra S” of S’ such that g € S and S”[é] = S[%].
24.2 (5 points) Show that it is sufficient to prove Theorem 23.6 for R — S” and the prime ideal Q”.
(HINT: If A — C for C as in Theorem 23.5 is standard étale, then so is A — C [1] for c € C.)

§25. THE HENSELIZATION.

25.1 Proposition.Suppose that R — S is as usual (R noetherian and S a finitely generated R-algebra). Then the
following are equivalent:

(1) R— S is étale

(2) R — S is unramified and flat

(3) R— S is flat and Qg/p =0

Proof. 2 < 3 has already been shown in previous sections.

1 = 2: Because flatness is a local property and we know that étale implies standard étale near each prime, we're
done.

2 = 1: By Theorem 23.6 and the Remark 24.1, it’s enough to show that R — S is étale near each prime @Q. Fix
Q,let P=QNR and put k := Rp/PRp. We know that there exist a € R — P, b € § — @ and a commutative
diagram

T

STD éV

R[Z] ¢
Sl3]
such that ¢ := k @ ¢ is an isomorphism.

For notational simplicity, replace R — S by R[] — S[}]. So we have a commutative diagram:

T

STD étaV

R ¢

N

S

with ¢ an isomorphism.



By passing to Rp — Sp := (R — P)~1S, we may assume that R is local with maximal ideal P. Let I = ker ¢
and q = ¢71(Q). It will suffice to show that there is an element t € T' — q such that I[t~!] = 0. Since I is finitely

generated it is sufficient to show that I; = 0. We have an exact sequence

0 I T S 0.
Apply k ®g —:
¢
0=Torf(k,S) —=k®pl —=k®@rT —=k®r S —=0

because S is flat. Therefore k @z I = 0 because ¢ is an isomorphism. So I = PI and, since PS C q, I = qI. By
Nakayama’s lemma, I, = 0, as desired. O
25.2 Definition. Let (R,m, k) be a local Noetherian ring. Then the Henselization of R is a Henselian ring R"
together with a local homomorphism i : R — R" that satisfies the following universal property: If S is a Henselian

¢
local ring and R ——= § is a local homomorphism (that is, the maximal ideal does not generate S), then there

exists a unique local homomorphism ¢ making the diagram commute:

By the usual categorical properties, if R" exists then it is unique up to unique isomorphism.

25.3 Proposition. Let (R, m, k) be a local ring. Then the following are equivalent:

(1) R is Henselian
(2) If R — S is étale and p € Spec(R) such that ¢~(p) = m and k = k(p), i.e. the induced map from R/m to

Sy /pSy is an isomorphism, then R — S, is an isomorphism.

25.4 Definition. A local homomorphism (R, m, k) — (S,n,¥) is essentially étale provided there is an étale homo-

morphism R — T and a prime p € Spec(7’) such that T, = S and the following diagram commutes:

R——>T
§<~— T,

25.5 Definition. Let (R, m, k) be a local ring. An étale neighborhood of R is an essentially étale homomorphism
¢ (R,m, k) — (S,n,¢) such that the induced map k — ¢ is an isomorphism.

Proposition 25.3 says that R is Henselian if and only if every étale neighborhood is an isomorphism.

25.6 Remark. If (R,m, k) — (59, n, ) is essentially étale then mS = n. The reason is that by base change k¥ — S/mS
is étale. Therefore S/mS is a finite product of separable field extensions of k. But it’s local, so it’s a field. Therefore

mS =n.

25.7 Theorem. Let (S;,n;,¢;) be essentially étale over (R,m, k), where i = 1,2. Suppose that there are local

homomorphisms o and 8 that make the following diagram commute:

S
X\
R—— > S

If&zﬁ:ﬂl—%z then a = (3.



Note that

This forces @ = .

25.8 Corollary. Let R, S1, Ss be as above and assume S; are étale neighborhoods of R. Then there is at most one

local homomorphism « : S1 — Sy making the following diagram commute:

R— 5

N

(03
Moreover, if there exist a and § with S1 = Sy , then fa = 1g, and af = 1g,.
B

Consider isomorphism classes of étale neighborhoods of (R, m, k). Then

[e3
means that there exists @ and § with S} = S . We say that [R — 5] < [R — Sa] if there is a commutative
B

diagram

S — =5

NS

It turns out that it’s not hard to see there is only a set of 1som0rphism classes (instead of a proper class). This set

is directed: we can obtain a commutative diagram
S1
R T
Sy
with T' = (Sl QR 52)11 and n = ker[51 Rr Sy — kQRrp k= k]
Taking the direct limit of this set we obtain the Henselization of R.



§26. COMPARING CM TYPE WITH A RING AND ITS HENSILIZATION

From last time we have
R"=1limR;

i

where R — R, are étale neighborhoods.
Ry
/ |
|
|
R | 3 at most one map
|
\\ |
Y
Ry
Say that Ry < Ry if 3 a map R; — R making the diagram above commute. This relation is transitive and

antisymmetric.

Given any R; and Ry we always have the commutative diagram

N

R—— Ry, ——T = (R, ®r R2)p

where n = ker(Ry ® g Ro — k®grk = k).

All the maps are flat. (R",m" k) is local (Noetherian) with the same residue field as R. R — R" is flat since the
direct limit of flat modules is flat. Also mR" = m". Now R" is Henselian (a local ring is Henselian provided it has no
proper étale neighborhoods). The Henselization has the universal property that if R — H is a local homomorphism

and H is Henselian, then there is a unique local homomorphism making the following diagram commute:

R—— R

I
| 3!
Y

H

In particular, taking H = ]%, we get a natural map R" — ]A%, which turns out to be injective. Moreover, R=RI It
R is countable, so is R", but R is never countable unless R is Artinian.

What we are looking for are results that allow us to transfer finite CM type from R to R".

26.1 Theorem Let (R,n) — (S,n) be a flat local homomorphism with the property that for each finitely generated
R-module L, S ®r L is a MCM S-module if and only if L is a MCM R-module. (By Theorems 2.1.7 and A.11 of
Bruns & Herzog, this holds whenever the closed fiber S/mS is Artinian, e.g., when S is the Henselization or the
completion.) If S has finite CM type then so does R.

Proof. Let A = { indecomposable MCM S-modules Z s.t. 3 MCM X with Z® W = S®p X}. Let Z3,...,7;
be a complete list of representatives of isomorphism classes in A. Vi write Z; @ W; &£ S ®r X; where X; is a MCM
R-module. Let X = @E:l X;. Given a MCM R-module L, we can write S ® g L as a direct sum of copies of the Z;,
say SQr L =Z" &---® Z™. Define b = max{ay,...,a;}. Add M = 2" ¢ ... 2" 9 Qb & --- & Q! to both
sides to get
SeorLleoM=2ZoWla - 0Z)oQ}=Seor(Xi @ - ® X)) =S®r X"

Therefore S ®@p L € +(S @ X).

From a theorem found in §20, L € 4+(X). We have that +(X) embeds as a full submonoid of N®) for some w.
Therefore, +(X) has only finitely many indecomposables and there exists only finitely many indecomposable L’s. [



We now know that if R" has finite CM type then so does R. Our goal is to prove the converse:
If R has finite CM type then so does R".

It is enough to show that for each MCM R"-module N 3 a MCM R-module M s.t. N|R" @ M.

Start with z» N, MCM. Let S = R". We have a presentation for N: S 2, §(m) _, N — 0. Choose an étale
neighborhood R; such that all entries of ® “come from” R; (since S is the direct limit of the R;). Write ® = [s43], and
choose i “large enough” so that there exist rqp € R; with rqp — Sqp via R; — S. Let ¢ = [rqp]. Define M = coker ().
We have a presentation RE") 2, Rz(m) — M — 0. Then N =S ®g M, and M is MCM as an R;-module.

Refresh Notation: Let (R,m,k) — (S,n,k) be an étale neighborhood. We have a MCM S-module ¢ N and we
want a MCM R-module g M such that s N|S®pr M. We showed before that 3 f.g. R-module M such that ¢ N|S®@pr M.

(Sketch of how this works: We have an S ®p S split exact sequence 0 — I — S®p S — S — 0. Apply -®g N to
get an S-split surjection S®r N — N — 0. Thus s N|S ®r N. By writing gN as a direct limit of finitely generated
R-modules, we can get N as a direct summand of S ® g M for some finitely generated R-module M.)

But there is no reason to believe g M is MCM. The idea is to show that the MCM S-module N is a d*? syzygy where
d = dim(S) = dim(R). If we can do this, we’ll have an exact sequence 0 — N — S(a-1) — ... — (o) ¥ 0.
As above, we have s X|S ®g Y for some f.g. rY. Let Z be the d'" syzygy of gY. Then Z is MCM. Then we get
sN|S®r (Z @ free).

26.2 Theorem. ([Evans & Griffith, “Syzygies”]): Let (R,m,k) be CM. Assume Rp is Gorenstein ¥V prime P # m.
Then every MCM R-module is a d* syzygy, where d = dim(R).

26.3 Theorem. Let (R,m,k) be a local CM ring with finite CM type. Then Rp is reqular VP # m.

26.4 Lemma. (Huneke & Leuschke) Let

0 N K M 0 (©)
A
0 N1 M 0 (r¢)

be an exact commutative diagram of f.g. modules over a local ring (R, m,k) where r € m. Assume K = L. Then
¢ =0 (that is, the sequence splits).
Proof. We have an exact sequence

(7] i —f]
0 N N&®oK L 0

Check easily that this is exact. Since N @ K = N @ L, Miyata’s Theorem implies that the sequence splits. (Miyata’s
Theorem says that if you have a short exact sequence of fintely presented modules over a commutative ring and the
center module is isomorphic to the direct sum of the outside modules then the short exact sequence splits.) Apply
Ext}h(M,—) to get a split injection

r

Exth(M, N) ¥> Exth(M,N @ K)
R ’ R )

k l—

Exth(M,N) ® Exth(M, K)
with ¢ +— (r(,i+(¢)) Now apply Hompg(M, —) to (), getting an exact sequence
—— Homp(M, M) — Ext}(M,N) —— ExtL(M,K) —> .

The connecting homomorphism takes 1,7 to £, so i.(¢) = 0.



Let h split the injection [ ] above. Then ¢ = h(r¢,0) = rh(¢,0). Substituting 7h(¢,0) for ¢ in the right-
hand side of the formula ¢ = 7h({,0), we get ¢ = rh(rh(¢,0),0) = r2h(h(¢,0),0). Continuing merrily, we get
¢ € r"Exth(M, N) for all n > 1. By the Krull Intersection Theorem, ¢ = 0. O

627. THE UNIVERSAL PUSH-FORWARD AND SERRE’S CONDITION

Let R be a Noetherian ring and M a finitely generated R—module. Recall that M has finite length if and only if
M, = 0 for every non-maximal prime ideal p. If (R, m) is local, then M has finite length if and only if m"M =0 for
some integer h > 1.

27.1 Theorem. Let (R, m) be local and M, N finitely generated R—modules. Suppose, for some positive integer h,

there exist only h isomorphism classes of modules K for which there exists a short exact sequence
0—-N—-K-—-M-—0.
Then m"Exth(M, N) = 0. In particular, Exth(M, N) has finite length as an R—module.

Proof. Let £ € Exth(M,N), and let 71,...,7, € m. It will suffice to show that ry---r,¢ = 0. Let & = &, and for
1<n<hleté, =ry---ry&. We will show that &, = 0 forsomea =0,...,h—1. (Thenry -1 =rgp1-- 10 =0,
and we’ll be done.) Let K, be the middle module in a short exact sequence representing the element &, € Extp, (M, N).
In the list Ky,..., K} there must be a repeated isomorphism class, say, K, = Kj, where 0 < a < b < h. Then
Tag1---Tp €m, and & = rqqq1 - - - 1p€,. By Lemma 26.4, £, = 0. O

The following important result was proved by Auslander [A] in the complete case and by Huneke and Leuschke
[HL] in general.
27.2 Theorem. Let (R,m) be a CM ring with finite CM type. Then R is an isolated singularity, that is, R, is a

regular local ring for all non-mazimal prime ideals p.

Proof. Let p # m be a prime ideal. To show that R, is a regular local ring, it is enough to show that the residue

field R,/pR, has finite projective dimension as an R,—module. Let d = dim(R). Resolve R/p over R:

0 0

— Fd+1 E— Fd e Fd,1 e FO F() R/p 0

0 0

where each sequence is exact. Therefore M and N are MCM. Hence, there exist only finitely many isomorphism
classes of modules K such that there exists an exact sequence 0 — N — K — M — 0, since such a K would
also be MCM. By Theorem 27.1, E := Extl,(M,N) has finite length, so E, = 0. Since Ezt commutes with
localizations, 0 — N, — (Fy), — M, — 0 splits. Thus M, is free as an R, module. Therefore we have the resolution
0 — My, — (Fq_1)p — -+ — (Fo)p — (R/p), — 0. So Pdg,(R,/pR,) = Pdg,((R/p)p) is finite, and we are
done. O

Now, we are moving towards showing that a CM ring (R, m) has finite CM type if and only if R" has finite CM
type. We have already shown the backwards direction, so we may focus on the forwards direction. To do this, we



will want to show that if R — S is an étale neighborhood of R, then every MCM S—module is a d*" syzygy, where
d = dim(S).

Fact: In this situation, if R is an isolated singularity, then so is S. This follows from the fact that if R, is Gorenstein
for all p # m, then S has this property as well.

27.3 Theorem. Suppose that (R, m) is local, has dimension d and is CM, and that R, is Gorenstein for all p # m.
Then every MCM module is a d** syzygy.

The proof of Theorem 27.3 requires the following lemmas and a construction.

27.4 Definition. A finitely generated R-module M satisfies Serre’s condition (S,,), provided
(1) M, is a MCM R-module if dim R, < n, and
(2) depthp M, > n if dim R, > n.
More succinctly, depthp M, > min{n,dim R,}. (Notice that (Sn) = (Sn-1).)

27.5 Lemma. Suppose rM is finitely generated and satisfies (S1) and Rp is Gorenstein for each minimal prime

P. The canonical map M — M** is one-to-one. (Bass(1960°s) referred to this condition as “torsionless”.)

Proof. Look at the sequence

0—-K—-M-—> M
If P is a minimal prime, then Mp = M 5" is an isomorphism, since Rp is Gorenstein. Therefore Kp = 0. If K # 0,
there exists Q € Ass K. Then depth Ko = 0, so @) is not a minimal prime ideal of R. Therefore depth Mg > 1, by
(S1). This contradicts Kg — Mg. O

27.6 Definition. We define the Universal Push-forward whenever M satisfies (S1) and Rp is Gorenstein for all
minimal primes P.
Resolve M* minimally:
0-K—F—->M"—>0

We define the push-forward M; by the following commutative diagram:

(1) 0

/

M,y
0 M** F* K* Exth(M*,R) —= 0

i

where each sequence is exact.

27.7 Lemma. Let 1 <n <d. Assume R satisfies (S,—1), M satisfies (S,), and Rp is Gorenstein for all primes P
with dim Rp < n — 1. Then M, satisfies (Sp—1).

Proof. Let dim Rp < n — 1. We will show that (M7)p is MCM.
Since Rp is Gorenstein, Mp — M3*. Also M}, is MCM and Ext}_zp (M}, Rp) = 0. Finally, Kp is MCM, from the
first exact sequence.



Examining (1) localized at P shows that (M;)p = Kp so (M;)p is MCM.
Next suppose dim Rp > n — 1. Thus we have

0 Mp Fp (My)p —=0

As depth Mp > n and depth Fj; > n — 1, the depth lemma implies depth(My)p > n — 1. a

Theorem 27.3 then follows from the first assertion in the following theorem:
27.8 Theorem. Let (R, m) be local, and let 1 <n < d:= dim R.

e Assume Rp is Gorenstein for each prime ideal P with ht P < n — 1, and that R satisfies (Sp—1). If rRM
satisfies (Sp), then M is an nth syzygy.
o Assume R satisfies (Sy). If M is an nth syzygy, then gM satisfies (Sy).

The following remark shows that the hypothesis, in Theorem 27.3, that R be Gorenstein on the punctured spectrum

is a consequence of the conclusion (at least for CM rings with canonical module):
27.9 Remark. Let (R,m) be CM, dim R = d, and assume R has a canonical module wg. (Then w is MCM.) If w
is a dth syzygy, then Rp is Gorenstein for all primes P # m.
Proof. For some M finitely generated, we have an exact sequence, with F; free:
O—-w—Fy 1—>F39—--—>F—>F—M-=—0

Let P #m. Then dim Rp < d, wp is a canonical module for Rp, and we have the exact commutative diagram:

0 ——wp —— (Fy_1)p — (Fa—2)p Mp 0

~
RN

0

Note K is a (d — 1)st syzygy so it is MCM. Therefore the exact sequence
0—wp— (Fg_1) > K—0

splits (Exercise 27.3). Therefore wp is free, and wr = Rp. Thus Rp is Gorenstein. Putting all of this stuff together,

we have finally proved the following theorem:

27.10 Theorem. Let R be a CM local ring. Then R has finite CM type if and only if the Henselization R" has
finite CM type.

Q: Suppose R is a d-dimensional CM local ring and every MCM R-module is a d™" syzygy. Is R necessarily

Gorenstein on the punctured spectrum?
27.11 Exercises.

27.1 (2 points) Let (R, m) be local, and M a finitely generated R—module. Show that M has finite length
if and only if for all » € m and for all x € M, there exists an integer n such that "z = 0.
27.2 (6 points) Prove Theorem 27.8.

27.3 (3 points) Prove the sequence at the end of Remark 27.9 splits, using only things we’ve done in class



§28. GORENSTEIN RINGS WITH FINITE CM TYPE: WRAP-UP

Let (R, m, k) be a complete local CM ring containing a field. Assume d := dim(R) > 0. If R is Gorenstein and
has finite CM type, we know that R is a hypersurface: R = k[[Xo,...,X4]]/(f). If k is algebraically closed and
of characteristic 0, we know that R is an ADE-singularity: Using the Weierstral Preparation Theorem and change
of coordinates, we can put f into the form g + X3 + ... X3, where g € k[[Xo, X1] defines a one-dimensional ADE-
singularity (see the list at the beginning of §7). Conversely, every ADE-singularity is Gorenstein and has finite CM
type.

If k is algebraically closed and of positive characteristic, normal forms have been worked out for hypersurfaces of
finite CM type, though the equations are rather complicated, particularly in characteristic 2. Also, in characteristic
2 one must use the “iterated double branched cover” R## := k[[U, V]]/(f + UV, and this requires classifying both
one- and two-dimensional simple singularities before getting the induction going. Anyway, all of this has been worked
out, so we shall concern ourselves with the following questions: What if R is not complete? And what if k is not
algebraically closed?

Our best results will be for Gorenstein rings, since even for rings of the form C[[X1, ..., X,]]/I, the non-Gorenstein
rings of finite CM type have been classified only up to dimension 2 (and it’s unknown whether there are any of
dimension > 4).

At this point, we seem to need something like excellence (or the weaker condition that R be a “G-ring” (cf. [M,
p. 156])) in order to conclude that the completion R has an isolated singularity. (We need this so that we can apply
Elkik’s theorem [E].) We know that R has an isolated singularity if R has finite CM type, so the following will do
(see, e.g., [W, Lemma 2.7], for a proof):

28.1 Theorem. Assume (R,m) is a G-ring. Then R has an isolated singularity if and only if R has an isolated

singularity.

Again, excellent rings are G-rings (by definition, cf. [M], p. 260). Rings occurring in nature tend to be excellent.
More precisely: Fields are excellent. Z is excellent. Complete rings are excellent. Finitely generated algebras over
excellent rings are excellent. Localizations of excellent rings are excellent. (What’s left? Actually, there’s a fairly
harmless-looking non-excellent ring in [LW]. It has finite CM type (for the rather silly reason that it has no MCM
modules!), but R does not have finite CM type. Of course R is not CM.)

28.2 Theorem. Let (R,m) be a CM local G-ring. These are equivalent:

(1) R has finite CM type.
(2) R" has finite CM type.
(3) R has finite CM type.

Proof. We know that (1) and (2) are equivalent (Theorem 27.11) and that (3) implies (1) (cf. Theorem 0.1 of §26).
Assume (1) and (2). Then R has an isolated singularity by Theorem 27.2. By Theorem 28.1, R has an isolated
singularity. Let M be any MCM R-module. For each non-maximal prime ideal P of R, Mp is a MCM Rp-module
and therefore is free (since Rp is a regular local ring). A theorem due to René Elkik [E] now says that M is extended
from the Henselization R". Since R has finite CM type and every R-module is extended from R, it follows that R
has finite CM type. ]

This gives us the following characterization:

28.3 Theorem. Let (R,m,k) be a Gorenstein local G-ring containing a field. Assume dim(R) > 1 and k is
algebraically closed. Then R has finite CM type if and only if R is an ADE-singularity.

It would be nice to get rid of the G-ring assumption. To do so, it would suffice to prove the following conjecture
(which I find plausible):



28.4 Conjecture. Let (R,m) be a local ring with finite CM type. Then R has an isolated singularity.

Now we see what can be done about the assumption that k is algebraically closed. If k is imperfect, there are lots
of open questions. The approach we will outline below, simply passing to the algebraic closure, does not work, as
the following example shows (cf. [W, Example 3.4]):

28.5 Example. Let k& be an imperfect field of characteristic 2, and choose a € k — k2. Put f = X2 + aY?, and let
R = K[[X,Y]]/(f). Then R is a one-dimensional complete local domain of multiplicity 2, so it has finite CM type
(cf. §5.2). Let K be the algebraic closure of R. Then K[[X,Y]]/(f) is Cohen-Macaulay and has a non-zero nilpotent
element, to wit,  + v/ay. By Corollarly 1.10, K[[X,Y]]/(f) does not have finite CM type.

Suppose now that (R, m, k) is a complete local Gorenstein ring containing a field, and assume k is perfect. If R
is a candidate for finite CM type, we may assume R = k[[Xo, ..., Xq4]]/(f) for some non-zero f € (Xo,...,X4). Let
K be an algebraic closure of k£, and note that K is the directed union of the finite étale extensions k — FE, where
E ranges over the finite algebraic extensions of k£ contained in K. Therefore K ®; R is the direct union of the finite
étale extensions E ®; R = E[[Xy,...,X4]]/(f). The argument in the proof of Theorem 0.1 of §26 shows that R has
finite CM type if and only if K ®; R has finite CM type. The completion of K ®j, R is R* := K[[Xo,..., X4]]/(f),
and K ® R is excellent by [SG, (5.3)]. Therefore Theorem 28.2 tells us that K ®; R has finite CM type if and only
if R* has finite CM type.

Putting all of this together, we have the following:
28.6 Theorem. Let (R, m, k) be a Gorenstein local G-ring of positive dimension. Assume k is perfect. Then R has
finite CM type if and only if R* is an ADE-singularity.

§29. AUSLANDER-REITEN SEQUENCES (AKA AR- OR ALMOST-SPLIT SEQUENCES)

29.1 Lemma.[Yoshino, 1.22] Let f : N — M be an R-homomorphism, and suppose N = @Ni. Consider the
i=1
diagram

f

N———M

A b

fi M
Nj — 7@,

where j is fized, uj; is the natural injection, p; is also natural, and f; := p; fu;. If each f; is a split monomorphism,
so is f.
Notation: For the remainder of the course, (R, m, k) is a local, CM, Henselian ring. Define

Ind(R) := {isomorphism classes [M] of indecomposable MCM R-modules M}

. Suppose [M] € Ind(R). Define
SM):= |J (BExtip(M,N)\{0}).
[N]€Ind(R)
If s € S(M),
(s) 0 N, E; M 0

is nonsplit.

29.2 Proposition. S(M) #0 < M % R.

Proof. The forward direction is easy. For the backward direction, resolve:

0N S F—M-—o0,



with F' free and finitely generated. This is not split, or else M is free. Write N = @, N;, where the N; are

indecomposable. We have, for all 7, an exact sequence:

(&) 0—= N, — g~ —> M —=0.
By the lemma, some &; is not split (else all are split, so the sequence is split). O

We now define a partial order on S(M). We say s > t if there exists a commutative diagram:

(S) 0 N E, M 0
]
(t) 0 N, E; M 0

(This is actually a pushout, and in this case, we have t = fs.)

Recall that if (£) :0 — A — B — C — 0 in Extk(C, A) and A EN X, we get f¢ in Exth(C, X) via a pushout:

(6) 0 A B C 0
b
0 X A c 0

If also X £V, then g(f€) = (¢f)¢. (In particular, this makes Ext}(C, A) into a left Endg(A)-module.) Thus > is

reflexive and transitive. Also, we’ll say
s ~t <= there exists an isomorphism f as above.

This relation is obviously reflexive and transitive. By the five-lemma, it is symmetric as well, so it’s an equivalence
relation. We’'ll show that s > t and ¢t > s implies s ~ t. Suppose we have f : Ny — N; showing that s > t and
g : Ny — Ng showing ¢ > s. Then we have gf : Ny — N, showing that s > s. If we can show that this forces gf to
be an isomorphism, then by symmetry fg will be an isomorphism, too, forcing f and g to be isomorphisms, giving

s~ t.

29.3 Lemma. Suppose s € S(M) and h € Endgr(Ny) such that hs = s. Then h is an automorphism. More generally,
if s~tin S(M) and h: Ny — Ny is such that hs =t, then h is an isomorphism.

Proof. We'll prove the first assertion. (The second follows easily.) Suppose h is not an isomorphism. Since Endg(Ny)
is “local” (in the noncommutative sense), then h € J, the Jacobson radical. We have (1 —h)s =0, but as 1 — h is

invertible, s = 0, a contradiction with s € S(M). O

Now, we have that S(M)/ ~ is a poset, but in fact S(M)/ ~ is downward directed. Suppose s,t € S(M). We
seek u such that s >« and ¢t > u. With

(t) 0 N, E — M 0

let E = E, ® E;, N = ker(E, ® E; 29 M). Then 0 — N £ E 29, 01— 0 is exact, and, by the next exercise, it
does not split.
Now decompose N = €P, N;, and let E; = E/f(€D,,; Ni). Then

0—-N; - E; =M —20



is exact for all j. By the lemma, at least one is unsplit. Then we have a commutative exact diagram

(s) 0 N s M 0

E M
j M

E; 0

b2<<72<—<

(u) 0
so that s > u. By symmetry, t > u.

29.4 Definition. An AR-sequence ending in M is an element of S(M) whose ~ class is minimal in S(M)/ ~. It is

a short exact sequence
p

(s) 0 N, E, M 0

such that s € S(M), and if s > ¢, then s ~ ¢.
Note that if s is an AR-sequence ending in M and ¢t € S(M), then t > s. To see this, use downward directedness

to get u such that t > u,s > u. Then s ~ u, so t > s. This highlights an important property: in a directed set,

minimal elements are minimum elements. From this we see any 2 AR-sequences ending in M must be ~.

29.5 Theorem. Let [M] € Ind(R). There exists an AR-sequence ending in M if and only if M % R and Mp is
Rp-free for all P € Spec R\ {m}.

29.6 Remark. Suppose R is an isolated singularity. Then, for each P # m, Rp is a regular local ring. If M is a
MCM R-module, then Mp is a MCM Rp-module, so Mp is free over Rp. Therefore there exists an AR-sequence
ending in M for each [M] € Ind(R) \ {[R]}.

29.7 Exercises.

29.1 (3 points) Prove Lemma 29.1.

29.2 (4 points) Let E L Mand F % M be R-homomorphisms, and assume M is indecomposable and

finitely generated. If £ & F fed, M is a split surjection, then either p or ¢ is a split surjection.

[You'll need the assumption that R is Henselian.]

§30. AR SEQUENCES
Let(R,m) , CM and Henselian. Assume R has a canonical module wg.
30.1 Theorem. Let [M] € Ind(R) := {isomorphism classes [M] of indecomposable MCM R — modules}. Assume
M % R. Then there exists an AR—sequence ending in M <= Mp is Rp-free for all P # m.

Proof. We will only prove “= 7. We will show that if R has finite CM type then there exists an AR—sequence
ending in M whenever [M] € Ind(R).

(=) Let w: 0 N, E, M 0 be the A — R sequence ending in M. Resolve M, getting a

short exact sequence 0 L F M 0 , where F' is free and finitely generated. Suppose there
exists P # m such that Mp is not free. Then

0 Lp Fp Mp 0

is unsplit. Therefore Exth (M, L)p # 0. Choose an indecomposable direct summand N of L such that Ext} (M, N)p #
0. There exists s € Extp(M, N) such that £ # 0 in Extp(M, N)p. Then (0:p s) C P. Choose r € m — P. Then



r™ ¢ P Vn, so Vn r"s # 0. This gives the following diagram where f,, exists as u is an AR—sequence.

5 0—>N,=N E, M 0 € S(M)

t:=r"s: 0 N E, M 0
S

u: 0 N, FE, M 0

=

Then u = f,r"s = r" f,s where f,s € Exth(M,N,). Therefore u € r"Exth(M, N,) Vn. Thus by NAK u = 0 which

is a contradiction. 0

30.2 Lemma. Let N; be finitely generated modules, all indecomposable. Let

f f fe—
Ny —> N, —> Nj Ny > N,

be a sequence of non-isomorphisms. Then h:= f;_1 ... f1 is not an isomorphism.

fi—
Proof. Suppose h is an isomorphism. Then N;_; 2, N; is a split surjection:

ft—2-f1 fe—1
Nt Nl Ntfl Nt

\—//f

th

~

Therefore, Ny | N;—1 and hence Ny = N;_; as they are indecomposables. Then, since f;_; is a surjection, it has to

be an isomorphism, which is a contradiction. O

30.3 Theorem. (R,m) Henselian, CM. Assume R has finite CM type. Let [M] € Ind(R), and assume M % R.

Then there exists an AR-sequence ending in M.

Proof. If there is not an AR-sequence ending in M, we get, in S(M), s1 > s3 > 3 > ... where “s > t” means s >t
but s ~ t.

S; . 0 Nsi ESi M 0
Si4+1: 0 —— Nsi+1 E3i+1 M 0

Since R has finite CM type and the Vg, are indecomposable MCM modules, there exists an infinite sequence i; <
i9 < 13 < ... such that NS,L1 =~ N, =N,

Sig Sig

1%

Let N; = Nsij and let g; be the product of the various f; connecting N; to N;i1. By the lemma, (as none of the

fi are isomorphisms as s; » s,11) ¢; : N; — Nj41 is not an isomorphism. Put E; := E,, . Let N = N; and choose,
J

V7, an isomorphism ¢; : N = Nj . With h; := ¢~ 1g;¢p, the following diagram commutes:

N N; E;




Forgetting the middle column, we have, V7, an exact commutative diagram:

&t 0 N E; M 0
§i+1 e 0 N Ejn M 0

Let A =Endgr(N), J = J(A). Since A is “local” and since g; is not an isomorphism, g; € J Vj. Since A is finitely
generated as an R-module, A/mA is a finite dimensional k-algebra. Therefore A/mA is an Artinian ring.

If £ € mA, then mA+ A(1 4+ z) = A. By NAK, A(1 + z) = A. Therefore, mA C J and J/mA is the Jacobson
Radical of A/mA. Therefore, as the Jacobson radical of an Artinian ring is nilpotent, there exists v such that
JU C mA. Let & = Ext}{(M, N). Since R has finite CM type, R, is a RLR Vp # m. Therefore M, is R,-free,
Vp # mand &, # 0, Vp # m, i.e, £ has finite length as R-module. So there exists ¢ such that m?€ = 0. Then
Evgr1 € JYIE CmIAE = mI€ = 0 and hence {441 splits, a contradiction. O

Lifting Property of AR-Sequences

(s) O N, E, M 0

Here (s) is an AR-sequence, L is MCM, and ¢ is a non-split surjection.

30.4 Theorem Let

0 N, B, > M 0

be an AR-sequence, let L be a MCM, and let q : L — M be a non-split surjection. Then there exists f : L — FEg such

that pf = q. Conversely, if

0 N E—> M 0

is exact, p non-split, M and N indecomposable and it has the lifting property, then it is an AR-sequence.

Proof. We'll prove only the first assertion.

Look at the exact sequence
0-Q—E. oL Mo

By Exercise 29.2, [p ¢] is not a split surjection. Let Q@ = @, Q;, where each Q; is indecomposable. For each j, we

get an exact sequence
E;® L

Dz Qi
Some j gives an element of S(M). Since (s) > (t), we get the following diagram, which provides the lifting f:

0—-Q; — — M — 0.



AN

0
1
[pd]
0 Q B.oL ——— M 0
;lf natural =
|
E;® L
0 \ M 0
9 ©iQi
0 Ny E M 0
O
FACT:
Suppose 0 N E M 0 is the AR-sequence ending in M. Then

N = (Syz%(tr(M)))", where (—)" = Hompg(—,wgr). What is tr(M)? Choose a presentation

Fy ? Fy M 0,

where Fyy and F; are finitely generated and free. Then tr(M) is the cokernel of the transpose matrix ¢*. Thus tr(M)

is defined by the following exact sequence:

0 M* E; Ff tr(M) —— 0

If d = 2, then Syz%(tr(M)) = M*.

§31. DUALITY IN RELATION TO AR-SEQUENCES

Let (R, m, k) be a Henselian local CM ring and assume R admits a canonical module wg. Let (__)”" := Hompg(__, wgr).
Recall that this gives a perfect duality on MCM R—modules, R™ 2 wg, hence wg” = Hompg(wg,wr) = R.
Given [N] € Ind(R), let T(N) consist of the equivalence classes of extensions

(s) 0 N E, M, 0
where M is an indecomposable MCM module and (s) is not split.

31.1 Definition. ”s > t” if and only if there exists a commutative diagram

(5) 0 N E, M, 0
(t) 0 N Ey M, 0

Say s ~ t if and only if in the above CD f can be chosen to be an isomorphism.
This makes 7 (N)/ ~ into a directed set.

31.2 Definition. “The” RA-sequence starting at N is the unique minimal element of 7 (M) if it exists.



31.3 Theorem. Given a MCM R—module N, an RA-sequence starting at N always exist provided R has finite CM
type and N # wg.

Proof. Note that N™ 2 R, so there exists an AR-sequence 0 A B N~ 0. Then
0 N B A 0 is an RA-sequence. O

Note s >t in T (M) = sT> 1" in S(M).

31.4 Theorem. Let (s) 0 N E M 0  be an exact sequence of R—modules. Then,

s is an AR-sequence if and only if s is an RA-sequence.

Proof. For the forward direction, assume (s) is an AR-sequence. Then (s) is in 7(N). Suppose in addition that (t)
isin 7(N) and (s) > (t). We show that (s) ~ (¢) in 7 (V). Consider the following diagram

(s) 0 N E M 0
~ \
AN AN
_T ks h fT o h gT
AN N
0 0 N =G, — M, 0

We want to show that g is an isomorphism. Then so will f by the Five Lemma and s < t. So suppose g is
not an isomorphism. Since M and M; are indecomposable modules, g cannot be a split surjection. By the lifting
property of AR-sequences there exists 6 : M; — E such that p § = g. Note that from commutativity of the diagram
p (f—6a)=pf—p0Oa=pf—ga=0.Thus im(f —6fa) C imgq, so there exists ¢ : Gy — N such that qp = f — fa.
Then gpb = (f — 6a)b = fb—6ab = fo=¢q 1y. Thus pb =15 as ¢ is injective, contradicting that (¢) is not split
exact.

The reverse implication follows by duality. O

31.5 Definition. If (s) 0 N E M 0 isan AR-sequence we define the A R-translate
of M, denoted 7(M), to be N. Similarly 771(N) = M.

31.6 Definition. Let [M], [N] € Ind(R). Define
(M, N); := { the non-isomorphisms in Hompg(M, N)}

and

(M,N)y :={f € Homgr(M,N)| 3 a factorization M I N such that @ is MCM,

%

p is not a split injection and ¢ is not a split surjection}.

31.7 Remark.
Homp(M,N), if M 2N
(1) (N, = | Homalh N,
J(Endr(M)), i M=N
(2) (M, N)s is an R—submodule of (M, N); and m(M, N); C (M, N),.

Proof. Let f € (M,N); and r € m. Then rf factors as

rf
M ——N

%

N



By Nakayama N - N is not a (split) surjection and, as f is not an isomorphism, f is not a split injection. Thus

% is a finite dimensional k—vector space. O

31.8 Definition. A homomorphism M 1, N is irreducible provided f € (M,N);\(M,N)s. Let Irr(M,N) :=

. . (Ma N)l
M, N){\(M,N d M,N) :=dimy, ———=—.
( ) )1\( ) )2 an ZTT( ) ) My (M, N)2
From now on, we assume k is algebraically closed. Then Endg(M)/J(Endg(M)) is a division ring which is a
finitely generated algebra over k and hence a field extension. Thus % =k.

AR QUIVERS

To construct the AR quivers of a ring R start with a vertex for each isomorphsim class of indecomposable MCM
R—module. Draw n arrows from [M] to [N] when irr(M, N) = n. Draw a dotted line between [M] and [r(M)]. Note

that having no arrow from [M] to [N] means 3 irreducible homomorphism from M to N.

31.9 Theorem.Let k be algebraically closed, R Henselian. Let M,N,L be indecomposable MCM modules. Let
0 N E M 0 be an AR-sequence, then irr(N,L) = irr(L, M) =multiplicity of L in the

decomposition of E as a direct sum of indecomposables.

31.10 Examples.

(1) Refer to Yoshino for the AR quiver of the (Eg) singularity R = (’;Qiglj) . Note that R is Gorenstein and hence
wr = R. The module M, is the ideal (22, y?). The arrows from My to X and back show that there is an AR
sequence 0 — My — X — My — 0. In particular, X is an indecomposable MCM R-module of rank 2.

Of course R is isomorphic (via change of variable) to k[[x,y]]/(2® — y*) = k[[t?,t%]] =: R. The endo-

morphism ring of the maximal ideal of k[[t?,#%]] is the overring S := k[[t3, y*,¢%]] (which is not Gorenstein).

By the argument in Proposition 1 of §7, every indecomposable MCM R-module other than R is actually an
S-module. Therefore the AR quiver for S is obtained from the one for R by erasing R and the arrows into
and out of R.

(2) Consider the 2-dimensional Veronese ring R = k [[3:5,30431,w3y2,x2y3,xy4,y5“. The AR quiver for R (and
the more general case where 5 is replaced by any integer n > 2) is drawn at the end of the chapter in
Yoshino’s book. This is the ring of invariants of the cyclic group of order five acting on S := k[[z, y]] by
multiplying each variable by (5, a primitive fifth root of unity. (We assume that the characteristic of k is
different from 5.) From our work on two-dimensional rings of finite CM type, we know that R is a normal
domain and that the indecomposable maximal Cohen-Macaulay R-modules are the indecomposable R-direct
summands of S. Clearly S = R®J,®- - -® Jy, where J, is the R-submodule of S generated by the monomials
of degree s in o and y. (With I := (25, 2%y), we see that j, = I° for 1 < s < 4.) The canonical module is
Js (cf. “Indecomposable Gorenstein modules of odd rank” by C. Rotthaus, D. Weston and R. Wiegand, J.
Algebra (~1999). The vertices of the AR quiver of R are the numbers 0, ...,4 corresponding to Jy = R and
J1,...,Jy. There’s a dotted line connecting ¢ and ¢ —2 (mod 5), for i = 1,2, 3,4 (but no dotted line between
0 and 3). (In particular, 7(w) = J; and 7(J2) = R.) There are two arrows from ¢ to 4 + 1 (mod 5). Thus,
for example, there is an AR sequence 0 — J; — Jo @ J; — J3 — 0. It is more than coincidental that the
J; are the non-isomorphic divisorial (= reflexive) ideals of R, and that the muliplication in the divisor class
group corresponds to addition modulo 5. Thus in the exact sequence above we confirm the well-known fact
that 1 +3=2+2.
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