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A note on the first nonzero Fitting ideal
of a module

Somayeh Hadjirezaei

Abstract. Let R be a commutative ring and M be a finitely generated
R-module. Let I(M) be the first nonzero Fitting ideal of M. In this paper
we characterize some modules over Noetherian UFDs, whose first nonzero
Fitting ideal is a prime ideal. We show that if P is a prime ideal and M is
a finitely generated R-module with I(M) = P and T(Mp) # 0, then M is
isomorphic to R/P & N, for some projective R-module N of constant rank.
Also, we investigate some conditions under which M/T(M) is free.

1 Introduction

Let R be a commutative ring with identity. Given any finitely generated R-
module M, we can associate with M a sequence of ideals of R known as the
Fitting invariants or Fitting ideals of M. The Fitting ideals are named after
H. Fitting who investigated their properties in [5] in 1936. Fitting ideals
can provide us with useful information about the structure of a module. We
will see that in some cases, if we know the Fitting ideals of a module, then
we can determine the structure of the R-module completely. Even when
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2 S. Hadjirezaei

this is not the case, the Fitting ideals can still help us to understand some
interesting properties of modules.

For a set {x1,...,z,} of generators of M there is an exact sequence
0 N R M 0, (1.1)
where R" is a free R-module with basis {ey,...,e,}, the R-homomorphism

¢ is defined by ¢(e;) = x; and N is the kernel of . Let N be generated by
uy = aixel + ... + apren, with A in some index set A. Assume that A be
the following matrix:

aix

an)

We call A the matrix presentation of M with respect to z1,...,x,. Let
Fitt;(M) be an ideal of R generated by the minors of size n — ¢ of matrix A.
For i > n, Fitt;(M) is defined R and for ¢ < 0, Fitt;(M) is defined as the
zero ideal. It is known that Fitt;(M) is the invariant ideal determined by
M, that is, it is determined uniquely by M and it does not depend on the
choice of the set of generators of M [5]. The ideal Fitt;(M) will be called
the ¢-th Fitting ideal of the module M. It follows from the definition that
Fitt;(M) C Fitt;41(M), for every i. The most important Fitting ideal of
M is the first of the Fitt;(M) that is nonzero. We shall denote this Fitting
ideal by I(M).

Fitting ideals are also, used in mathematical physics. M. Einsiedler
and T. Ward showed how the dynamical properties of the system may be
deduced from the Fitting ideals and they proved the entropy and expansive-
ness related with only the first Fitting ideal. This gives an easy computation
instead of computing syzygy modules [4].

D.A. Buchsbaum and D. Eisenbud showed in [2] that if R is a Noetherian
ring, then M is a finitely generated projective R-module of constant rank
if and only if (M) = R. A lemma of J. Lipman asserts that if R is a
quasilocal ring and M = R"™/N, and I(M) is the jth Fitting ideal of M,
then I(M) is a regular principal ideal if and only if N is finitely generated
free and M/ T(M) is free of rank j [13]. This result was generalized by J.
Ohm [15, Theorem 6.2] and by S. Hadjirezaei [9, Theorem 3.2].
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At this point, a natural question arises: if I(M) is any ideal, for example
a maximal ideal, a prime ideal and a primary ideal, how much can we say
about the structure of M? In [6]- [11] these questions are answered in
some cases. A partial list of important contributors to the theory of Fitting
ideals includes H. Fitting, D. A. Buchsbaum, J. Lipman, C. Huneke, D.
Katz, D. G. Northcott, D. Eisenbud (for references for each author see
2, 3, 5, 12-14]). Some recent works on Fitting ideals, due to author are [6]-
[11].

An element of R is regular if it is a nonzerodivisor and an ideal of R
is regular if it contains a regular element. Assume that T(M), the torsion
submodule of M, is the submodule of M consisting of all elements of M that
are annihilated by a regular element of R. An R-module M is a torsion
module if M = T(M) and is a torsionfree R-module if T(M) = 0. An
R-module M is called a regular module if I(M) is a regular ideal.

2 Modules whose first nonzero Fitting ideals is prime

Fitting ideals are strong tools to characterize and recognize some properties
of modules.

In [6], the authers characterize all modules over local Noetherian UFDs,
whose first nonzero Fitting ideal is the maximal ideal.

Theorem 2.1. [6, Theorem 2.2] Let (R, P) be a Noetherian local UFD and
let M be a finitely generated R-module. Then I(M) = P if and only if

(1) If M is torsionfree then M is isomorphic to R"/{(ay, ..., a,)'), where
P ={ai,...,an) and n is a positive integer.

(2) If M s not torsionfree then M is isomorphic to R ® R/ P, for some
positive integer n.

In the following, we partly generalize this theorem to prime ideals.

Theorem 2.2. Let R be a Noetherian UFD and P be a prime ideal of R.
Let M be a finitely generated R-module with (M) = P and T(Mp) # 0.
Then M is isomorphic to R/P ® N, for some projective R-module N of
constant rank.

Proof. Assume that P = (ai,as,...,a;), for some positive integer k. We
have I(Mp) = PRp. So by [6, Theorem 2.2], since Mp is not torsion-

free, Mp = PR}{’P @ RS, for some positive integer t. Let T(Mp) = ().
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By [7, Lemma 2.5] Ann(%) = PRp, so %5 = 0 and therefore there exist
elements s; € R\ P such that a;s;21 =0, for all 1 < i < k. Put s = s1...8%.
Hence P C Ann(szy). It is easily seen that Ann(sz;) = P. Replacing z; by

sr1, we can assume that Ann(zq1) = P. Assume that M = (z1, 29, ..., 2p),

for some z9,...,x, € M. Let R™ LAY &/ v M 0 be a free pre-
sentation of M such that (a;;) € Myxm(R) is a matrix presentation of ¢.
Therefore R ik R% or Mp 0 is a free presentation of Mp. On

the other hand, Mp = RPP ®RL!, so we have the minimal free presentation

= PR
le) L4 R, v Mp 0, where
a1 ... ag
, 0O ... O
Y = .
0O ... 0

/
By [3, Theorem 20.2], ¢p may be put in the form of pp = < % (1) 8 >7

where 1 is the (n — t) x (n — t) identity matrix. So we conclude that
a,ai2, ..., a1y, all belong to P. Let rix; € (z1) N (x2,...,Ty), then there
exist some 73, ...,r, € R such that rixq + -+ 7,2, = 0. So (r1,...,7,)  is a
linear combination of columns of (a;;). Thus r; € P = Ann(z1). This means
(x1)N{(z2,...,xy) = 0. Hence M = (x1) ® (x2, ..., z,). By [1, Exercise 15], we
have P = PI((z2,...,x,)). Thus there exists an element a € I({xa,...,zy))
such that (1 +a)P = 0 and since R is a domain, a = —1. Therefore
I({z2,...,2,)) = R and by [2, Lemma 1], (x9, ..., z,) is projective of constant
rank. So M = (x1) & (xa,...,Tpn) = % @ N, for some projective module N
of constant rank. O

In what follows, Min(R) is the set of all minimal prime ideals of R.

Proposition 2.3. Let R be a ring and let M be a finitely generated regular
R-module such that I(M) has a primary decomposition. Then /I(Mp) =
PRp for every minimal prime ideal P of R if and only if \/I(M) = N(R)
and Min(R) is finite.

Proof. Let \/I(M)p, = /JI(M)p = /I(Mp) = PRp, for every minimal
prime ideal P of R. So /I(M) C N(R). Assume that I(M) = N'_, I
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be a reduced primary decomposition of I(M ) Let P be an arbitrary and
fixed minimal prime ideal of R. Since \/I( = Ni.,(VT))p = PRp,
so there exists some j, 1 < j < ¢, such that \/T C P. Since P is a
minimal prime ideal of R and I; is a primary ideal, hence \/E = P. This
implies that Min(R) has at most t elements So Min(R) is finite. It is
clear that N(R) C i, VTi = v/I(M). Hence /I(M) = N(R). Conversely,
let Min(R) = {P,..., Ps} and let (M) = N(R ) ﬂz 1 P;. Since M is
regular, for k = 1,..., s, we have \/I(Mp,) = VIM), = (Ni_; P)p,

P.Rp,. O

3 T(M) splits

Let M = R"™/N be a finitely generated R-module, where N is a submodule
of R™ generated by {ay; A € A}. Thus A = (ay)ea IS a matrix presen-
tation of M. For p = {j1,...,Jq} € A, I,(N) is the ideal generated by
subdeterminants of size ¢ of the matrix (a;; : 1 <i < n,j € p).

A lemma of Lipman asserts that if R is a local ring and M = R™/N, and
I(M) is the (n — ¢)th Fitting ideal of M, then I(M) is a regular principal
ideal if and only if N is finitely generated free and M/ T(M) is free of rank
n —q [13, Lemma 1].

In [9, Theorem 3.2], the following result is proved.

Theorem 3.1. Let R be a local ring and let N be a submodule of R™ con-
sisting of elements ay with A in some index set A. Let M = R"/N and let
I(M) be the i-th Fitting ideal of M. The following conditions are equivalent:
(1) M/ T(M) is free of rank i;
(2) I,(N) is a principal regular ideal, for some p = {j1,..., jn—i} C A.

Now we want to generalize this theorem to global case. First we need
the following Lemmas.

Lemma 3.2. [9, Theorem 2.1] Let M be a regular R-module generated by
elements x1,...,x, and let A be the matriz presentation of M with respect
to x1,...,Tn. Then

M) = {Z bizi; rank((by,...,b,) |A) = rank(A)}.
1=1
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Lemma 3.3. Let M = R"/N be a finitely generated R-module, where N
is a submodule of R™ generated by {ax;\ € A} and A = (ax)rea be the
matriz presentation of M. Assume that I(M) is the ith Fitting ideal of
M and 1,(N) is a regular ideal, for some p = {ji,...,Jn—i} € A. Put
M' = R"/{aj,, ..., qa;, ,). Then % = %ﬂ/},)

Proof. By definition, I,(N) is the ideal generated by minors of size n — i
of the matrix ( a@j, ... a;,_, ). Since I,(N) is a regular ideal, the rank
of matrix ( aj, ... aj,_, )isn—i. SoI(M')=1,(N) is a regular ideal.
For i =1,...,n, assume that x; = e; + N and y; = ¢; + (a;,, ..., @;,_,) where
{e1,...,en} is the standard basis for R™. Thus, A is the matrix presentation
of M with respect to 1, ...,2, and (aj,...a;,_,) is the matrix presentation
of M’ with respect to y1, ..., yn. Define

£ MITI) — M T £ b + TOD) =3 b + T,
i=1 i=1
Since I,(N) = I(M’) is a regular ideal, I(M) contains a regular element. By
Lemma 3.2, if Y"1 | bjz; € T(M), then
rank((b1,...,b,)"|A) = rank(A).
Since rank(a;, ... a;, ,) = rank(A),
rank((b1,...,b,)" | @j, ... a;,_,) = rank(A).

Again by Lemma 3.2, > bjy; € T(M'). Hence f is well-defined. The
same argument as above shows that f is injective. So we are done. O

Below using Lemma 3.3 and a Theorem of J. Ohm, we give a shorter
proof for [9, Theorem 3.2].

Theorem 3.4. Let R be a ring and let N be a submodule of R™ consisting
of elements ay with X in some index set A. Let M = R"™/N and let I(M)
be the i-th Fitting ideal of M. The following conditions are equivalent:

(1) M/ T(M) is free of rank i;

(2) I,(N) is a principal regular ideal, for some p = {j1,..., jn—i} C A.
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Proof. (1) = (2) Similar to the proof of [9, Theorem 3.2].
(2) = (1) Let I,(N) be a regular and principal ideal, for some p =
{71,y n—i} CA. Put M' = R"/(a;,,...,a;, ,). We have I(M') =1,(N) is
M’

a principal regular ideal, so [15, Theorem 6.2], implies that Ty is free of
rank ¢. By Lemma 3.3, % is free of rank i. O

4 About M/I(M)M
In this section we obtain the first nonzero Fitting ideal of M /I(M)M.

Lemma 4.1. Let R be a Noetherian ring and M be an R-module generated
by n elements. Let I be an ideal of R. Then for every i,

Fitt; (7

) = Fitt; (M) + I Fitti (M) 4 - - - + 1"~ Fitt,,_y (M) + 1"

Proof. Let I = (a1,...,ax). Let A = (a;j)nxm be a matrix presentation of
M and A be a matrix presentation of % By [7, Lemma 2.3], we have

ai] ... Qim air ... 0 as ... 0 ar ... 0

apl -+ Gupm 0 ... a1 O ... a2 0 ... ag

Thus,

M
Fitto(77) = Fitto(M)+1 Fitty (M)-+I? Fittg(M)+- - +I"" ! Fitt,_1 (M)+1".
Similarly for every ¢, we have

Fitt;(—) = Fitt;(M) 4 I Fittipq (M) + - - + 1"~ Fitt,,_y (M) + 1"

IM
O

Theorem 4.2. Let R be a Noetherian ring and M be a finitely generated

regular R-module. Let I(M) = Fitt;(M). Then I<W) =I(M)i*L,
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Proof. We have (M) = Fitt;(M). By Lemma 4.1,

Fitto(

M

I(M)M

Fitto(M)+I(M) Fitty (M)4+I(M)? Fitty(M)+- - -+I(M)" ! Fitt,,_y (M)+I1(M)"
= I(M)" Fitt;(M) + - - - + I(M)" " Fitt,,_1 (M) + I(M)"

= I(M)"™  HI(M)" Fittyq (M) - - -+L(M)" " Fitty,—1 (M)+I(M)" = (M)

) = I(M)™ #0, So I(rpiar) = I(M)™L.

Since I(M) is regular, Fitto( TN
O

M
I(M)M

Lemma 4.3. Let (R,Q) be a local ring and M be an R-module generated
by n elements with I(M) = Fitt,(M) # R. Then Fitt;(M) # Fitt;(M), for
alli# j;i,7 =t,...,n. In fact Fitt;(M) C Q Fitt; (M), t <i<n—1.

Proof. Let (R, Q) be a local ring and F LANg! YoM 0 be a min-

imal free presentation of M. Assume that (a;;) € Mmxn(R) be a matrix
P

presentation of ¢. Since F LG M 0 is a minimal free pre-
sentation of M, so a;; € @, for all 1 <7 <m, 1 < j < n. By definition of
Fitting ideals, we have Fitt;(M) C QFitt; 11 (M), for t <i <n —1. Soif
Fitt;(M) = Fitt;+1(M), then Fitt;(M) = Q Fitt;(M) and by Nakayama’s
Lemma Fitt;(M) =0, for t <i < n — 1, a contradiction. O

Proposition 4.4. Let (R, Q) be a local ring and M be an R-module gener-

ated by a minimal generating set with n elements and I(M) = Fitt;(M) =
M

Q. Then I(Q—M) =Q" = (I(M))".

Proof. By Lemma 4.3, @ C QFitt;41(M). Since @ is a maximal ideal,

Fitt;11(M) = R. Hence by [3, Proposition 20.6], i +1 =n. Soi=n— 1.

On the other hand we know the cardinals of generating sets of M and QMM

are the same. As M/QM is an R/Q vector space, Q£M = (%)" Thus

I(Q%M) =Q" = (I(M))", as Theorem 4.2 says. O
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