THE COMPATIBILITY, INDEPENDENCE, AND
LINEAR GROWTH PROPERTIES

YONGWEI YAO

ABSTRACT. The first part is about primary decomposition. After reviewing the
basic definitions, we survey the compatibility, independence, and linear growth
properties that have been known. Then, we prove the linear growth property of
primary decomposition for a new family of modules.

In the remaining sections, we study secondary representation, which can be
viewed as a dual of primary decomposition. Correspondingly, we study the com-
patibility, independence, and linear growth properties of secondary representations.

0. INTRODUCTION

Throughout this paper, all rings are assumed to be commutative with one; and
they are not necessarily Noetherian unless we state so explicitly.

Sections are dedicated to the theory of primary decomposition. In its classic
form, it states that every ideal in a Noetherian ring can be expressed as an intersection
of finitely many primary ideals. Later, the theory of primary decomposition was
developed for modules. In particular, if a module is Noetherian, then every submodule
is decomposable.

Although the primary decompositions are not unique in general, there are certain
uniqueness properties governing the primary decompositions.

In Section[I} basic definitions and properties in the theory of primary decomposition
are reviewed. In Section [2, we go over the compatibility property, which says that
primary components from different primary decompositions of a fixed submodule can
be put together and the resulting intersection is still a primary decomposition of the
submodule. Maximal primary components are studied in Section [3] In Section [4], the
linear growth property of primary decomposition is reviewed. We establish the linear
growth property for a new family of modules in Section [5

In Sections[6HI1], we study the secondary representation theory. This can be viewed
as a dual of the primary decomposition theory. In this theory, a module is repre-
sentable if it can be expressed as a finite sum of secondary submodules. It turns out
that every Artinian module has a secondary representation.
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Many of the results in the theory of secondary representation have their dual forms
in the theory of primary decomposition. Because of this, one often draws inspiration
from one theory and then applies it to the other. In this note, the theory of secondary
representation is presented in a way that would make the duality between the two
theories evident.

In Section [6, we go over the fundamentals of the theory of secondary represen-
tation. In the subsequent sections, we study and prove the compatibility, minimal
components, independence, and linear growth properties of secondary representation.
In Section [8] we discuss a result of Sharp [Sh2] that makes the classic Matlis duality
applicable to Artinian modules even if the ring is not Noetherian. This allows us to
establish results on secondary representation by reducing them to the dual results in
the theory of primary decomposition.

Many of the results in Sections were obtained in [Yao3].

1. PRIMARY DECOMPOSITION

In this section, we give a brief introduction to the notions of associated prime
and primary decomposition. Systematic treatments of primary decomposition can be
found in many textbooks, for example, [AM], [Bo|, [Ei] or [Mat].

Let R be a ring (not necessarily Noetherian) and M an R-module.

We say that a prime ideal P € Spec(R) is associated to M if there exists z € M
such that (0 :g ) = P. The set of all primes associated to M is denoted Assg(M),
or simply Ass(M) when R is understood from the context.

Following [AM], we say that a prime ideal P € Spec(R) belongs to M if there exists
x € M such that 1/(0:zg x) = P. (In fact, the terminology “P belongs to 0 in M”
was used in [AM].) The set of all primes belonging to M is denoted Ass,(M), or
simply Ass'(M) when R is understood from the context.

We say that M is coprimary (over R) if, for every r € R, either r is M-regular
(i.e,, (0 :py ) = 0) or r € y/Ann(M). (Under this definition, 0 is a coprimary
module.) It turns out that, if M # 0 is coprimary and if we let P = /Ann(M), then
P € Spec(R); in this case, we say M is P-coprimary. (This definition recovers the
definition of primary ideals in that an ideal @) is P-primary (in R) if and only if R/Q
is P-coprimary as an R-module.)

We also define Assh(M) := {P € Spec(R)|3K C M, K is P-coprimary}; or,
equivalently, Assh (M) := {P € Spec(R) |3z € M, R/(0 :g x) is P-coprimary}. This
notion Ass” and the notion Att (to be defined in §6)) are dual to each other.

Quite generally, if M is P-coprimary, then Ass,(M) = {P} = Ass"(M).

For R-modules Q C M, we say that @) is (P-)primary if M/Q is (P-)coprimary.
For R-modules N C M, we say that N is decomposable in M (over R) if there exist
R-submodules ); that are P;-primary in M, for i =1,...,s, such that

N:Qlﬂsz
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This intersection is called a primary decomposition of N in M (over R). One can
always convert a primary decomposition to a minimal one in the sense that P; # P,
for all i # j and N # N;xQ; for every kK = 1,...,s. So from now on, as a general
rule, all primary decompositions are assumed to be minimal unless stated otherwise
explicitly.

For every R-module M, we agree that M is decomposable in M with M = M being
the unique primary decomposition of M in M.

Given R-modules N C M, N is decomposable in M if and only if 0 is decomposable
in M /N; and the primary decompositions of N in M are in one-to-one correspondence
with the primary decompositions of 0 in M/N.

Similarly, let N C M be R-modules and let I be an ideal of R such that I C
Ann(M), so that N C M can be naturally viewed as modules over R/I. Then
N is decomposable in M as R-modules if and only if N is decomposable in M as
(R/I)-modules.

Next, we list some properties of primary decomposition. We need to introduce some
notation that will be used in the sequel: Given an R-module M, we use Min(M) to
denote the set of all the minimal primes over Ann(M). For a multiplicative subset
U C R, we use M[U™'] to denote the module of fractions after inverting all the
elements in U, so that M[U™'| = M ®g R[U!.

Theorem 1.1. Let N C M be R-modules and suppose N = Q1 N --- N Qs is a
(minimal) primary decomposition of N in M in which Q; is P;-primary.
(1) We have {Py,..., P} = Assx(M/N) = Assj(M/N), which is independent of
the particular (minimal) primary decompositions in M.
(1) We have Min(M/N) C {P,...,Ps}. In fact, Min(M/N) equals the set of the
minimal members of { Py, ..., Ps} (under inclusion).
(2) If P is minimal in Assip(M/N), then Q; is uniquely determined as Q; =
Ker (M — (M/N)p,). See (4) below.
(3) Let h: A — R be a ring homomorphism, so that N C M may be viewed as
A-modules. Let K be an A-submodule of M such that N C K (e.g., K = M ).
Then N is decomposable in K as A-modules. If N C K, then

N= () (@nK)
QiPK
is a (not necessarily minimal) primary decomposition of N in K over A, in
which Q; N K is h™'(P;)-primary in K provided that Q; 7 K.

(3") In particular, Ass'y(M) = h*(Assz(M)), in which h*: Spec(R) — Spec(A) is
the continuous map naturally induced by h.

(4) LetU C R be a multiplicative set. Then N[U™'] = Nynp—oQi[U™!] is a primary
decomposition in M[U™'], in which Q;[U~] is P,[U']-primary in M[U™']; and
Ker(M — (M/N)[U_l]) = mUﬁPl:QQi-

(5) For any finitely generated ideal I of R, Nigp, Qi = (N s I™) for n>> 0.
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(57) For any non-empty subset I of R, Nigp, Qi = Nrer(Unen(N 0 1™)).

Remark 1.2. In [Bol, Chapter IV], the notion of primary decomposition is generalized
to weak primary decomposition. (This was simply called primary decomposition in
[Bo]. We add the word “weak” into the terminology in order to distinguish it from the
notion of (ordinary) primary decomposition.) For an R-module M and P € Spec(R),
we say that P is weakly associated to M if P is minimal over the ideal Anng(x) (i.e.,
P € Min(Rz)) for some x € M. Denote by Ass¢(rM), or simply Ass¢(M), the set
of all the prime ideals weakly associated to M (cf. [Bo, page 289, Chapter 1V, §1,
Exercise 17]). It is clear M =0 <= Ass¢(M) = @.

We say that M is weakly coprimary if, for all r € R, either (0 :py 7) = 0 or
Uns0(0 :pr ™) = M. If M # 0is coprimary, it follows that {r € R|(0:p; r) # 0} = P
is prime, and we say that M is weakly P-coprimary. It turns out that M is weakly
P-coprimary if and only if Assg(M) = {P}. See [Bd, page 292, Chapter IV, §2,
Exercises 11, 12].

Given R-modules @ C M, we say that @ is weakly P-primary in M if M/Q is
weakly P-coprimary, i.e., Assf(M/Q) = {P}. Now, for N C M, we say that N is
weakly decomposable in M if there exist weakly P;-primary submodules ); in M,
1 =1,...,8 such that N = Q; N ---NQ,. If such decompositions exist, we can
make them minimal. Weak primary decompositions enjoy many of the properties
of primary decompositions; see [Bd, page 294, Chapter IV, §2, Exercise 20| and
Theorem below. Conversely, if () is P-primary in M then @) is weakly P-primary
in M; thus every primary decomposition is a weak primary decomposition.

In [St], some of the basic properties of Assy and weak primary decomposition were
worked out in detail via elementary techniques.

We state the following weak-primary-decomposition analogue of Theorem [L.1]

Theorem 1.3. Suppose N = Q1N ---NQs is a minimal weak primary decomposition
of N in M, in which Q; is weakly P;-primary.

(1) We have {Py,..., P} = Ass'(M/N) = Ass"(M/N) = Ass¢(M/N), which is
independent of the particular (minimal) primary decompositions in M.

(1) We have Min(K/N) C {Py,..., P} for all R-submodule K satisfying N C
K C M and K/N s finitely generated.

(2) If P; is minimal in {Py,..., P;} = Ass¢(M/N) (under inclusion), then Q; is
uniquely determined as Q; = Ker (M — (M/N)p,). See (4) below.

(3) Let h: A — R be a ring homomorphism, so that N C M may be viewed as
A-modules. Let K be an A-submodule of M such that N C K (e.g., K = M ).
Then N is weakly decomposable in K as A-modules. If N C K, then

N= (] (QinK)

QiPK
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is a (not necessarily minimal) weak primary decomposition of N in K over A,
in which Q; N K 1is weakly h™*(P;)-primary in K provided that Q; D K.

(3") In particular, Ass¢(4M) = h*(Asst(rM)), in which h*: Spec(R) — Spec(A) is
the continuous map naturally induced by h.

(4) Let U C R be a multiplicative set. Then N[UT'Y = Nyrp—oQ:[U7Y] is a
weak primary decomposition in M[U™], in which Q;[U™'] is B;[U-primary
in M[U']; and Ker(M — (M/N)[U™']) = Nuap=sQ:-

(5) For any finitely generated ideal I of R, Nigp,Qi = Unen(N 1 IM).

(5”) For any non-empty subset I of R, Nigp,Qi = Myrer(Unen(N :ar 7).

It is well-known that if 0 — M; — M, — Mj is an exact sequence of R-modules
then Ass(M;) C Ass(M;) C Ass(M;) U Ass(Ms); and Ass(@ienK;) = Uien Ass(K;)
for any family {K;};ca of R-modules. The analogue also holds if we replace Ass with
Ass’) Ass” or Ass;. (See [Bol page 289, Ch 1V, §1, Ex 17(c)] for the Ass;-analogue.)
Here we present the Ass’-analogue, as it will be referred to in the proof of Lemma .

Lemma 1.4. Let 0 — My — My — M; be an exact sequence of modules over a ring
R. Then Ass'(M;) C Ass'(My) C Ass'(My) U Ass'(Ms).
Moreover, Ass'(®ienK;) = Uien Ass'(K;) for any family {K;}iea of R-modules.

Proof. We sketch a proof of the first claim. Without loss of generality, assume
M; € My and My/M; C Ms. As Ass'(My) C Ass'(Ms) is clear, it remains to show
Ass'(My) C Ass'(M;) U Ass'(My/M;). Let P € Ass'(Ms), so that P = /(0 :g x)
for some x € M. If there exists r € R\ P such that rz € M, then it is straight-
forward to see that P = /(0 :g rz) and hence P € Ass'(M;). If ra ¢ M; for all
r € R\ P, then it follows that P = /(0 :g T), where T = x + M; € M,y/M;, and
hence P € Ass'(My/M;.

The second claim follows from the first when A is finite. In the general case, it
is easy to see Ass'(BieaK;) D Ujea Ass'(K;). Conversely, if P € Ass'(®eaK;), then
there exists a finite subset A’ C A such that P € Ass'(®;ea K;). It then follows that
Pe UieA’ ASS,(KZ‘) Q UiEA ASS/(Ki). ]

We end this section with some basic facts concerning various kinds of associated
prime ideals as well as decomposability. Let M be an R-module. It is clear that
Ass(M) C Ass"(M) C Ass'(M) C Assi(M) C Spec(R). Consequently, as there is
the Zariski topology on Spec(R), all the others are topological (sub)spaces. Quite
generally, for any subset X of Spec(R), the Zariski topology on Spec(R) induces a
topological structure on X in such a way that the closed sets of X are of the form
Vx(I):={P € X|P DI} with I CR.

If R is Noetherian or M is Noetherian over R, then Assgp(M) = Assh(M) =
Ass"(M) = Assg(M), and Assg(M) =@ < M =0.

If M is Noetherian, then M is P-coprimary <= Assg(M) = {P}.
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If N C M are R-modules such that the quotient M /N is Noetherian over R, then
N is decomposable in M. This is a classic result due to E. Noether.

There are more definitions of associated primes in the literature. See a list of these
definitions in [Sw2, Remark 3.11].

2. COMPATIBILITY OF PRIMARY COMPONENTS

Throughout this section, let R be a (not necessarily Noetherian) ring and let N C
M be R-modules such that N is decomposable in M.

Notation 2.1. Let X C Ass'(M/N). Say X ={P,...,P.} C{P,...,P., ..., P}
= Ass'(M/N).

(HIEN=Q1N---NQ,N---NQs is a primary decomposition of N in M with
Qi being Pi-primary, then we say Q = Q1 N Q2N ---NQ, is an X-primary
component (or a primary component over X) of N C M. If X = &, then we
agree that M is the only X-primary component of N C M.

(2) We call an X-primary component of N C M maximal if it is not properly
contained in any X-primary component of N C M.

(3) We use Ax(N C M) to denote the set of all possible X-primary components
of N in M :

(4) We use Ax(N C M) to denote the set of all maximal X-primary components
of N in M. (Note that Ax(N C M) # @ if M/N is Noetherian.)

o

(5) In case X = {P} C Ass(M/N), we may simply write Ap and Ap instead of
A¢py and Aypy respectively.

Note that, for P € Ass'(M/N), the P-primary components are not necessarily
unique in general (cf. Corollary . The compatibility property (see Theorem [2.3)
says that if one takes a P-primary component of N C M for each P € Ass'(M/N)
(from possibly different decompositions), then they are “compatible” in the sense
that their intersection is exactly N, thus producing a primary decomposition of N in
M. This was proved in [Yaol] and [Yao2] under the Noetherian assumption (but see
[Yaoll, Remark 1.2]). Here we state the results more generally.

Lemma 2.2 (Compare with [Yao2, Lemma 1.1]). Let N € M be R-modules such
that N is decomposable in M, and X C Ass'(M/N). For an R-module Q such that
N C @ C M, the following are equivalent:

(1) Q is an X-primary component of N C M, i.e., Q € Ax(N C M).

(2) Q is decomposable in M, Ass' (2) C X and Ass' () C Ass' () \ X.

(3) Q is decomposable in M, Ass' (Q) = X and Ass' () = Ass' () \ X.

Proof. The proof of [Yao2, Lemma 1.1], with Ass" instead of Ass, should work here,
in light of Lemma [1.4] and the fact that N is automatically decomposable in (). [

(5]
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Theorem 2.3 (Compatibility). Let N C M be R-modules such that N is decompos-
able in M. Let X; C Ass'(M/N) and Qx, € Ax,(N C M) for 1 <i<n.
(1) Then N_,Qx, € Ax(N C M), where X = U, X;.
(2) In particular, suppose Ass'(M/N) = {Py,...,Ps} and Q; € Ap. (N C M) for
each i = 1,2,....s. Then N = Q1 N Qs N --- N Qs, which is necessarily a
minimal primary decomposition of N C M.

Proof. The proof of [Yao2, Corollary 1.2], with Ass’ instead of Ass, should work here.
Note that, by construction, N} ;(Q)x, is decomposable in M. 0

Remark 2.4. As noted in [Yaoll, Remark 1.2], the compatibility property is also shared
by weak primary decompositions (cf. Remark . In fact, the analogues of Lem-
mas , and Theorem hold after every Ass’ is replaced with Ass¢, “decompos-
able” with “weakly decomposable”, and after Ax (N C M) is interpreted accordingly.
In [St], Stalvey presented a detailed proof of the compatibility for weak primary
decomposition, following the proof given in [Yaoll Theorem 1.1].

3. MAXIMAL PRIMARY COMPONENTS, INDEPENDENCE

In this section, let N C M be R-modules such that N is decomposable in M and
X C Ass'(M/N). Note that Ass'(M/N) is a topological space in Zariski topology.

Notation 3.1. Let N C M be as above. Since Ass'(M/N) is finite, every subset
X C Ass'(M/N) has a unique minimal open superset in Ass'(M/N), which we denote
by o(X). (Although this notation does not reflect the ambient space Ass'(M/N),
there should be no danger of ambiguity.) For any P € Ass'(M/N), we may simply
write o({P}) as o(P). In fact, o(X) = {P € Ass'(M/N)| P C UpexP'}, by prime
avoidance.

Note that, if X is open in Ass'(M/N) (i.e., X = o(X)), then there is a unique
X-primary component of N C M, which is determined as Ker (M — (M/N)[U™])
with U = R\ (Upex P) (cf. Theorem|1.1 (4)). This inspires the following definition.

Definition 3.2. Let R be aring, N C M be R-modules such that N is decomposable
in M, and X C Assh(M/N). We say that the primary decompositions of N in M
are independent over X, or X-independent, if Ax(/N C M) consists of exactly one
component, i.e., |[A%(M)| = 1.

Now assume that M /N is Noetherian over R. Thus, for any X C Ass(M/N) =
Ass'(M/N), maximal X-primary components exist. (When studying primary decom-
positions of N in M, we may simply study the primary decompositions of 0 in M /N
as modules over R/ Ann(M/N). Note that R/ Ann(M/N) is Noetherian under the
current assumption.)

In case (R, m) is local, maximal m-primary components were studied in [HRS]. In

[Yao2, Theorem 1.3], maximal X-primary components of N C M were studied for
general X C Ass(M/N). This is stated below.
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Theorem 3.3. Let N C M be R-modules such that M /N is Noetherian over R, and
X C Ass(M/N). Say X ={P1, Ps,...,P,} and set U = R\ (U_, P,). Then

(1) Ax(N € M) = {_,Qi | Qi € Ap (N € M), 1 <i <r}.
Consequently, we also have the following:
(2) For every Q@ € Ax(N C M), Q=n{Q'|Q € /o\X(N CM),QCQ}. In fact,
every QQ € Ax(N C M) is an intersection of finitely many Q" € /O\X(N C M).
(3) The intersection N{Q|Q € /OXX(N CM)}=m{Q|Q € Ax(N C M)} is equal
to Ker (M — (M/N)[U™Y]), which is the unique o(X)-primary component in
Aoxy(N € M).
Proof. We may assume N = 0. Then M/N can be viewed as a finitely generated

module over the Noetherian ring R/ Ann(M/N); and the same proof of [Yao2, The-
orem 1.3] works here. O

Now we study the property of X-independence. Quite generally, X-independence
holds when X is open in Ass'(M/N) by Theorem (3) (also see [AM, Theo-
rem 4.10]). In fact, Theorem implies that the primary decompositions of N C M
are independent over X if and only if X is open in Ass'(M/N) = Ass(M/N) under
the assumption that M/N) is Noetherian.

Theorem 3.4 ([Yao2, Corollary 1.5]). Let N C M be R-modules such that M/N is
Noetherian over R, and X C Ass(M/N). The following are equivalent:

(1) X is open in Ass(M/N).

(2) Ax(N C M) consists of only one X -primary component.

(3) Ax(N C M) is finite.

(4) Ax(N C M) is finite.
Proof. This follows from Theorem or see the proof of [Yao2l, Corollary 1.5]. O
Remark 3.5. As above, assume that M/N is Noetherian over R. By Theorem [3.4]

there are infinitely many P-primary components of N in M if P € Ass(M/N) is an
embedded prime.

4. LINEAR GROWTH OF PRIMARY COMPONENTS

Swanson showed the following linear growth property concerning the primary de-
compositions of I™ in R:

Theorem 4.1 ([Swl]). Let R be a Noetherian ring and I an ideal of R. Then there
erists k € N := {0, 1, 2, ...} such that, for every n € N, there exists a primary
decomposition (of I" in R)

I"=QniNQuaN--NQusm (with Qn; being P, ;-primary in R)
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such that (P, ;)" C Qn; for alli=1,2, ..., s(n).

This was later generalized to any Noetherian R-module M together with several
ideals in [Sh5] via a study of injective modules. The same result was also later
obtained in [Yaoll [Yao2| via different methods. In [Yao2], this kind of property was
also proved for families of Tor and Ext modules. (See Theorem for the precise
statements.)

Inspired by the above, we formulate the following definition of the linear growth
property of primary decomposition.

Definition 4.2. Given a family F = {M,|a = (a1,aq,...,a,) € N} consisting of
R-modules, we say JF satisfies the linear growth property of primary decomposition
(over R) if there exists k € N such that, for every a = (ay,as, ...,a,) € N such that
M, # 0, there exists a primary decomposition of 0 in M,,

0=CQ41 NQa2N-NQus@ (With Q,; being P, ;-primary in M,)

such that (Pa,i)““‘l\/[a C Qg foralli=1,2, ..., s(a), where |a| = a1 +--- + a,.
When the above occurs, we refer to k as a slope of F. (Clearly, if k is a slope of
F, then all the integers greater than k are also slopes of F.)

The linear growth property is a measure of the ‘sizes’ of the primary components
as a € N" varies. Roughly speaking, it says that there are primary decompositions in
which the primary components are “not too small”.

Next, we set up some notation, which will also be used in §5 and §11}

Notation 4.3. Let R be a ring, I;, J; ideals of R and X, Y indeterminates, for
ie{l,...,s}and j € {l,...,t} with s and ¢ positive integers.

(1) By m € Z%, we mean m := (my, ..., m,) € Z%; similarly for n € Z'.

(2) For m € Z* and n € Z*, denote (m,n) := (my,...,mg,nq,...,ng) € Z°T.

(3) For any ideal I of R, I° = R if e < 0.

(4) For m € Z* and n € Z*, denote I™ := I --- I and J" := J' -+ J*.

(5) For m € Z* and n € Z, denote X™ := X[" --- X and Y := Y™ .- Y™
(6) Denote N={i|ie€Z,i>0}={0,1,2,...}.

(7) For all m € N* and n € N (so that (m,n) € N°t"), denote |m| = >, m;,

[n| = Y25 ny and |(m,n)| = [m| + |n].
(8) By 0 € Z*, we mean 0 := (0,...,0) € Z*; similarly for 0 € Z'.
(9) Denote €; := (0,...,0,1,0,...,0) € Z*, with the i-th component 1.
10) Denote f; :=(0,...,0,1,0,...,0) € Z*, with the j-th component 1.

We list some results on the linear growth property, including [Sw1], as follows:

Theorem 4.4. Let A be a Noetherian ring, M a finitely generated A-module, R
an A-algebra, N a Noetherian R-module, and Jy, ..., J; ideals of R. Then each
of the following families of R-modules has the linear growth property for primary
decomposition (over R):
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(1) The family {N/J"N |n € N'}; see [Swll, Sh5| Yaoll [Yao2].
(2) The family {R/J"|n € N*} if R is Noetherian; see [Shd].
(3) The family {Tor® (M, N/J"N)|n € N*}; see [Yao2].
(4) The family {Ext4(M,N/J"N)|n € N'}; see [Yao2].
Note that, in Theorem [{.4] N is a finitely generated module over R/ Anng(N),
which is a Noetherian A-algebra. Also note that each of (3) and (4) recovers (1) as a

special case. In fact, both (3) and (4) are direct consequences of the following:

Theorem 4.5 ([Yao2, Theorem 3.2]). Let A be a ring and R an A-algebra. Let N be
any Noetherian R-module, Jy, ..., J; fized ideals of R, and ¢ € Z. Fix any complex

F, : oo —F. g —F.—F. 1 — -
of finitely generated flat A-modules. For any n € N, denote
E, :HC(HomA(F.,%)) and T, = H, (F. ®a %),

the c-th cohomology and homology of the respective complexes. Then the family
{E, |n € N'} and the family {T, |n € N'}, both consisting of finitely generated R-
modules, satisfy the linear growth property of primary decomposition over R.

Proof. This was essentially proved in [Yao2, Theorem 3.2]: By replacing R with
R/ Anng(N), we may assume R is Noetherian. Then, for each i, F; ®4 R is flat and
finitely presented over R. Hence F, ® 4 R is a complex of finitely generated projective
modules over R. By Hom-® adjointness and associativity of tensor,

E, %Hc(HomR(F. ®a R,J,LLN)) and T, = H, ((F. ®4 R) ®p J,LLN)
Now [Yao2l Theorem 3.2] applies, which completes the proof. 0

Theorem will be used to prove the linear growth property of primary decom-
positions for {Tor (75, %) | (m,n) € N* x N'} in the next section .
We end this section with an easy fact concerning the linear growth property of

primary decomposition.

Lemma 4.6. Let h: A — R be a ring homomorphism, {M,|n € N'} a family of
R-modules, {K, |n € N'} a family of A-modules such that K, C M, as A-modules
for allmn € N*, and U a multiplicative subset of R.

If {M,, | n € N'} satisfies the linear growth property of primary decomposition over
R with a slope k, then { K, |n € N'} and {M,[U~']|n € N'} satisfy the linear growth
property of primary decomposition over A and R[U ™| respectively with the same slope

k.
Proof. This follows (almost immediately) from Theorem [1.1 (3)(4) O
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5. LINEAR GROWTH OF {Torf (2L, 22}

Assume that R is a Noetherian ring, I, ..., I, Ji, ..., J; are ideals of R, M and
N are finitely generated R-modules, and ¢ € Z. For all m € N* and all n € N, denote
(cf. Notation 4.3))

M N M N
T = Tor? [ ——, —— d Eupm = Exts [ ——, —— | .
mom) = e ([mM J"N> e Hmn) XR([mM J"N>

The families {T{nn | (m,n) € N* x N'} and {Eqnn | (m,n) € N* x N} consist of
finitely generated R-modules indexed by N* x Nt = N+,

In [Yao2], the author asked whether the family {T (m,n)} or {E(mm)} could satisfy
the linear growth property of primary decomposition. Although this is still open
for { Egn,ny | (m,n) € N* x N'} (see Question , we are going to establish this for
{T(m,n) | (m,n) € N* x Nt} in this section. In fact, it is a corollary of the following
theorem.

Theorem 5.1. Let R be a ring, A and B flat R-algebras such that A, B and A®gr B
are all Noetherian rings. Let A" and B’ be homomorphic images (i.e., quotient rings)

of A and B respectively, M a finitely generated A'-module, Iy, ..., I, ideals of A’, N
a finitely generated B'-module, and Jy, ..., J; ideals of B'. Fix any c € Z.
Then the family {Torl (AL, A%) | (m,n) € N* x N' = N***} satisfies the linear

growth property of primary decomposition over (the Noetherian ring) A’ @g B'.

Proof. 1t suffices to prove the linear growth property over A ® g B, which maps onto
A’ ®gr B'. Thus, without loss of generality, we may assume A = A" and B = B’.
There exists g € N, large enough, such that

I, = (xil,...,xig)A and Jj = (Z/ﬂ,-..,ng)B

in which z;; € A and yj; € B for all i € {1,...,s}, all j € {1,...,t} and all
ke{l,...,g}. (We pick a uniform ¢ only to make the notation simpler.)
Define the following (Z*-graded) rings and module (cf. Notation [4.3)):

A= P Irx " =ALX" X |1<i<s] CAX L X;[1<i<s),
meZs
M:= P rmux—,
mEeZS
in which X;; and X; are (independent) variables. Both .7 and A are naturally rings

via the polynomial operations, and M is naturally an A-module, which is finitely
generated. Moreover, we make all of them Z*-graded by assigning degrees as follows
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(cf. Notation :
deg(A) = deg(M) =0:=(0,...,0) € Z°,
deg(Xy) = deg(X; ) = ¢; :=(0,...,0,1,0,...,0) € Z*,
deg(XZ) = —€; = (0,...,07—170,...,0) ez,

Under the gradings, M is a graded A-module. There is a surjective homogeneous
A-algebra homomorphism ¢: &/ — A determined by

Xik — l’ikXiil, X@ — Xz

This makes M a finitely generated graded module over «7. (Clearly, both < and A
are finitely generated A-algebras and hence Noetherian.)
Similarly, we define the following Z'-graded rings and module (cf. Notation :
Bi= @Y " =BUY; LY 1< <1 CBY; LY [1<j <1,
nezt
N =& "Ny,
nezt

with Y, and Y; variables and with the gradings given by (cf. Notation

deg(B) = deg(N) =0 := (0,...,0) € Z,
deg(Vji) = deg(Y; ') = f; :=(0,...,0,1,0,...,0) € Z,
deg(Y;) = —f;=(0,...,0,—1,0,...,0) € Z".
There is a surjective homogeneous B-algebra homomorphism ¢ : % — B given by
Vi = ypnY; Y= Y

This makes N a finitely generated graded module over £, since N is (naturally)
a finitely generated graded module over B. (Clearly, both & and B are finitely
generated B-algebras and hence Noetherian.)

We now consider ¢ := o ®r # and C := A ®g B, which are clearly Noetherian
(since they are finitely generated algebras over A @ B). In the sequel, we use [—];,
to denote the h-th homogeneous component of a graded module. (For example, [</],
stands for the homogeneous component of &7 of degree a with the understanding that
a=(a,...,a5) € Z°, since & is Z*-graded.) Keeping this in mind, we observe that
both € and C are naturally Z*™-graded rings with

(€)(a8) = % Or Bl(ap) = ¥ ]|a @r Bz and
[Clia,) = [A®r Bl(a,6) = [Ala ®r [Bls
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for all (o, 8) € Z° x Z' = Z**'. In particular, for (0,0) € Z* x N*, we have
[%](0,0) = [@f QR ,%)](070) = [427]0 QSR [,@]0 =A®rB and
[Clo.o) = [A®r Bloo) = [Alo ®r [Blo = A®r B.

Moreover, the surjective homogeneous R-algebra homomorphisms ¢: &/ — A and
¥: % — B induce an surjective homogeneous R-algebra homomorphism

PpRY: € — C.

Write down graded free resolutions of M over &/ and of N over £ respectively by
(free) modules of finite ranks (over &7 and over B respectively)

Fo i F— Fi— e — F — Fy (— M) — 0,
9, : =Y — Y — - — Y — G (— N) — 0.

Then .7, ®r%, is (naturally) a Z***-graded complex composed of finitely generated
free ¥-modules over the Z**-graded ring & @p B =: €.

By abuse of notation, we use XY™ to denote (X" ®1)(1®@Y") =X"QY" € .
By Theorem [4.5] the following family (of ¢-modules)

(2
He ((Fe@n9) @ s ) | (mon) € WY N = N0
(e (5 on o gy ) [
has the linear growth property of primary decomposition over ¢ = &/ Qg A.
We are going to show that the above linear growth property implies the linear

growth property of {TorY (24, 25) | (m,n) € N* x N = N**} over A ®@p B.

Firstly, for all (m,n) € N* x N*, the modules H. ((33. ®r %) Q¢ %) are an-

nihilated by Ker(¢ ® 1); so, naturally, they are all graded modules over C = A ®x B.
(This follows directly from how M, N, %, and ¥, are constructed: Multiplica-
tion by every element in Ker(¢) (resp. Ker(¢)) is homotopic to 0 on %, (resp. %,);
and Ker(¢ ® 1) is generated by Ker(¢) and Ker(y)) since both ¢ and v are surjec-

tive.) Hence {HC ((ﬁ. Qr %) %) | (m,n) € N* x Nt = N8+t} has the lin-
ear growth property of primary decomposition over C.
Secondly, for every m € N°* and n € N, there is a canonical homogeneous isomor-

phism of (&7 @ H)-complexes
(2 4 B
(Ze ORYG) B s = <54’. Qo —) ®Rr <E¢. Rz —) -
(XmY™) (X™) (Y™)
Therefore, for each («, 3) € Z° x Z', there is an isomorphism between the following
(A @p ABp)-complexes

ontron ]+ (o )] o (e ),
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Thirdly, observe that X; is regular on both M and « for every i € {1,..., s} while
Y; is regular on both N and £ for every j € {1,...,t}. Thus X™ is regular on both
M and & while Y" is regular on both N' and % for every m € N* and n € N
Consequently,

(a) Fo Ry i X‘{n) is a graded free resolution of over graded ring %;

XmM
(b) Y ®4 ({?:L) is a graded free resolution of 33 N over graded ring %.

Moreover, by the construction of o/ and 4, all of their homogeneous components are
free A-modules and free B-modules respectively; so they are all flat R-modules. It
follows that all of the homogeneous components of "‘?/ o< and ) are free A-modules

and free B-modules respectively and hence flat over R for all m € N* and n € N’
In light of this, statements (a) and (b) above imply the following (for all m € N*
neN, aeZ and § €Z):

([a]a) -9’. Qo %} is a flat resolution of [XmM} = k- over over R;
([bls) _%. Qz %],3 is a flat resolution of [Y”N}B = JganN over R.

In particular for « =0 € Z° and = 0 € Z', we have (for all m € N° and n € NY)
([a]o) |Fe R (Xm)} is a flat resolution of [XmM} = 25 over R;
([bo) % 2 Yn)]o is a flat resolution of [WN} = A

Now we study H, ((35. QR Y) Q¢ (Xf;w», which is a Z*t-graded module, in

terms of its homogeneous components. Recall that [€]o = A ®r B = [Cl,0)-
Combining the three paragraphs above, we obtain the following isomorphisms over
A ®R B:

He ((342@ “,) @« (XfY" )

(4
= (Fe ®rY ﬁ)]
(a,8)€ szt{ ( (X Y) (a,8)

(a,B) eZSth <men> (a,8)

g ( m} @R[%(f;)])

B @ Tor® M  J°N
N Jetm )’ JB+n N

(o, B)€Z3 X7t

I
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for all (m,n) € N* x N, In particular, for all (m,n) € N x N,

M N €
R{_"7 7 )~ a L -
Torc ([mM’ JTLN) |:HC ((L/,. on g.) e (XmYn)>:| (0,0)

C H, ((ﬁ. ®r %) Q¢ (Xm—cgyn)>

as (A ®g B)-modules.
In summary, the family {HC ((35. QR Ye) Ry %) ‘ (m,n) € N° x Nt} satisfies

the linear growth property of primary decomposition over the graded ring C with
[Clio,0y = A ®r B; and for each (m,n) € N* x N, Tor?* (AL, L) is an (A ®p B)-

™M’ J°N
submodule of H, ((ﬁ. ®r %) ¢ %
Finally, by Lemma [4.6], the family

{Torf‘( M N ) ’(m,n)ENstt:NS“}

up to isomorphism.

ImM’ JnN
satisfies the linear growth of primary decomposition over A @ B. 0

In fact, the proof of Theorem implies the following (apparently) stronger result
concerning infinitely many families and a uniform slope (cf. Definition [4.2)).

Theorem 5.2. Keep the notation and the assumptions in Theorem [5.1]
Then there exists k such that for all (o, 8) € Z° x 7, the family

o B
Teh) = {Torf ( [PM TN ) ‘ (m,n) € N° x N = NSH}

Totm M JBtn N

satisfies the linear growth property of primary decomposition over A" @z B’ with
the uniform slope k. More explicitly, for every (a, ) € Z*™ and (m,n) € N5t
such that Torf (%,ﬁ—%]) £ 0, there exists a primary decomposition of 0 in

R (_I°M JPN / /
’]:‘OI'c (w, w—"N) over A ®R B 5
O = Qa7ﬁ7m7n71 m Qa7ﬁ7m7n72 m e r\l Qa7ﬂ7m7n7s(a7ﬁ7m7n)’
. . . . a B
with Qa.gmm,i being Po gmni-primary in Torf (%, J,{Jr—nNN), such that

k R o B
(Paﬁ,m,n,i) [mim)l TOI‘C ([o{Jerr\t/[M’ JngnNN) - Qa,ﬂ,m,n,i

foralli=1,2,..., s(a, B, m,n).
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Proof. As seen in the proof of Theorem for all (m,n) € N°* x N* and for all
(a, B) € Z% x 7', we have

I*M AN
Tor® < J ) = [H ((ff, Rr %) Q¢ _° )}
(.,8)

Jotm [ JB+n N (Xmy™n)

CH, ((9. @k %) O %)

as (A ®g B)-modules.
Say k is a slope for {Hc ((35. ®Rr Y) Q¢ %) ‘ (m,n) € N* x Nt = Ns+t} over

C. By Lemma , all the families T? (a, 8) € Z° x Z, satisfy the linear growth
property of primary decomposition over A ® g B with the same slope k. O

Remark 5.3. Recall that an R-algebra S is said to be essentially of finite type over R if
S = T[U~'] with T a finitely generated R-algebra and U a multiplicative subset of T'.
We remark that Theorems [5.1] and [5.2] apply when A’ and B’ are essentially of finite
type over R. This is because one can then let A and B be of the form T[U ] with T
being a polynomial ring over R (hence flat over R) with finitely many variables.

Remark 5.4. Note that Theorems [5.1] and 5.2 include the case of s = 0 or t = 0. For
example, when s = 0, Theorem states that the family {Torf (M , %) n e Nt}
satisfies the linear growth property of primary decomposition over A’ ®z B’, which is

slightly different from Theorem 4.4 (3); and Theorem [5.2|says that, for all 8 € Z', the

families {Torf (M , ﬁ—,%\]) } n € Nt} satisfy the linear growth property of primary

decomposition over A’ ® g B’ with a uniform slope.

In fact, if s = 0, we can relax the condition on A and M by assuming that A is any
R-algebra such that A®pg B is Noetherian and M is any finitely generated A-module,
while the other assumptions remain the same. The proof is similar, but we construct

4, only. By Theorem , the family {Hc ((A QR %) Qagp2 %) |n € Nt}

has linear growth property of primary decomposition over A ® g Z. The rest follows
in a similar way, by considering the homogeneous components graded by Z!. It might
be helpful to note the natural homogeneous (A ® g H)-isomorphisms

M ®pr # B
o onT >~ M s R —— d
Vil onB) M On (g @ <w>) an

i (150 (40 %))L 1, (M o [0 | 5)

JBN
~ R
= Tor, (M, J/3+NN)

(A®R %) @agpz

over A®p B = [A®g Bo.
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As promised, we state the following corollary (when A = R = B).

Corollary 5.5. Let R be a Noetherian ring, M and N finitely generated R-modules,
I, ..., I, Ji, ..., Jy ideals of R, and c € Z.

Then the family {Torf (24, ) } (m,n) € N* x Nt = N**1 satisfies the linear
growth property of primary decomposition over R.

More generally, the families {Torf‘ (%,ﬁ—%\,) ‘ (m,n) € N* x Nt}, for all

(o, B) € Z° x 7, satisfy the linear growth property of primary decomposition over R
with a uniform slope.

Question 5.6. Keep the notation and the assumptions in Corollary [5.5] Does the

family {Ext‘j% (%, J,LLN) | (m,n) € N* x Nt} satisfy the linear growth property?

When ¢ < 0, the linear growth property of primary decomposition can be easily
established for {Ext}, (757, 725 ) | (m,n) € N* x N*}. For general ¢, the question is
open even for the family {Ext}, (20, N) |m € N°}.

6. SECONDARY REPRESENTATION

Secondary representations were first studied by I. G. Macdonald [Mac] and D. Kirby
[Ki]. The theory can be viewed as a dual of the theory of primary decomposition.
(See Theorem and Observationfor example, where this duality is demonstrated
explicitly.) For this reason, it was called coprimary decomposition in [Ki]. Systematic
treatment of secondary representation can be found in many sources, for example, see
[Ki], [Mac], [Mat], and [Sh1] as well as many other papers authored or co-authored
by R. Y. Sharp.

Assume that R is a ring (not necessarily Noetherian) and M is an R-module. In
this section, we briefly review some of the basic definitions and properties.

We say that M is secondary if, for all r € R, either rM = M or r € \/Ann(M).
(Note that, under this definition, 0 is a secondary module.) If M # 0 is secondary,
then P := \/Ann(M) is a prime ideal; and we say M is P-secondary in this case.

It is easy to see that if M is P-secondary then, for any multiplicatively closed
subset U of R and any finitely generated ideal I of R, we have

M itPNU=0

UM = {0 HPAU £ and Nien (I'M) = {

M ifIgP
0 if 7 C P

in which [U]M := Nyep(ubl).

For a general R-module M and a prime ideal P, we say that P is attached to
M if there is an R-submodule N of M such that M/N is P-secondary, that is, a
homomorphic image of M is P-secondary. The set of all the primes attached to M
is denoted Attr(M), or simply Att(M) if R is understood. (Note that Att and Ass”
are dual to each other.)
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As Att(M) C Spec(R), there is a topology on Att(M) that is induced by the Zariski
topology on Spec(R).

If M is P-secondary, then Att(M) = {P}. If M is an Artinian R-module, then M
is P-secondary <= Att(M) = {P}, and M =0 <= Att(M) = 2.

Example 6.1. Let (R, m) be any Noetherian local domain, not necessarily complete.
Then Egr(R/m), the injective hull of the residue field R/m, is 0-secondary; so that
Attg(Er(R/m)) = {0}. Note that Egx(R/m) is Artinian, and the zero ideal 0 is not
the maximal ideal m if dim(R) > 0. (However, Assg(Er(R/m)) = {m}.)

We also note that R/m is both m-secondary and m-coprimary as an R-module with
Attr(R/m) = {m} = Assg(R/m).

For an R-module M # 0, we say M is representable (over R) if there exist sub-
modules @); that are P;-secondary, for 1 = 1,..., s, such that

M=Qi+-+Q,

This summation is called a secondary representation of M. One can always convert
a secondary representation to a minimal one in the sense that P, # P; for all i #
j and M # Z#k Q; for every £ = 1,...,s. So from now on and as a general
rule, all secondary representations are assumed to be minimal unless stated otherwise
explicitly.

By convention, the zero R-module 0 is representable with 0 = 0 being the unique
secondary representation.

For concrete examples of secondary representation, see Examples and [9.5]

Here is a theorem on the existence of secondary representation, cf. [Mac].

Theorem 6.2. Every Artinian R-module is representable (over R).

For any R-module M and any ideal I C Ann(M), the following is clear: M is
representable over R if and only if M is representable over R/I.

Next, we state some useful results about secondary representations; compare with
Theorem [[.I] We do not need to assume M is Artinian in Theorem [6.3] as long as
M is representable. In case U = R\ P with P € Spec(R), we write M* := [U]M.

Theorem 6.3 (Cf. [Mad]; compare with Theorem [L.1)). Let M = Q1+ -+ Q5 be a
(minimal) secondary representation of an R-module M in which Q; is P;-secondary
for each i =1,...,s. Then the following hold
(1) {P,..., P} = Att(M), which is independent of the particular (minimal) sec-
ondary representation (cf. [Mac, Theorem 2.2]).
(1) We have Min(M) C {Py,...,P}. In fact, Min(M) consists of the minimal
members of {Py, ..., Ps} (under inclusion) precisely.
(2) If P, is minimal in Att(M) (i.e., P, € Min(M)), then Q; = M¥:. See (/).
(3) Let h: A — R be a ring homomorphism, so that M is naturally an A-module.
Let K be an A-submodule of M (e.g., K = 0). Then M/K is representable
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over A. In fact, if M/K # 0, then
M/K =) (Qi+K)/K

QiLK

is a (not necessarily minimal) secondary representation of M/K over A, in
which (Q; + K)/K is h™*(P;)-secondary provided that Q; € K.

(3") In particular, Att4(M) = h*(Attg(M)), in which h*: Spec(R) — Spec(A) is
the continuous map naturally induced by h.

(4) For any multiplicative subset U of R, [UM = Y p _, Qi is a secondary
representation over R (cf. [Mac, Theorem 3.1]).

(5) For any finitely generated ideal I of R, Njen(I7M) = ZIZPi Q; = I"M for all
n >0 (cf. [Mad, Theorem 3.3]).

(57) For any non-empty subset I of R, Urer(Mnen(r"M)) =3 1qp, Qi-

Very much like Ass(—) (as well as Ass’, Ass” and Ass;), the sets of attached primes
are relatively well-behaved with exact sequences, as stated in the following well-known
lemma. This will be referred to in the proof of Lemma

Lemma 6.4 (Compare with Lemma . Let My — My — M; — 0 be an exact
sequence of R-modules. Then Att(Msz) C Att(Ms) C Att(M;) U Att(Ms).
Moreover, Att(@l, K;) = U, Att(K;) for R-modules Ky, ..., K, withn € N.

7. COMPATIBILITY OF SECONDARY COMPONENTS

Throughout this section, we assume that R is a (not necessarily Noetherian) ring
and M a (not necessarily Artinian) R-module. The reader should observe the simi-
larity (or rather, “duality”) between this section and §2]

The results in this section were obtained in [Yao3].

Notation 7.1. Let M be a representable R-module and X C Att(M). Say X =
{P,....,P.} CA{Py,...,P.,..., P} = Att(M).
(1) fM =Q1+--+Q,+- -+ Qs is a secondary representation of M with @; being
P;-secondary, then we say QQ = Q1+ - - -+ @, is an X-secondary component (or
a secondary component over X) of M. If X = &, then we agree that 0 is the
only @-secondary component.
(2) We call an X-secondary component of M minimal if it does not properly contain
any X-secondary component of M.
(3) Denote by A% (M) the set of all possible X-secondary components of M.
(4) We use /O\)*((M ) to denote the set of all minimal X-secondary components of
M. (Note that /O\;‘((M) # & if M is Artinian.)
(5) In case X = {P} C Att(M), we may simply write A} and /o\;; instead of A7p,
and /O\fp} respectively.
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Lemma 7.2 (Compare with Lemma . Let M be a representable R-module and
X C Att(M). For an R-module Q such that Q C M, the following are equivalent:
(1) @ is an X-secondary component of M, i.e., Q € A% (M).
(2) @Q is representable, Att(Q) C X and Att(M/Q) C Att(M) \ X.

(3) Q is representable, Att(Q) = X and Att(M/Q) = Att(M) \ X.
Proof. Say X ={Py,...,P.} C{P,..., P, Pry1,..., P} = Att(M).

(1) = (2): Condition (1) means that there is a secondary representation M =
Q1+ -+ Qr+ -+ Qs with Q); being P;-secondary such that QQ = Q1+ --- + Q..
Then evidently Att(Q)) C X (since they are equal, see Theorem 6.3 (1)). Also, we

have an R-linear isomorphism

M Q+ 1 Qi ~ Dt @i
Q Q Q N Zf r+1 Qi,
which implies that Att(M/Q) C Att(D°7 4 Qi) = {Prs1,..., P} = Att(M) \ X.
(2) = (3): This is evident, since Att(M) C Att(M/Q) U Att(Q) by Lemma [6.4]
(3) = (1): As Q@ is representable and Att(Q) = {Pi,..., P}, we fix a secondary
representation () = @ + --- + @, in which @); is the B-—secondary component for
1=1,...,r. Next, we fix a secondary representation M=QQ\+ - +Q. 4+ -+ Q.
of M with Q) being P;-secondary and let @)’ = 1“+le7 so that Q € AAtt(M \X(M)

By the argument (1) = (2), Att(M/Q’) C X. Slnoe m is a homomorphic image
of both M/Q and M /@', we know that Att(Q+Q,) C Att(M/Q) N Att(M/Q') =
Note that &% +Q, is representable since M is so (cf. Theorern 6.3 (3)). In light of this,
the fact that Att(5 +Q,) & necessarily implies = 0 (cf. Theorem [6.3 (1)), and
hence M = @Q + @'. That is,

M=Q+Q=Q1+ - +Q+Q +-Q,
which is necessarily a (minimal) secondary representation of M. This implies that
Q=0Q;+ -+ Q, is an X-secondary component of M, i.e., Q € A% (M), O

As a consequence, we establish the following ‘compatibility’ property of secondary
representation, as follows.

Theorem 7.3 (Compatibility). Let M be a representable R-module. Then

(1) If X; € Att(M) and Qx, € A% (M) for 1 <i<n. Then Y " Qx, € A% (M),
where X = U, X.

(2) In particular, suppose Att(M) = {Py,..., P} and Q; € Ap (M) for each i =
1,...,8. Then M = Q1+ --- + Qg, which is necessarily a minimal secondary
representation of M.

Proof. ( ) By Lemma[7.2] we see Att(Qx,) = X; and Att(M/Qx,) = Att(M)\ X; for
1 <7 < n. Therefore

A/ (Y0, Q) € My AW(M/Qx,) = Att(M) \ X

Q+Q’
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because of the natural surjections from M/Qx, onto M/(3 ), Qx,). Also observe
that Att(> ; ; Qx,) C UL, Att(Qx,) = X (since there is an obvious surjection from
O Qx, to Y1 Qx,). Now Lemmal7.2] gives the desired result.

(2) This is a special case of (1). By definition, M is the only Att(M )-secondary
component of M. (This can also be proved by “dualizing” the proof in [Yaoll Theo-
rem 1.1]; see [Yao3, Theorem 4.1.2] for details.) O

8. APPLYING A RESULT OF SHARP ON ARTINIAN MODULES

Throughout this section, R is a ring and M is an Artinian R-module. Although R
is not necessarily Noetherian, we are going to see that M can be naturally realized as
an Artinian module over a Noetherian complete semi-local ring, thanks to a theorem
of R. Y. Sharp in [Sh2] (cf. Theorem [8.3). This would make the classic Matlis duality
applicable, which then allows us to transform secondary representations to primary
decompositions, as we are going to see in Observation 8.4l (Also see [Sh3] for another
result on Artinian modules.)

Notation 8.1. We will use the following notation in the sequel.

(1) Let MSpec(R) := {m € Spec(R) | m is maximal in R}.

(2) For every m € MSpec(R), denote I'y(M) := U,;»0(0 :py m™), which is isomorphic
to M, since M is Artinian. .

(3) For every m € MSpec(R), let R, be the m-adic completion of Ry, (or R), which
is a quasi-local ring (i.e., a ring, not necessarily Noetherian, with a unique
maximal ideal).

(4) Let R =[], cnspec(r) [tm, Which is a ring (not necessarily Noetherian).

(5) Let ¢: R — R be the natural ring homomorphism.

(6) Let ¢*: Spec(R) — Spec(R) denote the induced continuous map, that is,
¢*(P) = ¢~ 1(P) for all P € Spec(R).

(7) Let ¢}, denote the resulting map if we restrict ¢* to Attz(M) — Attr(M).
Thus, for X C Attr(M), ¢4, " (X) = {P € Attz(M) | ¢~ (P) € X}

(8) For each m € MSpec(R), let E5z(R/m) denote the injective hull of R/m over R
(which is canonically isomorphic to its injective hull over I/%;)

(9) Let E =[], Es(R/m), which is injective over R.

(10) Define the Matlis dualizing functor, denoted D(—), as follows: for every R-

module N (e.g., N is an Artinian R-module), let D(N) := Homgz(N, E).

Let us recall the classic Matlis duality (over a Noetherian complete semi-local ring)
and some consequences.

Theorem 8.2 (Matlis duality). Let R be a Noetherian semi-local ring that is complete
(with respect to its Jacobson radical) and M be an R-module that is Artinian or
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Noetherian. Say MSpec(R) = {my,...,m,}, so that R = R = Hlef/%; and E =
@?:1 ERmi (R/mz) Then
(1) If M is Artinian (resp. Noetherian), then D(M) is Noetherian (resp. Artinian).
(2) D(D(M)) = M and (hence) D(D(D(M))) = D(M).
(3) If {N;}ien is a family of (possibly infinitely many) R-submodules of M, then
D (M/ 3iea Ni) = Niea D(M/N;),
> iealNi=D (D(M)/ Niea D<M/Ni))v
D (M/ Niea Ni) = 22ica DIM/Ny),
Niea N; =D (D(M)/ 3 ,ca D(M/N;))
N, € N; <= D(M/N;) 2 D(M/N;).
(4) For any R-submodule @ of M and P € Spec(R), Q is P-secondary if and only
if D(Q) is P-coprimary if and only if D(M/Q) is P-primary in D(M).
(4’) For any submodule Q' of M and P € Spec(R), Q" is P-primary in M if and
only if D(M/Q') is P-secondary.
(5) M = >, Q; is a (minimal) secondary representation of M if and only if
0=n:_,D(M/Q;) is a (minimal) primary decomposition of 0 in D(M).
(5) 0 = N2_ Q% is a (minimal) primary decomposition of 0 in M if and only if
D(M)=>""_D(M/Q}) is a (minimal) secondary representation of D(M).
(6) AttR(M) = ASSR(D(M)) and ASSR<M) = AttR<D(M))
(By abuse of notation, we use “=” to denote natural isomorphisms, and regard
D(M/N;), D(M/Q) and D(M/Q;) as R-submodules of D(M) wvia the natural injec-
tions.)

Proof. Statements (1), (2) and (3) are standard results of the classic Matlis duality.
(4) Tt is clear that Q@ # 0 <= D(Q) #0 < D(M/Q) € D(M). So we assume

@ # 0. Then we have that

surjective if r € R\ P

is P- dary <= f:Q 5 Qi
@ is P-secondary J:Q= Qs {nilpotent ifreP

- . ) injective ifre R\ P
< ¢g: D — D
9: D@Q) (@) 1s {nilpotent ifreP
<= D(Q) is P-coprimary
<= D(M)/D(M/Q) is P-coprimary
<= D(M/Q) is P-primary in D(M).
(47) This can be proved in a similar way. (This also follows from (4) in light of the
duality results (1) and (2).)
Finally, (5), (5’) and (6) all follow from (1), (2), (3), (4) and (4’) directly. O
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Let R be a general commutative ring (not necessarily Noetherian). Since M is
Artinian, we see that M = @memspec(r)['wm(M) and ['y(M) = 0 for all but finitely
many m. For each m € MSpec(R), I'y(M) = M, is naturally a module over R,.
Thus M can be naturally viewed as a module over R (via component-wise scalar

multiplications). If we compose this derived R-module structure of M with o, we
recover the original R-module structure of M. Moreover, for a subset N of M, it is
straightforward to see that

N is an R-submodule of M <= N is an ﬁ—submodule of M.

So M must be Artinian over ﬁ, since M is Artinian over R. To study the R-module
structure of M, one approach would be to study its R-module structure.
Let us study Anng(M), the annihilator of M over R. By the above, we see that

Amg(M) =[] Anng (Tu(M)).

meMSpec(R)

Thus M is naturally an Artinian module over the following quotient ring

R HmEMSpec(R) Rm ~ H Rm

AHHE(M) B HmeMSpec(R) Anné;(Fm(M)) N meMSpec(R) An Run

As I'y(M) = 0 for all but finitely many m, say {m € MSpec(R) |T'w(M) # 0} =
{my,...,m,}. Then M = @} ,I'y,,(M) is naturally an Artinian module over

— —

R T Ru,
H AnnRAm(Fm(M)) N }—11 Anng;i (T, (M)

meMSpec(R)
Run, . . .
So we study 'y, (M) over Ko o O] for i = 1,...,n. By construction, 'y, (M) is
Artinian over the quasi-local ring 1— AR(‘“F" () moreover, if we compose this module
R"‘i m;

structure with the natural map R — E;, we recover the original R-module structure
of T, (M).

Therefore, to study the secondary representations of an Artinian R-module M, it
(usually) suffices to study them over R (as secondary representations behave well
under scalar restriction, see Theorem [6.3 (3)]). Then it suffices to regard M as an

n R,

(Artinian) module over Ron g (01) [T, Ko (T )

—

The following theorem of R. Y. Sharp verifies that each of the rings W“{i(m)
Ry, V" ™4

is actually Noetherian. In the sequel, we say a ring is local if it is Noetherian with
a unique maximal ideal. We say a ring is semi-local if it is Noetherian with finitely
many maximal ideals.
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Theorem 8.3 ([Sh2]). Let M be an Artinian R-module as above. Then for each

m € MSpec(R), W is (either the zero ring or) a local (Noetherian) ring that

1s complete with respect to its maximal ideal. Therefore s a complete semi-

R
Anng (M)
local (Noetherian) ring (i.e., a direct product of finitely many complete local rings).

Rlﬂi

Anng— (T, (M))
(Theorem applies. It then follows that the functor D(—), which is defined over
R, enjoys many of the properties of the classic Matlis duality, even though R may not
be Noetherian. Consequently, secondary representations of Artinian R-modules are

in one-to-one correspondence with primary decompositions of Noetherian R-modules.
(This is demonstrated in Observation [8.4] next.)
The following observations would show how the classic Matlis duality is applied,

thanks to Theorem [8.3] This duality allows us to make a connection between the
theory of secondary representation and the theory of primary decomposition.

Observation 8.4. Let R be a ring and M be an Artinian R-module. Keep all the

Since each is complete local (Noetherian), the classic Matlis duality

above notation in this section. By abuse of notation, we may use “=" to denote
natural isomorphisms. To further simplify the notation, let
R R . R
Thw:= =—,Vm and T := Tw= Th = —
" Anng (Tw(M))  In H " H R |

meMSpec(R) =1

with [ := Anng(M) and I, :== Anng (I'w(M)). Then M is an Artinian T-module;
and Theorem says that 7' is a complete semi-local (Noetherian) ring. We make
the following observations (many of them obvious):

(1) Although D(M) is defined as Homg(M, E) over R, D(M) is the same as taking
the Matlis dual over the complete semi-local ring 7', and it is also the same as
taking the Matlis dual of each I'y, (M) individually over the complete local ring
T\, and then taking their direct sum. This is because, by Hom-® adjointness,

Hom (M, E) = éﬂomﬁi (T, (M), B (R/my))
i=1
~ P Homy,, (Fmi(]\/[), Hom (T, B (R/mi)))
i=1

% 0

- @ Hom, (w, (M), Ex,, (R/m;))

= Homp (M, éETmi(R/mi)> ;

=1
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in which Eg,, (R/m;) denotes the injective hull of R/m; over the ring T, .

(2) Thus D(M) is a Noetherian T-module, and hence a Noetherian R-module.

(3) Therefore, D(D(M)) = M and D(D(D(M))) = D(M) (up to the canonical iso-
morphisms) as T-modules and hence as R-modules. This follows from the classic
Matlis duality (cf. Theorem over T.

(4) If {N;}iea is a family of (possibly infinitely many) R-submodules of M and
{K;}ica is a family of R-submodules of D(M), then

D (M/ZieA ) = Niea D(M/N;),
> iea Ni =D (D(M)/ Niea D(M/N;))
N, C N; <= D(M/N;) 2 D(M/N,),
N, = N; <= D(M/N;) = D(M/N;)
D (D(M)/ Niea Ki) = ZZEA ( (M)/Kz)
Niea K; =D (M/ > ieaD )> )
Ki C Kj < D(D(M)/Ki) QD( (M)/Kj),
K, = K, «= D(D(M)/K;) = D(D(M)/K;).

(Indeed, the above equations and equivalences hold over T' (cf. Theorem [8.2));

hence they also hold over E)
(5) For @ C M, @ is P-secondary if and only if D(Q) is P-coprimary if and only if
D(M/Q) is P-primary in D%) (over T or over R, no difference). This follows

9

immediately from Theorem 8.2 over T (and hence over R).
(6) M =>7_, Q; is a (minimal) secondary representation of M over T' (hence over

R) if and only if 0 = N, D(M/Q;) is a (minimal) primary decomposition of 0
in D(M) over T' (hence over R). Thus Attgz(M) = Assg(D(M)). Since every
R-submodule of D(M) is of the form D(M/Q), the above is also a criterion of

primary decompositions of 0 in D(M). Put directly, over 7" (and fz) 0=n_,Q;

is a primary decomposition of 0 in D(M) if and only if M = "7  D(D(M )/Q’)

is a secondary representation of M. All these follow from Theorem [8.2] over T
(7) Thus, for any Y C Attz(M) and R-submodules Q € M and Q' C D(M),

Q € Ay (M) < D(M/Q) € Ay(0 C D(M)),

Q € Ay(M) = D(M/Q) € Ay(0 C D(M)),
D(D(M)/Q') € A* v(M) <= Q" € Ay(0 C D(M)),
D(D(M)/Q') € A (M) += @' € Ay(0 C D(M)).

Note that an R-submodule of M is the same as an R-submodule of M.
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(8) D(0:ps J) = D(M)/JD(M) for every ideal J of T'. This remains true if J is an
ideal of R or R (because of the natural maps R — R — T).

(9) For convenience, we usually state the above results over R rather than T, even
though T' (being Noetherian complete semi-local) is the reason why the results
hold. This is because R does not depend on the Artinian module M while T" does,
and sometimes we study several Artinian R-modules.

(10) Lastly, we make a summary as follows: For any Artinian R-module M, applying
D(—) to M (over R by construction) is the same as taking the Matlis dual of
M over the complete semi-local (Noetherian) ring 7' = ﬁﬁ(m. As a result,
D(M) is a Noetherian module, D(D(M)) = M and D(D(D(M))) = D(M) over
E; and studying the secondary representations of M over R is equivalent to
studying the primary decompositions of 0 in D(M) over R. All the above hold
for every Artinian R- module M over R. In this sense, we (essentlally) have the
classic Matlis duality over R for Artinian R-modules even though R may not be
Noetherian. For this reason, we also refer to D(—) (over R) as the Matlis functor.

(Again, the reader please be reminded that, by abuse of notation, we used “=" to
denote natural isomorphisms in the above statements.)

In light of the above, we will frequently employ the following strategy in the remain-
ing sections: To study the secondary representations of a given Artinian R-module
M, we instead study the secondary representations of M over R or, equivalently, over

the complete semi-local ring T = Applying Matlis duality D(—), we obtain

Ann (M
a Noetherian module D(M) (over the complete semi-local ring 7"). If we can show
(or if we already know) certain properties of the primary decompositions of D(M),
then, after applying Matlis duality D(—) again, we get corresponding properties of
the secondary representations for D(D(M)) = M (over the complete semi-local ring
T). This in turn should reveal properties of secondary representation of the original
Artinian R-module M that we intend to study (via the map R — R — 7).

Next, we state a lemma concerning relations between the secondary representations
of M as an R-module and the secondary representations of M as an R-module. To
avoid confusion, we may use rpM to indicate that the R-module structure of M is

being considered; similarly, zM indicates the R-module structure.

Lemma 8.5. Let R be a ring and M an Artinian R-module. Then the following hold:
(1) :b}‘vf’l(X)(ﬁM) C AN (rM) for all X C Attg(M).
(2) For every X C Attgr(M) and every Qx € Ay (rM), there exists Q4 —1(x) €
(";* Si(x )(ﬁM) such that Qg -1(x) € Qx.
(3) A* (RM) A < ~1(x) (M) for all X C Attg(M).
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Proof. Say Attr(M) = {p1,...,ps}. By Theorem [6.3 (3")] we may write Attz(M) =
[P 11 <i<s; 1< < nli)} such that 63, (i) = (Boy | 1< j < (i)}
(1) Let @; € A** = )( sM). Then there is a secondary representation M =

Zm. Q;,j of M with Q” being F; j-secondary such that Q; = Z? il Q; ;. Note that
M = ZZ(Z” Qi ;) is a secondary representatlon of M over R with Z"(l Qi ; being

the p;-secondary component. Hence Q; = Z il Qm € A;,(rM). This verifies the
claim for X = {p;}. The general claim follows, cf. Theorem [7.3 (1)|

(2) Let M = ). Q; be any secondary representation of M over R with (); being
the p;-secondary component, so that Q; € A; (rM). Since each @; is Artinian, it is

representable over R. Say Q; = Z;n:(ll) Qi ; is a secondary representation of (); over R
with @; j being P/ ;-secondary (over R). After rearrangement, there is k(i), 0 < k(i) <
min{m(i),n(i)}, such that P/ ; = P;; for 1 <j < k(i) but P/; ¢ {Pi1,..., Pinw} for
all j > k(i). Then we have

s m(i)
(T) M = ZZQ@'J = Ql,l + - +Q1,m(1) + - +Qs,l + - +Qs,m(s)

i=1 j=1

which is a not necessarily minimal secondary representation of M over R. We claim
that, if we make () minimal, then @); ; must be redundant for all j > k(7). (Here is

why: Suppose, for some j > k(i), );; remains in the minimized form of the above
summation (). Then we must have P/, € Attz(M), cf. Theorem Because
J > k(i), we must have P, = F,; € Attz(M) for some a # i. But ¢*(F/;) = p; #

= ¢*(P,), which is a contradiction.) Thus, we can throw out all the components
Qi with j > k(i), so that we get

(1) M=>"3"Qij=Qui+ +Qup+ +Qui+ + Qi
i=1 j=1
But this implies Attz(M) C {P; |1 <i<s; 1< j < k(i)}, which forces k(i) = n(i)
for all ¢ in light of T heoreril . Consequently, (1) must be a minimal secondary
representation of M over R. Therefore, for each i = 1,...,s, we see
k(3)
A (rRM)2Q; 2 ZQ” € Ay 1) (RM).

This verifies the claim for X = {p;}. The general claim follows, cf. Theorem [7.3 (1)|
(3) This follows from (1) and (2). O

Thus, when we study the minimal secondary components of an Artinian R-module,
it suffices to do so over R, where Matlis duality applies.
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We will frequently use Matlis duality to go between secondary representations of
Artinian R-modules and primary decompositions of Noetherian R-modules. Most of
the results in the following sections were obtained in [Yao3].

9. INDEPENDENCE

Let R be a ring and M be a representable R-module. Note that Att(M) is finite,
and Att(M) is a topological space because of the Zariski topology on Spec(R). As in
Notation [3.1] for every Y C Att(M), we use o(Y) to denote the smallest superset of
Y that is open in Att(M). The notation o(Y’) depends on the ambient space, which
should be made clear in the context.

If Y is an open subset of Att(M), then there is only one Y-secondary component
in A} (M), and it is [U]M where U = R\ Upey P; see Theorem [6.3 (4)]

Definition 9.1. Let M be an R-module and X C Attr(M). We say that the sec-
ondary representations of M are independent over X, or X-independent, if A% (M)
consists of exactly one component, i.e., |[A%(M)| = 1.

Obviously, this definition is parallel to the definition of independence of primary
decompositions (cf. Definition . In Theorem , it was shown that if K is a
Noetherian R-module and X C Ass(K), then the primary decompositions of 0 in K
are independent over X if and only if X is open in Ass(K).

Naturally, we ask the following question.

Question 9.2. Let R be a ring, M an Artinian R-module, and X C Attg(M) such
that the secondary representations of M are independent over X. Then is X an open
subset of Attr(M)?

The next theorem indicates an answer of ‘almost yes’. (The answer to the question
is actually ‘no’; as explained in Example (9.4)

Theorem 9.3. Let M be an Artinian R-module and X C Attg(M). Denote by ¢},

the natural map from Attz(M) to Attr(M). If the secondary representations of M
are independent over X, then ¢%, (X)) is open in Attz(M).

Proof. As A7, ,1(X)(§M) C A% (rM) (by Lemma [8.5 (1)) and [A%(gM)| = 1, we
M
see |A;‘5 ,1(X)(§M)| = 1. Now let us apply Matlis duality to M (over R). We
M

see [Ag: ~1x)(0 € D(M))| = 1 in light of the one-to-one correspondence in Ob-

servation That is, the primary decompositions of 0 in D(M) over R are
independent over Ay. -1(X). Since D(M) is Noetherian over R, we conclude that

Agy -1(X) is open in Assp(D(R)) by Theorem [3.4 Now the proof is complete since
Assp(D(R)) = Attz(M), by Observation [8.4 (6)| O

The following example provides a negative answer to Question . (The ring in
the example, i.e., Z, is actually Noetherian.)
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Example 9.4. Let R = Z and let p # ¢ be primes. Let M := Fp(%) S %, which

is Artinian over Z. (Note that I',(2) is the injective hull of Z/(p).) It is not hard
to verify that the above direct sum is actually the unique secondary representation
of M and Attg(M) = {(0), (¢)}. In particular, the secondary representation of M is
independent over {(¢)}, but {(¢)} is not open in Attgr(M).

One might wonder whether the converse of Theorem holds. It turns out that
it fails, as shown in the following example.

Example 9.5. Let (R, m) be a Noetherian local ring that satisfies all the following
conditions in relation with its completion R:

~

e There exist incomparable prime ideals Py, P, € Spec(R) such that
PlﬂRzipl gpg =P, NR.

It follows that {P,} is an open subset of { P, P}. R
e There are infinitely many (distinct) R-submodules % of P%, n > 1, such that

I% are po-coprimary. (Thus, K, are ideals of R, containing P.)

(Such a ring exists. For example, let R := Q[X,Y, Z](x,yv,z), so that R= Q[X,Y, Z].
Let e¥ := Y32 Y, Py := (X —¢¥ +1)Rand P := ZR. Thenp, =0 C ZR = py; and

R — o) R R _ .
<P1+—Z§>p2 # 0. Let K,, :== Ker (R — <P1+Zn§>p2), so that k. are pp-coprimary as

R-modules for all n > 1. Note that K, 2 K, 1, since ( Kn ) = <P1+—Z"13‘> =
p2 b2

KnJrl P1+Z"+1§
R
<P1+Z§>p2 # 0, for all n > 0.)

It is straightforward to see that both

0:(0@,%)0@1@0) and Oz(O@%)ﬂ(%@O),n}l,

are (minimal) primary decompositions of 0 in PEI & PEQ over R. Let E be the injective
hull of residue field R/m, and let M := (0:5 P1) ® (0 :g P»).

Applying Matlis duality Homgz(—, E) to the above primary decompositions, we see
that both

M= ((0:gP)®0)+(0®(0:5 )  and

are (minimal) secondary representations of M over R. In the above, 0 & (0 :g P)
and (0:5 K,,) ® (0 :g P2), n > 1, give rise to infinitely many (distinct) ps-secondary
components of g M. Note that M is Artinian over R and over é, and the above
secondary representations (over R) show that Attg(M) = {p1,p2}. It is also easy to
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see that
(%) M= ((0:pP)®0)+ (0®(0:p P))

is a (minimal) secondary representation of M over R and Att s(M)={P, P»}. (Thus

(%) is the unique secondary representation of M over R by the choice of P;.)
In summary, (¢4,) ' ({p2}) = {P>} is open in Att;(M), but the secondary repre-
sentations of pM are not independent over {ps}. In fact, [A;, (rM)| = oo.

10. MINIMAL SECONDARY COMPONENTS

Let M be an Artinian R-module. Using the notation introduced in Section [§] we
present the following theorem about minimal secondary components. (The result was
first obtained in [Yao3].)

Theorem 10.1. Let M be an Artinian R-module and X C Attgr(M). Say X =
{P,...,P.}. Then the following hold

(1) M) = {5, Qi Qi e A (M), 1< <)

(1) Ax(aM) = Age 1) (M) = {Zpe%*l(m Qr|Qp € ZC};S(EM)}.

(2) For all Q € Azxj,l(X)(ﬁM), Q = Z{Q/ ‘ = /};RI_l(X)(ﬁM)J O C Q} n
fact, every such Q) is a sum of finitely many Q' € /(};lel(x)(ﬁM)-

(3) > {Q ’ Q € /};((RM)} = > {Q ’ Qe /};RI—l(X)<§M)} equals the wunique

(¢, Y (X))-secondary component of M over R, in which o(¢}, (X)) is the
smallest open superset of ¢, " (X) in Attz(M).

Proof. (1) and (1’): A direct proof will be given in Remark [10.2] But here we present
a proof by the duality method described in §§] For (1°), the first equality follows from

Lemma 8.5 (3) To show the second equality, we regard M as an R-module. Then by
Observation [8.4] it suffice to show

A0 SDON) =4 () D(3L) | D (L) € Ao € D)

P€¢}‘V[*1(X)

But this holds by the virtue of Theorem [3.3 (1), Then (1) follows from (1’).
(2) By Observation [8.4] it suffices to show that D(M/Q) equals the following

N {D(M/Q’) | DOM/Q') € Ry -1(0 € D(M)), DM/Q') > D(M/@)} |

But this follows from Theorem 3.3 (2)} The finiteness claim follows similarly.
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(3) The first equality follows from Lemma [8.5 (3)l To show the remaining claim,
we use Matlis duality D(—). By Observation |8.4} it suffices to show that

ﬂ {D(M/Q) | D(M/Q) € /O\qﬁ;;fl(x)(() - D(M))}

is the unique o(¢%, " (X))-primary component of 0 in D(M) as an R-module. But
this follows from Theorem as D(M) is a Noetherian R-module. O

Remark 10.2. We would like to present the following direct proofs of (1) and (1’) of
Theorem without using Matlis duality:

For (1), it is easy to show AL (M) C {Z;:l Q; | Qi € Ap (M), 1<i< r}: For any
Q € AL (M), write Q = Q] + -+ + @Q;, where Q; € A}, for each 1 < i < r. There
exists Q; € Ay, such that Q; 2 Q; for each i =1,...,7, s0 that Q = Q +---+Q; 2
Q1+ -+Q,. But Q1 +---+Q, € A% by the compatibility property (Theorem |7.3)),
which shows Q@ = Q1+ -+ Q,.

We show AL (M) D {22:1 Qi | Qi € Ap (M), 1<i< r} by induction on | X|, the
cardinality of X. If | X| = 1, there is nothing to prove. Assuming the containment
holds for |X| = r — 1, we show the containment for X = {P, P, ..., P.}. After

rearrangement if necessary, we may assume that P. € P, for 1 < i < r — 1. Set
U= R\UZP,. Let Q = >, Q; such that Q; € Aj, (M) for 1 < i < r. For any

Q' € A% such that @ O @', we need to show @ = Q'. Write Q' = >"'_, @} such that
Q) € Al*%- for 1 < ¢ < r. Then we have

r—1 r—1

S Q=2 =3 q,

i=1 =1

which forces Z:;ll Q; = Z:;ll @’ by the induction hypothesis. Therefore
r—1 T r—1 r—1
YR+@NQ)=QNY Qi=Q  (since Y Qi=> Qi CQ).
i=1 i=1 i=1 i=1

Hence we can derive a secondary representation Q' = Y., Q7 by putting together
Z::_ll Q); and any secondary representation of (@' N Q) (and then make it minimal).
In this derived secondary representation Q' = > ._, Q7, the P,-secondary component,

", must come from the P.-secondary component of (@' N @, ), hence is contained in
Q'NQ,. Since Q! € AL (Q') and Q' € A5 (M), wesee Q) € A}, (M) (by compatibility,
for example). This forces Q7 = @, since @, is already a minimal P.-secondary
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component of M. Hence Q' O Q/ = Q,, which gives

r r—1 r—1 r—1
Q= Q=) Q+Q=> Q+Q <> Q+Q,=q"
=1 =1 =1 =1

Therefore Q = @', and the proof is complete.
Finally, the first equality of (1’) was done in Lemma 8.5 (3); and the last equality

follows from (1) applied to M as an Artinian module over R.
Because of Theorem [10.1], we can fine-tune Theorem as follows.

Theorem 10.3. Let M be an Artinian R-module and X C Attg(M). Consider the
following statements:

(1) X is open in Attg(M). (1) ¢4, " (X) is open in Attz(M).
(2) [Ax(M)] = 1. (27) A% (M) = 1.

(3) A% (M) is finite. (3) A (%_1 (ﬁ ) is finite.

(4) /O\)*((M) is finite. (4 is finite.

(5) [Ax (M) = 1. (5

Then (1) = (2) = ) = (4) & (5 ( ) (2’) (37) & (4) & (5.

(

Proof. The implications (1) = (2) = (3) = (4) are clear.

The implications (17) = (2") = (3") = (4’) are clear.

The implications (2’) = (5’) = (4’) are clear.

(4) & (47) follows from Lemma 8.5 (3)] so does (5) < (5).

(4) = (1'): Say /O\)*((M) = {Ql,.. Qt} SO A — (EM) = {Q1,...,Qi}. Let
Q = 2221 Q;. Then Q € A*}k\/[_l(X)(RM) by Theorem On the other hand,
Theorem [10.1 (3) implies @ € A* ¢3[1(X))<I§M)7 in which o(¢3, (X)) denotes the

smallest open superset of ¢3, _1( ) in Attz(M). By Lemma , we must have
s (X)) = o(¢%; (X)), which is open in Attz(M). O

By Examples [0.4] 9.5 implications (1) < (2) and (3) < (4) are false in general.

11. LINEAR GROWTH OF SECONDARY COMPONENTS

Inspired by the linear growth of primary decomposition, and taking in account the
duality between primary decomposition and secondary representation, we formulate
a definition of the linear growth property of secondary representation as follows. We
use the notation introduced in Notation Let R be a ring.

Definition 11.1. Given a family F = {M, |a = (a4, ..., a,) € N'} of R-modules, we
say that F satisfies the linear growth property of secondary representation over R if
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there exists & € N such that, for every a = (ay,...,a,) € N such that M, # 0, there
exists a secondary representation of M,

My = Qap + -+ Qasa) (with Q,; being P, ;-secondary)

such that Qu; C (0 :ar, (Pa)Ml) for all i =1,...,s(a), where |a| = a1 + - -+ + a,.
When the above occurs, we refer to k as a slope of F.

Lemma 11.2. Let h: A — R be a ring homomorphism, {M, |n € N'} a family of
R-modules, {K, |n € N'} a family of A-modules such that K,, C M, as A-modules
for all m € N,

If {M, |n € N'} satisfies the linear growth property of secondary representation
over R with a slope k, then {M, /K, |n € N'} satisfies the linear growth property of
secondary representation over A with the same slope k.

Proof. This follows (almost immediately) from Theorem [6.3 (3)| O
The next result is dual to Theorem [4.4]

Theorem 11.3. Let A be a Noetherian ring, R an A-algebra, M a finitely gener-
ated A-module, N an Artinian R-module, and Jy, ..., J; ideals of R. Then each
of the following families of R-modules has the linear growth property of secondary
representation (over R):

(1) The family {(0 :x J")|n € N*}.

(2) The family {Ext4 (M, (0 :y J™))|n € N*}.

(3) The family {Tor (M, (0 :x J"))|n € N'}.
Proof. Note that all the modules in all the families are Artinian R-modules. Apply
the Matlis duality functor D(—) to the modules. By Observation 8.4 and Lemmal[11.2]
we only need to prove the linear growth property of primary decomposition for each
of the following families over R:

(1*) The family {D(N)/J"D(N) |n € N*}.

(2*) The family {Tor?(M, D(N)/J"D(N))|n € N*}.

(3*) The family {Ext% (M, D(N)/J"D(N))|n € N'}.
Since D(V) is a Noetherian R-module and R is clearly an A-algebra, the desired linear

growth property of primary decomposition of the three families follows immediately
from Theorem (.41 d

Theorem [11.3]is a special case of the following dual statement of Theorem [4.5]

Theorem 11.4. Let A be a ring and R an A-algebra. Let Jy, Js, ..., J; be fixved ideals
of R, N an Artinian R-module and ¢ € 7. Fiz a complex

F,: o= b —>F —F. 4= —>F—>F - -
of finitely generated flat A-modules. For any n € N, let
T, =H(Fe®a(0:x5 J")) and E, = H*(Homu(F,, (0:x J"))).
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Then the families {T,,|n € N'} and {E, |n € N'}, both consisting of Artinian R-
modules, satisfy the linear growth property of secondary representation (over R).

Proof. By Observation and Lemma [11.2] it suffices to show the linear growth
property of primary decomposition for {D(7,,)|n € N*} and {D(E,)|n € N} over
R. By Matlis duality, we have

D(T,) = H° (HomA (F %)) and D(E,) 2 H, (F @4 %) .

As D(N) is Noetherian over R, both {D(T},)|n € N'} and {D(E,)|n € N} satisfy
the linear growth property of primary decomposition by Theorem 0

The following may also be viewed as a dual of Theorem |4.5|

Theorem 11.5. Let A be a ring, Ji,Jo,...,J; fived ideals of A, and M a finitely
generated A-module. Let R be an A-algebra and c € Z. Fix a complex

e o Y A R e s R
of injective Artinian R-modules. Denote F, = H° (HomA (JnMM, F’)), the c-th co-

homology, for all n € N'. Then the family {E, |n € N'}, consisting of Artinian
R-modules, satisfies the linear growth property of secondary representation over R.

Proof. Without affecting the claim, we assume F* = 0if i ¢ {c —1,¢,c+ 1}. Denote
I =Amgs(FloF C@FCH) Then F* is naturally a complex over the complete semi-

local Noetherian ring R/ I (cf. Observation . Clearly, each Fj remains injective
and Artinian over R/ I. Thus, replacmg R w1th R I, we may simply assume that R
is Noetherian semi-local with R = R (cf. Lemma )

Now the classic Matlis duality applies, which is still denoted D(—). What we
observed in Observation still holds (of course). For each n € N,

- (HOmA (ﬂiM,D(D(F')))> ~ ¢ (D (Jin ®a D(F-)))

. <H (Jin o D<F.))> ~ (H (% ®r D(F-))) .

By Observation [8.4] it suffices to show that the family

{D(En) ~ H, (% ®n D(F')) ’ ne Nt}

has linear growth property of primary decomposition over R = R. Note that D(F*)
is a complex of finitely generated projective R-modules; and M ®4 R is Noetherian
over R. By Theorem , {D(E,)|n € N'} satisfies the linear growth property of

primary decomposition over R = R, which completes the proof. [l
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Now we prove the linear growth property of secondary representation for another

family of Ext modules; compare with Theorem |11.3 (2)]

Theorem 11.6. Let R be a Noetherian ring, I, I, ..., I ideals of R, M a finitely
generated R-module, N an Artinian R-module, and c € 7.

Then the family {ExtG(ma5, N) | m € N*}, which consists of Artinian R-modules,

satisfies the linear growth property of secondary representation over R.

Proof. Since R is Noetherian and N is Artinian, the minimal injective resolution of
N consists of Artinian R-modules. Then the result follows from Theorem (1.5l O

Finally, we state a result (partially) dual to Theorem and Corollary . It also
contains Theorem [L1.6|as a particular case.

Theorem 11.7. Let R be a Noetherian ring, Ir,..., 15, Ji,...,J; ideals of R, M
a finitely generated R-module, N an Artinian R-module, and ¢ € 7Z. For every
(a, B) € Z° x 7, consider the following family (of Artinian R-modules)

I°M (0 :y JOF™)
(a,8) . c N s t _ NS+
& = {ExtR <Ia+mM’ 0 J7) ’(m,n)EN x N'=N :

Then there exists k such that for all (a, ) € Z° x Z', the family E@P) satisfies
the linear growth property for secondary representation over R with the uniform
slope k. That is, for every («,B3) € Z**' and for every (m,n) € N*t* such that

Ext$, <1 Ly “23?;%?) # 0, there exists a secondary representation

IeM 0: J3+n
EXt% <1a+mM7 ((6\,1\7{][:?))) = Qavﬁrmrnvl + Qa,ﬁ,m,n,Z + e + Qa:ﬂzmvnvs(ayﬂvmvn)7

with Qa.gmmn,i being Po gmn.i-secondary, such that

Qa,ﬁ,m,n,i g (0 : ) oM (0:y JBT™) (Pa,ﬁ,m,n,i)ka’n))
Ext (Ia+mM’ ©0:nJP) )
foralli=1,2,..., s(a,B,m,n).

In particular, {Extf, (4, (0:x J")) | (m,n) € N* x N = N**'} satisfies the lin-
ear growth property of secondary representation over R.
Proof. As R is Noetherian, the minimal injective resolution of an Artinian R-module
consists of Artinian R-modules. For the Artinian R-module N, there are only finitely
many maximal ideals m such that I',(N) # 0; say my,...,m, € MSpec(R) are all
such maximal ideals. Let B = [];_, En:., which is a Noetherian flat R-algebra. Note
that N, naturally a B-module, is Artinian over B.

(0:y JB+™)
Moreover, 0T

n € N'. Therefore, Ext, ( L, m@ﬁii;?) are (naturally) Artinian B-module for

all (o, B) € Z° xZ' and (m,n) € N* xN'. By Lemmal|l1.2} it suffices to prove that the

are all naturally Artinian B-modules for all 3 € Z' and all




36 YONGWEI YAO

families €@ satisfy the linear growth property for secondary representation over B
with a uniform slope. Note that B is a complete semi-local ring.

Next, we apply the Matlis duality functor D(—) (over B) to the modules in the
families £, By Observation [8.4] we only need to prove the linear growth property
of primary decomposition, with a uniform slope, for the following families over B:

M JPD(N)
(a.B) — R s t_ NSt
D& —{Torc <]a+mM, J5+”D(N)) ’(m,n)EN x N'=N }

Note that D(V) is Noetherian over B, while B =[], ]/%,: is a Noetherian ring that
is flat over R.

Now, by Theorem [5.2] all the families D £ satisfy the linear growth property
of primary decomposition over B with a uniform slope. The proof is complete. [l
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