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Koszul Cohomology, Cohen Structure Theorems, and Intersection
Multiplicities
Goal: Give enough information on each topic to state the following results:

1. The realization of the Hilbert-Samuel multiplicity as an alternating sum of lengths of
Koszul homology modules;

2. Cohen’s structure theorems for complete local rings;

3. Serre’s results on intersection multiplicities for equicharacteristic and unramified reg-
ular local rings.

Proofs will be sketches due to time restrictions.

General references for the material presented here are:

Koszul homology and cohomology. Bruns-Herzog [2, Section 1.6] and Matsumura [10,
Section 16];

Cohen structure theorems. Matsumura [10, Sections 28,29];

Intersection multiplicities. Serre [14].

Acknowledgment. I am grateful to Florian Enescu and Paul Roberts for organizing the
mini-course and inviting me to speak and participate. I am also grateful to Erin Chamber-
lain for type-setting these notes, and to Diana White for helpful comments and corrections.



Chapter 1

Koszul cohomology

1.1 Motivating Basics

A chain complez is a sequence of R-module homomorphisms

M M
0! oM,

M, = 2 M; — M; 4

such that oM 8%1 = 0 for each integer 4, that is, Im 8%1 C KerdM. The ith homology
module of My is H;(M,) = Ker OZM /Im 8%1. This measures how close M, is to being exact
at the degree-i spot. If M; = 0 for each i < 0, i.e., M, is of the form
02 M
M.:..._)Ml—)MOHO_)...

then M, is acyclic if H;(L) = 0 for each i # 0. In other words, M, is acyclic if and only if
it is exact everywhere except possibly at M.

A cochain complex is a sequence of R-module homomorphisms

N® =... ﬁ]\[l‘—l %;)Nii]\riﬂ N

such that 8}'\(82\,_1 = 0 for each 4, and the ith cohomology module of N*® is H'(N®) =
Ker 94 /Im 0 "

Here is the basic idea of the Koszul complex: If R is a ring and z an element of R, and
M an R-module, consider the homothety (i.e., multiplication) map M =, M. By definition,

one has
Ker(M % M) = {m € M|zm =0} = (0 :ps )

so this map is injective if and only if = is weakly M-regular, i.e., a non-zero-divisor on M.
Furthermore, we have

Im(M % M)=aM  Coker(M % M) = M/zM

so the surjectivity of this map is related to the other half of the definition of x being an
M-regular element. We add 0’s to obtain a chain complex concentrated in degrees 0 and 1:

Ko(z;M)=0—M 5% M —0

1



2 CHAPTER 1. KOSZUL COHOMOLOGY

This is the Koszul complex on z with coefficients in M. One verifies easily the isomorphisms
Ho(Ko(z; M) = M/axM Hi(Ko(z;M)) = (0 :p )

and it follows that = is M-regular if and only if Ho(Ke(z; M)) # 0 and H; (Ko (z; M)) = 0.
In the following two sections we outline a generalization of this construction that gives,
among other things, information about when a longer sequence x = x1, ..., x, is M-regular.

1.2 Construction of the Koszul complex: Method 1

Fix a sequence x = z1,...,z, € R. Set Ko = R and K; = R"™, and let eq,...,¢e, € K7 be a
basis. For each i > 2 set K; = A'(K1) = AY(R™) which is a free R-module of rank ('}) with
basis
{6j1 /\ejz/\.../\ejz.\l <hn<ge<...<j §n}
Observe that K; = 0 for each i > n, and K,, = R with basis {e; A... Ae,}. For i <0 set
K; = 0. These are the modules in our Koszul complex.
Next, we define the differentials. For i =1,...,n let 8Z-K: K; — K;_1 be given by

i
ej N...Nej, — Z(—l)kﬂwkeh Ao NEj N N ej,.
k=1

For i > n or i < 1 the map 9/ = 0. Since the modules K; are free with distinguished
bases, the maps J; may be written as matrices. Before doing so, let us be clear about our
notational conventions.

Once a basis eq,...,e, for R"™ is specified, we can think of the elements of R" as col-
umn vectors of length n with entries in R. Under this identification, the basis vector e;
corresponds to the ¢th standard basis vector:

Given an R-linear map ¢: R™ — R™ where bases have been fixed for R™ and R™, the
identification with column vectors allows us to write ¢ as an m X n matrix whose jth
column is the image of the jth basis vector of R™.

It follows readily that the matrix representing the map OZ-K consists of 0’s and +x;’s.
Let us be more specific in two cases. The map 81K : K1 — Ko maps ej +— x;, and therefore
the matrix is A = (21 --- 2,,). On the other side, 0% : K,, — K,,_; maps

e1N...Neg—>xieaA...Nep—Taer Aes ... Nep_1 4+ (=1)"laer Aeg A Aepy

and thus the matrix is
T

—I9

(—1)n+1$n
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and this sequence of homomorphisms is of the form
B n n A
Ke=0—-R—R'—.--—R"—= R—0.

Exercise 1.2.1. Verify the following.

(a) 9X0F, =0 for each integer i. Thus, K, is a chain complex.

(b) Ho(K.) = R/(x) and Hy(K,) = {r € Rlzsr =0,Vi=1,...,n} = [ ](0 5 z;).
=1

Definition 1.2.2. The complex K, constructed above is the Koszul compler on x, which
we denote Ko(x) or Ke(x; R).

For an R-module M, set K¢(x; M) = Ko(x) ®g M. This is a chain complex by Exer-
cise 1.2.1 and the functoriality of (—) ®g M. It is concentrated in degrees 0 to n with the
following form

0—>M—>M"—>M(72L) — .= M" - M — 0.

The ith homology of this complex H;(K,(x; M)) is denoted H;(x; M).
In a dual manner, set K*®(x; M) = Hompg(K,(x), M) This is a cochain complex concen-
trated in degrees 0 to n with the following form

0—>M—>M"—>M(72L)—>—>M"—>M—>0

The ith cohomology of this complex HY(K*(x; M)) is denoted H'(x; M). When M = R, we
write K*(x) and H'(x).

Exercise 1.2.3. Let R = k[X, Y] and compute H;(x) and H(x) for the following sequences.
(a) x=X,Y
(b) x=X,Y,X +Y

Exercise 1.2.4. Verify the following.
(a) Ho(x; M) = M/xM = H"(x; M)

(b) Hy(x; M) 2 ()(0 2 i) = HO(3; M)
1=1

(c) If R is Noetherian and M is finitely generated, then H;(x; M) and H'(x; M) are
finitely generated.

1.3 Construction of the Koszul complex: Method 2

We define the tensor product of two chain complexes X, and Y,. For each integer i set

(Xe @R Ya)i = Optq=i(Xp @R V)
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and let OZ‘X@RY: (Xe @R Ys); — (Xe ®p Ye)i—1 be given by

Tp @ Yg = (O 2p) @ yq + (1), @ (0] yq)-

The relevant facts about the tensor product, including its connection to the Koszul complex,
are collected in the following exercise.

Exercise 1.3.1. Verify the following.

(a)
(b)

(¢)

Xe ®p Y, is a chain complex.
There exist natural isomorphisms of chain complexes

Xe@RrYe Z2Ye®r Xe  (Xe®RYe)®R Ze = Xo @R (Yo ®r Z).
(Careful of the signs (+).)

For z € R, there is an isomorphism (Xe @ Ke(z)); = X; ® X;_1 for each integer i.

Furthermore, the map E?Z‘X @rKe(@) 4 given by

a; O + (=) 1tz oy g\ [(0X (=1)ila a;
o ~ 0X oy ~\ 0 X o
i—1 1—1He—1 i—1 i—1
In other words, the complex Xo ®p Ko(z) is the mapping cone of the homothety
X. 5 X..

For x = x1,...,x,, there is a natural isomorphism of chain complexes

Ko¢(x) 2 Ko(21) Q@p - Qr Ko(a)-

The suspension (or shift) of X, is the chain complex ¥ X, given by the data (XX); =
X, and 07X = —9X,: (£X); — (XX);_1. For each integer i, let ¢;: X; — X;®X; 1
and 7;: X; ® X;_1 — X;_1 be given by

(&%) Q; i—
o <0> <Oéi—1> — (—1) 1Ozi_1

respectively. These maps describe chain maps €: Xo — X¢ ® Ko(x) and 7: X¢ ®
Ko(z) — XX, that fit into a (degreewise split) short exact sequence of chain com-
plexes

0— Xe = Xe @ Ko(x) = XXo¢ — 0.

The associated long exact sequence on homology has the form
C— Hi(Xe) 5 Hy(Xe) — Hi(Xe @ Ko(z)) — Him1 (Xo) —5 Hi—p(Xe) — -

which induces short exact sequences

H;(X)

0= 2 H; (X

— Hij(Xe ® Ko(x)) — (0:1,_,(x,) ) — 0.
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(f) Let x =x1,...,2, € Rand X' = x1,...,2,,Zn11 € R. There is an exact sequence of
chain complexes

0— Ke(x; M) = Ko(x'; M) = SKo(x'M) — 0
and the associated long exact sequence on homology looks like
s Hy(x M) — Hoq (3 M) 255 Hyoy (3 M) — Hiog (x; M) — -+
which gives rise to short exact sequences

H;(x; M)

0 16T
Tng1 Hi(x; M)

— Hy(xs M) = (0 25, por) @nsr) — 0.

(2) Supp(H;(x; M)) € Supp(M) NV (x)

(h) 22 € Ann(H;(x; M)) for i = 1,...,n. (Actually, x; € Ann(H;(x; M)). See Corol-
lary 1.4.9.) So (x) + Ann(M) C Ann(H;(x; M)).

1.4 Properties of the Koszul complex

Proposition 1.4.1. If Ly = ... - L; — L; 1 — ... = L1 — Ly — 0 is acyclic and
is regular on Ho(Le) = Coker(df), then L, @ K,(x) is acyclic and Ho(Le @g Ke(z)) =
HO(L.)/II}'HO(L.).

Proof. We only need H;(Le ®r Ko(z)) = 0 for each i # 0. Exercise 1.3.1(e) gives the short
exact sequence

H; (L)

0= ST, (L)

— HZ(L. R K.(:E)) — (0 Hi_1(Ls) :L') — 0.
When i # 0, our assumptions yield H;(Le)/zH;(Ls) = 0 = (0 :y,_,(z,) #). Thus, the
displayed sequence implies H;(Le ®r Ko(z)) = 0. O

Corollary 1.4.2. If L, is a (minimal) R-free resolution of M and z is M-regular, then
L, ®r Ko(z) is a (minimal) R-free resolution of M /zM. O

Corollary 1.4.3. If x is an R-regular sequence, then K,(x) is a free resolution of R/(x).
When R is local, this resolution is minimal. O

Corollary 1.4.4. If x is (weakly) M-regular, then H;(x; M) = 0 for each integer i > 0.

Proof. By induction on n, the length of the sequence. The case n = 1 is easy. Use Propo-
sition 1 for the induction step. O

It is natural to ask whether the converse of Corollary 1.4.4 holds. Note that the state-
ment “H;(x; M) = 0 for each integer ¢ > 0” is independent of the order of the sequence
by Exercise 1.3.1 parts (b) and (d). However, the statement “x is weakly M-regular” is
not independent of the order. So, we should not expect the converse to hold in general.
However, we have the following.
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Proposition 1.4.5. Assume R is Noetherian and M is a finitely generated nonzero R-
module. For a sequence x = z1,...,x, € Jac(R), the following conditions are equivalent:

(i

) Hi(x; M) = 0 for each i > 0;
(i) Hi(x; M) = 0;

)

)

(iii) x is weakly M-regular;
(iv) x is M-regular.

Proof. The implications (i) = (ii) and (iii) = (iv) are trivial, while (iv) = (i) holds by
Corollary 1.4.4.

(ii) = (iii). Since x is a sequence in the Jacobson radical of R and M is nonzero,
Nakayama’s Lemma implies M/xzM # 0. So it suffices to show that x is weakly M-regular.

We prove this by induction on n where x = x1,...,2,. The case n = 1 is straightforward,
so assume n > 1 and let X = x1,...,x,_1. The exact sequence
H1 x; M ~
0— I g M) (0 1y goary ) — 0

—_ - * 7
ZEnHl(f{; M)

and the assumption Hi(x; M) = 0 imply that Hy(%; M) = 0 = (0 :yy(%;a1) Tn). The second
of these equalities shows that z,, is a nonzero divisor on M/(x)M, while the first gives
Hi(x; M) = 0 by Nakayama’s Lemma. By induction, the sequence x is weakly M-regular,
and the proof is complete. O

Remark 1.4.6. This shows that the Koszul complex has the ability to detect when a
sequence with more than one element is M-regular, as was promised in Section 1.1. Also,
it shows that when x € Jac(R), M is finitely generated, and x is an M-regular sequence,
then any permutation of x is M-regular.

Proposition 1.4.7. Fix x € R and let M be an R-module with L, — R/(z) — 0 a free

resolution. If 7: R/(x) — M is an R-linear map, then there exist a chain map K,(x) 2, L,
such that Ho(¢) = 7. In other words, there exists a commutative diagram

0 Kn(x) = Kn1(x) — - — Ko(x) —= R/(z) —0
¢n+1:0l ¢7Ll (bnll (bol ﬂl
oy
S L, Ln_1 Lo M 0.

Proof. Exercise. Move right-to-left, “lifting” the previous map. Only uses the fact that the
bottom row is exact and the K;(x) are free. O

Corollary 1.4.8. There exist natural maps
H;(x; M) — Tor{ (R/(x), M)  Extp(R/(x), M) — H'(x; M).

When x is an R-regular sequence, these maps are isomorphisms.
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Proof. Let 7 be the identity on R/(x) and apply Proposition 1.4.7 to obtain ¢: Ke(x) — L,
where Ly — R/(x) — 0 is a free resolution. The first map is H;(¢ ® g M) and the second
is H (Hompg(¢, M)). When x is R-regular, ¢ is a homotopy equivalence and therefore these
maps are isomorphisms. O

Corollary 1.4.9. x € Ann(H;(x; M)).

Proof. Let A = Z[Xy,...,X,] and let ¥»: A — R be given by X; — x;. This makes
M into an A-module with X;m = z;m. One checks easily the isomorphism of complexes
K& (X; M) = KE(x; M). This yields the first of the following isomorphisms

HE(x; M) 2 HA(X; M) = TorA\(A/ (x), M)
where the second isomorphism is by Corollary 1.4.8, since X is A-regular. Therefore
2 HE (x; M) = X; HA(X; M) = X; Tor{ (A/(x), M) =0
as desired. O

Conjecture 1.4.10 (Canonical Element Conjecture, (CEC)). Let (R, m, k) be a local
Noetherian ring with a system of parameters x € m. Let Fy — k — 0 be a free resolution
of k. As in Proposition 1.4.7, construct a commutative diagram

0 Ky (x) —= Kp-1(x) — - — Ko(x) —= R/(x) —=0
¢nl ¢n1l ¢Ol Wl
Fri Fy, Fn Foy k 0

where 7 is the natural surjection. Then ¢,, # 0.

Remark 1.4.11. This was conjectured by Hochster [8] and proved for rings containing
a field (i.e. equicharacteristic). This is easily checked when dim R < 2 or R is Cohen
Macaulay. This was recently verified by Heitmann [6] for dim R = 3; see also [9, 11].

Why has there been so little discussion of H*(x; M)?
Proposition 1.4.12. There are isomorphisms H'(x; M) = H,,_;(x; M).

Proof. Map K,,_;®rK; — R by u®v — uAv. This describes a perfect pairing and therefore
induces an isomorphism K,,_; — Homp (K, R) which can be described as ej, A...Ae;j, , —
tep, A...Aeg, where {ji,...,jn—i} U{k1,..., ki} ={1,...,n} and the sign (+) is the sign

of the permutation
<1 e m—1 n—it+1 --- n>
Juo Jn—1 k1 ki)

This choice of sign makes the following diagram commute.

Kn—i Kn—i—l

gl El

Homp(K;, R) — Hompg(K;11, R)
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Now tensor with M and use the fact that K; is free to obtain a commutative diagram

—— K, Qr M Ky i1 Qg M ——---

gl gl

-+ —— Homp(K;, M) —— Homp(K;t1, M) — - --
and therefore the desired isomorphisms O

We have two more beautiful results with no time to prove them.

Theorem 1.4.13 (Depth Sensitivity of the Koszul Complex). Let R be a ring, I a
finitely generated ideal and M an R-module. Suppose x = z1,...,2, and y = y1,...,Yp
are generating sequences for I, and fix g € N.

(a) Hi(x; M) = 0 for each i = n —g+1,...,n if and only if H;(y; M) = 0 for each
j=p—g+1l....p

(b) If R is Noetherian, M is nonzero and finitely generated, and g = depth;(M), then

=0 fori=n—g+1,...,n

H;(x; M) is .
#0 fori=0,...,n—g

so there is are equalities

depth; (M) = g = n — sup{i| H;(x; M) # 0} = inf{i| H'(x; M) # 0}.

It may be helpful to keep track of the vanishing and nonvanishing of the Koszul homolo-
gies and cohomologies visually:

H,, (5 M), ... Hy g (x M), Ho_y (3 M), ... Ho(x: M)

=0 for g values #0
HO(x; M) - H9 7Y (x; M), HI(x; M) - - - H"(x; M) .
=0 #0
Proof. See [2, (1.6.22) and (1.6.31)]. O

Remark 1.4.14. This motivates the definition of depth used for non-finitely generated
modules. See [2, Section 9.1].

Before the last theorem, we make some observations and definitions.

Definition 1.4.15. Let (R,m,k) be local and x = z1,...,2, € m and M a nonzero
finitely generated R-module such that the length of M /(x)M is finite. Let I = (x)R and
d = dim(M). Then there exist polynomials P(T) € Q[T] of degree d such that P(t) =
length (M /It M) for t >> 0. Furthermore

er(M)

PO ==

T + lower degree terms
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with ey (M) € N. This is the Hilbert-Samuel multiplicity of M with respect to the ideal I.
More generally, write e;(M,d) = ef(M) and ef(M,d") = 0 for each d’ > d.

Observe that Supp(H;(x;M)) € Supp(M) N V(x) C {m} since M/(x)M has finite
length, using Exercise 1.3.1(g). Since H;(x; M) is finitely generated, by Exercise 1.2.4(c), it
follows that length p(H;(x; M)) < oo for each i > 0.

The final result of this chapter will be the key to some facts about intersection multi-
plicities.
n

Theorem 1.4.16. With notation as above, ef(M,n) = Z(—l)i length (H; (x; M)).
i=1

Proof. See [14, (4.3)]. O



Chapter 2

Cohen Structure Theorems

Motivating Question: Completions are hard, why do we study them?

Partial Answer: Many questions reduce easily to the complete case since R is faithfully
flat over R (assuming R is local), and complete rings are really nice.

Follow-up Question: How nice are they?

2.1 Fundamentals

Let (R,m,k) be a local ring and nr: Z — R the natural ring homomorphism given by
mapping 1 — 1g.

Exercise 2.1.1. Since R is local, either Ker(ng) = (0) or Ker(ng) = (p¢) where p is a
prime number and e € N. If R is reduced, then Ker(ng) = (0) or (p).

Definition 2.1.2. The characteristic of a ring R, denoted char(R), is the unique nonneg-
ative generator of Ker(ng).

Exercise 2.1.3. The contraction nj;'(m) is either (0) or (p). Also, the map ng factors
through the localization Z — Zn;(m), i.e., there is a commutative diagram:

7, R

ng' (m)

R

7

Exercise 2.1.4. The following conditions on the local ring R are equivalent:
(i) R contains a copy of Q (as a subring);
(ii) char(k) = 0;
(iii) char(k) = 0 = char(R).

Definition 2.1.5. The local ring R has equal characteristic 0 when the equivalent condi-
tions of Exercise 2.1.4 are satisfied.

10
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Example 2.1.6. The local ring Q[X1,...,X,] has equal characteristic 0.

Exercise 2.1.7. The following conditions on the local ring R and a prime number p are
equivalent:

(i) R contains a copy of Z/pZ (as a subring);
(ii) char(R) = p;
(iii) char(R) = p = char(k).

Definition 2.1.8. The local ring R has (equal) characteristic p when the equivalent con-
ditions of Exercise 2.1.7 are satisfied.

Example 2.1.9. The local ring Z/pZ[X;, ..., X,] has equal characteristic p.
Exercise 2.1.10. The following conditions on the local ring R are equivalent:

(i) R does not contain a field as a subring.
(ii) char(R) # char(k)

Definition 2.1.11. The local ring R has mized characteristic when the equivalent condi-
tions of Exercise 2.1.10 are satisfied. There are two cases:

(a) char(R) = p™ > p = char(k) > 0;
(b) char(R) =0 < p = char(k).
The characteristic of &k is the residual characteristic of R.

Example 2.1.12. The local ring Z /p"Z satisfies condition (a) of Definition 2.1.11. Condi-
tion (b) is satisfied by the local rings Z ;) and Z ).

Remark 2.1.13. When R has mixed characteristic and p = char(k) > 0, we identify p with
its image ng(p) in R, and it follows that 0 # p € m. Furthermore, the quotient R/(p)R has
equal characteristic p.

Definition 2.1.14. A local ring (R, m, k) is regular if its maximal ideal can be generated
by a system of parameters for R. By the theorem of Auslander, Buchsbaum and Serre,
the ring R is regular if and only if every finitely generated R-module has finite projective
dimension. A discrete valuation ring is a regular local ring of dimension 1.

Definition 2.1.15. Let R be a regular local ring of mixed characteristic with residual
characteristic p.

(a) R is unramified if p € m\m?, i.e., if p is a part of a regular system of parameters for
R, i.e., the quotient R/(p)R is a regular local ring.

(b) R is ramified if p € m?, i.e., the quotient R/(p)R is not a regular local ring.

—_

Example 2.1.16. The rings Z,) and Z,) are unramified regular local rings. For each

i > 2, the local rings Z)[X]/(p — X*) and Z/(\p)[[X]]/(p — X?) are ramified regular local
rings.
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2.2 The Equal Characteristic Case

Let (R, m, k) be a ring containing a field L.

Definition 2.2.1. A coefficient field for R (if it exists) is a subfield kg C R such that the
composition kg — R — k is an isomorphism.

Warning! If kj is a coeflicient field for R, there are times when k and kg can be identified
and times when they cannot be identified.

Example 2.2.2. The subring kg is not usually an R-module in the natural way. If R =
ko[X], the field ko is not closed under multiplication by elements in R. On the other hand,
k = R/m is an R-module. Another way to think of it is that m annihilates k = R/m, but
m does not annihilate kg (unless m = 0).

Theorem 2.2.3. With (R, m, k) and L as above, assume R is complete.
(a) R admits a coefficient field.

(b) If the composition L < R — k is a separable field extension, then R admits a
coefficient field that contains L.

Proof. See [10, (28.3)]. The proof uses the theory of differential bases. U
Exercise 2.2.4. L C R is a coefficient field if and only if R = L + m.

The last properties in this section follow from Theorem 2.2.3. They compare directly to
properties of rings that are essentially of finite type over a field.

Corollary 2.2.5. With (R, m, k) and L as above, assume R is complete, kg is a coefficient
field, and x = z1,...,x, € m.

(a) There is a well-defined local ring homomorphism ®: A = kg[ X7, ..., X,] — R given
by Xz = Z;.

(b) If (x) = m, then ® is surjective.
(c) If x is a system of parameters for R, then ® is injective and module-finite.

(d) If R is a regular local ring and x is a regular system of parameters, then ® is an
isomorphism. O

2.3 The Mixed Characteristic Case

Let (R, m, k) be a local ring of mixed characteristic with char(k) = p > 0.

Definition 2.3.1. A (complete) p-ring is a (complete) discrete valuation ring (A,pA) of
characteristic 0.

Remark 2.3.2. A p-ring has mixed characteristic since the characteristic of the residue
field of A is char(A/pA) = p.
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Theorem 2.3.3. Let (R,m, k) and p be as above.

(a) If L is a field of characteristic p, then there exists a complete p-ring (A4,pA,l). Such
a ring is unique up to (non-unique) isomorphism.

(b) If R is complete and (Ag, pAo, k) is a complete p-ring as in (a), then there exists a
local ring homomorphism ¢: Ag — R inducing an isomorphism on residue fields:

A—"=R
k— k.
If p is not nilpotent in R, then ¢ is injective. If p is R-regular, then ¢ is faithfully
flat.
Proof. See [10, (29.1) and (29.2)]. The proof relies on the theory of smoothness. O

Definition 2.3.4. Assume R is complete. A subring Ry C R is a coefficient ring for R if
(Ro, pRo, k) is complete and the inclusion induces an isomorphism of residue fields:

ROC—> R
ie, R=Rg+m.
Corollary 2.3.5. Assume that R as above is complete. Let x = x1,...,2, € m and fix

¢: Ap — R as in Theorem 2.3.3(b).
(a) The ring Ry = Im(¢) is a coefficient ring for R.

(b) There is a well-defined local ring homomorphism ®: A = Ay[X1,...,X,] — R such
that ¥4, = ¢ and X; — z;.

(¢) If (p,x)R = m, then ® is surjective.
(d) If p,x1,...,x, is a system of parameters for R, then ® is injective and module-finite.

(e) If R is an unramified regular local ring and p, z1,...,z, is a regular system of pa-
rameters, then ® is an isomorphism.

(f) If R is a ramified regular local ring and z1,...,z, is a regular system of param-
eters, then ® is surjective with its kernel generated by an element of the form
p— f(X1,...,X,) € Awith f(X1,...,Xn) € (X1,...,X,)%A. O
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2.4 Consequences

Corollary 2.4.1. A complete local ring R is a homomorphic image of a regular local ring.
In particular, R is universally catenary.

Proof. The first statement follows from Corollaries 2.2.5(b) and 2.3.5(c). Let A be a com-
plete regular local ring surjecting onto R. The ring A is Cohen-Macaulay and therefore
universally catenary. Hence, R is universally catenary. U

Corollary 2.4.2. A complete regular local ring has one of the following forms:
1. (Equal characteristic) ko[X71, ..., X, ] with kq a field;
2. (Mixed characteristic, unramified) Ag[X7,...,X,] with Ay a complete p-ring;

3. (Mixed characteristic, ramified) Ag[X1,..., X,]/(p — f(X1,...,X},)) with Ag a com-
plete p-ring and f(X1,...,X,) € (X1,..., X,)2A0[ X1, ..., X4,]. O



Chapter 3

Intersection Multiplicities

3.1 Motivation: Intersections in projective space

Let k& be an algebraically closed field and X,Y subvarieties of Pg such that X NY is a
finite set of (closed) points. As in differential geometry, we would like, for each Q € X NY
an “intersection multiplicity” of X and Y at @, denoted e(Q; X NY'), with the following
properties:

a) “dimension inequality”: dim X 4+ dimY < d = dim Pg.

(

(b) “nonnegativity”: e(Q; X NY) is a nonnegative integer.
(
(d) “positivity”: If dim X 4+ dimY = d, then e(Q; X NY) > 0.

)
)
c¢) “vanishing”: If dim X + dimY < d, then e(@Q; X NY) = 0.
)
) “Bézout’s Theorem”: If X NY ={Q1,...,Q,}, then

(e
T

Z e(Qi; X NY) = degree X - degreeY.
i=1

Remark 3.1.1. Here is the geometric motivation for vanishing, which comes from differ-
ential geometry. If dim X +dimY is too small, then it should be possible to perturb X and
Y slightly to new varieties that do not intersect, so the measure of intersection should be
0. In other words, in this case the intersection is accidental.

The motivation for positivity is similar. If dim X 4+ dim Y is maximal, then every per-
turbation of X and Y should intersect, so the measure of intersection should not disappear.
In other words, the intersection is essential in this case and should be positively measured.

3.2 First steps

Definition 3.2.1. Let R be a Noetherian ring, and M, N finitely generated R-modules with
lengthp(M ®p N) finite. Assume that M or N has finite projective dimension. (By the
symmetry of Tor, we assume pdimp M < cc.) For each i > 0, the module Tor?(M, N) has

15
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finite length. Furthermore, Tor®(M, N) = 0 for each i > pdimg M. Thus, the intersection
multiplicity of M and N

Xr(M,N) = Z(—l)i length p(Torl*(M, N))
i>0

is a well-defined integer.

Exercise 3.2.2. Assume that R is local with maximal ideal m, and let x = x1,...2, € m
be an R-sequence. Let N be a finitely generated R-module such that N/(x)N has finite
length, i.e., lengthp(R/(x) ®p N) < oo.

(a) The “dimension theorem” yields

dim N =inf{l e N| 3y = y1,...y; € m such that lengthp(N/(y)N) < oo} < n.

(b) Since x is R-regular, one has dim(R/(x)) = dim R — n. This yields (in)equalities

dim(R/(x)) + dimN < dim R —n +n = dim R.

Furthermore,
Xr(R/(x),N) = Z(—l)i length(Tor{ (R/(x), N))
= i(—l)" length  (H;(x; V)
~ ey (Von)
and thus,

0 if dim N < n, ie., if dim(R/(x)) + dim N < dim R

R/(x),N) i
xr(R/(), N) is {>0 if dim N = n, i.e., if dim(R/(x)) + dim N = dim R.

Exercise 3.2.3. Let R = k[X1,...,Xy] and let x be an R-sequence and N a finitely
generated R-module such that N/(x)N # 0 has finite length. Assume that each Q €
Ming(N) satisfies dim(R/Q) = dim N. (This assumption is needed for parts (a) and (c),
but not for part (b).)

(a) dim(R/(x)) + dim N < dim R.
(b) xr(R/(x),N) =0 if dim(R/(x)) + dim N < dim R.
(¢) xr(R/(x),N) >0 if dim(R/(x)) + dim N = dim R.
(Hint: Pass to the localizations at maximal ideals in the support of N/(x)N.)

Conjecture 3.2.4. Assume that R is a regular local ring and M and N are finitely gener-
ated R-modules such that lengthp(M ®@r N) < oco.

(a) “dimension inequality”: dim M + dim N < dim R.
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(b) “nonnegativity”: xr(M,N) > 0.
(c¢) “vanishing”: If dim M 4 dim N < dim R, then xr(M,N) = 0.
(d) “positivity”: If dim M + dim N = dim R, then xr(M,N) > 0.

Remark 3.2.5. The hypothesis lengthp(M ®g N) < oo in Conjecture 3.2.4 is crucial, as
the dimension inequality fails easily without it, and xg(M, V) is only defined for pairs M, N
whose tensor product has finite length.

The regularity hypothesis in the conjecture is trickier. If this is dropped, then we need to
assume that at least one of the modules M or N has finite projective dimension in order for
Xr(M, N) to be defined. That this is not enough is shown by an example of Dutta, Hochster,
and McLaughlin [3]: With R = k[X,Y, Z,W]/(XY —ZW) and P = (X, Z)R, there exists a
module M of finite length and finite projective dimension such that xg(M, R/P) < 0. Thus,
such generalizations of nonnegativity and vanishing both fail over this ring. It is not known
if the dimension inequality will fail in this context. Furthermore, it is not known, in general,
whether nonnegativity or vanishing holds if the regularity hypothesis on R is replaced by
the assumption that both M and NN have finite projective dimension. See Theorem 3.4.6
for a “special case” that is known.

3.3 The affine case

Here’s what happens in k[X1,... Xy4]. It suggests how to deal with the case when R is a
regular local ring containing a field. The technique is called “reduction to the diagonal”.
We note that every finitely generated module over this ring has finite projective dimension
by Hilbert’s Syzygy Theorem.

Proposition 3.3.1. Let k be a field and R = k[X},..., X ] a polynomial ring. Fix prime
ideals P, C R such that 0 < lengthp(R/P ®r R/Q) < oc.

(a) dim(R/P) 4 dim(R/Q) < dim R
(b) xr(R/P,R/Q) =0
(¢) xr(R/P,R/Q) = 0 if and only if dim(R/P) + dim(R/Q) < dim R.

Proof. We begin with the geometric motivation for the proof. The ideals P, ) correspond to
affine subvarieties V, W C A%. Inside the product A? x A% = A%? there are two subvarieties
of note: the diagonal A which is isomorphic to A%, and the product V x W. The classical
descriptions of these are:

A= {(a,a) € AY x A? | a € A%}
VxW={(v,w) e A x A |v eV and w € W}.
There is an isomorphism
VniWw=(VxW)NA

and the idea of this proof is to replace the triple (V, W, A%) with the triple (V x W, A, A%?).
(Hence, the phrase “reduction to the diagonal”.) One hopes to make this replacement
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because A is so nice (it is a linear subvariety) and so the result should be (and is) easier
to prove for this second triple. The rest of the proof consists of the algebraic realization of
this process.

We begin by setting

S=R®rR=Zk[Y1,...,Yy, Z1,...,2Z4]

where the isomorphism is given by mapping X; ® 1 — Y; and 1 ® X; — Z;, and letting NV
be the S-module
N=R/P®,R/Q =5 S/(P®; R+ R®Q)

where the denominator of the right hand side makes sense because P®j; R and R®j @ inject
into R®;, R = S by the flatness of R over k. (Geometrically, S corresponds to A% x A% and
N corresponds to the product V x W C A% x Ad.)

The k-algebra homomorphism S = k[Y1,...,Yy, Z1,..., Z4] - k[X1,...,X4] = R given
by Y; — X; and Z; — X; is surjective with kernel A = (Y7 — Z3,...,Yy — Z4)S. Thus, R
is identified with the S-algebra R = S/A. (Geometrically, this “copy” of R corresponds to
the diagonal in A% x A%,

Claim. Every Q € Ming(N) satisfies dim(S/Q) = dimg N = dimg(R/P)+dimg(R/Q).

(Sketch of proof.) Let p = dim(R/P) and ¢ = dim(R/Q). The Noether Normalization
Lemma guarantees the existence of polynomial subrings

A=Ek[U,...,Up) — R/P B=k[W,...,V)] = R/Q

with each embedding module-finite. Tensoring over k yields a module-finite k-algebra em-
bedding
A®r B— R/P®, R/Q

and therefore the going-up theorem provides equalities
dim N = dim(R/P ®y R/Q) = dim(A ®; B) = p+ q¢ = dim(R/P) + dim(R/Q).

Furthermore, each minimal prime P C R/P ®; R/Q has PN (A ® B) = 0 and, thus, gives
rise to a module-finite injection

A®r B — (R/P®; R/Q)/P.
Another application of going-up yields
dim((R/P ®; R/Q)/P) = dim(R/P) + dim(R/Q). (3.1)

The minimal primes P C R/P ®; R/Q are in bijection with the primes Q € Ming(N) via
the surjection S - R/P ® R/Q. For any such Q with its partner P, the isomorphism

5/Q= (R/P®R/Q)/P

gives the equality
dim(S/Q) = dim((R/P ® R/Q)/P)

which, coupled with equation (3.1), completes the proof of the claim.
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(Geometrically, the claim is saying that, even though V' x W is not a variety (i.e., reduced
and irreducible) it is equidimensional of dimension dim V +dim W. Algebraically, the claim
is allowing us to apply Exercise 3.2.3 to the S-modules S/A and N.)

To complete the proof, it is straightforward to check the R-isomorphism

S/A®s N>~ R/P®rR/Q.

(Geometrically, this corresponds to the isomorphism AN (V x W) = V NW.) In particular,
the tensor product S/A ®g N has finite length over S. Thus, Exercise 3.2.3 gives the
inequality in the following sequence

dim(R/P) + dim(R/Q) = dim N

= (dim N +d)—d

= (dim N + dim(S/A)) —d
<dimS —d

=d.

For each i > 0, we have an R-isomorphism
Tor? (S/A,N) = Tor®(R/P, R/Q)
and this yields the equality in the following sequence
Xr(R/P,R/Q) = xs(5/A,N) =0
where the inequality is by Exercise 3.2.3. Furthermore, equality holds if and only if

dim(S/A) + dim N < dim S <= d + (dim(R/P) + dim(R/Q)) < 2d
= dim(R/P) + dim(R/Q) < d

which provides the final desired conclusion. O

3.4 The local case

Serre verified the dimension inequality part of Conjecture 3.2.4 in general, and the other
parts of the conjecture in the equal characteristic and unramified cases.

Theorem 3.4.1. Assume that R is a regular local ring and M and N are finitely generated
R-modules such that lengthp(M ®@r N) < 0.

(a) dimM + dim N < dim R.

(b) Assume that R has equal characteristic or is unramified. Then xg(M,N) > 0 with
equality if and only if dim M 4 dim NV < dim R.
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Remark 3.4.2. This theorem shows that we can use x to give geometric intersection
multiplicities as described in Section 3.1. Indeed, let X,Y € IP’% be subvarieties such that
X NY is a finite set of (closed) points, and let O = OP% be the structure sheaf and 7 = Tx
and J = Zy be the appropriate sheaves of ideals. For each Q € X NY, set

e(@Q; X NY) =x(0q/Zq,0q/Jq)-

That this definition satisfies the desired properties (a)—(d) follows from Theorem 3.4.1.
Bézout’s Theorem is also satisfied, but we will not prove that here.

To prove Theorem 3.4.1, say when R contains a field, one might try to use reduction to
the diagonal like in Proposition 3.3.1. However, there are inherent difficulties as the tensor
product of two k-algebras may fail to be Noetherian.

Exercise 3.4.3. If k is a field, then the ring k[ X] ®; k[X] is not Noetherian. (Hint: Look
at a field extension k(X) < k((X)) which has infinite transcendence degree.)

If one is clever like Serre, though, one uses completed tensor products to get around this
problem.

Definition 3.4.4. Let R = k[Xi,...,X,4] with k£ a field and let M and N be finitely
generated R-modules. The completed tensor product of M and N over k is

M®pN = lim M/m?M ®; N/mIN.
(»,9)

For a thorough account of the properties of the completed tensor product and its com-
panions the completed Tor’s, see [5, (0.7.2)]. Here are some basic facts that show one
how to prove Theorem 3.4.1 for the ring R = k[X7,...,Xy]. The general case of equal
characteristic reduces to this one by passing to the completion.

Fact 3.4.5. Let R = k[Xy,...,X ] with %k a field and let M and N be finitely generated
R-modules.

(a) The ring S = R®yR is isomorphic to k[Y1,...,Yy, Z1,..., Z4].
(b) M&pN is a finitely generated S-module.

(¢) The ring homomorphism S — R given by Y;, Z; — X; is well-defined and surjective
with kernel A = (Yl — 21y, Yy — Zd)S

(d) There is an equality dimg M®&N = dimp M + dimpg N.
(e) For each i > 1, there is a natural isomorphism Tor; (S/A, M®;,N) = Torf(M, N).

The proof of Theorem 3.4.1 in the unramified case is slightly more delicate, but similar.
Finally, the dimension inequality in the ramified case follows from the multiplicity results in
the unramified case, as a complete ramified regular local ring can be written as a quotient
of an unramified regular local ring by a regular element. See [14] for more details.

Roberts [12] and Gillet-Soulé [4] have verified the Vanishing Conjecture in the ramified
case. Robert’s proof uses techniques from intersection theory, primarily, the formal prop-
erties of localized Chern characters. Gillet-Soulé’s proof is K-theoretic, focusing on the
Adams operations.
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Theorem 3.4.6. Assume that R is a local complete intersection ring and M and N are
finitely generated R-modules such that pdimp M, pdimp N, and lengthp(M ®@r N) are all
finite. If dim M + dim N < dim R, then xr(M, N) = 0. O

Gabber verified the Nonnegativity Conjecture in the ramified case; see [1, 7, 13]. The
proof depends upon de Jong’s theory of regular alterations.

Theorem 3.4.7. If R is a regular local ring and M and N are finitely generated R-modules
such that lengthzr(M ®r N) < oo, then xr(M,N) > 0.

Remark 3.4.8. The Positivity Conjecture is still open in the ramified case.
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