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Abstract

We study local cohomology of rings of global sections of sheafs on the Alexandrov space of a partially
ordered set. We give a criterion for a splitting of the local cohomology groups into summands determined
by the cohomology of the poset and the local cohomology of the stalks. The face ring of a rational pointed
fan can be considered as the ring of global sections of a flasque sheaf on the face poset of the fan. Thus
we obtain a decomposition of the local cohomology of such face rings. Since the Stanley—Reisner ring
of a simplicial complex is the face ring of a rational pointed fan, our main result can be interpreted as a
generalization of Hochster’s decomposition of local cohomology of Stanley—Reisner rings.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

In this paper we study local cohomology of rings of global sections of sheafs on the Alexan-
drov space of a partially ordered set. Before we introduce the concepts needed to state our main
results, we describe some consequences.

Recall that a simplicial complex A on a finite vertex set V is a collection A of subsets of V
closed under inclusion, thatis, if F € G and G € A, then F € A. A rational pointed fan X' in R4
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is a finite collection of rational pointed cones in R? such that for C’ € C with C € £ we have
that C’ is a face of C if and only if C’ € X, and such that if C, C' € X, then C N C’ is a common
face of C and C’. The face poset P(X) of X is the partially ordered set of faces of X ordered
by inclusion. The face ring K[X'] of X over a field K is defined as follows: As a K -vector space
K[X] has one basis element x? for each a in the intersection of Z¢ and the union of the faces
of X'. Multiplication in K[X'] is defined by

a. b { x%tt if a and b are elements of a common face of X,

x4x” = ’
0 otherwise.

A simplicial complex A on the vertex set V ={1,...,d — 1} has an associated rational fan

X' (A) with one cone C(F) for each face F' of A. The cone C(F) is equal to the set of vectors

inRE ) = {(x1, ..., X4): X1,...,xq >0} with xg = 3% x; and x; = 0 for i € V \ F. The face

ring %[E(A)] is called the Stanley—Reisner ring K[A] of A.

Stanley observed in [13, Lemma 4.6] that the face ring K[X'] of a rational pointed fan X is
a Cohen—Macaulay ring if the Stanley—Reisner ring K[A(P(X'))] of the order complex of the
face poset of X' is a Cohen—Macaulay ring. Stanley reduces the proof of this observation to a
theorem of Yuzvinsky [18, Theorem 6.4]. Theorem 1.2 below generalizes Yuzvinsky’s theorem,
and Stanley’s observation is a direct consequence of it.

We consider every poset P as a topological space with the Alexandrov topology, that is, the
topology where the open sets are the lower subsets (also called order ideals) of P. If 7 is a sheaf
of K -algebras on P, then for every x € P there is a restriction homomorphism H%(P, 7) — 7
from the zeroth cohomology group of P with coefficients in 7 to the stalk 7, of 7 at x. Given
an ideal / in a commutative ring R and an R-module M we denote the local cohomology groups
of M by H } (M) fori > 0. The following is our decomposition of local cohomology.

Theorem 1.1. Let K be a field, let T be a sheaf of K -algebras on a finite poset P and let I be
an ideal of the zeroth cohomology group HO(P, 7) of P with coefficients in 7. For x € P we
let d, denote the Krull dimension of the stalk 7, of  at x and we assume that:

1) H?(P, ) is a Noetherian ring and H' (P, 7) =0 for every i > 0,
(i) H;(Z) =0 forevery x € P and every i # dy,
(iii) if x <y in P thend, <d,.

Then there is an isomorphism

Hj(HO(P, 7)) =@ A~ ((x. 15): K) ®k H{* (%)

xeP

of K-modules, where H i=de=Tl((x, 1 7); K) denotes the reduced cohomology of the partially
ordered set (x,15) ={y € P: x <y} with coefficients in K. If F is a sheaf of 74 -graded
K -algebras, the above isomorphism is an isomorphism of 7% -graded K -modules.

The zeroth cohomology ring H(P, .7) is naturally identified with the ring of global sections
of 7. Under this name it was studied by Yuzvinsky [18,19] and Caijun [8]. The following im-
mediate corollary of Theorem 1.1 generalizes the results [8, Theorem 2.4] and [18, Theorem 6.4]
of Caijun and Yuzvinsky.
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Theorem 1.2. Suppose in the situation of Theorem 1.1 that there exists a unique graded maximal
ideal m in HO(P, ) which is maximal considered as an ideal of HO(P,. 7). If the assump-
tions of Theorem 1.1 are satisfied by the ideal m, then the ring HO(P, 7) is Cohen-Macaulay
if and only if there exists a number n such that the reduced cohomology H*(A((x, 1)), K)
of the simplicial complex A((x, 1p)) associated to the poset (x,15) is concentrated in degree
(n —dy — 1) for every x € P with 9, #0.

Let us return to the situation where P = P(X) is the face poset of a rational pointed fan
Y in R?. There is a unique flasque sheaf .7 of Z¢-graded K -algebras associated to ¥ with
stalks J¢ = K[C] given by the monoid algebras on the cones of X, with a natural isomorphism
K[X]1= HO(P, .7) between the face ring of X and the ring of global sections of .7 and with
restriction homomorphisms H%(P, .7) = K[¥] — K[C] = J¢ acting by the identity on x¢ if
a € C and taking x“ to zero otherwise (see [3, Theorem 4.7]). Note that the face ring K[X] is
Noetherian, Z?-graded and has a unique maximal Z¢-graded ideal m. The K -algebras K [C] are
normal and thus Cohen—Macaulay of Krull dimension d¢ = dim(C). Hence the following result
is a direct consequence of Theorem 1.1 since every flasque sheaf of rings on a poset satisfies
assumption (i).

Theorem 1.3. Let ¥ be a rational pointed fan in R? with face poset P, K be a field and m be
the graded maximal ideal of the face ring K[X']. Then there is an isomorphism

Hi(K[2]) = @ H™O7I((C. 1p): K) @k HE™ O (K[C])
CeP

of Z¢-graded K -modules.

If X' = ¥ (A) for a simplicial complex A, then the posets (C, 15) = (C(F), 15) in the above
formula are isomorphic to the face posets P (lka F) \  of the links in A. Thus the above theorem
generalizes Hochster’s decomposition of local cohomology of Stanley—Reisner rings (see [7]).
Just like Reisner’s topological characterization of the Cohen—Macaulay property of Stanley—
Reisner rings is a consequence of Hochster’s decomposition of local cohomology of Stanley—
Reisner rings, the observation [13, Lemma 4.6] of Stanley mentioned above is a consequence of
Theorem 1.2.

Sheaves on a poset P can be described in a different way. More precisely, let R be a com-
mutative ring, then a sheaf .7 of R-algebras on P is described by a unique collection (Ty),cp
of R-algebras and homomorphisms 7y : Ty — T, for x < y in P with the property that 7, is
the identity on 7 and that Ty o T\, = T, for every x < y <z in P. Moreover, every such col-
lection describes a unique sheaf on P, and we have that HO(P, .7) is the (inverse) limit lim 7.
In the body of this paper we call T = (T, Tyy) an R P-algebra, and we work with R P-algebras
instead of with sheaves. One reason for this change of perspective is that homological algebra of
R P-algebras is more accessible than sheaf cohomology. In fact, Theorem 1.1 is a consequence
of general homological arguments.

Algebras of type lim T for an R P-algebra T appear at many places in commutative algebra
and combinatorics. For example, Bruns and Gubeladze studied such algebras in a series of papers
[5,6]. Brun and Romer considered the relationship between initial ideals of the defining ideal of
the face ring of a rational fan and subdivisions of that fan in [3].
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This paper is organized as follows. In Section 2 we recall definitions and notations related to
posets and abstract simplicial complexes. In Section 3 we introduce R P-algebras and give exam-
ples from commutative algebra and combinatorics. In Section 4 we study the local cohomology
of limits of R P-algebras. In particular, we prove Theorem 1.1. In Section 5 we present further
applications.

The proof of Theorem 1.1 uses homological algebra over a poset P. We recollect in Sections 6
and 7 some notation and basic facts needed in the proof. Perhaps apart from Proposition 6.6 the
results in Sections 6 and 7 are well known. We have included these sections as a bridge between
the questions considered in this paper and the literature on homological algebra of functor cat-
egories. They are also intended as a soft introduction to the language of functor categories for
the reader who is not very familiar with category theory. More detailed accounts of the concepts
introduced here can be found in the papers of Baues—Wirsching [2] and of Mitchell [11]. Sec-
tions 8 is the technical heart of the paper. Here we use the theory collected in Sections 6 and 7 to
study the local cohomology of R P-modules.

2. Prerequisites

In this paper P = (P, <) always denotes a partially ordered set (poset for short). Given P,
the opposite poset P°P = (P, <) has the same underlying set as P and the opposite partial order
<, thatis, y < x if and only if x < y. We write x < y if x # y and x < y. We also consider a
poset as a category “with morphisms pointing down,” that is, for x, y € P there is a unique arrow
y — x if and only if x < y. If P contains a unique maximal element, then this element is called
the initial element of P, and it will be denoted 1 p. Analogously a unique minimal element of P
is called a terminal element of P and it is denoted Op. The poset P= (ﬁ , <) associated with P
has underlying set P=PU {05, 15} obtained by adding a terminal element O and an initial
element 15 to P (in spite of a terminal or an initial element which may already exist in P). The
closed interval [x, y] of elements between x and y in P is the set [x,y]={z€ P: x <z <y}
considered as a sub-poset of P. The half-open interval [x, y), the half-open interval (x, y] and
the open interval (x, y) are described similarly. Note that if x € P and y € P, then (x, y] is a sub-
poset of P. A finite poset P is called a graded poset, if all maximal chains (i.e. totally ordered
subsets) of P have the same length rank(P). In this situation it is possible to define a unique rank
function on P such that for x € P we have that rank(x) is the common length of maximal chains
in P ending at x.

The Alexandrov topology [1] on a poset P is the topology where the open subsets are the
lower subsets (also called order ideals), that is, the subsets U such that y € U and x < y implies
x € U. The subsets of the form (05, x] form a basis for this topology. (Sometimes, e.g. in [18],
this is called the order topology on P°P.)

The poset P is locally finite if every closed interval of the form [x, y] for x, y € P is finite and
it is topologically finite if every interval of the form (05, x] for x € P is finite. Note that locally
finite does not imply topologically finite but the converse is true and that P is topologically finite
if and only if every element of P has a finite neighborhood in the Alexandrov topology.

If a simplicial complex A on a finite vertex set V is non-empty, then the empty set is a terminal
element in the face poset, that is, in the partially ordered set P(A) = (A, ) of elements in A
ordered by inclusion. The elements F of A are called faces. If F contains d + 1 vertices, that is,
d + 1 elements of V, then F is called a d-dimensional face, and we write dim F' = d. The empty
set is a face of dimension —1. The dimension dim A is the supremum of the dimensions of the
faces of A.
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Above we constructed a poset P(A) associated to every simplicial complex A. Conversely,
the order complex A(P) of P is the simplicial complex on the vertex set P consisting of the
chains in P ordered by inclusion.

Recall that if F is a face of a simplicial complex A then the link Ika F of F in A is the
simplicial complex lkp F = {G\ F: G € A and F C G}. Itis easy to see that the correspondence
G\ F+— G=(G\ F)UF defines an order-preserving bijection

P(lkx F) — [F, lP(A))
Thus the barycentric subdivision A(P(lka F) \ @) of lka F has the same reduced simplicial
(co-)homology as A((F, 1 5 7 A))). This fact will be used several times in this paper.

For more details on simplicial complexes and posets see, for example, the corresponding
chapters in the books of Bruns—Herzog [7] and Stanley [14,15].

3. Examples of R P-algebras

Fix a commutative ring R and a poset (P, <). An RP-algebra T is a system (Ty)yep of
R-algebras and homomorphisms 7y, :7T, — T, for x <y in P with the property that Ty, is
the identity on 7, and that Ty o Ty, = T, for every x <y < z in P. The (inverse) limit of
T is the subring lim 7T of [],.p T, consisting of sequences r = (r,),cp With the property that
Tyy(ry) =ry for every x <y in P. In particular, an R P-algebra is an R P-module in the sense
explained in Section 6 and we can apply the theory developed in that section. The R P-algebra T
is called cyclic if the homomorphism R — T is surjective for every x € P. We call T an RP-
algebra of Z4-graded R P-algebras if the R-algebras T are Z¢-graded, and the homomorphisms

:Ty — Ty and R — T are homogeneous of degree zero for x < y. In this case lim T is a
dy graded R-algebra. Similarly, we call T an R P-algebra of Cohen—Macaulay rings, if all 7
are Cohen—Macaulay rings.

The following examples motivate the study of R P-algebras in commutative algebra and alge-
braic combinatorics. For a field K and a set F we let K[F] = K[x;: i € F] be the polynomial
ring with one indeterminate for each i € F.

Example 3.1 (Stanley—Reisner ring). Let K be a field, A be a simplicial complex on the ver-
tex set V=1{1,...,d} and P = P(A). For F € P define Tr = K[F]. For G C F, we define
Tcr: K[F] — K[G] to be the natural projection. If we let R = K[UFep F1], then T is a cyclic
R P-algebra and

imT = R/1,,

where 1, is generated by all squarefree monomials [ [, x; for G €V, G ¢ A. Hence lim T is
the usual Stanley—Reisner ring in this case.

Note that the polynomial algebra R = K[x1, ..., xq] is Z?-graded and T is a cyclic RP-
algebra of Z¢-graded R-algebras.

Example 3.2 (Toric face rings). We consider a rational pointed fan X in R¢, that is, a collection
of rational pointed cones in R? such that for C’ € C with C € ¥ we have that C’ is a face of C
ifand only if C’ € ¥, and if C, C' € X, then C N C’ is a common face of C and C’. Let P be the
face poset of X ordered by inclusion. For a rational pointed cone C € P we let T¢ be the monoid



M. Brun et al. / Advances in Mathematics 208 (2007) 210-235 215

ring K[C NZ4] over a field K. The homomorphisms T¢¢ : Tec — T are induced by the natural
face projection. Then T is a Z¢-graded K P-algebra. For a suitable polynomial ring R over K
the homomorphisms R — T¢ are all surjective and Z?-graded. Then T is a cyclic R P-algebra
of Z4-graded R-algebras. In any case, lim T is the foric face ring of X. This examples goes back
to a construction of Stanley in [13]. It was generalized, and these rings were studied by Brun—
Romer in [3]. The limits lim 7" of such algebras were intensively studied by Bruns—Gubeladze
(see [5,6]).

Note that Stanley—Reisner rings of simplicial complexes are covered by this example: Let A
be a simplicial complex on the vertex set V = {1,...,d — 1}. To a subset F' of V we associate
the pointed cone Cr in R? generated by the set of elements of the form ¢; + e, for i € F. Here
¢; denotes the standard basis vector ¢; = (0,...,0,1,0,...,0) of RY. If ¥ denotes the fan in R?
consisting of the cones Cr for F € A, then the face posets of A and of ¥ are isomorphic and
the R P-algebras of Examples 3.1 and 3.2 correspond to each other via this isomorphism.

Borrowing notation from the theory of sheaves we call an R P-algebra T flasque if im T |y —
lim T'|y is surjective for all open sets V C U of the poset P. In the third example we present a
general construction to produce flasque R P-algebras. (See also [18].)

Example 3.3. Let R be a commutative ring and & a distributive lattice of ideals in R (with
respect to sum and intersection). Moreover, let P be a finite subset of & such that I + J € P for
all I, J € P, and consider P as a poset with / > J if I C J. Let T be the R P-algebra given by
Ty =R/I forall I € P and Ty the natural epimorphism R/l — R/J.For Iy, ..., I, in P let U
be the smallest open subset of P containing Iy, ..., I,. We claim that

IimT|y=R/(I1N---N1).
In fact, clearly lim 7’|y is the kernel of the map

®:R/I x - x R/ — [ [ R/ + 1),

i<j

where @(ay,...,a,) =(a; —aj: i < j) and ~ denotes the residue class with respect to the
appropriate ideal. For n = 2 the claim is proved by the classical exact sequence

0— R/(I1NDL)— R/I} x R/I, - R/(I} + I) — 0.
By induction we can assume that an element in the kernel of @ has the form (a, ..., a, _), and it
remains to show that the sequence

n—1
0—R/((hN--NL—)NIL)— (R/IiN---N1,_1) x R/I, N HR/(Ii +1,)

i=1

is exact. By the case n = 2, it is enough that the target of @’ can be replaced by R/(I; N ---N
I,,_1) + I, and this follows immediately from distributivity. Finally, it is now immediate that 7
is flasque.

Distributive lattices of ideals in rings (with respect to sum and intersection) appear naturally
in commutative algebra. For example, let S = K[x, ..., x,] be the polynomial ring. Assume that
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we have fixed a standard K-basis . of S and & is the set of ideals which have a subset of &
as a K-basis. Then & is a distributive lattice. If . is the set of usual monomials in S, then &
is the set of monomial ideals. Choosing a finite set & of monomial prime ideals closed under
summation of ideals gives back the example of Stanley—Reisner rings.

Example 3.3 is in fact quite general. First let us note that if 7 is a flasque R P-algebra on
a finite poset P with the property that the homomorphism R — lim 7T is surjective, then the
kernel of this homomorphism is given by the intersection of the kernels I, of the compositions
R — limT — T, for x € P. Indeed, the homomorphism R/ ﬂxe p Iy — LimT is surjective,
and it is injective since the composition R/(\,cp Ix = imT — [],.p Tx is injective. Next
note that if O denotes the poset consisting of nonzero sums of ideals of the form I, for x € P,
with order given by reverse inclusion, there is an order-preserving map P — Q taking x € P
to Iy € Q. Since T, = R/I,, there is a canonical homomorphism lim;cg R/I — limT. Since
the kernel of R — lim;¢p R/I is equal to the kernel of R — lim T, we have an isomorphism
limjep R/I = 1imT. Finally, let us note that the map P — Q is injective if and only if x <y
in P implies that the homomorphism 7}, — T has a nonzero kernel. For further examples of
R P-algebras see [4].

4. Decomposition results

This section contains our main results on the local cohomology of the limit of an RP-
algebra T. The following theorem is our most general decomposition of local cohomology
groups. The proof will be given in Section 8.

Theorem 4.1. Let R be a Noetherian commutative algebra over a field K and I C R an ideal. Let
P be a finite poset and let T be an R P-algebra. For x € P we let d, denote the Krull dimension
of Ty and we assume that:

@) H;(Tx) =0 for every x € P and every i # dj,
(i) Ext’IRP(R, T) =0 foreveryi >0,
(iii) ifx <y in P thend, < dy.

Then there is an isomorphism

HitimT) = P H =4 ((x, 15): K) @k H{"(Ty)

xeP

of K-modules.

If R is a Noetherian commutative Z%-graded algebra over a field K, I C R is a graded
ideal and T is an RP-algebra of 7%-graded R-algebras, then the above isomorphism is an
isomorphism of Z%-graded K -modules.

Recall that a graded maximal ideal in a Z¢-graded ring R is a graded ideal m that is maximal
among the proper graded ideals in R, and that R is graded local if it contains a unique graded
maximal ideal. In the next section we give applications of the following (graded) version of
Theorem 4.1.
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Corollary 4.2. Let R be a Noetherian 74 -graded local commutative algebra over a field K with
graded maximal ideal m which is maximal considered as an ideal of R. Let P be a finite poset
and let T be a cyclic R P-algebra of Z¢ -graded R-algebras. For x € P we let dy denote the Krull
dimension of Ty and we assume that:

() Ty is a Cohen—Macaulay ring for every x € P,
(i) Extypp(R,T) =0 foreveryi >0,
(iii) if x <y in P then dy < dy.

Then there is an isomorphism

Hi(imT) =P H = ((x, 1p): K) @k HE (T)

xeP
of 74 -graded K -modules.

Proof. We first note that under the given assumptions 7, is Cohen—Macaulay if and only if (7y)m
is Cohen—Macaulay. (See [7, Exercise 2.1.27].) By Grothendieck’s Vanishing Theorem on local
cohomology modules (see [7, Theorem 3.5.7]) this is the case if and only if condition (i) of
Theorem 4.1 is satisfied. The other conditions of Theorem 4.1 are part of our assumptions. O

5. Applications

In this section we explain how the results of Section 4 generalize the Hochster formulas for
local cohomology. Let P be a poset and let R be a commutative ring. The following lemma is a
consequence of Lemma 7.3.

Lemma 5.1. Let R be a commutative ring and let P be a poset. If T is a flasque R P-algebra,
then Extyy p (R, T) =0 for all i > 0.

Using Corollary 4.2 it is possible to study several properties of the ring lim 7". The next result
generalizes results of Yuzvinsky [18, Theorem 6.4] and Caijun [8, Theorem 2.4] in the graded
situation.

Corollary 5.2. Let R be a 74 -graded local Noetherian algebra over a field K with unique graded
maximal ideal m which is maximal considered as an ideal of R. Assume that T is a flasque cyclic
R P-algebra of 7. -graded Cohen—Macaulay R-algebras such that x <y in P implies d, < dy.
The following statements are equivalent:

() imT is a Cohen-Macaulay ring,
(i) HP((x,15); K) =0forx € P and p #dim(lim7T) —d, — 1.

Proof. Recall that by standard arguments lim7 is a Cohen—Macaulay ring if and only if
H (imT) = 0 for i # dim(lim 7). The equivalence of (i) and (ii) is a direct consequence of
Corollary 4.2 and Lemma 5.1. O
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We need the following result.

Lemma 5.3. Let T be a K P-algebra. Assume that there exists x € P with the following proper-
ties:

(i) Ty =T, foreveryy € [x, 1p),
(ii) Txy is the identity homomorphism on Ty for every y € [x, 1),
(iii) Ty=01ify ¢ [x. 15).

Then T is a flasque K P-algebra.

Proof. If U is an open subset of P then T'|y =0if x ¢ U, and otherwise lim 7T |y = T,. IfV C U
is an inclusion of open subsets of P then the natural projection lim 7’|y — lim T'|y is isomorphic
to the identity on 7 if x € V, and otherwise lim 7’|y = 0. Thus T is a flasque K P-algebra. O

The following result generalizes an observation of Yuzvinsky [18, Proposition 7.6].

Proposition 5.4. Let X be a rational pointed fan in R¢ with face lattice P. The 7¢-graded K P-
algebra T of Example 3.2 is flasque and if D C C in P, then the Krull dimension of Tp is strictly
less than the Krull dimension of Tc. In particular, for every simplicial complex A, the 79 -graded
K P(A)-algebra of Example 3.1 is flasque.

Proof. T has the decomposition 7 = P
otherwise.

Let D =(\¢ccp: gec C- Then T (a)c =0 unless D € C, and in this case T (a)c = K and the
map T (a)pc is the identity map on K. It follows from 5.3 that T is a direct sum of flasque
K P-algebras, and this implies that T is a flasque K P-algebra.

The statement about Krull dimensions holds since the Krull dimension of the monoid ring
K[C N Z% is equal to the dimension of the cone C. O

¢ T (a), where T(a)c =K ifae Cand T(a)c =0

aeZ

Let A be a simplicial complex with face lattice P. We have observed that for every F € P the
posets P(lks F) and [F, 1) are isomorphic. Considering the rational pointed fan induced by a
simplicial complex as in Example 3.2, and using the barycentric subdivision homeomorphism,
the following theorem recovers Hochster’s decomposition of the local cohomology of Stanley—
Reisner rings.

Theorem 5.5. Let X be a rational pointed fan in R¢ with face lattice P. If K[X] denotes the
toric face ring of X over a field K and if m denotes the graded maximal ideal of K[X'], then
there is an isomorphism

Hi (K[Z) =@ H™C((C. 1p): K) ®x HA™C(K[C nZ])
CeP

of 74 -graded K-modules. In particular, K[X) is a Cohen—-Macaulay ring if and only if
HP((C,15); K)=0for C € P and p #dim(K[X]) —dc — 1.
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Proof. Let T be the K P-algebra of Example 3.2. We have that

HL(K[Z1) = HL (im 7).
For C € P the ring Tc = K[C N Z?] is a normal monoid ring of Krull dimension d¢ = dim C.
Thus it is Cohen—Macaulay (see [7, Theorem 6.3.5]). By Proposition 5.4 the K P-algebra T is

flasque and dp < d¢ for D C C in P. Since T¢ is a Cohen—Macaulay ring for every C € P it
follows from 4.2 that there is an isomorphism

Hi (K[Z1) = @ H™C1((C. 15): K) @ HE™C (K [C nz])
CeP

of Z?-graded K -modules for every i > 0. 0O

Remark 5.6. Reisner’s Cohen—Macaulay criterion for a simplicial complex A states that K[A]
is a Cohen—Macaulay ring if and only if

H'(kaF; K)= Hi(lkp F; K) =0 forall Fe Aandalli <dimlky F.
This criterion is a direct consequence of Hochster’s decomposition of the local cohomology of

Stanley—Reisner rings. In particular, since ﬁP(IkA F;K)= ﬁp((F, IP/(A\)); K) for F € A and
all p, it is a consequence of Theorem 5.5.

The following corollary of Theorem 5.5 is an observation of Stanley in [13].

Corollary 5.7. Let ¥ C RY be a rational pointed fan, let P be the face poset of X and let T
be the K P-algebra considered in Example 3.2. If A(P) is K-Cohen—Macaulay, then im T is
Cohen—Macaulay.

Proof. If A(P) is Cohen—Macaulay, then

ﬁp((C, 15); K) =0 forCePandp#dimA(C,1p),
where the intervals (C, 15) are taken as sub-posets of P. It is known that P is a graded poset,
i.e. all maximal chains of P have the same length. We prove by induction on rank P — rank C
that dim A(C, 1) =dim(limT') —d¢ — 1 for C € P. This will conclude the proof by the remark
of 5.5.

If rank C =rank P, then C is a maximal face and it is easy to see that Ker(lim7 — T¢) is a
minimal prime ideal of lim 7. Hence

dimA(C,15) — 1 =dim(lim7T) —dimT¢ — 1 =dim(lim7) — dimC — 1

and we are done in this case. If rank C < rank P, then it is well known that there exists a face
C’ € P such that dimC’ =dim C + 1 and C C C’. Thus by the induction hypothesis

dimA(C, 15) = dim A(C’, 15)+1=dim(lim7T) — dimC’' =dim(limT) — dimC — 1. |
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The next goal will be to find a result similar to 5.2 for Buchsbaum rings, at least in the
Z-graded case. Assume that K is a field and let R = K[x, ..., x4] be an N-graded polyno-
mial ring (i.e. R is Z-graded such that Ry = K and R; = 0 for i < 0) with graded maximal
ideal m = (x1, ..., x4). Recall that a finitely generated graded R-module N is called a Buchs-
baum module if the Sy,-module N, is Buchsbaum as defined in [16]. If K is an infinite field
and R is generated in degree 1, then N is Buchsbaum if and only if dimN =0 or dimN > 0

and every homogeneous system of parameters yp, ..., Yginny of N is a weak N-sequence, i.e.
(1, ...,y,-_l)N:y,- =,...,Yi—p)N:mfori=1,...,dimN. If N is a Buchsbaum module,
then dimg H} (N) < oo fori =1,...,dimN — 1. In general the converse is not true. But if

there exists an r € Z such that H‘;(N)j =O0for j#randi=1,...,dimN — 1, then N is
Buchsbaum (see [12, Satz 4.3.1]). For more details on the theory of Buchsbaum modules we
refer to Schenzel [12] and Stiickrad and Vogel [16].

Corollary 5.8. Let R = K[x1, ..., xq] be the N-graded polynomial ring over a field K. Let P be
a finite poset with a terminal element Op and let T be a cyclic flasque R P-algebra of Z-graded
Cohen—Macaulay R-algebras such that d, = dim T, < dy, =dimT), for x <y in P. Assume that
Top, = K. Then the following statements are equivalent:

(1) imT is a Buchsbaum ring,
(ii) for all x € P\ {0p} we have H? ((x,15); K) =0 for p # dim(limT) — d, — 1.

Proof. Note that d, > 0 for x > Op. If lim T is Buchsbaum, then it follows from Corollary 4.2
that for all x € P such that x # 0p we have

HP((x,15); K) =0 for p #dim(limT) —d, — 1,

because otherwise Hr"n(lim T) is not a finitely generated K-vector space since we have
dimg HE (Ty) = oo for x £0,,.

If condition (ii) holds, then we have that H‘f‘n (imT); =0fori <dim(lim7) and j # 0. Thus
lim T is a Buchsbaum ring. O

6. AP-modules

In the following sections we give proofs of the results in Section 4. Let A be an associative
and unital ring and let P be a poset. A left AP-module M is a system (M, )y cp of left A-modules
and homomorphisms My, : My — M, for x <y in P with the property that M, is the identity
on M, and that My, o My, = My, for every x <y < z in P. A homomorphism f:M — N
of left AP-modules consists of homomorphisms f,: M, — N, of left A-modules for x € P
with the property that f o My, = Ny o fy for every x < y in P. We denote the abelian group of
homomorphisms from M to N by Homg p (M, N). The category-minded reader recognizes that a
left A P-module is a functor from P to the category of left A-modules, and that a homomorphism
of left AP-modules is a natural transformation of such functors. We denote the category of left
A P-modules by AP-Mod.

More generally, for every small category % enriched in the category of abelian groups we
could consider the category 4-Mod of enriched functors from % to the category of abelian
groups. Everything we do in this section and in Section 7 in the category AP-Mod can also
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be done in the category %-Mod. Since we are interested in certain particular properties of the
categories A P-Mod we focus on these.

A homomorphism f: M — N of left AP-modules is a monomorphism if f,: My — Ny is
injective for every x € P, and it is an epimorphism if f, is surjective for every x € P. A left
AP-module L is projective if for every epimorphism f: M — N and every homomorphism
g:L — N ofleft AP-modules there exists a homomorphism g: L — M with f og = g.Dually a
left AP-module / is injective if for every monomorphism f: M — N and every homomorphism
g:M — I of left AP-modules there exists a homomorphism g: N — [ with g o f = g. The
category A P-Mod of left A P-modules is an abelian category.

Example 6.1.

(1) To an order-preserving map f:P — Q of posets and a left AQ-module M there is an
associated left AP-module f*M with (f*M), = My and (f*M),y = M) r(y). We
shall write M instead of f*M when it is clear from the context that we are working with
left A P-modules.

(i1) If Q is the one element poset, then the category of left A Q-modules is isomorphic to the
category of left A-modules.

(iii) Given a poset P there is a unique order-preserving map f:P — Q from P to the one
element poset Q. Thus we can consider a left A-module E firstly as an A Q-module and
secondly as an AP-module f*E. Again, when it is clear from the context we write E
instead of f*E. Note that f*E is the constant left A P-module with constant value E, that
is, f*Ey =E forx € P and f*E,, =idg forx < yin P.

(iv) For z € P there is a left AP-module A P* represented by z. The left A P-module A P* takes
x to AP = A if x <z and to 0 otherwise. The homomorphism A P, is the identity on A
if x <y < z and otherwise it is the zero homomorphism. If M is another left A P-module,
then the abelian group of homomorphisms from A P? to M is isomorphic to the underlying
abelian group of M. In particular, A P* is a projective left A P-module.

(v) To a family (M;);c; of left AP-modules we can associate left A P-modules @;_; M; and
Hie[ M; with

<€BM,-> =@(M,»)x and <HM,~) =1_[(M,~)x for x € P.

iel X iel iel X el

Definition 6.2. The /imit of a left AP-module M is the left A-submodule limM of [, p My
consisting of sequences m = (my)xep With the property that My, (m,) = m, for every x <y
in P.

We call a left AP-module M finitely generated is there exists an epimorphism of the form
P,c; APY — M for some finite index set /. Note that a finitely generated left A P-module is
projective if and only if it is a direct summand of a finitely generated left A P-module P, _; A P%
for some finite set 7. A left AP-module M is called Noetherian if every increasing sequence
M| € M, C --- of left sub-A P-modules of M stabilizes. Recall that a poset P is topologically
finite if (05, x] is finite for every x € P.

Lemma 6.3. Suppose that A is a left Noetherian ring and that P is a topologically finite poset.
Then AP is a Noetherian left AP-module for every z € P.
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Proof. A left sub-A P-module of A P* is uniquely determined by a family of left ideals 7 (x) of
A for x < z in P with the property that 7 (y) C I(x) if x < y < z. By our assumptions this is a
finite family of left ideals of a left Noetherian ring. O

It is well known that if A is left Noetherian, then every left submodule of a finitely generated
free A-module is finitely generated. This also holds in the category of left A P-modules in the
following way:

Proposition 6.4. If AP is a Noetherian left A P-module for every z € P, then every submodule
of a left AP-module @;.; AP for some finite set I is finitely generated.

Remark 6.5. If P is finite and A is a commutative ring, then we can consider the incidence
algebra I (P, A) of P over A, that is, the A-algebra with underlying A-module

I(P.A=PA e,

X<y

and with multiplication defined via (ex<,)(ey<;) = ex<; and with (ex<,)(ex<y) =0if y # x'.
(See [15, Definition 3.6.1] or [11, p. 33].) Note that erp ex<x 1s the multiplicative unit in
I (A, P) and that the elements e, ¢, are idempotentin / (A, P).

Given a left module M over the ring 1 (A, P), we obtain A-modules M, := e, <, M for every
x € P, and A-linear homomorphisms M, : M, — M, given by

(eygy)m = (exgy)(eygy)m = (exgy)m = (exgx)(exgy)m

for every x <y in P. In this situation the A-modules (My),ep and the A-homomorphisms M,
form a left AP-module. Conversely, if M is a left AP-module, then the direct sum @, . p My
of the A-modules can be given the structure of a left module over the ring 7 (A, P) by defining
exgyMmy = Myy(my) form, € My and ex<ym =0 if m ¢ M,. This correspondence shows that
the category of left modules over the ring (A, P) is equivalent to the category of left AP-
modules. This justifies the above terminology and it shows that in the case where P is finite the
concept of A P-modules is really nothing new. However, as we shall see, many left /(A, P)-
modules become more transparent when considered as left A P-modules.

Observe that the left AP-modules AP* correspond to the ideals / (P, A)e;<,. The module
I (P, A) corresponds to the left A P-module @Zep AP*.

The next result is well known to specialists. Since we did not find a proof in the literature we
include it for the sake of completeness.

Proposition 6.6. Let P be a poset and let A be an associative and unital ring. The category of left
A P-modules is equivalent to the category of sheaves of left A-modules on P with the Alexandrov

topology.

Proof. Let.% be a sheaf of left A-modules on P. We let @ (P) denote the left A P-module with
@ (P)y =F((0p,x]) for x € P and with @ (P),, equal to the restriction homomorphism asso-
ciated to the inclusion (05, x] € (05, y] for x < y. This defines a functor @ from the category
of sheaves of left A-modules on P to the category of left A P-modules.
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Let M be a left AP-module. For U C P open define

U (M)(U) = {(sx) € [T Mst 55 =My (sy) for x < y} =lim M|y (1)

xeU

Given an inclusion ¢: V C U of open subsets of P, the restriction map ¥ (M)(U) — ¥ (M)(V) is
the natural restriction map of limits. Using that (03, x] is contained in every neighborhood of x
it is straightforward to check that ¥ (M) is isomorphic to its associated sheaf of left A-modules
on P. (Compare [9, Proposition-Definition II.1.2].) Thus ¥ (M) is a sheaf of left A-modules
on P. We have defined a functor ¥ from the category of left A P-modules to the category of
sheaves of left A-modules on P.

If M is aleft AP-module, then the homomorphism

My — & (¥(M)), =1im M|op.y]
induced by the structure maps My : My — M is an isomorphism.
Conversely, if .% is a sheaf of left A-modules on P and U is an open subset of P, then the
intervals (0, x] for x € U form an open cover of U. Since the homomorphism

F(05.5) = (D) (0p.3)) = lim F(0p.x])
x€0p,y

is an isomorphism for every y € P, the sheaf condition on .# ensures that the homomorphism
FU) - ¥ (P(F)U) = lim F (05, x])
xXe

is an isomorphism for every open subset U of P. This concludes the proof. O

We will also need to consider right A P-modules. A right AP-module is a system (M*),cp
of right A-modules and homomorphisms M*Y: M* — M? for x < y in P with the property
that M** is the identity on M* and that M>? o M*Y = M** for every x < y < z in P. A ho-
momorphism f: M — N of right AP-modules consists of homomorphisms f*: M* — N* of
right A-modules for x € P with the property that f¥ o M*Y = N*Y o f* for every x < y in P.
(In other words, a right A P-module is a left A°? P°P-module.) The category Mod-A P of right
A P-modules is also an abelian category.

Example 6.7. For x € P there is a right A P-module A Py represented by x. The right A P-module
AP, takes z to AP? = A if x < z and to 0 otherwise. The homomorphism AP}® is the identity
on A if x < y < z and otherwise it is the zero homomorphism. If M is another left A P-module,
then the abelian group of homomorphisms of right A P-modules from M to A P, is isomorphic
to the underlying abelian group of M,. In particular, A Py is a projective right A P-module.

If P = (P, <) isaposet we let (P, =) denote the poset with the same elements as P and with
the partial order where no distinct elements are comparable. Given a right A P-module M and a
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left AP-module N the tensor product M @ s(p,=) N of M and N over A(P,=) is the abelian
group M ®ap,=y N = ,cp M* ®4 Ny. For every x € P there is a homomorphism

Ny: APy @ap—) N =D AP ® Ny — N,

yeP

induced by the unique homomorphisms AP} ®4 Ny — N, taking 1 ® n to Nyy(n) forn e Ny
and x < y. Similarly, there is a homomorphism

M*:M®app—) APY =D M* ®4 AP —> M’

xepP

The tensor product M @ap N of M and N over AP is the abelian group given by the cokernel
of the homomorphism

M*®@41—1®4 Ny
P M @1 AP} @4 Ny ——=> @Y M* ®4 N,
x,yeP xeP

Given posets P and Q and associative and unital rings A and B, an AP-B(Q-bimodule is a
system (M¥)xep,uco of A-B-bimodules together with a left A P-module structure on (M¥),cp
for every u € Q and a right B Q-module structures on (M¥),co for every x € P subject to the
condition that My, o My" = My" o My, for x <y in P and u < v in Q. A homomorphism
f:M — N of AP BQO- blmodules con51sts of homomorphisms f}: MY — N} for u € Q and
x € P such that for every x € P the homomorphisms (f}),co form a homomorphlsm of right
B Q-modules and for every u € Q the homomorphisms (f})ycp form a homomorphism of left
A P-modules. We denote by Homy p-go (M, N) the abelian group of homomorphisms of AP-
B Q-bimodules from M to N. If P is a one-point poset, then we say that M is an A-A'Q-
bimodule instead of saying that it is an A P-A’ Q-bimodule. Similarly, if Q is a one-point poset,
then we say that M is an A P-A’-bimodule.

Example 6.8. For every poset P and every associative unital ring A we can consider the AP-
AP-bimodule AP with AP} = A if x < y and AP} = 0 otherwise.

Let P, Q and R be posets and let A, A" and A” be associative and unital rings. If M is an
A’ Q-A P-bimodule and N is an A P-A” R-bimodule, then the tensor product M @ 4p N inherits
the structure of an A’Q-A” R-bimodule. Observe that if P is a one-point poset, then this is the
A’ Q-A"R-bimodule M ® 4 N induced by (M ® 4 N)} = M, ®4 N”.

If further L is an AP-A’Q-bimodule, then we let Homsp(L, N) denote the A’Q-A"R
bimodule with Homup (L, N)§ given by the set of AP-homomorphisms from L% = (L%)xcp
to N = (N¢)xep, and with structure homomorphisms induced from those of L and N. Ob-
serve that if P is a one-point poset, then this is the A’Q-A" R-bimodule Hom4 (L, N) induced
by Homu (L, N)? = Homu (L*, N%). Note also that Homap (L, N) is a left A’-module in the
particular case where Q and R are one-point posets and A” = Z.

Suppose that A and A’ are algebras over a commutative ring K, that is, there are given ring-
homomorphism from K to the centers of A and A". If M is a right A P-module and M’ is a right
A’ P’-module, then the tensor product M @ k M of M and M’ over K is the right (A®x A")(P x
P’)-module with (M @ g M")**) = M* @ ¢ M’*'. Similarly, if N is a left AP-module and N’ is
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aleft A’ P’-module, then N @ x N’ is the left (A®k A’)(P x P’)-module with (N ® g N') ;) =
Ny ®k N.,.

Proposition 6.9. Suppose that A and A’ are associative and unital algebras over a commutative
ring K. If M is a finitely generated projective left AP-module and M’ is a finitely generated

projective left A’ P'-module, then for every left AP-module N and every left A’ P'-module N’
the Hom-® interchange homomorphism

Homyp(M,N) ®x Homy pr(M', N') — Homag arypxpy(M @k M', N @k N'),
(f® > (mem' = f(m)® f'(m)
is an isomorphism.

Proof. Since every retract of an isomorphism is an isomorphism we can without loss of gener-
ality assume that M and M’ are left A P-modules of the form €,_; AP% for some finite set /.

By direct sums, the statement is now reduced to the case M = APY and M’ = A’P’Y". In this
case

M®g M =(A®y A)(P x PO,
We have that
Homy p(M, N) ® Homy pr(M', N')
= HomAp(APy, N) Rk HomA/p/(A’P/y/, N/)
=Ny ®k Ny = (N ®k N,y

= Homag a'ypxp)((A ®k A)(P x PHOY) N @k N')
gHom(A(@KA/)(pxp/)(M ®K M/,N®K Nl)s

where we used the fact (the Yoneda lemma) that the homomorphisms
HOIIIAP(APy, N) — Ny,
@ = §0y(1A)
and
Homug, an(pxp) (A ®k AP x PO N @k N') = (N ®k N')y.).
@ = w(y,y’)(1A®KA’)
are isomorphisms. O

We leave the proof of the following lemma to the reader.
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Lemma 6.10. Ler A, A’ and A" be commutative rings and let P, P' and P" be posets. Given
an AP-A'P’'-bimodule X, an A’ P’-A” P"-bimodule Y and an AP-A" P"-bimodule Z the ho-
momorphism

Homy p-g7pr(X @ pr Y, Z) — Homy pr_gr pr (Y, Homap (X, Z)),
fr (e (x> fxey))
is an isomorphism.

7. Homological algebra

A chain complex C of left AP-modules is a collection (C,,), ¢z of left A P-module together
with homomorphisms d = d,, : C, — C,—1 with the property that d o d = 0. We call a chain
complex C positive if C, =0 for n < 0 and we call it negative if C, =0 for n > 0. The
homology H,(C) of a chain complex C is the collection (H,(C)),cz of the left AP-modules
H,(C)=ker(d:Cy, - Cy—1)/Im(d: Cpy1 — Cy). A homomorphism f:C — D of chain com-
plexes of left AP-modules is a collection of homomorphisms f, : C,, — D, of left AP-modules
with the property that df,, = f,d. We denote the category of chain complexes of left A P-modules
Ch(A P-Mod).

A positive resolution of a left AP-module M is a positive chain complex C with the proper-
ties that Hy(C) = M and that H,(C) = 0 for n # 0. A projective resolution of M is a positive
resolution C of M with the property that C,, is a projective left A P-module for every n.

Proposition 7.1. If AP* is a Noetherian left AP-module for every z € P, then there exists a
(homological) degreewise finitely generated projective resolution of every finitely generated left
AP-module M.

Proof. There exists a short exact sequence of the form
0—-Gyp— Fp—> M — 0,

where Fj is a finitely generated left A P-module of the form &;_; AP% for some finite set /.
By Proposition 6.4 Gy is finitely generated, and proceeding by induction we obtain a resolution
F — M, with F; afinitely generated and projective left A P-module for everyi > 0. O

A negative resolution of a left AP-module M is a negative chain complex C with the prop-
erties that Hyp(C) = M and that H,(C) =0 for n # 0. An injective resolution of M is a negative
resolution of M consisting of injective left A P-modules. Every left A P-module has a projective
resolution, so the category A P-Mod is an abelian category with enough projectives. The usual
argument showing that module categories are categories with enough injectives (see [17]) also
shows that every left A P-module has an injective resolution. This fact can also be deduced from
Proposition 6.6 and the fact that the category of sheaves of left A-modules on P has enough in-
jective objects (see [9, Proposition 2.2]). The above observations also apply to right A P-modules
and to A P-L Q-bimodules.

Suppose that A is an algebra over a commutative ring K. The functor

Qap:AP-Mod x Mod-AP — K-Mod, (M,N)— M Q@ap N
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is additive and right exact in both M and N and it can be extended to a functor
®ap :Ch(AP-Mod) x Ch(Mod-AP) — Ch(K-Mod), (C,D)— C®ap D.

More precisely, (C ®ap D), = @,+s=n C, ®ap Dy and if m € (C,)* and n € (Dy),, then the
differential takes the element in C, ® 4p D5 represented by m @ n € (Cr)* ® 4 (Ds)y to the sum
of the elements in (C ®4p D),,—1 represented by dm ® n and (—1)"m ® dn.

If Cy is a projective resolution of M and Cy is a projective resolution of N, then the
Tor;‘l“D (M, N) denotes the isomorphism class of

H,(Cp @ap N) = Hy(M ®@ap Cn).

It is a well-known fact of homological algebra that the above homology groups are universal
S-functors and that they are naturally isomorphic by a unique isomorphism. See, for example,
Weibel [17]. Similarly, the functor

Homyp: AP-Mod x AP-Mod - K-Mod, (M,N)+ Homyp(M, N)

is additive in both its entries. It is left exact in M and in N and it can be extended to a functor
Homy p : Ch(AP-Mod) x Ch(AP-Mod) — Ch(K-Mod), (C, D)+ Homup(C, D)

with Homup (C, D), = n—r+s=n Homu p(Cy, Ds) and with df given by (df)(c) = f(dc) —
d(f(c)) for f e Homup(C, D),. If Dy, is a projective resolution of M and Cy is an injective
resolution of N, then the functors Ext’}1 p (M, N) denotes the isomorphism class of

Exty p(M,N) = H_,(Homap(Dy, N)) = H_,(Homap(M, Cy)).

Again it is a well-known fact of homological algebra that the above homology groups are uni-
versal §-functors and that they are naturally isomorphic by a unique isomorphism.

Remark 7.2. Given a sheaf .# of left A-modules let H" (P, .%) denote the sheaf cohomology.
For a left AP-module M we have that

Ext), p (A, M) = Hom{, , (A, M) = HO (P, W (M)),

where ¥ (M) is the sheaf associated to M as constructed in (1) in the proof of 6.6. Using Propo-
sition 6.6 we see that if M is injective then ¥ (M) is an injective sheaf on P. It follows that there
is a natural isomorphism

Ext} p (A, M) = H" (P, ¥ (M))

for every n. The above groups are isomorphic to the Hochschild—Mitchell cohomology groups
H"(P, M) of P with coefficients in M. More precisely, the Hochschild—Mitchell complex is the
chain complex Homy p (BK (AP,AP,A), M), where BK (AP, AP, A) is a particular projective
resolution of A over AP called the bar-construction (see [2,11]). If M is a left A-module consid-
ered as a constant A P-module, that is, M, is the identity on M for every x <y in P, then we
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can consider the cohomology H"(A(P), M) of the simplicial complex A(P) with coefficients
in M. In this case the chain complex HomAp(BK(AP, AP, A), M) is isomorphic to the chain
complex computing H" (A(P), M). Thus there are natural isomorphisms

H"(A(P),M)= H"(P, M) ZExt} ,(A, M) = H" (P, ¥(M)). 2)

Furthermore McCord has shown that the cohomology groups H" (P, M) are isomorphic to the
singular cohomology groups of P with the Alexandrov topology and with coefficients in M [10].

Borrowing notation from the theory of sheaves we call a left AP-module M flasque
if imM|y — limM|y is surjective for all open sets V C U of the poset P. Note that
Homyp(A, M) =1im M is isomorphic to the group of global sections of the sheaf associated
to M under the equivalence of categories between left A P-modules and sheaves of A-modules
on P of Proposition 6.6. Since the higher cohomology groups of a flasque sheaf vanish (see [9,
Proposition II1.2.5]) we have:

Lemma 7.3. Let A be an associative and unital ring and let P be a poset. If M is a flasque left
AP-module, then Ext'y ,(A, M) =0 for all i > 0.

Proposition 7.4. Suppose that A and A’ are associative and unital algebras over a commutative
ring K. If C is a positive chain complex of finitely generated projective left AP-modules and
C’ is a positive chain complex of finitely generated projective left A’ P'-modules, then for every

negative chain complex D of left A P-modules and every negative chain complex D’ of left A’ P’-
modules the Hom-® interchange homomorphism

Homy p(C, D) @ Homy p/(C’, D") — Homagy aypx P (C ®k C', D @k D),
(f® ) (mem = =DV £om) @ f'(n)

is an isomorphism of chain complexes.
Proof. This is a direct consequence of Proposition 6.9. O

Note that Lemma 6.10 also holds for chain complexes.
8. Local cohomology

Let R be acommutative ring, let I be a finitely generated ideal in R and let N be an R-module.
The natural projections R/I"*! — R/I" induce maps Exth(R/I", N) — Exth(R/I"T1, N).
Our model for the gth local cohomology group of N with respect to I is the colimit

H}(N) = colimExth (R/I", N).

Proposition 8.1. Let I be a finitely generated ideal of a commutative ring R, let P be a poset and
let M be a left RP-module. Suppose that there exist a degreewise finitely generated projective
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resolution of R over RP and a degreewise finitely generated free resolution of R/I" over R. If
Ext(]]?P(R, M) =0 for q > 0, then there is a natural isomorphism

H;] (lim M) = colim Ext?{,P (R/I", M) of R-modules for every g > 0.

Proof. Let E be a degreewise finitely generated projective resolution of R over RP and let
F, — R/I" be a degreewise finitely generated free resolution of R/I" over R. We may consider
F,, ®r E as a projective resolution of R/I" over R P. The vanishing of Ext‘;’e p(R, M) implies that
the homomorphism E — R induces a quasi-isomorphism Homgp(R, M) — Homgp(E, M).
Applying this quasi-isomorphism, ®-Hom-interchange and basic isomorphisms of the form
lim M = Homg(R,limM) and R ® g N = N and noting that Homg (F},, R) is a degreewise
free R-module, we obtain the following chain of isomorphisms and quasi-isomorphisms:

Hompgp (Fy, ®r E, M) =HomgggrxxP)(Fn ®r E, R Qg M)
=Homg (F,, R) ® g Homgp(E, M)
~ Hompg(F,, R) ®g Homgp (R, M)
= Hompg(F,;, R) ®g lim M
= Homg(F,, R) ® g Homg (R, lim M)
= Homg(F, ®g R, R Qg lim M)
= Hompg (F,, lim M).

Taking cohomology we get the natural isomorphism
Exth,(R/1", M) = Ext%(R/I",lim M)
of R-modules. Forming the colimit of these isomorphism we obtain the isomorphism
colimExth ,(R/I", M) = colimExt} (R/1", limM) = H] (limM). O

In our applications we need a graded version of the above result. If R is a Z¢-graded commuta-
tive ring and N and N’ are Z¢-graded R-modules, then the group Hom"fer (N, N') of homogeneous
homomorphisms from N to N’ is a Z%-graded R-module. Choosing a projective resolution E of
N in the category of Z¢-graded R-modules and homogeneous homomorphisms of degree zero
we obtain a chain complex Hom%;(E , N’ of Z%-graded R-modules.

If F is a finitely generated free Z¢-graded R-module, then Hompg(F, N’) is isomorphic to
Hom%(F, N') for every Z?-graded R-module N’. Since both Homg(—, N’) and Homif(—, N’)
are left exact functors it follows for every finitely presented Z?-graded R-module N that
Hom% (N, N’y and Homg(N, N') are isomorphic for every Z¢-graded R-module N’. In par-
ticular, a finitely generated projective Z?-graded R-module is also projective considered as a
nongraded R-module. If R is Noetherian and N is a finitely generated Z¢-graded R-module, we
obtain a Z?-grading of

Exth (N, N") = H_,(Hom(E, N"))
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for every ¢ > 0. Here E is a degreewise finitely generated projective resolution of the Z4-graded
R-module N. In this case we obtain a grading of qu (N) if I is a finitely generated graded ideal
in R.

Recall that for a poset P a Z?-graded left R P-module is a left R P-module M together with
gradings of the R-modules M, such that the homomorphisms My, : My — M, are homogeneous
of degree zero for every x < y in P. The proof of Proposition 8.1 can easily be modified to a
proof of the following result.

Proposition 8.2. Let I be a finitely generated graded ideal of a commutative 74 -graded ring R,
let P be a poset and let M be a 7¢-graded left R P-module. Suppose that there exist a degree-
wise finitely generated 7% -graded projective resolution of R over RP and a degreewise finitely
generated 74 -graded free resolution of R/1" over R. IfEXt'{QP(R, M) =0 for q > 0, then there
is a natural isomorphism

qu (limM) = ColimExtCIIeP(R/I”, M)
of 72 -graded R-modules for every g > 0.

Definition 8.3. Let P be a poset and R a commutative ring. For x € P and g € Z, the left RP-
skyscraper chain complex R(x, q) is the left R P-module with R(x, g), = 0 for y # x and with
R(x, q)x = Rlq] equal to the chain complex consisting of a copy of R in homological degree —q.

In the following a zig-zag chain of quasi-isomorphisms between complexes C and D consists
of chain complexes Ey, ..., Ey, with Eg = C, Ey,, = D, of quasi-isomorphisms Ey;_1 — Eor_»
and of quasi-isomorphisms Epx_; — Ep; fork=1,...,n.

Recall the discussion about bimodules after Example 6.8. For example we need the following.
Assume that K — R is a homomorphism of commutative rings, F an R-module, P a poset and
M a left RP-module. Then M is also an R-K P°P-bimodule. Hence Hompg (F, M) has a R-
K P°P-bimodule structure and thus a left R P-module structure induced by Homgz (N, M), =
Homg (N, M,) for x € P. This gives also an R P-module structure on Extg (N, M).

Theorem 8.4. Let K — R be a homomorphism of commutative rings, let I be a finitely gener-
ated ideal of R, let P be a poset and let M be a left R P-module. Suppose that E is a positive
chain complex of finitely generated projective left K P-modules and that we have degreewise
finitely generated free resolutions F,, — R/I" of R/I" over R together with homomorphisms
Fui1 — F, inducing the natural projections R/I"*" — R/I" in homology. Assume that the
following conditions are satisfied:

(i) there exists a zig-zag chain of quasi-isomorphisms between the chain complex of left K P-
modules colimHompg(F,,, M) and the chain complex of left K P-modules H,_*(M) =
colimExty*(R/1", M) with H; * (M), = H; * (M) for x € P,

(i) forevery x <y in P the homomorphism HI_*(My) — HI_*(MX) is the zero-homomorphism.

Then there is a natural zig-zag chain of quasi-isomorphisms of chain complexes of K -modules

of the form

colimHomgp (F, @k E, M) ~ @ @Hopr(E, K(x,q)) ®k Hj (M,).
xeP ¢2=0
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Proof. The asserted weak equivalence is the composition of the following homomorphisms:

colimHompgp(F, @k E, M) = colimHompg-g pop (F, @k E, M)
= colim Homg -k pop (E Hompg (F;,, M))
= Homg p (E, colim Hompg (F;,, M))
~Homg p(E, H; *(M))

EHOIHKP(E,@ @K(X,Q) Rk H[q(M)>

xeP ¢g20

=P @ Homkp(E. K (x.q) ®k H (M))

xeP g=0

=P PHomgr(E. K (x.q)) @k Hf (M).

xeP ¢g=0

Here the first isomorphism is clear, the second isomorphism is given by Lemma 6.10 and the
third isomorphism is due to the facts that E is positive and degreewise finitely generated and
that Hompg (F,,, M) is negative. The zig-zag of quasi-isomorphism on the fourth line exists by
condition (i) and the fact that Homg p (E, —) preserves quasi-isomorphisms between negative
chain complexes. The isomorphism on the fifth line is a direct consequence of condition (ii). The
isomorphism on the sixth line is again due to the fact that E is positive and degreewise finitely
generated and that K (x, ¢) is concentrated in one homological degree. The last isomorphism is
a direct application of Proposition 7.4. O

For reference we state a Z¢-graded version of the above result. It is proved in exactly the same
way.

Theorem 8.5. Let K — R be a homomorphism of 74-graded commutative rings. Let I be a
finitely generated graded ideal in R, let P be a poset and let M be a Z%-graded left R P-module.
Suppose that E is a positive chain complex of finitely generated Z¢-graded projective left K P-
modules and that we have degreewise finitely generated 7.9 -graded free resolutions F, — R/I"
of R/I" over R together with homomorphisms F,+1 — F, inducing the natural projections
R/I™ ! — R/I" in homology. Assume that the following conditions are satisfied:

(1) there exists a zig-zag chain of homogeneous quasi-isomorphisms of degree zero between
the chain complex of left K P-modules colimHomg (F,,, M) and the chain complex of left
K P-modules H, (M) with H; (M) = H; *(M,) for x € P,

(ii) foreveryx <y in P the homomorphism H; *(My) — H; * (M) is the zero-homomorphism.

Then there is a natural zig-zag chain of homogeneous quasi-isomorphisms of chain complexes of
74 -graded K -modules of the form

colimHompgp (F, ®g E. M) ~ D @D Homgp (E. K (x.q)) ® H] (M,).
xeP ¢>0
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Proposition 8.6. Let P be a finite poset, let K be a field and let C be a chain complex of
left K P-modules. Suppose that for every x € P there exists ny € Z such that H,(Cy) is con-
centrated in degree ny and that x <y implies ny > ny. Then there exists a zig-zag chain of
quasi-isomorphisms between the chain complexes of left K P-modules C and H.(C).

Proof. Let 0 be the differential of C and
By (C) =Im(0+1) € Cy, Z(C) = Ker(d) € Cy

for all k. We define a chain complex C’ of left K P-modules with

(Co. k> ny,
(€)= | Bi(C) @ Hi(Cx),  k=ny,
0, k <ny.

For k > ny + 1 the boundary d: (C,)x — (C})r—1 is the boundary map of Cy, for k =n, + 1 it
is the map (d, 0) : (Cx)p, +1 = By, (Cx) @ H,, (Cy), and for k < ny it is the zero map. We give
C’ the structure of a chain complex of left K P-modules, where the map (C)/ry)k : (C;)k — (Clk
is the map (Cxy) : (Cy)k — (Cy)y for k > ny, the zero map for k < n, and the map

€k~ (Cor — Bu(Cy) ® H(C)

for k = n,. Here (Cy),, — By, (Cy) is a (chosen) retract of the inclusion B, (Cx) — (Cx)y,.
Similarly, the map (Cyx),, — Hy, (Cyx) is the composition (Cy),, — Z,, (Cx) = H, (Cy),
where (Cy),, — Z,, (Cy) is a (chosen) retract of the inclusion Z, (Cy) — (Cy),,. Note that
these retracts exist since K is a field.

There is a quasi-isomorphism f: C — C’ with (fy)x equal to the identity on (Cy) if k > ny,
the zero map if k < n, and the map (Cy)r — By (Cy) & Hi(Cy) defined above for k =n,.

On the other hand, the inclusion H,(C) — C’ is a quasi-isomorphism of chain complexes of
left K P-modules. Thus there are quasi-isomorphisms C — C’ < H,(C). O

Lemma 8.7. Let P be a poset, let x € P and let g > 0. For every n there is a natural isomorphism
H"7'((x,15); R) =Extyp(R, R(x,q)).

Proof. Let F = RP” for y € P, thatis, Fy = R if x < y and Fy = 0 otherwise. Given a left
R P-module M, the so-called Yoneda lemma provides an isomorphism

M, ifx<y,

Hompg(x,15) (FlRx.15), MIR(x,15) = {O otherwise

If x < y then the above isomorphism takes ¢ : F|R(x,113) — M|R(X,1ﬁ) to ¢y (1), where 1 is the
unit of R = RPyy . Similarly, there are isomorphisms

~ | M, ifx<y,
Homgx,15) (F|R(x,15), MIR[x,15) = {0 Y other\w)i)se

and
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~ IR ifx=y,
Homgp (F, R(x,q)) = {0["] o

Let E be a projective resolution of R as a left R P-module. Since the above isomorphisms are
natural in the projective left R P-module F, there is a short exact sequence of left R P-modules
of the form

0 — Homg(x,15)(E|R(x.15)» Rlg]) = Homgpy 1 5)(E|RLx.15): Rlq])
— Homgp(E, R(x,q)) — 0.
Note that E|g(x,1 5 is a projective resolution of R over R(x, 15) and that E|g[x 1 ) is a projective

resolution of R over R[x, 15). Thus the long exact sequence associated to the above short exact
sequence of chain complexes is of the form

Ext%, (R, R(x,q)) — Extp 1 (R R) — Extp !y (R, R) — Extip (R, R(x.q)) —> -+

The result now follows from the fact that [x, 15) is contractible since by Eq. (2) in Remark 7.2
we have ExtfeQ(R, R) = H/(Q, R) for any poset Q. O

Now we are able to present the proof of Theorem 4.1.
Proof of Theorem 4.1. Since P is finite, K is a finitely generated K P-module and it follows
from Lemma 6.3 and Proposition 7.1 that K has a degreewise finitely generated projective res-
olution E over K P. All the rings R/I¥ have free resolution F; over R which are degreewise
finitely generated. By Proposition 8.1 there is an isomorphism

H}(lim T) = colim Extl , (R/I*, T).

By the assumption (i) on 7, we have Hli (Ty) =0 for i # d,. By Proposition 8.6 there exists a
zig-zag chain of quasi-isomorphisms between the left K P-modules colim Hompg (Fy, T') and

H;(T):= colimExtE'(R/Ik, T) = H.(colimHomg (Fy, T)).
(Here we used the fact that homology and filtered colimits commute.) Since x < y implies

dy < dy the homonorphism H } (Ty) > H } (Ty) is the zero-homomorphism. Hence Theorem 8.4
implies that there is a natural zig-zag chain of quasi-isomorphisms of the form

colim Homgp (F, ®k E.T)~ @) @D Homgp(E. K (x.q)) ®k H] (Ty).
xeP ¢>0

Since K is a field we obtain the isomorphism

Hj(lim T) = colimExty o (R/1*. T) =) @D Extyp(K.K(x.q)) ®k H] (Ty)
xeP 0<q<i
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of K-modules. Lemma 8.7 implies that

HiGmT) =@ P H 7 '(x.1p): K) ® H] (T).
xeP 0<q<i

By the assumption (i) we obtain

Hi(limT) = @@ B (v, 15): K) @ H{"(T2).

xeP

The Z?-graded version can be proved in exactly the same way since Proposition 8.1 and Theo-
rem 8.4 have Z?-graded versions. This concludes the proof. O

Remark 8.8. Some of the results in this section can be interpreted in terms of Grothendieck
spectral sequences. Given abelian categories o/, % and 6 with enough injectives and left ex-
act functors G:.&/ — % and F:% — % the Grothendieck spectral sequence with E)-term
Ef “1(A) = (RPF)(RYG(A)) given by composed right derived functors converges to the right
derived functor (R?T4(FG))(A) of FG for every object A of 7.

The gth local cohomology H;’ (N) of an R-module N is the gth right derived of the ze-
roth local cohomology H?(N ) : R-Mod — R-Mod and the group Ext‘fe p(R, M) is the gth right
derived functor of the functor lim,cp = Homgp (R, —): RP-Mod — R-Mod. Writing out the
definition of H? we see that the composed functor H? o Homgp (R, —) is isomorphic to the
functor colim, Homgp(R/I", —). Proposition 8.1 also follows from this isomorphism and the
Grothendieck spectral sequence. On the other hand, since filtered colimits commute with finite
limits, there is an isomorphism H;) oHompgp (R, —) = Homgp(R,—) 0 H;). Suppose under the
assumptions of Theorem 8.4 that E is a projective resolution of K considered as an K P-module.
The Grothendieck spectral sequence for the composition Homgp (R, —) o H;) then has E>-term

EJ (M) = (R Homgp (R, ) ((R?H}') (M)
=H_, Home(R ®xk E, H;](M))

= H_,,<@HomKP(E, K(x,0)) ®k H?(MX)).

xeP

The statement of Theorem 8.4 implies that this spectral sequence collapses at E>.
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