A GENERALIZED KOSZUL COMPLEX. II.
DEPTH AND MULTIPLICITY

BY
DAVID A. BUCHSBAUM AND DOCK S. RIM ()

Introduction. In a previous paper [3], a general complex was described which
could be associated with a map of modules over a commutative ring. Also men-
tioned in that paper were several areas which could be investigated in which this
complex would play a relevant role. In this paper, we investigate two of those
areas, namely depth and multiplicity.

The notion of the I-depth of a module E, where I is an ideal in a commutative,
noetherian ring R, wasintroduced in [1; 7]. If f :R™ — R"is a map, then we may
consider the annihilator of Coker A"f (where A* denotes kth exterior product),
and call this ideal I( f). We then ask how the I(f)-depth of a module may be deter-
mined and show that this number may be computed in terms of the homology
groups of the Koszul complex associated with the map f (Theorem 2.4). As a
result, we obtain another proof of the generalized Cohen-Macaulay unmixedness
theorem.

As for multiplicity, the idea is to assign a non-negative integer to a module M
of finite length, which agrees with the usual multiplicity when M is of the form
R /q-Wedo this by studying a generalized Hilbert characteristic polynomial for the
module M, which involves representing M as the cokernel of a map f:R™ — R".
The study of this polynomial leads to a generalization of the Krull principal ideal
theorem (Theorem 3.5). We eventually prove that the Euler-Poincaré characteristic
of the complex associated with the map f:R™— R" is related to the leading
coefficient of the Hilbert polynomial associated with this map (Theorem 4.2).

§1 deals with the complex associated with a map f:4 — B. Although the
definition here differs slightly from that given in [3], it boils down to the same thing
when A = R™ and B = R". All the properties of this complex which are needed
in the subsequent sections of this paper are proved in the first section.

The second section deals with the notion of depth, yielding the generalized
Cohen-Macaulay theorem, while the third section treats in detail the characteristic
polynomial of a map, the consequent generalization of the Krull principal ideal
theorem, and multiplicity of modules of finite length. In this section, we also
introduce the idea of a parameter matrix, generalizing the notion of system of
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parameters. In the last section we construct a double complex which yields the
relationship between the Euler-Poincaré characteristic of the Koszul complex of
a map and the leading coefficient of the Hilbert polynomial of the map. The double
complex is constructed in far more generality than is needed for this paper, but
it will be used in subsequent papers in this series.

It will be evident to the reader that the results obtained in this paper are pre-
liminary in nature. However, they give sufficient indication of the directions in
which one may go.

Throughout this paper, all rings will be assumed commutative and noetherian,
and all modules will be finitely generated, unless otherwise stated.

1. Complexes associated with a bilinear form. All modules in this section are
modules over a fixed ring R.

If y :A x B— R is a bilinear form of R-modules, each element a in 4 induces a
linear functional on B and in turn is uniquely extended to a derivation w, of
degree —1 on the exterior algebra, AB, of B. Since w,,w,,(f) = — @,,0,(B),
we define, foreacha = a; A--- A a,in APAand fin \'B, 0,(f) = 0,,0,, - @,,(B)
which is an element in A7 ?B. Extending by linearity, we obtain a map
ANPA® N'B— NT"PB. If f=b; A+~ N\ b, it is easy to see that

o B)= X (=D¥det(y(a;b; )by A A bj A Nb;, A Aby,

Ji1<..<j

where b means to delete b.
We define a complex &(y, AA4) by

> AB® A\B® AB®AB ® A\ A~» AB® A\B ® A\B ® A4
- ABQ AB® NA—> AB® NA—- NA,
where AB = X ., A\’B and the boundary operator d, is defined by

A2 ® 1y @+ ® hyy B 3) =:£‘5:(—1)%0® @A @ By B
(="M@ @y, @, _ ().
Thus the boundary operator d can be given by the recursion formula:
di(lo @) = w, (),
di(to ® 4 ®P) = Ao NAy @B — Ao @dp-1(4; ® B).

The following lemma shows that €(y, A A), with the boundary operator d defined
above, is a chain complex.

Lemma 1.1. d*=0.
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Proof. d1d2(10®}'1® a) = dl(lo /\ll® oax— }.0 @(uh((x)) =w;.°/\ ;_l(a) - CD;'OCOA 1(a) =0,
Now, proceeding by induction on n, we have

dudy11(Ao @ 4, ® 4, ® B)
= dAo N @1, ®B—1 ®d\(4 B 1, )
=d (AN} ®L OB~ @A NLOP +4,®4 ®d,—1(2, ® B))
=M ANAMALOL— AN ®d,—1(A: ® P)
= AANWANL @B +A,®d,—1(A1 N2 ® B)
+ A4 ®d,- (A, ®B) — A ®d,—1(1 @d,-1(4, ® B))
= ®d,_d, (A, ® 4, ® p) = 0(by induction hypothesis).

It is clear that the correspondence (y; 4, B) w~— (y, A A) or (y; 4, B)
~— E(y, B) is a functor from the category of bilinear forms into the category of
chain complexes, where the category of bilinear forms has as its objects the
forms (y; A,B), and as maps (y; A,B)—(y'; 4’, B"), pairs of maps f,:A— A’,
fg: B— B’suchthaty’ (f,®fz) =7.

In this paper, we will be interested in certain subcomplexes of the complex
€(y, AA). Namely, for each pair of integers p, g, we define the complex
€(v, A®A,q) by

~ > LA®B@ A"B® A"B® AN”"*4d— L A®B® N'BO N4

so2q s02q

- X A"B® N*0A- A4,
sozq
where s; 2 1 for i > 0. Similarly, €(y, A?B, g) can be defined.
Our notation €(y, A P4, g) may be a little ambiguous since

€y, N1 4,9) #C(y, A=%4,9)

whereas A -'A = A-24 = 0. However, we use this notation to specify the degree
D, as well as the module 4.

Itis clear thata map (y; A; B) - (y'; A’, B') of bilinear forms induces a chain map
&y, APA,9) = C(y’, NPA',q), i.e., (y;4,B) »— E(y, APA,q)is a functor.

PROPOSITION 1.2. Given a bilinear form y: A x B— R, we have:

(1) C(y, N’ A,q) is homotopically trivial for ¢ £0.

(2) 0-C(y, A’A,q + 1) > C(y, A’A,9) > N’BRC(y, A’*94,1) -0 is exact.

(3) IfA=A'@R, then0->C(y', AA’,q) >y, N"4,q9) »C(y', N~ 4",)—0
is exact where ' is the restriction of y to A’ x B.

Proof. (1) Define a homotopys:C,(y, A4,9) > €, 1(y, AP A,9) by s(2) = 1@ a.
Then (ds +sd)(@)=d(1® o) + 1 @d(x) =a— 1@ d(e) + 1 ® d(«) = .
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) €(y,A%4,q + 1) is a subcomplex of &(y, A?4,4q) and €(y, A’A4,q) modulo
C(y, A?4,q + 1) is simply AB®C(y, A’*94,1). We observe here that the
canonical map C(y, A’4,q9) = A‘B®E(y, AP*94,1) is of degree —1, i.e.,

0-C,(y, NP4, +1)>C(y, " 4,9)> N'BRC,_,(y, NT14,1)>0

is exact.

(3) €(y",A?A’,q) is a subcomplex of €(y, APA,q) and, under the identification
ANA= N4 ® U4, €y, NA,q0 modulo Gy, N\*A’,q) is simply
€y, AP 4, ).

COROLLARY 1.3. Assume that B is R-projective. Then the following statements
are equivalent:

(1) €y, APA,q) is acyclic for all p, q such that p + q = n.

(2) &y, A?4,q) is acyclic for all p, q such that p+q £ n.

Proof. (1) = (2): It suffices to show that the acyclicity of &(y, A’4,m—p)
for all p implies the acyclicity of €(y, A’ A,m—p—1) for all p, where m is an
arbitrary integer. But this follows immediately from the exactness (by 1.2, (2)) of
0-C(y APA,m—~p)>C(y, FA,m—p—1)-> A" "' B® C(y, A" '4,1) > 0,
together with the fact that B, and hence also A™ ?~ !B, is projective.

Given an R-homomorphism f: R™ — R", we have a bilinear form

y(f):R™ x R"*— R, where R"*= Hom(R", R),

and in turn we get the complexes C(y(f), A’ R™, q). We define the (generalized)
Koszul complex, K( N f), for each p to be the complex €(y(f), A’R", n + 1—p)
augmented by the map

4
R L g,
ie.,

.o = z /\soRn*® /\isn*® /\p+ Zs.Rm_’ E /\soRn*® /\p+soRm

sognt+1-p sozn+t1—p

4 prrm DL, prge

where s; = 1 for all i = 1. It is easy to see that AP f-d=0 and K(AFf) is a chain

complex of length m—n+1 for 1 £ p < n. This Koszul complex, K(A?f), may be

viewed as an approximation to a projective resolution of the R-module, Coker A%f.
For each R-module E, H,(A®f,E) and H*( A’f,E) shall mean the homology

and cohomology of the complex K(Aff) with coefficients in E, i.e., H¥ A*f,E)

= H(K(A\®f)®E) and H¥(A*f,E) = H(Hom(K(N’ f),E)).

PrOPOSITION 1.4. (1) For any map f:R™— R", K(NFf) is homotopically triv-
ial whenever p>n or p<0.
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(2) If f:R™ - R" is an epimorphism, then C(y(f), N’ R™, q) is homotopically
trivial for all pairs p,q such that p+q < n.

(3) If f:R" > R" is an epimorphism, then K(A?f) is homotopically trivial
Sfor all p.

Proof. (1) If p >n,then APR" = 0and hence K(A?f)= C(y(f), AP R"n+1-p).
But then, by (1) of 1.2, it is homotopically trivial since n + 1 — p £ 0. The case
p <0 is trivial to see.

(2) Since €(y(f), APR™ q) is a free complex, homotopic triviality is the same
as acyclicity. By 1.3, it suffices then to show that &(y(f), A’R™, n— p) is acyclic
for all p. If, however, we can show acyclicity after localizing at each maximal
ideal of R, we will have this result. Hence we may assume that R has a unique
maximal ideal, and we proceed by induction on m.

If m = n (since f is assumed to be an epimorphism, we of course have m = n),
then f:R™— R" must be an isomorphism, since it is onto. The complex
CH(f), N'R"n—p) is simply A""PR™® A"R"> APR" which is obviously
an isomorphism. Thus for m = n, we have the result. If m > n, we can always
find a decomposition R™ = R™"* @ R such that f restricted to R™~! is still an
epimorphism (since projectives over R are free). Letting f* denote this restriction
of fto R™™!, we obtain the exact sequence

0_)(5(?(fl)9 /\pRm-lan_p)—)G(Y(f)a /\pRman_p)_’G(y(f,)’ /\p—lRm—I’n—p)_)O'

Since the induction hypothesis implies the acyclicity of the extreme complexes,
we obtain the acyclicity of the middle one.

(3) We again proceed by induction on m, the case m=n being trivial.
We first observe that the exact sequence in (3) of 1.2, augmented by
AP R" takes the form

0~ K(Nf) = K(Nf) > Cy(f), N7T'R" \n + 1~ p) -0,

where f' is again the restriction of fto R™ ! If we choose the summand R™™*
of R™ so that f’ is still an epimorphism, then the induction hypothesis
yields the acyclicity of K(A ¥f"), and part (2) of this proposition gives the acyclicity
of the right-hand complex (since p—1+n+1— p=n). Thus the middle
complex, K(A*f), is acyclic. Since K(A’f) is also a free complex, acyclicity
implies homotopic triviality.

COROLLARY 1.5(2). Supp H (A\Ff,E) and Supp H*(\"f,E) are both contained in
Supp Coker f N Supp E.

Proof. It is clear that for any prime ideal p in R, the localization (K(Af)), is
the same as K(A°f® R,). Thus, if p is not in Supp Coker f, then f® R, is an

(2) For each R-module M, Supp M = the set of all prime ideals p in R such that M, #0.
1t follows from primary decomposition theory that Supp M = the set of all primes containing
Ann (M) where Ann (M) is the set of all r € R such that rM = 0.
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202 D. A. BUCHSBAUM AND D. S. RIM [May

epimorphism and so the complex (K(AFf)), is homotopically trivial; thus p is
neither in Supp H,(A’f,E) nor in Supp H*(A’f,E). Of course, if p is not in
Supp E, the conclusion is even more obvious.

We will now give another description of the complex €(y(f), A’R™, q) which
will be used later.

If we are given a map g: A4 — B of R-modules, then we get the algebra map
Ag: NA— AB, and in turn we get the complex (g, AB) which is defined by

> NAQANA® NAR AB—> NAQ N A® AB—> ANA® AB— AB,
where A A= X;;; A'dand

rp—1 X
dA®4 Q@ ® 1,8 =X (-D1H®@ - ®LA4s1®®1LOB
i=0

+(=1)PAe® - ® Ay_y ® I, AB

(4, AB of course means Ag(4,) Ap).
For each pair of integers p and g, we may consider the subcomplex (g, A?B,q)
of D(g, AB), defined by

c= X ACAQ N A@ NAQ N7 B> L NUQ NTA® NPT B

sozq sozq

- X A®A® A’"“B- A’B

so24q

wheres; =2 1fori=1.
Now let a map f:R™ — R” be given. Then it induces f* : R"*—R™* and so we
may consider the complex D(f*, APR™ q). We have

PrOPOSITION 1.6. €(y(f), AFR™, q) = D(f*, A" *R™ q) as chain complexes.

Proof. Let y,,---, y,, be a free basis of R™, and set & = yfA .-+ A y¥ which is
a generator of A"R™*(y7, -+, y ¥is the dual basis to y, -, y,,). Then h: AR™> AR™*
given by

h@)= X odeAyi, A~ Ayyh A Ayilae A" 'R™)

i1 <e<iy

is anisomorphism, which sends A™ ‘R™ onto A R™* Lookingat the two complexes

C(y(f), A’R",q):
.S Z /\soRn#® /\isn*® /\p-f- zs,Rm_} 2 /\soRn*® /\p+SoRm_) /\PR'"’
so24q so4q

D(f*, A"7PR™, g):
.- z /\soRn*® /\S'R"*® /\m—(p+ Esi)Rm*_}Z /\soRn*® /\m—(p+so)Rm*

s02 g soZq

- /\m—pRm* .
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we are led to define a map CH(), A'R™,q)->D(f*,A" *R™,q) by
Up®  Qu @a—>uy® -+ ®uy ® h(er), which is an isomorphism of modules.
To show that it is a chain isomorphism, it suffices to show that hw,(¢) = + uh(x)
for u in AR™and « in AR™. We may, of course, actually assume u is in A R™*
We claim that ho,(a) = (—1)"® “uA h(a) where

v(u,0) = (d(@)—1) +(d(0)—2) + - + (d(%) — d(u))

where d(B) means the homogeneous degree of §. To show this, we first observe that
if ho, (@) = (— 1)*@e 9y A h(e) for all ¢ (i = 1,2), then

ha)u; Auz(a) = hwulwuz(a) = ( - 1)"(“1 ! muZ(a))ul /\ hwuz(a)
= (= 1® Dy Ay A B()

(since v(uy, 0, (@) + v(u,, @) = (d(@) = d(uz)~1) + - +(d(@) — d(u;) — d(u))
+ (d(@)=1) + --- + (d(@)~d(uy)) = v(u; Auy,«)). Therefore we may assume that
u isin R™* and because of linearity, we may assume u=yt and a = y;, A= Ay ..
with i; < - <i,_,. If i; # 1, then it is trivial to see that hw(«) =0 = u A h(®).
Thus we may assume that e = y; A-* A Yy, Then

hoyf(s A+ AVm-) = B2 A+ AYm—i)
= Z 002 A AVmat AV A A Vi IV A A Vi,
= (=" 0y A AYVEA Ymesi1 A A Vi
=(=D" T TYEABYIA A Yoo

Since m—t—1=v(y},¥; A - A ¥m-,), this completes the proof.

2. The depth of a matrix and Koszul complex. For an R-module E, a sequence
of elements «,,---,a, in R is called a proper E-sequence if, for each i, 1 £i = d,
E/(xy,---,0)E # 0 and «; is not a zero divisor for E/(xy,+-,%;_,)E. Given an
ideal I in R and an R-module E such that R/I ® E # 0, the length of a maximal
proper E-sequence contained in the ideal I is a finite number and does not
depend on the choice of a maximal proper E-sequence [1;7]. We call this length
the I-depth of E(?) and denote it by depth (I; E). (It is customary to define
depth (I; E)= wif R/I® E=0, i.e., if Supp R/I N Supp E=.) It is well known
(and actually is an immediate consequence of our Proposition 2.1 below)
that depth (I;E)=depth (rad I;E) = inf,,; depth (I,; E,). We further define
depth E = inf,, depth(m; E) where m runs through all maximal ideals of R. The
main purpose of this section is to relate the integer, depth (I; E), with a homo-
logical invariant of the Koszul complex, generalizing the results in [2]. We begin
with a proposition of a general nature.

(3) Previously it was called I-codimension of E [1; 2}, but we are adopting Grothendieck’s
terminology to avoid possible confusion.
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PROPOSITION 2.1. Given an ideal I in R let T' (i = 0) be an exact connected
sequence of covariant functors [4] from the category of finitely generated R-
modules into itself such that

(1) T(a) = o for every homothety a in R.

(2) Supp T'(E) < Supp R/I and T%(E) = 0 if and only if Supp R [ I N As(E) =S
where As(E) is the set of all associated primes to the R-module E. Then for each
R-module E such that E|IE # 0, we have that depth (I, E) = the smallest integer
q for which TE) # 0. Furthermore, if T%x) = Hom(M,*) for some fixed R-
module M, then T%(E) = Extg (M, E), where d = depth (I;E).

Proof. Let c(E) be the smallest integer g for which T%E)# 0. We show
that ¢(E) = depth(I; E) by induction on the non-negative integer depth(l; E).

Since E/IE # 0, depth(I; E) =0 if and only if every element in I is a zero-
divisor for E, i.e., if and only if I is in the union of the associated primes of E.
Thus depth(I; E) =0 if and only if SuppR/I N As(E) # &,i.e., if and only if
T°(E) # 0. Hence depth(I;E) = 0 if and only if ¢(E) = 0.

Assume now that depth(/;E) >0, and let «y,---,a,; be a proper E-sequence
contained in I with d =depth(I;E). Then 0»ES E—-E/y;E—0 is exact
and E/oa,E #0. Furthermore, depth(I;E/a;E)=d—1 and hence c(E/x,E)
= depth(I; E [, E) by our induction assumption. It follows from the exactness of

i—1 i Ti(al) i i
=T (E|e;E)y>T(E)y —> T(E)>T(E/E)—> -

that T(«,) is a monomorphism for all i £ ¢(E/«a E). Consequently we must
have that T(E) = 0 for all i £ ¢(E/a,E) since Supp T'(E) = Supp R/I and hence
T'(,) "= T'(a}) = o is in Ann T(E) for sufficiently large h. Furthermore, this
implies that 0— T(E/a,E) - T**"}(E) is exact, where ¢, = ¢(E/a,E). Thus
T *1(E) # 0 and so we may conclude that ¢(E) = ¢, + 1 = depth (I;E/o,E) + 1
= depth (I; E). This proves our first statement.

Now the functors Ext{(R /1, ) and Ext'(R /rad(]), #) both satisfy the conditions
of our proposition. Thus what we have just proved above yields the fact that
depth (I; E) = depth (rad I; E).

Let us prove the second statement in the proposition, and thus assume that
T°(») = Hom(M, ) for some fixed R-module M. From the fact that
Supp Hom(M, R/p)=Supp T°(R/p) < Supp R/I, we see that M »=0 for all p not in
Supp R/I, i.e., Supp M is contained in Supp R /I. Thus both Ti(x) and Ext'(M, x)
are exact connected sequences of functors satisfying the conditions of our prop-
osition.

Now if a,, -+, a,is a proper E-sequence contained in the annihilator of T%E),
and d = depth(I;E) then it is easy to see (since T(E) is an exact connected
sequence of functors) that T(E/(«,, -, a,)E) is isomorphic to T%E). If, more-
over, oy,--,d,; are also contained in the annihilator of M, then we have
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Ext(M, E/(ay,+,a,)E) ~ Ext(M, E). Thus, if we can find a proper E-sequence
ay, -+, 0y With «; in Ann(T*(E)) N Ann(M), we will have

T%E) ~ T%E/(ay, -, 0,)E) = Ext’(M, E (2, -+, %,)E) ~ Ext{(M, E),

and our assertion will be proved.

To this end, let J = Ann(M) N Ann(T%E))N 1. Since Supp R/I contains both
Supp M and Supp T“E), we have that rad(J) = rad(I) and hence depth(J;E)
=depth(l; E) = d. Therefore we see that we can find «;,---,0;, as we wanted,
and this completes the proof of our proposition.

What we want to do now is to apply this proposition to considerations of
H, (APf,E) and H*( A\"f,E), and for this purpose, we need to compute the
homology group of highest dimension. To do this, let us first fix some notation.

Given a map f:R™ — R", we consider the map

ky,: ATTR*® S, (Coker f) > A'R" ® S,(Coker f)

(where S(M)= X, S,(M) denotes the symmetric algebra generated by M over R)
given by k, J(x; A - A X1 @)= T (=1)x; A o A B A 0 A Xgpy @ X2,
and we define I') ,(f) = Coker k,,. The operation of R"on S(Coker f) is that
obtained through the algebra map S(R") - S(Coker f), observing that
R" = S,(R").

LemMA 2.2. Supp I, (f) = Supp Coker f for all vZ 1, and all q such that
I<gqgsn.

Proof. Let g, v be as above. It suffices to show that if Coker f # 0,then I, (f)#0,
i.e., k, , is not onto. For this, we may localize at a prime ideal in Supp Coker f,
and thus may assume that R is a local ring. Going one step further, we may replace
R by its residue field. Thus we are now in the position where R is a field, and
M = Coker f is a nonzero vector space over R. Let x,,---,x, be a free basis of
R" such that x; mod f(R™) is a nonzero element of M. Then

kq—l,v+1(x1/\ "'/\xq®°‘)= 2z (—l)txl/\ ---/\Jil./\---/\xq@xia;éo

for any o in S (M) which is not equal to zero, since x, A - A x, ® x,a # 0.
Therefore x( A --- A x,® a is not in Ker k,_; ,4+y. But k,_q .41k, , =0 implies

that Im k, , < Ker k,_{ ,;, and hence x; A -~ Ax,®a ¢Im k,_ ,, i.e., k,, is
not onto.

REMARK. One may observe that I', (f)=S,;(Coker f) and T, (f)
= §,(Coker f).

PROPOSITION 2.3. Given a map f:R™ - R", we have

Hom(Coker A" ?f,E) ifm=norn+l,

p. —
Hm—n+l(/\ fa E) = Hom(rn+1—p,m—u—l(f)’E) lfm >n+ 1,
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where 1 £ p £ n. In particular, for 1 <p<n, H,_,. (A°f,E) =0 if and only
if Supp Coker fN As(E) =(.

Proof. The case where m =n or m=n + 1 is very easy to verify, and thus
we assume that m >n + 1. Then the problem boils down to showing that

Ker(d: NR™® = ®R™ ® A" R"QE— A R"*®-‘-,- ®AR™® AR"® E)
= Hom(I", .(f),E)
where

do®4 ® R, ®nQa)
=X (-1)2®@ @A @ QALON®a+1,Q Qi 1 Bu,(M®a
i=0

with 1€ AR™, ;e R"™*fori=1,---,v,ne A™R™, and a € E.
Let x,-++,x, and y,,---, v, be free bases of R and R", respectively, and let
&, &, be the dual basis of x,, -+, x,. Then each element a in

A'R™®R™*® " ®R™ ® A"R"®E
is uniquely written as
o= X E AN ®E,®®E ®N@h(x, A+ AXi X550, X;)
where =y A --- A ynand h(x;, A -+ A X;,X;,--+,x; )isin E. Then
d@)y = T & A ANEGNE L, ® @, ®@n®h(xi A AXi,%j50,%;)

+ v)::’ LD A NEQE ® - ®E N, @ &, ®1
=t ® h(xil/\'"/\xiq’le""’xjv
+ (=D EEA NGB, @ ®E Ry, (1)
®h(xi|/\"'/\xiq’xju'"’xiv)‘

Therefore d(a) = 0 if and only if h in Hom(A‘R"® R"® --- ® R", E) satisfies the
following three conditions:

(1) for each iy <+ <igyy, Lp(— DR A - ARy AveAXi, X X5 00 %5,) =0,
(2) h(xix/\ /\ xi.,vxjw"'axjnxj,“’""xjv) =
h(xi,/\ A xiq,le,...’leﬂ’le,...,xj__),
3) Zjv @, (M@ hX; A+ AxXippXjp5,%; ) = 0, e,
,Z a)g,()’i)h (e Ao AXi %5500, %5 _ ,%;,) = 0.
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Condition (2) says that h is in Hom( A’R"® S,(R"),E). Then the conditions
(1) and (3) mean that h =0 on Im(k, ,: A**'R"® S, (R") > A'R"® S,(R")
and also on A'R"® f(R™)*S,-1(R"). Therefore conditions (1), (2), and (3) simply
mean that A is in Hom( A’R"® S (Coker f),E) and h = 0 on

Im(k, ,: A*"'R"® S,_(Coker f) > A'R"® S,(Coker f)),

in other words, h is in Hom(I', ,(f), E). This proves our first assertion. The
second statement then follows immediately from 2.2, namely that
SuppIysi-p,m-n-1(f) = Supp Coker APf= Supp Coker f, for all p such that
1sp=sn

Given a map f:R™— R", wedenote by I(f) the ideal generated by all the n x n
minors of f, i.e., I(f) = Ann(Coker A"f). We observe that Supp Coker f= set
of all prime ideals in R containing I(f). Therefore to say Supp Coker f # (¢ is the
same thing as to say that I(f) # R or that fis not onto.

THEOREM 2.4. Given a map f:R™— R"(m = n) and an R-module E such that
E|I (f)E #0, we have for each p with 1 <p < n, the following statements:

(1) depth (I(f);E) = the smallest integer q for which HY{(A?f,E) #0, and
furthermore HY(APf, E) = Ext!(Coker A’f, E) where d= depth (I(f); E).

(2ym —n+ 1 — depth (I(f); Ey = the largest integer q for which
H (A®f,E)#0. Furthermore

Ext‘(Coker A™"?f, E) ifm=norn+l,

P =
Hypi1-d A°fLE) = {EXtd(rn-l—l-p,m—n—l(f)’ E)ifm>n+1.

Proof. (1) The first statement follows immediately from 2.1 since for each p
such that 1 £ p < n, the functors H'( A’ £, E) (i = 0) satisfy the conditions of 2.1
(as can be seen by applying 1.5), with respect to the ideal I(f). Furthermore,
H°(A\Pf,E) = Hom(Coker A’f, E) and hence the second part of statement (1)
also follows from 2.1.

(2) Set TXE)=H,_,.;-{ N f,E) where 1< p<n. Then it follows from
1.5 and 2.3 that T*(i = 0) satisfy the conditions of 2.1 with respect to the ideal
I(f). Therefore depth (I(f); E) = the smallest integer g for which

0 # Tq(E) = Hm—n+l—q(_/\pf9E)’

and hence m — n + 1 — d is the largest integer q for which H (A’f,E) #0. The
second statement follows from 2.1 and 2.3.

COROLLARY 2.5. supg depth (I(f); E) < m — n+1 where E runs through all
R-modules such that E/I(f)E # 0.

REMARK. The fact that depth (I(f);R)<m —n +1 was proven by J. Eagon
[6], the case when R is a regular local ring being previously proven by Cohen [5].
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However, we shall prove a stronger result in the next section, namely that
sup, dim R,< m —n+1 where p runs through all minimal primes containing

I(f)(see also [6]).

COROLLARY 2.6. Given a map f:R™— R"(m = n) and an R-module E with
E/I(f)E # 0, the following statements are equivalent:

(1) for some p, 1 < p<n, H(Nf,E) =0 for all q #0,

(2) for some p, 1S p=<n, H(A\*f,E)=0forallg #m—n +1,

(3) for all p, 1 < p<n, H(A’f,E)=0 for all ¢ #0 and HY(\’f,E) =0 for
allg#m—n+1,

(4) depth I(f);E)=m—n+1.

In particular, if Coker f # 0, K( A’f) is an acyclic free resolution of Coker A’f
for some p, 1 S p<n (or for all p, 1 £p <n) if and only if depth(I(f);R)
=m-n+1.

COROLLARY 2.7. Givenamapf:R™— R" with Coker f#0, if depth(I(f);R)
=m—n +1, then hd Coker AN’ f=m—n+1forallp,1<p<n.

Proof. If depth (I(f);R)=m —n + 1, then K(A?f) is a free resolution of
Coker A’f and hence hdCoker A’ f £ m—n+1 (1Zp=n) But
depth(I(f); R) = m — n + 1 implies that H™ ™" " '(A’f, E) # 0,and hence m—n +1
< hd Coker A*f.

Another consequence of 2.4 is the generalized Cohen-Macaulay unmixedness
theorem due to Eagon [6]. Indeed, we obtain the unmixedness theorem of
Coker A"f for all p, 1 £ p=<n. An R-module M is called Cohen-Macaulay if
depth M = dim M. A ring R which is Cohen-Macaulay as an R-module is called
a Cohen-Macaulay ring [2]. We observe that if M is a Cohen-Macaulay module,
then M is equidimensional, i.e., dim R/p is a constant (and equal to dim M) for
all p in As(M). We also observe that, over a Cohen-Macaulay ring, the equi-
dimensionality is the same as the unmixedness since dim R, + dim R/p=dim R
for all prime ideals p [2].

LemMma 2.8. If E is a Cohen-Macaulay R-module, then Ext AM,E)
is equidimensional for any module M such that M QE #0, where d
= depth(Ann(M); E).

Proof. From the fact (which can be easily seen by localization) that
As Hom(M,N) = SuppM nAsN it is clear that if N is equidimensional, then
so is Hom(M, N) for any M. Now let I = Ann(M). Then M ® E # 0 implies that
E/IE # 0 and hence d = depth(I;E) < c0. By 2.1,

Ext (M, E) = Hom(M, E [ (%, -+, ¢,)E)

where a, ---,a, is some proper E-sequence contained in 1. If E is Cohen-Macaulay,
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then so is E/(a,,- - .a,)E. Therefore E /(ay, -, 24)E is equidimensional and so is
Ext‘(M, E) = Hom(M, E / (a4, -+, %,)E).

THEOREM 2.9. Let f:R™—> R"(m = n) be a map such that depth (I(f); R)
=m-—n+1. Then, if R is a Cohen-Macaulay ring, Coker N f is unmixed
Jorall p, 1< p<n.

Proof. If depth (I(f);R)=m — n + 1, then K(/N° f) is a free resolution of
Coker APf, and K(APf)* = Hom(K( N° f),R) is a free resolution of H™"*'(A’f, R)
by 2.6. Therefore,

0 fi<m-n+1,

iopgm-ntl, A p =
Ext'(H (Af,R),R) = Coker APfifi=m—n +1.

Consequently, depth (J;R) = m — n + 1 where J = Ann(H™ ™ "*' (A’f,R)) by 2.1.
Thus by 2.8, Coker Af=Ext™ "*!(H™ "*!( A’f,R), R) is equidimensional and
hence unmixed if R is a Cohen-Macaulay ring.

3. Hilbert characteristic function associated with a matrix. Before we go any
further, let us fix our notation. If 4 is a graded ring (or graded module), A4, will
denote the vth homogeneous component of A. For each R-module M,
S(M) = X,,,S,(M) will denote the symmetric algebra generated by M over R.
The natural identification M = S(M), gives us the canonical S(M)-homomorphism
Ty - S(M) ® M — S(M). In the case when M = R"™, we shall simply write t" instead
of Tzm, and thus K(z™) is the (usual) Koszul complex associated with the map
™ S(R™™ — S(R™).

Given a map f:R™ > R", we get the algebra map S(f):S(R™)— S(R") and,
foreach R-module E, S(R")®E becomesamodule over S(R™),thus H(z", S(R")®E)
may be considered. We observe that H(z", S(R") ® E) is a graded module over the
graded algebra S(R").

Now suppose that I(Coker f® E) < co(where I(*) means the length of the
R-module ). Then it follows from Supp Coker f= Supp Coker S, (f) (v>0)
that [ (Coker S,(f) ® E) < « for all v > 0. Therefore, we can define the function
Py(v,E)=1(Coker S,(f) ® E) from the set of positive integers into itself. One of
the main purposes of this section is to show that P (v, E) is a polynomial function,
and thereby to obtain a more general notion of multiplicity.

THEOREM 3.1. Let f:R™ > R" be a map, and E an R-module such that
I(Coker fQE) < . Then P/v,E) is a polynomial function for sufficiently
large v. Furthermore, A"Py(v,E)= X (—1)"""I(H,,_ (t",S(R")Q E), ,,) for all
sufficiently large v, where AP(v) is defined to be P(v + 1) — P(v) and A'P(v)
= AN~ P(v)).

Proof. Consider the exact sequence of S(R™)-modules:

0 - S(R™)-E - S(R") ® E — Coker S(f) ® E - 0
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where S(R™E =Im(S(f) ® E:S(R™") ® E > S(R") ® E). One may notice that
Coker S(f) ® E is in general nct finitely generated over S(R™). However, S(R™E
is finitely generated over S(R™) and hence H (<", S(R™E) is a finitely generated
S(R™-module annihilated by the ideal Im ™. Therefore, H ,(z", S(R™)E) is finitely
generated over S(R™)/Imt™ = R and hence H (", S(R™E), = 0 for all sufficiently
large v. On the other hand, since the differentiation map on the Koszul complex
K(z™) raises the homogeneous degree by one, we see that each homogeneous

part of the chain complex K(t") ® sz Coker S(f)®E stable under the
differentiation is of the form:

A™R™® CokerS(/)®E - A™ 'R"®CokerS,, () QE— -
« = A"TR™"®CokerS,, (f)®E - -
- > A°R™®CokerS, . .(f) ®E.

Since the Euler-Poincaré characteristic is preserved by passage to homology, we get

A"Pv,E) = X (— 1)) (Coker S, o(f) @ E)
q=0

I

f (=D"(H,,_ (=", Coker S(f) ® E),+,)
q=90

T (= )" (H,_ (<", S(R™) @ E),1.).

q=0

This establishes our second assertion.

Now consider the double complex X = K(1") ® sgny (K(t™)® srmy S(R)®E).
Then H(X) is a finitely generated S(R")-module annihilated by the ideal Im "
and hence is a finitely generated module over S(R")/Im1" = R. Consequently
H(X), = 0 for all sufficiently large v. On the other hand, it is clear that the E, term
of the spectral sequence of this double complex X is simply given by
EY"= A'R"® H (z",S(R") ® E). Since the Euler-Poincaré characteristic is
preserved throughout the spectral sequence, we obtain (using the fact that H(X),=0
for all sufficiently large v) that

0= E (_1)m+"—il(Hm+n—i(X)v+i)= Z (_1)m+"-p—ql((E';—p,m—q)v+y+q)

I

X (—1yrtnmre ( ;’)I(Hm_,,(r'", SRN® E)yrps,)

Xy ( ") [ Z (=17 UH - (SR @ E)v+,,+,,>]

E o DAk = AT E),
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when v is sufficiently large. This proves that P«(v,E) is a polynomial function
for sufficiently large v.

We now consider the degree and the leading coefficient of this polynomial
function Py(v,E).

For each polynomial function ¢, we set u(¢p) = (deg¢)! (the leading coef-
ficient of ¢). Thus we observe that if ¢(v) is a positive integer for all sufficiently
large integers v, then u(¢) is a positive integer.

LemMmA 3.2. If ¢, ¢, are polynomial functions, then the function ¢, *¢,
defined by ¢y xPpr(v) = X4, =, 9:1(P)p2(q) is also a polynomial function and
we havethatdeg ¢, » ¢, = deg ¢, + deg, + 1. Wealso haveu(p, * ¢,) =u(¢u(¢,).

Proof. For each integer n =0, we set

X
Then n0 = ( :n)

P,,+P, () = EV(P +"l) (q +nz) _ (v +ny +1)

pta= ny n, ng+n, +1

ie., P, *P,, =P, ,,,+1. We prove our lemma by induction on deg¢, + deg¢,,
the case deg¢; + degeo, = 0 being trivial.

We can always write ¢, =u(¢)P; +¢; where deged/<d; = degd,.
Then ¢y %@, =u(d)u(P2)Py, 14,1 + [U(@ )Py, * D5 + u($s) p1* Py, + & * ;]
and inside the bracket is a polynomial function of degree less than d, +d, + 1,
by induction. Hence ¢, *¢, is a polynomial function of degree d, +d, +1

and u(¢; *¢,) = u(d,)u(p,).

THEOREM 3.3. Let f:R™ > R" be a map, and E an R-module such that
I(Cokerf ® E) < . Then u(P/(v,E)) and deg P,(v,E) —n + 1 depend only on
the R-modules E and Coker f.

Proof. It suffices to show that if R™ 5 R™s M -0 (i=1,2) are exact

sequences, and (M ® E) < o, then P,,_ *P; =P, _,*P; where

Py = (

v+

i "), P;(v) = P, (v,E).

Consider the exact sequences

T
0-fRY SRS Moo

I

b4
0 — fi(R™) B2 pna T2 4 L o

where g; are inclusion maps. We observe that Coker S,(f;) = Coker S(g;) for all v
since Imf; = Img; (i = 1,2). If we set K = {(x,x,) eR™@® R™|m,(x,) =7 (x,)},
then we get the exact sequence
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0-> K& R"@®R"> M > 0 (g is inclusion map)
and the commutative diagram

fiR™) ® R* S K E R @ f,(R™)

g,+idl lg l id + g,

R ® R* ¥ R @ R SR™ @ R™.

Therefore we have
Coker S(2)®E = CokerS,(g; +id)®E = h S,(R") ® Coker S(g,)® E

ptg=v
= X S,(R"™) ® Coker S,(f,) ®E;
ptg=v
CokerS,(g) ® E = CokerS,(id + g,)®E = X S, (R") ® Coker S(g,) ® E
ptqg=v
= X S,(R") ® Coker 5,(f,) ® E.
ptg=v
Hence
) (P +n - I)sz(q,E) = Y (p +tny - 1) P, (q,E) forall v,
ptq=v nl—l piq=v nZ_l

i.e., P"I_I*sz= nz—l*Pfl'

THEOREM 3.4. Let R be a local ring, f:R™— R" a map, and E an R-module
such that |(Cokerf ® E) < c©. Then degP (v,E)=n—1 + dimE.

Proof. Since degP (v,E) — n + 1 depends only on Coker f (for a fixed E),
we may assume that ImfcmR", where m is the maximal ideal of R. Let
g::R™—>R" and g, :R™ — R" be maps such that Img; = q;R " where g, =m,
g2 = I(f). Then we have Img, c Imf <Img, and hence I (CokerS,(g,;) ®E)
2 I (Coker S,(f) ®E) = I(Coker S (g,) ®E), i.e., Py,(v,E) 2 P«(v,E) 2 P, (v,E)
forallv. Thus deg P,, = deg P, = deg P,,. However, Coker S,(g;)=S,(R") /q;S,(R")
and therefore

Pe(,B) = (Coker 8 ®) = ISRV @E (i) =" 7" 1) 1B ).

Therefore degP,(v,E)=n—1 +dimE for i =1,2 and consequently deg P(v,E)
=n—1+dimE.
The following theorem is a generalization of the Krull principal ideal theorem.

THEOREM 3.5. Let R be an arbitrary noetherian ring. Then for each map
f:R"™—>R" (m = n), we have dimR, < m —n + 1 for all minimal primes p in
Supp Coker f. In particular, m — n + 1 = ht Coker f(4).

(4) htMis here used to denote what we have previously called rank M, i.e., inf, dim R,
where p runs through the primes in Supp M.
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Proof. Localizing at each minimal prime p in Supp Coker f, it suffices to
show that dimR £ m — n + 1 if I(Coker f) < co. Furthermore we may assume
that R is an integral domain, for otherwise we may replace R by R/p where p
is a prime ideal such that dimR/p = dimR.

If dim R = 0, there is nothing to prove, so we may assume dimR > 0. R being
anintegral domain of positive dimension, we know there is a nonzero element a
in the maximal ideal of R. Then the exact sequence 0— R % R — R /a— 0 gives
the exact sequence 0> S(R") % S(R")—» S(R) ® R/a— 0, and it follows from
the exact sequence --- — H (7", S(R"))— H (1", S(R)®R/a) » H,,_ ,(z",S(R")) > -
that X (—-1)""?H,,_(z" S(RY® R/a),,)=0 for all v. This means, by 3.1
that A"Py(v,Rja) = 0, and hence m > deg P, (v,R/x). But by 3.4,
degP(v,R/a)=n—1+dimR /o, and dimR /¢ =dimR — 1. Hence m—12=n—2
+dimR or m—n +12=dimR.

COROLLARY 3.6. Let R be a local ring, f:R™ > R" (m=n) a map, and E an
R-module such that I(Coker f®E) < . Then m—n + 1= dimE and hence
m 2 deg P (v, E).

Proof. Let R=R/Ann(E) and f=f® R:R"™ R". Then I(Coker f) < o
and hence m — n +1 2 dimR =dim E. Thus m=n—1 +dim E = deg P (v, E).

For each module M over a local ring R, define n(M) = [Tor(M,R/m):R /m],
where m is the maximal ideal of R.

COROLLARY 3.7. LetR bealocal ring, and M a torsion module over R. Then
ny(M) — no(M) +1 2 htM, and the equality holds if and only if there exists
an exact sequence R™— R"— M — 0 such that m — n + 1 = ht M. Moreover, if
htM > 1 and the equality holds, then M is indecomposable.

Proof. First observe that if R”— R"—» M — 0 is exact, then m = n since M
is a torsion module. Let 0> K, - F > M -0 be an exact sequence with F a
free R-module, and chmF Then Tor (M,R/m)=K; ® R/m. Now for any
exact sequence R" LR M- 0, we get K, ®R"~F@f(R™) and thus
ny(M) + n=ny(M) + [f(R")® R/m :R/m] £ noe(M) + m. Therefore m — n + 1
= ny(M) — no(M)+1 = ht M(by3.5). If for some exact sequence,m —n+ 1 =ht M,
then also n,(M) — ny(M) + 1 = ht M. Since one may always choose m = n,(M)
and n = ny(M), it is clear that the converse also holds.

Now assume that n,(M) — no(M) + 1 = htM, and that M = M, @ M,. Then
htM=n,(M;)—no(My) +1+n,(My)—no(M,) +1—12htM, + htM ,—1 2 2htM —
1 or htM < 1. Thusif htM > 1, M isindecomposable if n,(M)—ny(M) + 1 = ht M.

Our theorems naturally lead us to the following definitions.

leen a module M of finite length over a local ring R, choose an exact sequence
R™4 R"> M 0. Then for each R-module E, the product (dimR + n—1)!
(the coefficient of the term of degree n—1 + dim R in the polynomial P (v, E))
is a non-negative integer which depends only on M and E. We call it the multi-
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plicity of M with respect to E and denote it by eg(M). In the case when M = R,
we simply write e(M). Thus when M = R/q, our notation e¢(R/q) means the
multiplicity of ¢q in the usual sense.

In view of 3.6, we call a map f:R™—>R" a parameter matrix for E if
1(Coker f@ E)< oo and m—n +1=dimE. When n=1, a parameter matrix
for E is nothing but a system of parameters for E. Our construction of a para-
meter matrix below shows that for each E, and each n > 0, there exists a para-
meter matrix f:R™— R" for E.

This next proposition is an immediate consequence of our definitions and the
theorems already established above.

ProOPOSITION 3.8. Let f:R™ > R" be a parameter matrix for R, and let
M = Coker f. Then

1) exM)= Z(-1)""PU(H,_(1",S(R")® E), ,) where v is sufficiently large.

(2) eg(M)=0 and egf(M) =0 if and only if dimE < dimR.

(3) If0—>E'—»E—E" —0isanexactsequence,then egf(M)=eg(M) + eg(M).

We shall conclude this section with a fairly general construction of parameter
matrices.

Let ¢ = {a,,---,a,} be any sequence of d elements in a commutative ring R,
and let n be any positive integer. From ¢, we construct an (n + d — 1) x n-matrix
which we will denote by ¢™. ¢ is defined as follows: ¢(i,j) = a,_; where

15i€n+d—-1,0£j<n-1, and
{0 ifi—j £ 0orifi—j>d,
a,_j=

g it 1Si—-j<d

Put a little more picturesquely, the matrix ¢ looks like this:

a, 0 0 0
az al 0 e O

Ay Qg1 Qg—2 *° Qy_p41

0 a4 Ag-1 0 Gg—n+2
0 0 a4 vt Qg-p+3
0 0 0 a,
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Choosing canonical bases for R**"~! and for R", the matrix ¢ defines a map
(which we will continue to call ) from R**"~! to R". Corresponding to this
map, we have the ideal I(¢™) = AnnCoker A"¢™. The reason for considering
the map ¢™ becomes clear when we state the following lemma (without proof).

LeMmA 3.9. Let ¢ ={a,,---,a;} be a sequence of elements of R, and ¢™
the corresponding map, ¢™ :R **"~1 5 R". Then I(¢'™) =J" where J is the
ideal generated by a,,---,a,. Thus, if R is a local ring, E an R-module of
dimension d, and a,,---,a, a system of parameters for E, then ¢" is a para-
meter matrix for E for every positive integer n.

In the next section we shall compute the multiplicity of some parameter
matrices. Let us simply remark here that the existence of parameter matrices of
arbitrary size proves (by 3.7) that if R is a local ring of dimension greater than
one, and if n is any positive integer, then there exists an indecomposable module
M of finite length which is minimally generated over R by n elements.

4. Euler-Poincaré characteristic and multiplicity. The main purpose of this
section is to establish the fact that if f:R™— R" is a map, and E an R-module
such that I(Coker f® E) < oo, then the Euler-Poincaré characteristic of H ( A?f, E)
is equal to " —1 '

(n _ p) A"P(v,E).
We obtain this result from a double complex, which will also be used in a sub-
sequent paper.

Let us begin then with the construction of the double complex. Consider two
maps AL B% C of R-modules. Then f:4— B induces a map on bilinear
forms (y(gf), A,C*)— (y(g), B.C*) and hence the chain map:

AC*® ANC*® AC* ® NAA

Lo

ACr @ AT @ AALCAL )\ cxg AT @ AB

MO N\ c*@ AC* ® AC*® A B

ACr @ AAMBAL kg A B

A A——)/\'f N B
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where A C* = X,,oAC* and the vertical maps are defined, as in §1, by
p-1 .
d(o®®2,01) = L(-1)'2® - @4A4i ® @10«
i=0

+ (=)@ ®4,,0 w; (2).

In addition to this chain map between C(y(gf),AA4) and C(y(g), AB), we also
have the complex G(y(f), AA4). The double complex that we will ultimately
construct will involve all of these complexes, so let us introduce scme more
notation to simplify our writing.

For each p =0, let us define:

L, AC* ® NC* ®--® AC* p copies,

~
il

» AC* ® L,
"= AB* ® ‘AB* @ --® AB* p copies,
N,= AB* @ N,

2
|

In terms of this notation, let us observe that €, (y(f), A4)=N,® A4, and
that ©,,,(g*, AB*) = L, ® AB*, where g*:C* — B* is the transpose of
g:B-C.

Consider now the diagram:

A 1’ l \ 4
> LON®ANA—> L, N, @ NA->+> L,ON®ANA-L,®NA

A 4 Y J/ v

"'—’Lp_l ®Nq® /\A_’ Lp"l ® Nq—l ®/\A"’"'—> Lp—l®N0®/\A_)Lp—1®/\A

y

v v A4 N
ver— L0®Nq®/\A—’ L0® Nq_1®/\A—)"‘_’ L0®N0®AA-’>L0® A

J’ N N v

- N,® NA - N, i®@ANA—- - > No@ ANA— NA

where the maps remain to be defined.
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Since each row of the diagram is simply L, ® C(y(f), AA) (with the conven-
tion that L_, = R), the horizontal maps are those induced by the differentiation
in €(y(f), NA). Similarly, since each column of the diagram (except the one
on the extreme right) is D(g*, AB*) ® (N, ® AA), we define the vertical maps
to be those induced by the differentiation in (g*, A B*), and the extreme right
column, being &(y(gf), A A), has the obvious differentiation defined on it.

That the diagram thus defined is a double complex is confirmed by the follow-
ing lemma.

LemMMa 4.1. dd’' =d’'d, where d stands for the horizontal, and d' for the
vertical maps.

Proof. When p=¢g =0, we have

dd'(co®@by®a) = d(coAbo® a) = Weypp(@) = W04,(a);
d'd(co® bo® a) = d'(co® Wy, (a)) = Wc,wp,().

If g =0, and p > 0, we have (using the recursive forms of d and d’ as described

in §1)

dd'(co® - ®c,® by ®a)

dcoAe1 ®¢c; @ ®c,®by®a—¢co®d'(c; @+ ®c,® by ® a)
=N ®¢; @ Qc,Qw,(a) — co®dd'(¢c; ® - Qc,® by ® a);

d'd(co®@ - ®c,®byRa)

d'(co® - ®c,® w,(a))

N1 ®c;Q - ®c, @y (a) — co®@d'(c; ® -+ ® ¢, ® w,(a))

= N1 ®C;Q B¢, QW (a) — co®d'd(c; @ B¢, ® by @ a).

I

I

By applying induction to the case ¢ =0 and arbitrary p, we see that we have
equality.
If p=0 and g >0, we have

dd'(co®@by® - ®b,®a) = dlcoAby® b, @ - @b, @ a)

= ¢oAboAb;®b, @ - ®b,®a—coAby®d(b, ® - @b, ® a);
d'd(co®bo® - @b, ®a) = d'(co®d(by® - ® b, ® a))
d(co®@[boAD;®b, Q@ ®b,®a—by®d(b; ® - ® b, ® a)])
= coAboAb1 @b, @ ®b,®a—coAby®d(D; ® - @ b,®a),

and thus we have equality.

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



218 D. A. BUCHSBAUM AND D. S. RIM {May

We now take care of the remaining cases by induction on p, and we may assume
that p is positive. Then

dd'(ce® ®¢,® by, ® - @ b, @ )

= d(coAN 1 ®c; @B, ®b® - ®b,®a

— Co®d'(cl®-~-®cp®b0®~-®bq®a))
= A1 ®;®®c,®d(by® - ®b,®a)
- ¢®dd'(c;® - ®¢c,®by® - ® b, ® a);
d'dco® - ®c,®by® - ®b,®a)

= d'(co® " ®c,®db®--®b,®a))

= A, ®c, @ R®c,®d(by® - @b, ® a)
- ¢®d(c;®Qc,®@d(by® - ® b, ® a))

= oA, ®c; @ ®c,®d(b® - ®b,®a)
— ¢®d'd(c,® ®c,®by® @b, ® a)

and our inductive argument is complete.

What we are ultimately interested in doing is looking at some subcomplexes
of this double complex, and then augmenting them. Actually, what we have in
mind is the following. We consider maps R"L R" &, R , and we want to ob-
tain a double complex which relates K(APf), K(A? g) and K(A? gf) for various p’s.
We have the chain map of K(A?gf) into K(A?g), and we “‘imbed’’ this chain
mapping in a double complex, the general form of which is the double complex
described above. Of course we are already familiar with the fact that the Koszul
complex is obtained from a complex of the form E(y, A A) by restricting certain
indices of summation, and by augmentation. These restrictions on indices pose
a rather nasty problem of notation, and to make the reading a little more intel-
ligible, we introduce some simplifying notation.

We return then to the situation A LB C, and consider
Cy(gN), N"A,u), C(y(g), N B,u) and C(y(f), \" 4, p). We let i=v+uande=v+p,
and we agree to hold these numbers fixed throughout. We have the chain map
of C(y(gf), N 4,u) into €(y(g), N B,u), and we want to imbed this chain
map into a double complex involving C(y(f), A" 4, p).

Using the previously defined double complex as our guide, we first observe
that

v¢p+1('))(g/)’ NA,u) = ) /\s°+“C*® NIC*® - ®@ NPC*Q® /\A+ Esi g

This last term may then be written as X,L (1) ® A*** 4 where
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L(f)= X N°*C*@ N'C*® - ® AC*,

the summation running over all s, =0, s;=1 for i >0, and X5, =1
We now consider the following diagram:

l l i

oo ZLO®Cpuy () A A0 —2—1) 5o T LNQC, (N, A**'4,0-2-1)» TL(HQ N4

o BL) ® € () N4, 0= A=) oo T LR (/) N h,0—2—1) > T Le() ® A4

| !

= € () A4, 0) > e » (), N 4,p) > NA.

Each row of this diagram is a subcomplex of the corresponding row of the
double complex defined before, i.e., it is clear that each module in this diagram
is a submodule of the corresponding module in the double complex previously
defined, and is stable under the horizontal differentiation there defined. Thus
our horizontal maps in this diagram above are simply the restriction of the hori-
zontal differentiation maps defined before. If we now show that the columns
of this diagram are stable under the vertical maps of our old double complex,
we will have shown that the above diagram is indeed a double complex.

Consider an element in X L()® €, . ,(y(f), A*14, 60— A—1). We may fix
an integer ¢ and simply look at an element in L,(£) ® €, (y(f), AT 4,6— A1)
To make it a little easier, let us recall that ©,.,(y(f), A\**'4,6—2—1)
= X AotoTitipkey AMIBk® ... ® AY“B*® A°T ™A where the summation
runs over u, =0, u; =1 for i 2 1. Thus we may finally take our element « to
be of the form

t=co®¢;® - Qc,®b@b; ® - @b, ®a
where ¢y e A®TUC*, ¢,e AC*, boe NP T4 'B* b,e NiB*,ae NT ™ 4, and
Ys; =t. Then
d'(a) = ['pg:(—l)ic(,@---@ ci/\ci+1®-~-®cp®bo+(—1)"co®---®cp_1®cp/\bo]
’éb1®"'®bq®a,
and we want to show that this is an element of

ELp—l(t) ® €q+1()’(f), /\A+'A’ c—Ai- t)
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if p> 0, otherwise that d'(x) e €, ,(y(f), A"4,p).

If p=0, we have d'(®) =coAby®b; ® - ® b, @ a. But we also have that
S0 = 1,50 CoA\ boe AT B* = A*P B* Thusd'(a)e A°*PB* @ \“B*® ---
® A“B*® A°* ™4 and hence is in C+1(2(f), A4, p).

If p>0, it is clear thateach of theterms o ®@ - @ ;A €41 @ - R, @ by ® -+
® b, ® a is in the right place, and hence it remains only to check ¢, ® -+
®cp 1 ®c,Abg® - ®b,®a. But we claim that this element is in
Ly-1(t=5,)® €y (9(f), A*T* 74,6 —A—1 +5,) as can be easily checked.

Another way to see that the columns are stable is to observe that
ZL(ORC,.,((, A**'4,6—2—1) is isomorphic to X, D,+) (8%, A°TTB*,u)
®N/ (1) where N(1)= X N"B*® - @ NB*® A°* ** "4 with u; 2 1. This
fact will shortly be used, but may be verified fairly straightforwardly.

Now that we have our double complex, we are in a position to augment it.
Consider the case, then, when A =R™, B=R", and C=R", i.e., R"LR"& R,
We then take v to be any positive integer less than or equal to r, we choose
A=r+1, and 6 =n + 1. These are the choices of A and ¢ which lead to the
appropriate Koszul complexes.

As mentioned before, we have the chain map C(y(gf), A’R™r+1—v)
- &(y(g), A"R",r + 1—v). Thus the double complex defined above may be aug-
mented by the addition of an extra column on the extreme right, i.e., by adding on
C(y(g), A'R", r +1—v). By doing this, each row of the complex becomes
E,Lp(t)®K(/\“‘f). We can also augment this double complex by adjoining
the extra row: _

e 30505 - >0-> /\VR'; AR,

with the map of A"R™ - AR being A’ gf, and that of A\"R”— A’R’ being A\’ g.
Our newly obtained augmented double complex, which we will call X(f, g,v),
has the property that its two right-hand columns are K(A'gf) and K(\'g),
its rows (except the bottom one) are X, L (1) ® K( A (A=r+1), and its
columns are TD(g*, A" TTR™, r +1 - v) @ N(1).
Having defined the double complex X(f, g, v), we return to the main objective
of this section.

THEOREM 4.2. Let R be a local ring, let f:R™ - R" be a map, and E an
R-module such that |1(Coker f® E) < 0. Then we have

(” - ;) A"P(v,E) = yH(A%,E)

n

where yH, (Af,E) = X (—1)UH(Af,E)).

Proof. From the given map f: R R", we get the S(R")-map
S(RH®f:S(RHY®R™ > S(R"Y® R". We also always have the canonical map
7" : S(R") ® R" - S(R"). Therefore, from the two maps S(R")® R"- S(R")® R"
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— S(R™, we get the double complex X = X(S(R")®f,1",1), and we consider
X®E.
We know that the double complex X ® E is of the form

> K(ASh)®E— K(A*h) RE»K(W®E—>K(id)®E

where h = S(R)® f (we are using the fact that the double complex becomes
quite simple when r =v=1), Breaking the terms down still further, we see
that the complex is of the form

> KINNHOSRY®E-K(N /) @SR E—K(f)® S(R"QE)
- K(id)® S(RM®E
with respect to the horizontal differentiation d, and is of the form

o X D™, AR ® S(RN), D)@ N,(5)Q E

520

- X DE AR @SR, D@N ()®E - K(T"h) ® E

520
- K("®E

with respect to the vertical differentiation d’.

We observe here that K(r,h) = K(t,) ® sirmS(R") as chain complexes,
and hence H, (K(:"h) ® E) = H,(",S(R") ® E). On the other hand,
DE™* NT"R™*® SR, 1) =~ €(3("), A *R"® S(R™,1) by 1.6, and since
H(DE™, A°T"R™ ® S(R"),1) ® E) and H(K(:")® E) are annihilated by Im (1)
(being ordinary Koszul complexes) we see that these homology groups must
be finitely generated R-mcdules. Therefore their gth homogenecus parts must
vanish for all sufficiently large ¢, i.e., the gth homogeneous part of the complexes
DE* NTTR™® S(R),1)®E and K(")®E are acyclic for all sufficiently
large q.

Now the map h = S(R") ®f is of homogeneous degree zerc whereas the map
7™ is of homogeneous degree one, and thus the gth homogeneous part X(q) ® E
of the complex X ® E takes the form:

K(A)®SRHBE - K(A" ' /)®S,4 {(RY®E= - —>K(A" ' f)®S,+ (R Q E
=2 K()® Syim-1(RYQE—> S, (R)QE

with respect to the horizontal differentiation. Therefore the Euler-Poincaré
characteristic of X(q) ® E computed with respect to the horizontal differentia-

tion is
-§1(_ D x(HANS,Spem-1(R)Q E))
_ é"”i”( q+n’11+_nl—i—1)xHA,.(f, B).
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On the other hand, each column complex of X(q) ® E is, with respect to teh
vertical differentiation, acyclic (for sufficiently large ¢) except the second one from
the right, namely, the gth homogeneous part of K(:"h) ® E = K(z™)® S(R)® E.
Therefore the Euler-Poincaré characteristic of X(q) ® E computed with respect
to the vertical differentiation is X (—1)PI(H (=", S(R") ® E), 4+ - ,) Which is equal
to A"P(q,E) by 3.1. Therefore we get

A"P/(g,B) = X (—1)”‘(" ) )

£ () 5 e

§(q+m 1)>:< 0 (5 =T ()

i=1 ji=0

m—1

0 = L0, "L s = E o)

—~1-k
- 1
R PO 3}

B j) AH (N fE)

I
M-
o~~~

l
=%

n—1

However, the left-hand side, A"P/(q,E), must be a constant independent of
q (by 3.6), and hence we get A"P(q,E) =a,= xH,(f,E), and a;=0 for all
j > 0. Thus there remains to be shown that

(A= (), .

We proceed by induction on j, the case j =1 being trivial.
Assume that

-1 )
MHNE) = (32 JH D) fork=1,2,-,

Then we have
J wfn—1-—k k+1
0=a, = L0021 e
k=0 J

£ (n i k-) (nff_l k)XH*(f,E)+(—1)jXH*(/\j+1f’ B

= le(_1)"({c) (";I)XH*(f,E) + (=1 yH(N*'f,E)

il
~~
[y
N’
<.
+
-

(" ; l)xH*(f, E) + (= I xH(N*1, B),
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and hence

A D = ("7 sp=(, B,

This completes the proof.

COROLLARY 4.3. Let R be a local ring, f: R™— R" a parameter matrix for R,
and M = Coker f. Then
n—1
dHANEE) = (

n=p

)eE(M)
for all R-modules E.

COROLLARY 4.4. Let R be a local ring, f:R™ — R" a map, and E an R-module
such that 1(Coker f ® E) < co. Then yH (A?f,E) is a non-negative integer and
tHA’f,E)y=0 if and only if m—n +1>dimE (1<p=<n).

COROLLARY 4.5. For a local ring R (dimR > 0), the following statements
are equivalent:

(1) R is a Cohen-Macaulay ring.

(2) e(M)=1IUM) for all R-modules M which are given by a parameter
matrix for R.

(3) e(R/q)=1IR/q) for an ideal of definition q generated by a system of
parameters.

We close this section with some remarks involving a few informal computa-
tions.

Let R be a local ring, and g an ideal of definition of R, whose multiplicity is
equal to e. If P (x) is the characteristic polynomial for q, then Pv(x) (e/dDx? + -
where d = dimR. Thus we see that the multiplicity of ¢* for some integer k
is simply K’e.

Now if R is moreover a Cohen-Macaulay local ring, and q is generated by
a system of parameters, then

v+d

@iy = (44w

(since the associated graded ring of g is a polynomial ring in d variables over
Rq), and hence

IR/ = VEO(”” Yiwio - (" )i,

What we are getting at is the following observation. Let R be a Cohen-Macaulay
local ring, and ay,--+,a; a system of parameters for R. Letting ¢ = {a,,---,q,},
we may construct ¢™ :R**"~! — R" as described in §3, and ¢™ is a parameter
matrix for R. Let M = Coker ¢™. Then since R is Cohen-Macaulay, and ¢™ is
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a parameter-matrix, we have e(M) = (M) = I(R/I(¢")). But I(¢™) = q" where q
is the ideal generated by a,, ---, a,. Thus we see that

e(M) = (" ) wrio- (" e

(since e = I(R/q)), and e(M) is not the multiplicity of I1(¢™).
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