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FINITE FILTRATIONS OF MODULES AND SHELLABLE
MULTICOMPLEXES

JURGEN HERZOG AND DORIN POPESCU

ABSTRACT. We introduce pretty clean modules, extending the notion of clean
modules by Dress, and show that pretty clean modules are sequentially Cohen-
Macaulay. We also extend a theorem of Dress on shellable simplicial complexes
to multicomplexes.

INTRODUCTION

Let R be a Noetherian ring, and M a finitely generated R-module. A basic fact in
commutative algebra (see [10, Theorem 6.4]) says that there exists a finite filtration

F:0=MyCcMyC---CM,_1CM.=M

with cyclic quotients M;/M;_; = R/P; and P, € Supp(M). We call any such
filtration of M a prime filtration. The set of prime ideals {Pi, ..., P.} which define
the cyclic quotients of F will be denoted by Supp(F). Another basic fact [10,
Theorem 6.5] says that

Ass(M) C Supp(F) C Supp(M).

Let Min(M) denote the set of minimal prime ideals. Dress [4] calls a prime filtration
F of M clean, if Supp(F) C Min(M). The module M is called clean, if M admits
a clean filtration. It is clear that for a clean filtration F of M one has

Min(M) = Ass(M) = Supp(F).

Cleanness is the algebraic counterpart of shellability for simplicial complexes.
Indeed, let A be a simplicial complex and K a field. Dress [4] showed that A
is (non-pure) shellable in the sense of Bjorner and Wachs [2], if and only if the
Stanley-Reisner ring K[A] is clean. '

On the other hand Stanley [15] showed that if A is shellable, then K[A] is se-
quentially Cohen-Macaulay. In this paper we show more generally that any clean
module over a Cohen-Macaulay ring which admits a canonical module is sequen-
tially Cohen-Macaulay if all factors in the clean filtration are Cohen-Macaulay. In
fact, we prove this result (Theorem 4.1) for an even larger class of modules which
we call pretty clean. These modules are defined by the property that they have a
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prime filtration as above, and such that for all i < j for which P, C P; it follows
that F;= FPj.

We now describe the content of this paper in more detail. In Section 1 we recall the
concept of dimension filtrations introduced by Schenzel [13], and note (Proposition
1.1) that the dimension filtration of a module is characterized by the associated
prime ideals of its factors. In the next section we discuss some basic properties of
sequentially Cohen-Macaulay modules. Such modules were introduced by Schenzel
[13] and Stanley [15]. It was Schenzel who observed that a module is sequentially
Cohen-Macaulay if and only the non-zero factors of the dimension filtration are
Cohen-Macaulay.

The following section is devoted to introduce clean and pretty clean modules. We
show that a pretty clean filtration F of a module M satisfies supp(F ) = Ass(M),
and we give an example of a module M which admits a prime filtration F with
supp(F) = Ass(M) but which is not pretty clean. We also observe that that all
pretty clean filtrations of a module have the same length.

In Section 4 we show (Theorem 4.1) that under the mild assumptions, mentioned
above, pretty clean modules are sequentially Cohen-Macaulay, and we show in Corol-
lary 4.2 that under the same assumptions a module is pretty clean if and only if the
factors in its dimension filtration are all clean.

In Section 5 we give an interesting class of pretty clean rings, namely of rings
whose defining ideal is of Borel type. This generalizes a result in (6] where it is
shown that such rings are sequentially Cohen-Macaulay.

In the following section we consider graded and multigraded pretty clean rings and
modules. Of particular interest is the case that R = S/I where S is a polynomial
ring and / C S a monomial ideal. Using a result of Nagel and Romer [11, Theorem
3.1] we show that in this case the length of each multigraded pretty clean filtrations
of S/I is equals to the arithmetic degree of S/1.

In [16] Stanley conjectured that the depth of .S /1 is a lower bound for the ‘size’ of
the summands in any Stanley decomposition of S/I. We show in Theorem 6.5 that
Stanley’s conjecture holds if R is a multigraded pretty clean ring.

In Section 7 we show that for a given prime filtration F: 0 = My C M; C -+ C
M. | C M, = M of M with factors M;/M;_ = R/P; there exists irreducible sub-
modules Pj-primary submodules N; of M such that M; = ﬂ;>7 N;fori=0,...,7. It
turns out, as demonstrated in the next and the following sections, that this presen-
tation of the modules M, is the algebraic interpretation of shellability for clean and
pretty clean filtrations. This becomes obvious in the next section where we recall
the theorem of Dress and show that the shelling numbers of a simplicial complex
can be recovered from the graded clean filtration, see Proposition 8.2.

In Section 9 we introduce multicomplexes. These are subsets I' C Ni, which are
closed under limits of sequence a; € I' with a; < a;y1 (componentwise), and have
the property that whenever a € I and b < a (componentwise), then b € I'. Here
N = NU {oo}. We show that if I" is a multicomplex and a € I', then there exists
a maximal element m € I" with @ < m. Here we need that I' is closed with respect
to limits of non-decreasing sequences. Then we define the facets of I' to be those
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elements a € I with the property that if @ < m and m is maximal in I', then the
infinite part of a coincides with the infinite part of m, which means that the ith
component of a is infinite if and only if the ¢th component of m is infinite:* We show
that each multicomplex has only a finite number of facets. ;

Multicomplexes in N correspond to monomial ideals in S = K|[zy,...,Z,]. The
monomial ideal I defined by a multicomplex I is the ideal spanned by all monomials
whose exponents belong to N\ T". Our definition of the facets of I is partly justified
by the fact, shown in Lemma 9.14, that there is a bijection between the set of facets
of T and the standard pairs of I as defined by Sturmfels, Trung and Vogel in [17].
However the main justification of the definition is given by Proposition 10.1 where
we show that a pretty clean filtration of S/I determines uniquely the facets of
['. This result finally leads us to the definition of shellable multicomplexes. In
Proposition 10.3 we show that our definition of shellable multicomplexes extends
the corresponding notion known for simplicial complexes. However the main result
of the final section is Theorem 10.5 which asserts that for a monomial ideal I the
ring S/1I is multigraded pretty clean if and only if the corresponding multicomplex
is shellable.

1. THE DIMENSION FILTRATION
Let M be an R-module of dimension d. In [13] Schenzel introduced the dimension
filtration
.7:2 0cC Do(M) C Dl(M> C seC Dd_l(M) C Dd(M) =M

of M, which is defined by the property that D;(M) is the largest submodule of M
with dim D;(M) < for i = 0,...,d. It is convenient to set D_i(M) = (0).
For all 4 we set Ass'(M) = {P € Ass(M): dim R/P = i}. The following charac-

terization of a dimension filtration will be useful for us:

Proposition 1.1. Let F: 0 C My C My C -+ C Mgy C My = M be a filtration of
M. The following conditions are equivalent:

(a) Ass(M;/M;_1) = Ass'(M) for all i

(b) F is the dimension filtration of M.
Proof. That the dimension filtration satisfies condition (a) has been shown by Schen-
zel in [13, Corollary 2.3 (c)].

For the converse we show that if F satisfies condition (a), then it is uniquely
determined. Since the dimension filtration satisfies this condition, it follows then
that F must be the dimension filtration of M.

The integers ¢ for which M; = M,_; are exactly those for which Assi(M) =, and
hence this set is uniquely determined.

Thus it remains to show, if M; # M; 1, then M; is uniquely determined. To this
end, consider the multiplicatively closed set

s=r\ |J P

PeAss(M),
dim R/ P>1i+41
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and let U be the kernel of the natural map M — Ms. We claim that M; = U. This
will imply the uniqueness of the filtration.

We first notice that (M;/M;_1)s = 0 for j <. Indeed, if (M;/M;_1)s # 0, then
PRg € Assp, (M, /M;_1)s for some P € Assp(M;/M;_). By (a), dim R/P < i, and
hence PN S # 0, a contradiction. We conclude that (M;)s = 0, and hence M; C U.

Condition (a) implies that

Ass(M/M)c | ] P

PeAss(M),
dim R/P>i+1

Therefore all elements of S are non-zerodivisors on M/M;, and hence the natural
map M/M; — (M/M;)s is injective. This implies that U C M;. O]

Tt follows from condition (a) of Proposition 1.1 that if M;/M;_; # 0, then M; /My
is equidimensional of dimension 4 and has no embedded prime ideals.

The arguments in the proof of the previous proposition yield the following de-
scription of the dimension filtration.

Corollary 1.2 (Schenzel). Let ()i, Q; be a primary decomposition of (0) in M,
where Q; is Py-primary. Then '

Di(M)= (] @
dim R/P;>i+1

fori=1,...,dimM.
2. SEQUENTIALLY COHEN-MACAULAY MODULES

Let (R, m) be a local Noetherian ring, or a standard graded K-algebra with graded
maximal ideal m. All modules considered will be finitely generated, and graded if
I is graded.

The following definition is due to Stanley [15, Section I, 3.9], and Schenzel [13].

Definition 2.1. Let M be a finitely generated (graded) R-module. A finite filtration
O=MycM,CcMyCc...CM,=M
of M by (graded) submodules of M is called a CM-filtration, i ecach quotient
M;/M;_; is Cohen-Macaulay (CM for short), and
dim(M;/My) < dim(My/M;) < ... < dim(M, /M, _1).

The module M is called sequentially Cohen-Macaulay if M admits a CM-filtration.

We recall a few basic facts whose proof in the graded case can be found in [7],
but which are proved word by word in the same way in the local case.

Proposition 2.2. Let R be Cohen-Macaulay of dimension n with canonical module
wp. Suppose that M s sequentially CM with o CM-filtration as in 2.1, and assume
further that d; = dim M; /M,y fori=1,...,r. Then
. D ~ T n—d; ] .
(a) Ext}y, “(M,wp) = Exthy, “(Mi/M;_1,wr),
1



(b) Ext}‘%_di(M, wr) s CM of dimension d; fori=1,...,7;
(¢) Exth(M,wr) =01fj & {n—di,...,n—d.};
(d) Extlh % (Bxth “(M,wg),wr) = Mi/M;_1 fori=1,...,r.

Corollary 2.3. With the assumptions and notation introduced in Proposition 2.2
we have

Ass(BExtly % (M, wg)) = Ass(M;/M;_,).
Proof. Let x = z1,...,Zy—q, be a maximal regular sequence in Ann(M;/M;_), and
set S = R/(x). Then (a) implies that Ext% “(M,wr) = Homg(M;/M;_1,ws), and
that M;/M;_; may be viewed a maximal CM module over S. It follows that

Ass(Ext™ % (M, wg)) = Supp(M;/M;_1) N Ass(wg) = Supp(M;/M;_,) N Min(S).
Since M;/M;_; is a maximal CM module over S, we have
Ass(M;/M;_1) = Min(M;/M,_,) = Supp(M;/M,_1) N Min(S).
This proves the assertion. (]

It follows from Proposition 2.2 that if M is sequentially CM, then the non-zero
modules among the Ext}, (M. wp) are CM of dimension z. Peskine noticed that this
property characterizes sequentially CM modules. Indeed one has

Theorem 2.4. The following two conditions are equivalent:

(a) M s sequentially CM; .
(b) for all i, the modules Ext}, (M,wp) are either 0 or CM of dimension 1.

We conclude this section with a result due to Schenzel [13, Corollary 2.3].

Proposition 2.5. Let M be sequentially CM with o CM-filtration as above. Then
Ass(M; /M) = Ass™ (M) for alli. In particular, Ass(M) = |J; Ass(M;/M;_1).

Proof. Since M;/M; ; is CM of dimension d;, it follows that dim R/P = d; for all
P € Ass(M;/M;_;). Therefore it suffices to show that Ass(M) = (J; Ass(M;/M;_1).
Using the fact that for an exact sequence 0 — U — V — W — 0 of R-modules
one has that Ass(V) C Ass(U) U Ass(W), one easily concludes by induction on the
length 7 of the filtration, that Ass(M) C |J; Ass(M;/M;_1).

Conversely, let P € Ass(M;/M; ;). Then (M;/M;_1)p = 0 for all j < i, since
dim M /My < dim R/P. This implies that (M;_1)p = 0, so that (M;/M,;_1)p =
(M;)p. Thus PRp € Assp,(M;)p, and hence P € Ass(M;) C Ass(M). L]

Combining Proposition 2.5 with Corollary 2.3 we obtain

Corollary 2.6. Let M be sequentially CM, then Ass(Extly (M,wg)) = Ass'(M)
for all .

The following characterization of sequentially Cohen-Macaulay modules, due to
Schenzel [13, Proposition 4.3], is a consequence of Proposition 1.1 and Proposition
2.5.

Corollary 2.7. A module M is sequentially CM, if and only if the factors in the

dimension filtration of \I are either 0 or CM.
K
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3. CLEAN AND PRETTY CLEAN MODULES

Let R be a Noctherian ring, and M a finitely generated R-module. Recall from
the introduction that according to Dress [4] a prime filtration F of M is called
clean if Supp(F) = Min(M), and that M itself is called clean if M admits a clean

filtration.

Lemma 3.1. Let F be a prime filtration of M. The following condilions are equiv-
alent:

(a) F is a clean filtration of M;
(b) For all P,Q € Supp(F) with P C @ one has P = Q.

Proof. (a) = (b) is trivial. Conversely suppose F : 0 = Mo C My C --- C M, =
M with M;/M;_1 = R/P; and let P € Supp(F). Since there are no non-trivial
inclusions between the prime ideals in Supp(F) it follows that Mp has a filtration
(0) = (Mo)p C (My)p C --- C (M,)p = Mp such that
| Rp/PRp, if P=P,
et = { 3P DD
Hence we see that Assgp,(Mp) = {PRp}, and so P € Ass(M). It follows that
Supp(F) = Ass(M). Applying again assumption (b), we conclude that Ass(M) =
Min(M). OJ
Corollary 3.2. Let 0 = My C My C ... C M,y C M, = M be a clean filtration of
M. Then for alli=0,...,r
0= M;/M; C My, /JM; C...C My_y/M; C M,/ M,
and
0=MyC My C...CM_ CM,

are clean filtrations. In particular, M; and M/M; are clean.

A weakening of condition (b) of Lemma 3.1 leads to
Definition 3.3. A prime filtration F: 0= My C M; C ... C M,y C M, = M of
M with M;/M; ; = R/P; is called pretty clean, if for all © < j for which P; C P it
follows that 7 = I.

In other words, a proper inclusion P; C P; is only possible if 2 > j. The module
M is called pretty clean, if it has a pretty clean filtration. A ring is called pretty
clean if it is a pretty clean module, viewed as a module over itself.

Remark 3.4. Let F: 0 =My C M, C ... C M,_y C M, = M be a pretty clean
filtration of M. It follows immediately from the definition that for all ¢ the filtrations

(== [\[,/]\47 C ]\4,*1/]\47 C...C M,-__]/M,j C A47/M7,

and
O:]\/]() C ]\41 € oo e C]WZ;] C ]\41

arc pretty clean.
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Lemma 3.5. Let F: 0 = My C My C ... C M,_1 C M, = M be a pretty clean
filtration of M. Then P; € Ass(M;) for alli.

Proof. We use the same argument as in the proof of Lemma 3.1: set P = P;. Then
0= (Moy)p C (Mi)p C...C (Mi—1)p C (M;)p is a finite filtration of the Rp-module
(M;)p. Let j <1i. Since F is pretty clean we get

| [ Re/PRp, if P=P,
()51 = { B
This implies that PRp € Assg,((M;)p). Therefore P € Ass(M;). 0

Corollary 3.6. Let F be a pretty clean filtration of M. Then Supp(F) = Ass(M).

Proof. For all i we have P, € Ass(M;) C Ass(M). Therefore Supp(F) C Ass(M).
The other inclusion holds for any prime filtration. OJ

Corollary 3.7. Let M be a pretty clean module. The following conditions are equiv-
alent:

(a) M is clean;
(b) Ass(M) = Min(M).

Examples 3.8. Let S = Klz,y| be the polynomial ring over the field K, I C S
the ideal I = (2%, zy) and R = S/I. Then R is pretty clean but not clean. Indeed,
0 C (z) C Ris a pretty clean filtration of R with (z) = R/(x,y), so that P, = (z,y)
and P, = (z). R is not clean since Ass(R) # Min(R).

Note R has a different prime filtration, namely, G : 0 C (y) C (z,y) C R with
factors (y) = R/(x) and (z,y)/(y) = R/(x,y). Hence this filtration is not pretty
clean, even though Supp(G) = Ass(M). On the other hand, in the next section we
give an example of a module which admits a prime filtration F with supp(F ] =
Ass(M), but which is not pretty clean.

We conclude this section by showing that all pretty clean filtrations have the same
length. For p € Spec(R) the number

multyy(p) = f(HS(Mp)>7

is called the length multiplicity of p with respect to M. Obviously, one has multy(p) >
0, if and only if p € Ass(M). Localizing a pretty clean filtration of M we immediately
geb

Lemma 3.9. Let M be a pretty clean module. Then all pretly clean filtrations of
M have the same length, namely their common length equals Zp&. Ass(vr) UL v (p).

Assume now that (R, m) is local. Recall that the arithmetic degree of M is defined
to be Zp multyy (p) deg(R/p) where deg(R/p) is the multiplicity of the associated
graded ring of R/p. The preceding lemma shows that the length of a pretty clean
filtration is bounded above by the arithmetic degree of the moduile, and equals the
arithmetic degree if and only if deg 2/p = 1 for all p € Ass(M).
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4. PRETTY CLEAN MODULES ARE SEQUENTIALLY COHEN-MACAULAY
The purpose of this section is to show
Theorem 4.1. Let R be a local or standard graded CM ring admitting a canonical
module wr, and let M be an R-module with pretty clean filtration F such that R/P is
Cohen-Macaulay for all P € Supp(F). Furthermore suppose that M is graded if R is

graded. Then M is sequentially Cohen-Macaulay. Moreover, if dim R/P = dim M
for all P € Supp(F), then M is clean and Cohen-Macaulay.

Proof. Let n = dim R. We may assume that R is local. In the graded case the

arguments are the same.
For all i we show: the module Ext} *(M,wpg) is either 0 or Cohen-Macaulay of

dimension i. We show this by 1nduct10n on the length r of the pretty clean filtration
F:0=MyC M, C---C M, C M, =M of M. Since, as we already noticed, the
module U = M, _; is pretty clean with a pretty clean filtration of length r — 1, we
may assume by induction that U is sequentially Cohen-Macaulay.

Let M/U = R/P. By hypothesis, /P is Cohen-Macaulay, say of dimension d.
The short exact sequence

0—U-—M-— R/P—10
gives rise to the long exact sequence
CExt N U wp) — Exty (R Pwgr) — Exth (M, wr) — Extp "(U,wp) — -+,

Since
WR/P, if 1=d

Ext?(R/P = e

xty (R/ P wr) { 0, if 1 Ad,

it. follows that Extl,~ (M, wp) = Extl "(U,wg) for all i # d,d + 1. Thus for such i
we have IExt}; “(M,wpg) is Cohen- M(L(‘aula.y of dimension 7 if not the zero module.

Morcover we have the exact sequence

0 — Ext (M, wp) — Extly (U wr) — Exth Y(R/P,wr)
—  Bxt% (M, wr) — BExtly4(U,wr) — 0.

Suppose the map Exts (U, wr) — Exth “(R/P,wr) & wryp is not the zero
map. Then its image C' C wp/p is not zero. Since R/P is domain, wry/p may be
identified with an ideal in R/P, see [3, Proposition 3.3.18]. Hence also C' may be
identified with an ideal in R/P. Again using that R/P is a domain, we conclude
that CRp # 0. It follows that Ext};™ 4= U, wr)p # 0, and so the set

Assp, (Extls N(U,wr)p) = {QRp: Q € Assp(Extl, “ ' (U,wgr)), @ C P}

is not empty. Thus there exists @ € Assp(Ext ' (U,wg)) with Q C P. By
Corollary 2.6 we know that Assp(Ext (U, wg)) C AsstH(U). Therefore, since
dim R/P = d, the inclusion () C P must be proper. But this contradicts the fact
that F is a pretty clean filtration of M.
[t follows now that

Bxth (M, wp) = Bxty U, wg),
8



and that the sequence
(1) 0 — wpyp — Exthy Y(M,wg) — Exth (U ,wg) — 0

is exact. Using the induction hypothesis we conclude that Ext?{d”l(M ,wR) is either
Cohen-Macaulay of dimension d 4 1 or the zero module, and that Ext}ﬁfd(M ,wR) 1s
Cohen-Macaulay of dimension d.

If dim R/P = dim M for all P € Supp(F), then the pretty clean filtration F
is necessarily clean, and M is unmixed. Since any unmixed sequentially Cohen-
Macaulay module is Cohen-Macaulay, all assertions are proved. U]

As a consequence of the previous theorem we get

Corollary 4.2. Let M be an R-module. If the non-zero factors of the dimension
filtration of M are clean, then M s pretty clean.

Conversely assume that R is a local or standard graded CM ring with canonical
module wg, and that M admits a pretty clean filtration F such that R/ P is CM for
all P € Supp(F). Furthermore assume that M is graded if R is graded. Then the
non-zero factors of the dimension filtration of M are clean.

Proof. Suppose all factors D;(M)/D; (M) in the dimension filtration of M are
clean. Then it is obvious that the dimension filtration can be refined to yield a
pretty clean filtration of M.

We prove the second statement of the corollary by induction on the length 7 of
the filtration F. The claim is obvious if 7 = 1. Now let » > 1, and set U = M, _;.
We obtain the exact sequence 0 — U — M — R/P — 0 with P € Spec(R).
Let d = dim R/P. Then, as we have seen in the proof of Theorem 4.1, one has
Oxtly (M, wpr) = Ext), (U, wp) for all i # d, as well as the exact sequence

) — u)/{//) _— EX[}y")/M({(]\/[, (,d/g) o EXt‘]]l{{l(U) u)]g) — 0.
Since M is sequentially CM by the previous theorem, these isomorphisms together
with Proposition 2.2(d) and Corollary 2.7 imply that
Di(M)/D; (M) = Di(U)/D;—1(U)
for 7 # d. Hence, since the factors D;(U)/D;—1(U) are clean by induction hypothesis,
the same is true for the factors D;(M)/D; (M) with ¢ # d.

Applying the functor Ext’f{d(—7 wp) to the above exact sequence and using Propo-

sition 2.2(d) again we obtain the exact sequence
0 — Dg(U)/Dy1(U) — Dg(M)/Dy_1(M) — R/P — 0.

Since all modules in this exact sequence are of dimension d, and since Dy(U)/Dg-1(U)
is clean, it follows that Dy(M)/ Dy 1 (M) is clean as well. H
Corollary 4.3. Let S = Klxy,...,x,] be a the polynomial ring and I C .S a mono-
maal ideal. Then the following conditions are equivalent:

(a) S/I is pretty clean;

(h) S/I is sequentially CM, and the non-zero factors in the dimension filtration

of S/I are clean:
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(c) the non-zero factors in the dimension filtration of S/I are clean.

Proof. (a) = (b): Since the associated prime ideals of S/I are all generated by
subsets of {1, ...,2,}, all hypotheses Theorem 4.1 and Corollary 4.2 are satisfied,
so that the assertions follow.

(b) = (c) is trivial.

(¢) = (a): The refinement of the dimension filtration by the clean filtrations of
the non-zero factors gives us the desired pretty clean filtration of S /1. ]

Example 4.4. Let S = K[z, 2 u,v], and consider the ideals [ = (u,v,2), @1 =
(z,2%), Qy = (z,0% 2%) and [ = LN Q; N Q2. We claim that the module M = L1
is not pretty clean, but that M has a prime filtration F with Supp(F) = Ass(M).

Note that (LN Q1) N (LNQ2) modulo I is an irredundant primary decomposition
of (0) in M. Hence since ) # Ass(L/L 0 Q;) C Ass(S/Qs) = { I3} with P = (z,2)
and Py = (z,v, z) we see that Ass(M) = {1, P}

It follows from Corollary 1.2 that D(M) = (L N Q1)/I and that Dy(M) = M.
We show that Do(M)/Dy(M) = L/L N Q) is not clean. Indeed, suppose L/L N Q)
is clean. Then, since Ass(L/L N Q1) = {P}, this module has a filtration with all
factors isomorphic to S/ Py, and the number of these factors equals the length of the
Sp-module (L/LNQ1)p, = Sp, /Q1Sp,. This length is obviously 2. On the other
hand, since L/L 0 Q) is generated by 3 elements, it cannot have a filtration with
two Lamtom, both of them being cyclic.

Knowing now that Dy(M)/Di(M) is not clean, we conclude from Corollary 4.2
that M is not pretty clean.

Finally we construct a prime filtration F of M with Supp(F) = Ass(M). The
filtration F will be the following refinement of the dimension filtration. Denote
by a the residue class of an elon'lent a € Lin L/LNQ; = Dy(M)/Dy(M). Then
(0) C (2) C (2.9) C (2.0.a) = Do(M)/Dy(M) is a filtration of Da(M)/ Dy (M) with
(2) = S/Pr. (2,0)/(3) = S/ P and (2,0,u)/(2,0) = S/P,. Furthermore, denote the
residue class of an element a € S in S/I by a. Then Dy(M) = LNQ,/I is generated
by 72, and so Dy(M) = S/(x,z,0*). It is clear that this filtration can be further
refined so that all factors are isomorphic to S/ P.

5. CLASSES OF PRETTY CLEAN RINGS

Let S = Kl[zy,...,2,] be the polyuomial ring over a field K. In this section we
present a class of monomial ideals for which S/7 is pretty clean. Quite generally we

have

Proposition 5.1. Let I C S be a monomial ideal, and suppose that Ass(S/I) is
totally ordered by inclusion. Then S/I is pretty clean.

Proof. Let Ass(S/I) = {P,..., [} and suppose that P, D P D --- D P, and
set d; = dim S/P; for ¢ = 1,...,7. The ideal I can be written as an intersection
d = ﬂ (); where cach @; is a P-primary monomial ideal. There exist subsets
J; C [n] sml that P, is generated by x; with j € J;. It follows from our assumption

that Jy D Jo DD J,.
10



Set U; = (;5;@j. Then according to Corollary 1.2 we have U;/I = Dq,(S/I).
By Corollary 4.3(c) it suffices to show that U;/Q; NU; is clean for all i. We have
0 £ Ass(U;/Q: NU;) € Ass(S/Qi) = {P,;}. Let S’ be the polynomial ring over K in
the variables x; with j € J;, and set P/ = F;NS". Then P/ is the graded maximal
ideal of S’ and P, = P/S. Similarly, since J; C J; for k > 4, we have @ = @},S and
U, = U.S where Q) = Q,NS" and U}, = U, N S". The S"-module U;/Q; N U] is a
clean since it is of finite length. By base change, U;/Q; N U; = (U//Q: NU!) ®g S
is a clean S-module. OJ

In Grobner basis theory, Borel fixed ideals play an important role as they are just
the generic initial ideals of graded ideals in a polynomial ring. By a theorem of Bayer
and Stillman (see [5, Proposition 15.24]) a Borel fixed ideal I C S = K]z1, ..., Ty]
is a monomial ideal with the property that

(2) Iz =1:(21,...,25)%
for all j = 1,...,n. In [6], any monomial ideal satisfying condition (2) is called an
ideal of Borel type, and it is shown that S/I is sequentially Cohen-Macaulay if I is
of Borel type.

Here we show the following slightly stronger
Proposition 5.2. Let I C S be an ideal of Borel type. Then S/I is pretty clean.

Proof. Let P € Ass(S/I), and let j be the largest integer such that z; € . There
exists a monomial v € S such that (I,u)/I = S/P. Since z;u € I it follows that
wel:z, and hence u € I': (z1,. .. , ;). Therefore u(zy, ..., z;)" C I for some
integer k > 0,and hence (21, ...,z;)* C P. Since P is prime ideal we conclude that
(1,...,2;) C P. By the definition of j, it follows then that P’ = (z1, ... By )

Thus the associated prime ideal of S/ I are totally ordered and the assertion follows
from Proposition 5.1. ]

6. GRADED PRETTY CLEAN MODULES

Let K be a field and R a standard graded K-algebra, and let M be a graded
R-module. A prime filtration of M
F (O)ZM()CMI C M, C M, =M.
is called graded, if all M; of M are graded submodules of M, and if there are graded
isomorphisms M;/M; ; = R/Pi(—a;) with some a; € Z and some graded prime
ideals P;.
The module M is called a graded (pretty) clean module, if it admits a (pretty)

clean filtration which is a graded prime filtration.
Similarly we define multigraded filtrations and multigraded (pretty) clean mod-

ules.
We denote by (N); the ith graded component of a graded R-module N, and by

Hilb(N) = Y dimg (N)it' € Z[t, ¢ ']

its Hilbert-series.
11



By the additivity of the Hilbert-series, one obtains for a module with a graded
prime filtration as above the Hilbert-series

Hilb(M) = Z Hilb(R/ P)t%.

We now consider a more specific case

Proposition 6.1. Let S = Kz1,...,%,] be the polynomial ring, and I cSa
monomial ideal. Assume that S/I is a graded pretty clean ring whose graded pretty
clean filtration has the factors M;/M;_ = S/Pj(—a;) for j =1,...,r, a; € N and
P; € Ass(S/I). For all k and i set

h,;m = [{] a; = /{I, dll’l’lS/f)J = Z}|

Then

i(t :
Hilb(S/1) = ZH with  H;(t) = f_(t))i where  Qit) =Y huit".
k

Proof. We have
Hilb(S/1) = Z Z Hilb(S/ P;)t%

dim 9/1) =%
= D02 /-y
‘ dim.s";l{,i:i

The last equality holds, since all associated prime ideals of S/I are generated by
subsets of the variables. Finally the desired formula follows, if we combine in the
. N G as . " SR % o Q@ SYay Y

sum Ll dim §/Py=i b all powers of ¢ with the same exponent. U]

The attentive reader will notice the similarity of formula 6.1 with the formula of
McMullen and Walkup for shellable simplicial complexes, see [3, Corollary 5.1.14].
The precise relationship will become apparent in Section 8 where the numbers aj
are interpreted as shelling numbers.

We now derive similar formulas for the modules Exts (M, wg) when M is a graded
pretty clean module. Suppose dim S = n. Using the graded version of the exact
sequence (1) in the proof of Theorem 4.1, and induction on the length of the pretty
clean filtration it follows easily that

Hilb(Exts (M, ws)) = E Hilb(wsp; )t ™" for i=0,...,dim M.
J
dim S/ P]- =n-—1
In particular we have
Proposition 6.2. With the assumptions and notation of 6.1, one has

Hilh EX( (b/[’,q = Z/”‘ e i—k (1_t)n~i___ (*1)71.77',H'”‘”7:({,...«l).
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Proof. The first equality follows from the fact that wg/p, = S/P;j(—(n — i)) if
dim S/P; = n — 4, so that Hilb(ws/p,) = t**/(1 —t)**. To obtain the second
equality, we divide numerator and denominator of ()", P —it"F) /(1 — £)"* by
t" " and get

(3 IR/ = 07 = (3 ™)/ = 17 = (<1 Homat7),

]

Let S = Klzy,...,z,] and M be a graded S-module. We set
by = min{k: Ext(M,S(—n))i # 0}. |
Then the regularity of M is given by
reg(M) =max{n—j—b;: 7=0,...,},
cf. [5, Section 20.5].

Corollary 6.3. Let S = K|[zy,...,x,] be the polynomial ring, and I C S a mono-
mial ideal. Assume that S/ is a graded pretty clean ring with filtration as i 6.1.
Then

(a) reg(S/1) = max{k: hy; # 0 for some i} = max{a;: j =0,...7};

(b) Hilb(D;(S/1)/D;—1(S/1)) = H;(t) for all .

Proof. (a) the first equality follows immediately from Proposition 6.2 and the defi-
nition of reg(S/I). The second equality results from the definition of the numbers
/I’L:'i~

(b) By Proposition 2.2 we have

Di(S/1)/Di_1(S/T) = Exte " (Bxte*(S/1,ws),ws).
Thus the assertion follows from Proposition 6.2 and [3, Theorem 4.4.5(a)]. UJ
We denote by e(M) the multiplicity of a graded module.

Corollary 6.4. Let i and k be integers. Then the number of factors S/P(—k) in
o graded pretty clean filtration of S/1 satisfying dim S/ P = i is independent of the
chosen filtration. In particular, all graded pretty clean filtrations of S/I have the
same length, namely S0 e(Exts(S/1,5)), and this number equals the arithmetic
degree of S/1.

Proof. The number in question equals hy;, the k-th coefficient of the h-vector of
D;(S/1)/D;_1(S/I). Hence this number only depends on S/I. Moreover, it follows
that the length of a graded pretty clean filtration of S/I equals Y7 (Qs(1). As
a consequence of Proposition 6.2 and [3, Proposition 4.1.9] we have that Qi(1) =
e(Exti(S/1,5)). In [11, Theorem 3.11] Nagel and Romer have shown that the
arithmetic degree of a sequentially Cohen-Macaulay R-module M equals the number
S g e(Bxty, (M, wp)). Since by Theorem 4.1, S/1 is sequentially CM, all assertions

follow. ]
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We would like to remark that the fact that the length of all pretty clean filtrations
of S/I have length equal to the arithmetic degree of S/I also follows from Lemma

3.9,

Suppose that I C S is a monomial ideal, and that F is a multigraded prime filtration
of /I with factors (S/P;)(—as), i = 1,...,7, where a; € N". Then this filtration
decomposes S/ as a multigraded K-vectorspace, that is, we have

S/I = @ S/ P(—a;).

Each module M; in the filtration F is of the form [;/I where [; is a monomial
ideal. The monomials not belonging to I; form a K-basis of (S/I)/M; = S/I;, and
so S/I = (S/I)/M; ® M; decomposes naturally as a K-vectorspace. Identifying
S/Pi(—a;) = M;/M;_y C S/1;—1 with its image in S, we get S/Pi(—a;) = wK[Z]
where u; = [[_, x?im and Z; = {z;: j ¢ P;}. Thus

S é}uiK[Zi].

Any decomposition of S/I as a direct sum of K-vectorspaces of the form u/ [Z]
where Z is a subset of X = {x1,...,2,} and u is a monomial of K[X] is called a
Stanley decomposition. Stanley decompositions have been studied in various combi-
natorial and algebraic contexts, see [1], [8], and [9]. Not all Stanley decompositions
arise from prime filtrations, see [9].

Stanley [16] conjectured that there always exists a Stanley decomposition S/ =
P, u;K[Z;] such that |Z;| > depth S/I. In [1] Apel studied cases in which Stan-
ley’s conjecture holds.

We conclude this section by showing

Theorem 6.5. Let I C S a monomial ideal, and suppose that S/1 is a multigraded
prelty clean ring. Then Stanley’s conjecture holds for S/1.

Proof. Stanley’s conjecture follows if we can show that there exist a multigraded
prime filtration F of S/I with factors S/P;(—a;) such that depth S/P; > depth S/ 1.

Since S/1 is multigraded pretty clean, it follows from Corollary 4.3 that all nonzero
factors D;(S/I)/D;_1(S/I) of the dimension filtration are clean. Moreover, since S/1
is sequentially Cohen-Macaulay, it follows from Proposition 2.2 that depth S/I =1
where t = min{s: D;(S/I)/D;_1(S/I) # 0}. Since D;(S/1)/Di—1(S/I) is clean, we
obtain a pretty clean filtration of S/I as a refinement of the dimension filtration by
the clean filtrations of the factors D;(S/I)/D;—1(S/I). Thus in this prime filtration
cach factor S/P belongs to Ass(D;(S/I)/D;_1(S/I)) for some ¢. It follows that
depth S/P > t, as desired. O

7. PRIME FILTRATIONS AND PRIMARY DECOMPOSITIONS

In this section we give another characterization of pretty clean modules in terms

ol primary decompositions.
14



Proposition 7.1. Let M be an R-module, and suppose M admiats the prime filtration
F:0)=MyC M C - CM_y CM =M uwthM/M,_y = R/P; for all i.
Then for j = 1,...,r there ezist irreducible Pj-primary submodules N; of M such
that My = [\, N; fori=0,...,r.

In the proof of this result we shall need the following

Lemma 7.2. Let U C V. C M be submodules of M such that V/U = R/P for
some P € Spec(R). Then there exists an irreducible submodule W of M such that

U=Vnw.

Proof. By Noetherian induction there exists a maximal submodule W of M such
that U = V N W. We claim that W is an irreducible submodule of M. Indeed,
suppose that W = W NWy. Then U = (VNW;)N(V NWs) is a decomposition of U
in V. However, U is irreducible in V since V/U = R/P. It follows that VW, = U
or VN Wy = U. Since W was chosen to be maximal with this intersection property,
we see that W =W, or W = W,. Thus W is irreducible, as desired. ]

Proof of 7.1. (a) = (b): Let F be a prime filtration as given in (a). We show
by decreasing induction on ¢ < r that for j = 44 1,...,7 there exist irreducible
Pj-primary submodules N; of M such that M; = ﬂ§:¢+1 N;.

For ¢ = r we may choose N, = M, _y, since M/M, = R/P,. Now let 1 <i <,
and assume that M; = ﬂ;:i 1 V; where Nj is an irreducible Pj-primary submodule
of M for j =i+1, - .7, Since M;/M;_y = R/P, it follows by Lemma 7.2 that
there exists an irreducible submodule N; of M such that M;_1 = M; N N;. Since
]?/]), = ]\413//\4,;] = ]\/[i/Mi N N; C M/Ni, it follows that {R} = ASb(MZ/M_l) C
Ass(M/N;). However Ass(M/N;) has only one clement, therefore Ass(M/N;) =
{P}. ]

8. CLEAN FILI'RATIONS AND SHELLINGS

In this section we recall the main result of the paper of Dress [4] (see also [14]),
and provide some extra information. Let A be a simplicial complex on the vertex set
[n] = {1,...,n}. Recall that A is shellable, if the facets of A can be given a linear
order Iy, ..., I, such that for all 4,7, 1 <i < j < m, there exists some v € F; \ F;
and some k < ¢ with £} \ Fy, = {v}.

Note that we do not insist that A is pure, that is, that all facets of A have the
same dimension. Sometimes such a shelling is called a non-pure shelling.

Let K be a field. The Stanley-Reisner ring of K[A] of A is the factor ring
of S = Klzi,...,z,) modulo the ideal I generated by all squarefree monomials
Ti, Tiy - - Ty, sSuch that {i1,...,ix} is not a face of A.

One has
Theorem 8.1 (Dress). The simplicial complex A is shellable if and only if K [A] is
a clean ring.

For a subset of faces Gy, ..., G, of A we denote by (G, ...,G,), the smallest
subcomplex of A containing the faces Gy, . . ., G,.. With this notation, the shellability

15



of A can also be characterized as follows: A is shellable if and only if the facets of A
can be ordered F, . .., F. such that for i = 2,...,m the facets of (F1, ..., F,_1)N(F)
are maximal proper faces of (F5).

For i > 2 we denote by a; the number of facets of (Fi,. .., Fi_1) N (F%), and set
a; = 0. We call the ay, ..., a, the sequence of shelling numbers of the given shelling
of A.

Set Pp, = ({z;}j¢r). Then In = (i, Pr. Therefore, if Fy,..., F; is a shelling
of A, then for i = 2,...,r we have

i1
ﬂ ij -+ P];‘i = P]?i -+ (fm)
j=1
Here f; = ], %%, where the product is taken over those k € [F; such that [ \ {k}
is a facet of (Fy,..., F,_1) N (F;). In particular it follows that deg f; equals the ith
shelling number a;.
We obtain the following isomorphisms of graded S-modules

(h P]?}-)/(m Pr;)

=l

112

ﬂ 4+ Pr)/ P = (Pr, + (f))/ Pr,

= (/)/(/7)])1 = S/ Pp,(—as)-
The isomorphism (P, 4+ (f1))/Pr =2 (f:)/(f:)Pr, results from the fact that (f;) N

P = (f;) Pr, since the set of variables dividing f; and the set of variables generating
Py, have no element in common. Thus we have shown

Proposition 8.2. Let A be a shellable simplicial complex with shelling Fi, ..., Fy
and shelling numbers ay,...,a,. Then (0) = My C M; C -+~ M,_; C M, = K[A]
with

MY" - ﬂ ])F:i and M/]M’ 1 = /])7 101( U/'I'ﬂ';l—l)
,'._l

is a clean filtration of S/In.

9. MULTICOMPLEXES

The aim of this and the next section is to extend the result of Dress to multicom-
plexes. Stanley [15] calls a subset I' € N™ a multicomplex if for all @ € I' and all
b e N” with b < a, it follows that b € I'. The elements of I' are called faces.

What are the facets of I'? We define on N the partial order given by

(a(1),...,a(n)) < (b(1),...,b(n)) if a(i) <b(i) forall u.
An element m € I'is called maximal if there exists no a € I' with a > m. We denote
by M(I') the set of maximal elements of I". One would expect that M(I") is the set
of facets of I'. However M(T") may be t he empty set, for example for I' = N™. To
remedy this defect we will consider “closed” subsets I' in N, where Noo = NU{oo}.
Let a € I'. Then

infpt a = {i: a(i) = oo}
16



is called the infinite part of a. We first notice that
Lemma 9.1. Let I' C N2 . Then M(L') is finite.

Proof. Let F' C [n], and set 'y = {a € I': infpta = F'}. It is clear that if a € I'p is
maximal in I' then @ is maximal in I'p. Since there are only finitely many subsets
F of [n], it suffices to show that I'p has only finitely many maximal elements. Let
[\ F'= {i1,..., 0} with ¢ <y <--- <. For each a € I'p we let o' € NF be the
integer vector with a’(j) = a(i;) for y =1,..., k. Now if a and b are two maximal
elements in ['p with a # b, then o’ and b are incomparable vectors, that is, a’ £ b’
and b £ a/. This implies that the set of monomials {z¥: a € T'p, a maximal} is
a minimal set of generators of the monomial ideal they generate in K[zy,...,zx).
Hence this set is finite. Thus the set of maximal elements 'y is finite for all F' C [n],
and M(I") is finite.

We say that a sequence of natural numbers (i) has limit lim a(i) = oo, if for all
integers b there exists an integer j such that a(i) > b for all i > j. Of course any
non-decreasing sequence in N has a limit - either it is eventually constant, and this
constant is its limit, or the limit is oo.

As usual we set a < oo for all @ € N. and extend the partial order on N™ naturally
to N . By what we just said it follows that any sequence a;, ¢ = 1,2, ... of elements
in N with a; < a;y1 has a limit — the limit being taken componentwise.

Let I' € N™. The set I' of all @ € N2, which are limits of ascending sequences in
" is called the closure of T'. It is clear that I' C I" and that I' = I".

Definition 9.2. A subset I' € N” is called a multicomplez if
(1) for all @ € I and all b € N with b < a it follows that b € I}
2)T=T

The elements of a multicomplex are called faces. The next result shows that each
face of a multicomplex is bounded by a face in M(I').

Lemma 9.3. Let I' C N% be a set satisfying property (1) of multicomplezes. Then
the following conditions are equivalent:
(a) I'=T;

(b) for each a € T there exists m € M(I') with a < m.

Proof. (a) = (b): We proceed by induction on n — |[infptal. If n — [infptal =0,
then a(i) = oo for all 7, and hence a € M(I). Suppose now that n — |infptal > 0
and that there is no m € M(I') with a < m. Then there exists a strictly ascending
sequence a = a; < ap < ... in I'. Since I' = [ it follows that b = lima; € T
Obviously one has n— |infptb| < n — |infptal. Hence by induction hypothesis,
there exists m € M(I') with b <m, and thus a < m.

(b) = (a): Let a;, ¢ = 1,2,... be an ascending sequence in 1" By assumption,
there exist m; € M(I) with a; < m;. Since M(I) is finite (see Lemma 9.1), there
oxists i such that m,; = my, for all © > 4g. It follows that a; < my, for all 4. Hence

lima; < mj,. In particular, lima; € I'. ]
: 17



Combining Lemma 9.3 with Lemma 9.1 we get

Corollary 9.4. Let ' € N, Then I' is a multicomplez 1f and only if there exist
finitely many elements my, ..., m, € Ng, such that

I'={aecNL:a<mforsomei=1,...,7}.
We have

Lemma 9.5. Suppose I' C N satisfies property (1) of multicomplezes, then so does
I

Proof. The statement is clear if a € I'. Suppose now that a € [, and let a; € T
be a non-descending sequence with lima; = a. Let b;(j) = min{a:(j),b(4)} for
j=1,...,n. Then b = (bi(1),...,b(n)) < a; for all 4, and hence b; € I for all 4.
Moreover, b = limb; and so b € I. L]

The lemma shows that if I' € N is a multicomplex in the sense of Stanley, then
[' ¢ N” is a multicomplex in our sense. Moreover ' NN" = I'. Thus the assignment
' — I establishes a bijection between these different concepts of multicomplexes.

In the following we will use the term multicomplex only in our sense, that is, we
will always assume that I' = I".

Note that A(I') = {infpta: a € T'} is a simplicial complex on the vertex set
[n] = {1,...,n}. It is called the simplicial complex associated to the multicomplex
I

The number dima = |infpta| — 1 is called the dimension of a. The dimension of
I"is defined to be

dim I' = max{dima: a € I'}.
Obviously one has dim I' = dim A(I").

An clement a € I'is called a facet of T"if for all m € M(I") with a < m one has
infpta = infptm. The set of facets of I' will be denoted by F(I'). It is clear that
M(T) € F(T). The facets in M(I") are called mazimal facets.

Consider for example the multicomplex I' € N2 with faces

{a: a < (0,00)0ra<(2,0)}.

Then M(I) = {(0,0¢),(2,0)} and F(I') = {(0,00), (2,0), (1,0)}. Besides its facets,
[* admits the infinitelv many faces (0,4) with ¢ € N. '

Lemma 9.6. ach multicomplex has a finite number of facets.

Proof. Let T' be the given multicomplex. Given m € M(I'). By 9.1 it remains to
show that the set :
{a €T a<mand infpta = infpt m}

is finite. But this is obviously the case since for each ¢ ¢ infptm there are only
m(i) + 1 numbers j € N with 7 < m(7). (]

Lemma 9.7. An arbitrary intersection and a finite union of multicomplexes is again

a maulticomple.
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Proof. Let (I';)icr be a family of multicomplexes, and set I' = ()., I;. Ifa € T
and b < a, then obviously b € I". Thus it remains to show that I' = . Let ay,
j = 1,2,... be an ascending sequence in I'. Since I'; = I'; for all ¢ € I, it follows
that lima; € I'; for all 4, and hence lima; € I', as desired.

On the other hand, suppose J = {1,..., k} and let T = Ule [;. Then I' satisfies
obviously condition (1) of a multicomplex.

By Lemma 9.1 the sets M(I;) are finite, and (Jf_, I'; is the set of all a € N7 for
which there exists j € J and m € M(I';) such that a < m. Thus it follows from

Corollary 9.4 the I' is a multicomplex. ]

Corollary 9.8. Let A C NI be an arbitrary subset of Ni,. Then there exists a
unique smallest multicomplez I'(A) containing A.

Let T be a multicomplex, and let I(I') be the K-subspace in S = K[x1,. .., Zn)
spanned by all monomials z* such that a ¢ I'. Note that if € N and b € N*\ T,
then a 4+ b € N* \ T, that is, if z¢ € I(') then z°z" € I(T") for all 2° € S. In other
words, I(I") is a monomial ideal. In particular, the monomials z* with a € I" form
a K-basis of S/I(I).

For example for the above multicomplex I' = {a: a < (0,00) or a < (2,0)} in N4
we have I(I) = (273, z122).

Conversely, given an arbitrary monomial ideal I C S, there is a unique multicom-
plex I' with = I(I'). Indeed, let A = {a € N": 2% & I}; then I' = I'(A).

The monomial ideal of a multicomplex behaves with respect to intersections and
unions of multicomplexes as follows:

Lemma 9.9. Let I';, j € J be a family of multicomplezes. Then
(a) [(ﬂ;;'el Iy) = Zje./ (),
(b) of J is finate, then I(U;c; Us) = Njes 1(T)-

Next we describe the relationship between simplicial complexes and multicomplexes.
Let A be a simplicial complex on the vertex set [n]. To each facet F' € A we associate

the element ap € NI, with
o] = oo, if 1€l
Gt =N 0, if i¢k

Then {ap: F € A} is the set of facets of a multicomplex I'(A), and I(T'(A)) = Ia,
where 4 is the Stanley-Reisner ideal of A. Moreover one has dim I' = dim A(I).
For a multicomplex I' and a € I' we let 2, be the prime ideal generated by all z;
with 4 ¢ infpta. Thus P, is gencrated by all z; with a(i) € N.
Lemma 9.10. Let I’ be a multicomplex. The following statements are equivalent:
(a) ' has just one. mazimal facet a;
(b) I(T") us an irreducible ideal.
If the equivalent conditions hold, then I(1") is generated by { :1;;"(7.')’| "i e [n]\infpta}.

In particular, I(1) is a P, -primary ideal.
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Proof. If a is the unique maximal facet of I' then
() = (2°: b € N, b(i) > a(i) for some i) = (! + i € [n] \ infpta).

Conversely, if I(T') is irreducible, then according to [18, Theorem 5.1.16] there exists

asubset A C {1,...,n} and for each i € A an integer a; > 0 such that I(T') = (z;
i € A,a; > 0). Set a(i) = a; — 1 for i € A and a(i) = oo for ¢ ¢ A. Then a is the
unique facet of I'. OJ

Corollary 9.11. Let I' C N2 be a multicomplez with just one facet a. Then Il =
P,.

Proof. Suppose a(i) # 0 for some ¢ ¢ infpta. Then a —¢; is a facet, different from
a. Here e, is the canonical ith unique vector. Thus we see that a(i) € {0, 00} for
i=1,...,n,sothat I(I') = I(T'(a)) = Pu. O

The next result describes how the maximal facets of a multicomplex I" are related
to the irreducible components of I(I').

Proposition 9.12. Let I' C N be a multicomplex, and ay,...,a, s maximal
facets. Then

— (N 1((ay)

is the unique irredundant irreducible decomposition of I(T') in S = K[z1, ..., zy).

Conversely, let I C S be a monomial ideal, I = ﬂ;:] I; the unique irredundant
irreducible decomposition of I in S, and let T' be the multicomplex with I(I') = 1.
Then T has r mazimal facets ay, ..., a, which can be labelled such that

I(T(a;))=1; for j=1,...,1

Proof. Since I' = |JI_, I'(as), it follows from Lemma 9.9 that [(I') = (;_; (I'(a;)).
That each I(I'(a;)) is irreducible, we have seen in Lemma 9.10.

Conversely, let [ = ﬂ: I; be the unique irredundant irreducible decomposition

of I, and let T'; be the unique multicomplex with /(I';) = [;. By Lemma 9.10, each

I'; has exactly one maximal facet, say a;. Hence I'; =T ((IJ) for f=1,..s,7

Let I" be the unique multwomplex with I(I') = 1. Thcn since [(I') = ﬂ I((T'(ay)),
it follows from Lemma 9.9 that I(I') = I(I'(a,...,aq,)), and hence tha [' =
I(ay,...,a,). Each of the a; is a maximal facet of I', because if there would be
an inclusion among them, then there would also be an inclusion among the I,
contradicting the minimality of the decomnosition. ]

Corollary 9.13. Let I be a multicomplez. Then dim S/I(I') = dim I" + 1.

Proof. By the preceding proposition it suffices to prove the assertion in case that

I" has just one maximal facet, say a. Suppose that dimI' = d — 1. We may, then
, -y . (1)+1 (n—d)+1

assume that a(i) = oc for i > n.—d + 1. Then I(I") = (2} 20T and

ye oy ¥n—d
dim S/I(I") = d. O
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Finally we will show that the facets of a multicomplex I' correspond to the standard
pairs of I = I(T") introduced by Sturmfels, Trung and Vogel [17]: let u be a monomial
of S = K|[z1,...,x,). Then we set supp(u) = {z;: z; divides u}. A pair (u, Z) where
v is a monomial and Z is a subset of the set of variables X = {z1,...,z,} is called
admissible if no z; € Z divides u, that is, if supp(u) N Z = (). The set of admissible
pairs is partially ordered as follows:
(u, Z2) < (v, 2') <= wdividesu' and supp(u'/u)UZ C Z.
An admissible pair (u, Z) is called standard with respect to I, if uK[Z] N1 = {0},
and (u, Z) is minimal with this property. The set of standard pairs with respect to
I is denoted by std([).
For a monomial u € S, with v = [[;_, z{" we set logu = (ai,...,a,), and for a
subset Z C X we let ¢(Z) € NI the element with
‘ oo, if x; € Z,
e(2)(d) *{ 0, if 7,7
With this notation we have

Lemma 9.14. Let I C S be a monomial ideal, and " the multicomplez associated

with I. Then the standard pairs with respect to I correspond bijectively to the facets
of I'. The bijection is established by the following assignment:

std(I) — F(I'), (u,Z) — logu+ c(Z).
Proof. Let A be the set of admissible pairs. Since suppun Z = for (u, Z) € At
follows that the map

A— N (u, Z) — logu+c(Z)
is injective. Morcover, for each (u, Z) € A we have
uK[Z)N 1 = {0} <= logu+c(Z) €T,

Now let (u, Z) € std(I), and set a = logu + ¢(Z). Let m € M(I') with a < m.
Suppose that infpt a # infpt m. Then there exists ¢ such that a(z) < m(i) = co. Let
v =u/z" and W = Z U {z;}. Then (v, W) < (u,Z) and v- K[W]N I = {0}, a
contradiction. Therefore, a € F(I').

Conversely let a € F(I). Set v = [ [z :L';L(Z) and Z = {z;: i € infpta}. Then
(v, Z) € A and a = logu + ¢(Z). Since a € I it follows that u - K[Z] N I = {0}.
Suppose that (u, Z) is not minimal with this property. Then there exists (v, W)e A
with v - K[W]N I ={0}and (v, W) < (u, Z), and we have

(1) b=logv+c(W) eI}
(2) v divides u;
(3) supp(u/v)UZ C W.

The properties (2) and (3) imply that a(i) = b(i) for all ¢ such that b(i) < oo.
Thus a < b, and a = b if and only if infpt a = infpt b. However since a # b, we have
infpt a # infpt b. By property (1) there exists m € M(I") with b <m. Then a <m
and infpt b C infpton. In particular, infpta # infptm. It follows that a ¢ F(I), a

contradiction. -
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10. PRETTY CLEAN FILTRATIONS AND SHELLABLE MULTICOMPLEXES

In this section we introduce shellable multicomplexes and show how this concept is
related to clean filtrations. Our concept of shellability is a translation of Corollary 77
into the language of multicomplexes. In that corollary we characterized pretty clean
filtrations in terms of primary decompositions. Here we need a refined multigraded
version of this result.

Proposition 10.1. Let S = K[z1,...,zn] be the polynomial ring, and I C S a
monomial ideal. The following conditions are equivalent:
(a) S/I admits a multigraded prime filtration F : (0) = Mo C M, C --- C
M,_, C M, = S/I such that M;/M;_, = S/Pi(—a;) for all i;
(b) there ezists a chain of monomial ideals [ = Io c I, C --- C I, = S and
monomials u; of multidegree a; such that I, = (Ii_1, u;) and Iy u; = By,
If the equivalent conditions hold, then there exist irreducible monomial ideals Jy, . .. Jy
such that I; = ﬂ;:H—l J; fori=0,...,7. Moreover, if the prime filtration 1s pretty
clean, then this set of irreducible ideals {Jy, ..., J.} is uniquely determined. In fact,
this set corresponds bijectively to the set of facets of the multicomplex associated with

I.

Proof. The statements (a) and (b) are obviously equivalent, while the existence of
of the irreducible ideals J; is just the multigraded version of Proposition 7.1.

Now we assume that the prime filtration JF is pretty clean. Since J; is an irre-
ducible monomial ideal, it follows that J; = T'(a;) for some a; € N, see Lemma
9.10. We claim that A = {a;, ..., a,} is the set of facets of the unique multicomplex
I" with 7 = I(I).

We first show that all a; are facets of I'. Note that M(I') C A. Indeed, by
Proposition 9.12 we have that

Imy= () 1(’a))

ac M(T)

is the unique irredundant decomposition of I(T') into irreducible ideals. Since from
any redundant such decomposition, like the decomposition / = ﬂ;zl J;, we obtain
an irredundant by omitting redundant components we obtain the desired inclusion.

We also see that, for each J; there exists a maximal facet a of I' such that I (T'(a)) C
J;, that is, for each a; € A there exists a maximal facet a of I' such that a; < a. We
claim that infpta; = infpta, in other words, that P, = P;. In fact, since a € A as
we have just seen, there exists an integer i such that a = a;, and hence I(I'(a)) = J;
is P-primary, and P, C P;. Suppose that P, # P;. Then, since J is pretty clean,
we conclude that 7 > 7. It follows that (-, J, = ;5 Ji, contradicting (b).

T'hus we have shown that all elements of A are facets of I'. Next we prove that
r = |F(D)]. This then implics that A = F(I'), and that the elements of A are
pairwise distinct. '

We know from Corollary 6.4 that r equals the arithmetic degree of S/I. On the
other hand we have shown in Lemma 9.14 that the facets of I' correspond to the
standard pairs of [. In [17, Lemma 3.3] it is shown that the number of standard
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pairs of I is equal to the arithmetic degree of S/I as well. Thus |F(I')| = r, as
desired. O

In Section 6 we have considered the Stanley decomposition of S/I into subspaces
of the form uK|[Z] where v is a monomial in the variables X = {z;,...,,} and
Z C X. Wecall S C N a Stanley set if there exists a € N* and m € N, with
m(i) € {0,00} such that S = a + S*, where S* = I'(m) . The dimension of S is
defined to be dim I'(m). Obviously Stanley sets correspond to subspaces of the form
uK|[Z].
Definition 10.2. A multicomplex I' is shellable if the facets of I' can be ordered
ai,...,a, such that

(1) S; =(a;) \ T(ay,...,a;—1) is a Stanley set for 2 = 1,...,r, and

(2) whenever Sf C S}, then 57 = 57 or 2> j.
Any order of the facets satisfying (1) and (2) is called a shelling of I’

The next result shows that our definition of shellability of multicomplexes extends
the classical concept of shellability of simplicial complexes.
Proposition 10.3. Let A be a simplicial complex with facets Fy, ..., F., and I’ be
the multicomplez with facets ap,,...,ap,. Then I, ..., F,, is a shelling of A if and
only if ag,...,ap. is a shelling of L.
Proof. We denote by e; the ith standard unit vector in N", and set I'; = T’ (ap,).

Then
51

Mag) s T, -85 ) = ﬂ(F(a,/»z) \I'(ar,))

j=1
i—1

- N U (e+1)

F=1 keFAR;

We notice that

RS it k=1,
(@k + Fz) M (C[ + Fl) = { ep -+ @ - r“ it k % l,
Thus
Dlap) \ (e, .. ap_,) = U (er, + 1),
LeL
where

L= {{]{71,...,[27,;_]}1 IC/ € }7’\}7/ for j = 1,...,2“ 1}
and where ¢, = Z]-E . ¢ for each L € L.

The union
U er + 1)

LeL
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is a Stanley set if and only if there exists L € £ such that er +I'; C ep + I'; for all
I/ € £, and this is the case if and only if there exists L € £ such that L C L' for all
L' € L.

We claim that the last condition is equivalent to the condition that all facets of
(F}) N (Fy, ..., Fi_1) are maximal proper subfaces of (F;).

Suppose first that there is a set Ly € £ which is minimal under inclusion. We may
assume that Lo = [m]. Let k € [m] and assume that all sets F; \ Fj which contain &
have more than one element. Then for each such set we can pick k; € F; \ Fj with
k; # k, and hence there exists L € £ which does not contain k, a contradiction,
since k € Lo C L. Thus for each k € Lo there exists an integer ji € [i — 1] such that
F;\ F;, = {k}. Now let j € [i — 1] be arbitrary. If [F;\ F;| = 1, then by definition
of the sets L, the set Fj \ Fy is a subset of each L, and in particular of Lg. Thus we
see that the subfaces of (F}) N (F, ..., F;_1) of codimension 1 are exactly the faces
F\ {k} for k= 1,...,m. Suppose now there exists j € [i — 1] for which F; N F;
is not contained in any of these codimension 1 subfaces of F; (in which case not all
facets of (Fy) N (FY,..., Fi—1) would be maximal proper subfaces of (F;).). Then
k& F,\ F; for k=1,...,m, and hence (F;\ Fj) N Lo = §. This a contradiction,
since any L C L contains an element of Fj \ Fj.

Conversely, suppose that all facets of (F;) N (Fy,..., [5_1) are maximal proper
subfaces of (F;). Then there exist ji,...,jm € [¢ — 1] such that |F; \ Fj,| = 1, and
for any j € [¢ — 1] there exists k € [m] such that F; \ I, C F;\ Fj. For simplicity
we may assume that Fj \ £, = {k} for k = 1,...,m. Then obviously Lo € £ and
Lo C L for any other L € L. O

Remark 10.4. Condition (2) in the definition of shellability is superfluous in case
[ is the multicomplex corresponding to a simplicial complex, because in this case
the sets SF correspond to the minimal prime ideals of I(T'), and hence there is no
inclusion among them.

As an extension of the theorem of Dress we now show

Theorem 10.5. The multicomplex T is shellable if and only if S/I(I') is a multi-
graded pretty clean ring.

Proof. Let ay, ..., a, be the facets of I', and let J; = I'(a;) for j = 1,..., 7. Then J; is
an irreducible monomial ideal, and I(I'(a1, ..., a;)) = ﬂ;zl J;j. Weset I; = ﬂ;;i“ ol
and M; = I;/I fori =0,...,r, I = I(I'). Then F: (0) =MyCM,C--CM =
S/1 is a multigraded filtration of S/1.

Since I'(a;) \ I(ay, ... ai1) = Dlar,...,a;) \ I'(ay, ..., ai_1), we see that b €
I'(a;) \ (a1, ...,a;1) if and only 2 € ﬂ;;ll iJ; \ ;=) /5. In other words, the
monomials z° with b € T'(a;) \ I'(ay, ..., ai—1) form K-basis of the factor module
],,;/[71._1 = Mi/ML'—] .

The discussion at the end of Section 6 shows that F is a prime filtration if and
only if M;/M;_; as monomial vectorspace is isomorphic to u/K[Z] for some monomial
u € S and some subset Z C {z1,...,2,}. Consequently, F is a prime filtration if
and only I'(a;)\I'(ay, ..., a; 1) isa Stanley set forall¢ = 1,...,r. Hence the theorem

follows from Proposition 10.1. (]
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Let K be field, and let S = Klzi,...,z,] be the polynomial ring. We call a
multicomplex I' C N2 Cohen-Macaulay or sequentially Cohen-Macaulay over K if
S/I(T") has the corresponding property.

' is simply called Cohen-Macaulay, or sequentially Cohen-Macaulay, if S/I(I")
has the corresponding property over any field.

Corollary 10.6. Let I' be a shellable multicomplez. Then I' is sequentially Cohen-
Macaulay. If moreover, all facets of T' have the same dimension, then I' @s Cohen-

Macaulay.

Proof. Theorem 10.5 implies that S/I(I") is pretty clean. Hence the assertions follow
from Theorem 4.1. O

Corollary 10.7. A multicomplex I is shellable if and only if there exists an order
ai,...,a. of the facets such that fori=1,...,r the sets S; = I'(a;) \ T'(aq,...,a;-1)
are Stanley sets with dim Sy > dim Sy > ... > dim S,..

Proof. Suppose the conditions of the corollary are satisfied, and that 57 C 57 for
some 4 < j. Then, since dim.S; > Sj, it follows that S; = 5. Thus I is shellable.

Conversely, suppose hat I' is shellable. Then S/I is pretty clean. Thus by Corol-
lary 4.3 the non-zero factors of the dimension filtration are clean. Refining the
dimension filtration by the clean filtrations of the factors we obtain a pretty clean
filtration with dim S} > dim Sy > ... > dim S,. UJ
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