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THE KRULL-SCHMIDT PROPERTY
FOR IDEALS AND MODULES
OVER INTEGRAL DOMAINS

PAT GOETERS AND BRUCE OLBERDING

Dedicated to Jim Reid

ABSTRACT. We examine when versions of the Krull-
Schmidt property hold for (1) direct sums of ideals of in-
tegral domains, (2) direct sums of indecomposable submod-
ules of finitely generated free modules, and (3) direct sums
of rank one torsion-free modules. Our main results are for-
mulated for modules over h-local integral domains without
recourse to finite generation for the modules. This leads to
some new results for Krull-Schmidt properties of modules over
Noetherian and Priifer domains.

1. Introduction. Let R be a commutative integral domain and
C a class of R-modules. The Krull-Schmidt property holds for C if,
whenever

GGG, =2HioH®---®H,y

for G;, H; € C, then n = m and, after reindexing, G; = H; for all
i < n. If instead of G; = H;, we require only that k > 0 exists such
that ng) = Hi(k) for all 7, then we say the weak Krull-Schmidt property
holds for C. (We write G*) for a direct sum of k copies of a module

G.)

In this article we examine Krull-Schmidt properties for certain classes
of indecomposable torsion-free modules over commutative integral do-
mains. By a torsionless module over a domain R, we mean a submodule
of a finitely generated free R-module. An integral domain R has the
torsion-free Krull-Schmidt property, TFKS, if the class of indecompos-
able torsionless R-modules has the Krull-Schmidt property; R has weak
TFKS if this class has the weak Krull-Schmidt property.

The research of the second author was partially supported by grant LEQSF
(1999-01)-RD-A-30 from the Louisiana Board of Regents Support Fund.

1991 AMS Mathematics Subject Classification. Primary 13C05.

Received by the editors on August 7, 2001, and in revised form on September

18, 2001.
Copyright ©2002 Rocky Mountain Mathematics Consortium

1409



1410 P. GOETERS AND B. OLBERDING

We also study a weaker Krull-Schmidt property, one that asserts
uniqueness of decomposition only for ideals. We say a domain R has
unique decompositions into ideals, UDI, if the class of ideals of R has
the Krull-Schmidt property. Similarly, R has weak UDI if the class of
ideals of R has the weak Krull-Schmidt property. Thus UDI, TFKS
and their weak forms offer Krull-Schmidt properties for the category of
torsionless modules. Moving outside of this category, we also examine
Krull-Schmidt for rank one modules, those torsion-free modules that
are isomorphic to submodules of the quotient field. Notice that if
X190 X, 2Y,® - @Y, for rank one modules X; and Y},
then it is easy to see n = m. For this reason, we need only consider
the case n = m when treating UDI, weak UDI and Krull-Schmidt for
rank one modules.

Levy and Odenthal have completely described the (not necessarily
commutative) one-dimensional orders over Noetherian domains that
possess TFKS (as well as those for which Krull-Schmidt holds for
finitely generated modules) [8]. In [6], we classified Noetherian domains
with UDI. Where the present study differs from these articles is that we
seek an approach to Krull-Schmidt that proceeds from not-necessarily
Noetherian assumptions. We work over h-local integral domains (de-
fined below). This is somewhat natural in the context of Krull-Schmidt
properties: the weakest Krull-Schmidt property that we study (weak
UDI) implies h-locality for Noetherian domains.

Notation and terminology. If R is an integral domain, we write R
for the integral closure of R in its quotient field, ). A domain R is
h-local if (i) every nonzero element of R is contained in only finitely
many maximal ideals of R, and (ii) each nonzero prime ideal of R
is contained in a unique maximal ideal of R; equivalently, for each
maximal ideal M of R, RiyRy = Q, where Rjpp = N{Ry | N is a
maximal ideal different from M} [10, Theorem 22]. In particular, if R
is h-local, Ry Rp; = @ for all distinct maximal ideals M and N of R. If
X and Y are R-submodules of @, then [Y : X| denotes the R-module,
{g € Q:q¢X CY}. We abbreviate [X : X] by E(X); the notation is
motivated by the observation that E(X) = Endr(X) if X # 0.

Recall that two R-modules G and H are locally isomorphic if Gy =2

H)y for all maximal ideals M of R, and G and H are power isomorphic
if n > 0 exists such that G = H™ If G is locally isomorphic to H,
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we write G = H. If G is power isomorphic to H, we write G =, H.
The divisible hull of a torsion-free R-module G is QG := Q ®r G. We
identify G with its image in QG and, if M is a maximal ideal of R,
we view GG as contained in QG. A torsionless module is completely

decomposable if it is isomorphic to a direct sum of ideals.

In the proof of Theorem 3.4 (and only in this proof), we use the
following terminology from the theory of torsion-free abelian groups.
Two rank one modules are quasi-isomorphic if each is isomorphic to a
submodule of the other. A type 7 is the quasi-isomorphism class of a
rank one module. The collection of types is partially ordered by the
relation 71 < 79 whenever U; is isomorphic to a submodule of Uy (where
7; is the type of the R-module U;). If A is a torsion-free module and
a € A, then the type of a is the quasi-isomorphism class of the pure
submodule of A generated by a, i.e., the submodule {b € A : rb = sa for
some r,s € R}. Given a type 7, define A(7) = {a € A: type of a > 7}.

Finally, we occasionally use the notion of the kth exterior power A*G
of a module G. In particular, if G is a torsion-free R-module and
G =X ®Xs® & X, for some rank one submodules X; of G,
then A"G =2 X7 ®g Xo ®p -+ ®g X,,. This property, as well as more
background on the exterior power construction, can be found in [1,
Chapter II, Sections 3-5].

2. Krull-Schmidt and Pic (R). We use the notion of the Picard
group of an integral domain to distinguish between weak UDI and UDI.
Recall that if R is an integral domain, the Picard group of R is the
abelian group consisting of the invertible fractional ideals of R modulo
the principal fractional ideals of R. In this section we show that the
Picard group of a weak UDI domain R measures how close R is to
having UDI.

For the purpose of proving some technical lemmas in this section, we
introduce the following notion. If R is a domain and S is an overring
of R, that is, a ring S that contains R and is contained in the quotient
field of R, then (R, S) is a weak UDI pair if every overring T of R such
that R C T C S has weak UDI. Similarly, (R, S) is a weak TFKS pair
if every overring of R contained in S has weak TFKS. It is easy to see
that if R has weak UDI (weak TFKS) and S is a fractional overring of
R, then (R, S) is a weak UDI pair, respectively, weak TFKS pair. We
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make use of this fact without further comment.

A maximal ideal M of an integral domain R is complemented if every
ideal of R not contained in M is invertible. We collect some simple
observations about complemented maximal ideals in the next lemma.

Lemma 2.1. Let R be an h-local domain with complemented maxi-
mal ideal M.

(i) If P and @ are comazimal prime ideals, then P or Q is a mazimal
ideal.
(ii) For all mazimal ideals N # M of R, Ry is a DVR.
(iil) If S is a fractional overring of R and N # M is a mazimal ideal
of R, then SN is a mazximal ideal of S.
(iv) Pic (R) = 0 if and only if every mazimal ideal of R distinct from
M is principal.

Proof. For the proof of (i), suppose P and @ are comaximal. Then,
without loss of generality, we may assume P is an invertible prime ideal.
If P is not maximal, then it is contained in an invertible maximal ideal
N of R, which is impossible. Statement (ii) follows from (i) and the
fact that R is h-local. Indeed, if N # M is a maximal ideal of R, then
since each nonzero prime ideal of R is contained in a unique maximal
ideal of R, (i) implies Ry is one-dimensional. By assumption, N is
an invertible ideal of R, so it follows that Ry is a DVR. Statement
(iii) is a consequence of (ii). For if N is a maximal ideal of R such
that N # M, Ry is a DVR, so since Sy is a fractional overring of
RN, RN = SN. Then SNN = NN and SN/SNN = RN/NN SO SNN
is a maximal ideal of Sy. Furthermore, local verification shows that
SN = SNy NS so SN is a maximal ideal of S. Finally, to prove (iv),
suppose every maximal ideal of R distinct from M is principal. Let I
be an invertible ideal of R. Then II~! = R implies that 2 M for
some 0 # 2 € I"'. But oI = I, so we may assume without loss of
generality that I € M. Since R is h-local, I is contained in at most
finitely many maximal ideals, say Ni,...,Ny. Foreach i <k, Ry, is a
DVR, so IRy, = Nij(i)RNi for some j(i) > 0. Local verification shows

that I = Nf(l) e N,z(k), so I is principal. Conversely, if Pic(R) = 0,
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then clearly every maximal ideal of R distinct from M is principal since
M is complemented. ]

Lemma 2.2. Let S be an overring of an integral domain R. If
(R, S) is a weak UDI pair and I and J are comazimal ideals of S, then
S=R+1IorS=R+J.

Proof. 1If either I = S or J = S, the claim is clear, so suppose
S is not quasilocal and neither I = S nor J = S. Observe that
lelI+JC[R+I:S5+[R+J:5]. Thusa e [R+1: 5] and
b e [R+J: 5] exist such that 1 = a + b. Define a homomorphism
¢: (R+1)d(R+J) — Sby ¢(z,y) =x+yforall z € R+ 1T
and y € R+ J. Since I +J = S, ¢ is surjective. Define a
homomorphism v : S — (R+ 1) @& (R+ J) by v(s) = (as,bs) for
s € S, and observe that  is a splitting map for ¢ since, if s € S, then
d(v(s)) = ¢(as,bs) = as+bs = s. Thus S is isomorphic to a summand
of (R+1)®(R+J) and, since T := (R+1)N(R+J) has weak UDI and
S is a fractional ideal of T, S = (R4 I)(™ or S = (R + J)("™ for
some n > 0. Taking the nth exterior power of each side with respect to
R+1 and R+ J, respectively, yields S =2 R+1 or S = R+ J since R+ 1
and R+ J are subrings of S. Finally, isomorphism can be replaced by
equality, again since R+ I and R + J are rings. ]

Lemma 2.3. Let R be an integral domain. If S is an overring of R
such that (R, S) is a weak UDI pair, then S is quasilocal or S = R+ N
for some mazximal ideal N of S. Furthermore, for each mazimal ideal
M of R, there are at most three mazimal ideals of S lying over M,
and if (R, S) is a weak TFKS pair, then there are at most two mazximal
ideals of S lying over M.

Proof. If S has at least two distinct maximal ideals N and N, then,
by Lemma 2.2, S = R+ N or S = R+ N’. Assume that there are four
distinct maximal ideals N7, Na, N3, N4 of S lying over a maximal ideal
M of R. Define I = NyNy and J = N3N, and note that I and J are
comaximal ideals of S. Without loss of generality, we may assume by
Lemma 2.2 that S = R+ I. Now n € N; exists such that n ¢ I, yet
n=r+1iforsomer € Randi € I. Thusn —i € R. Since n —i € Ny,
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it must be that n —4 € M. Thus n € I + M = I, a contradiction
that implies there cannot be more than three maximal ideals of S lying
over M.

Now suppose (R, S) is a weak TFKS pair and that S has three distinct
maximal ideals, Nl,NQ and N3. Define Il = ]\[2]\[37 IQ = N1N3 and
I3 = N1N2. Then S = I1+12+13 Q [R+I1 : S}"‘[R"’IQ : S]+[R+I3 : S]
so, for each i = 1,2, 3, u; € [R+1; : S] exists such that 1 = ug +us+us.
The map o : (R+ 1) ® (R+1I2) ® (R+ I3) — S given by o(a,b,c) =
a+b+cis split by themap 6 : S — (R+11)®(R+12)®(R+13) defined by
0(s) = (su1, sug, sug) foralls € S. Set T' = (R+11)N(R+12)N(R+I3).
Then, since (R,T) is a weak TFKS pair, Ker (0) is a torsionless T-
module, and the R + I; are fractional ideals of T', it follows that
S =, R+ I, for some i = 1,2,3. As above, this implies S = R + I;.
However, by an argument similar to the one above, this leads to a
contradiction that implies S has at most two maximal ideals lying
over M. o

Lemma 2.4. If R has weak UDI, then R has a complemented
mazximal ideal M and the Picard group of R is torsion. If R has UDI,
then Pic (R) = 0.

Proof. First observe that, if I is an invertible ideal of R, then since I
is a summand of a free R-module and R has weak UDI, I(®) = R(") for
some n > 0. Thus, taking the nth exterior power of both sides yields
I™ =2 R, and it follows that Pic (R) is torsion. If R has UDI, then,
since I is a summand of a free R-module, I is principal. It remains
to show that R has a complemented maximal ideal. If R is Dedekind,
then every maximal ideal of R is complemented, so suppose R is not
Dedekind and assume R is not quasilocal (for otherwise the claim is
clear). If I and J are comaximal ideals of R, then since I + J = R, it
follows that I & J = R @ (I N J). Hence, there exists n > 0 such that
either 1™ or J(™ is free, so either I or J is projective, i.e. invertible.
Let A be the sum of all noninvertible ideals of R (by assumption there is
at least one noninvertible ideal). If A = R, then it follows that R is the
sum of finitely many noninvertible ideals, the sum of any two of which
is noninvertible. Hence if A = R, R is the sum of two noninvertible
ideals, but, as noted above, this is impossible unless R is a Dedekind
domain. It follows that a maximal ideal M containing A exists. If B
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is an ideal of R not contained in M, then B is not contained in A and
must be invertible, proving that M is complemented. ]

Lemma 2.5. Let R be an h-local domain with complemented maz-
imal ideal M, and suppose S is an overring of R and (Rar, Sy) is a
weak UDI pair. If B is an invertible fractional ideal of S, then B = SA
for some invertible fractional ideal A of R.

Proof. We claim first that Sy, has at most four maximal ideals. If
S is quasilocal, the claim is clear, so suppose S); has more than one
maximal ideal. If N is a maximal ideal of Sj; such that Sy = Ry + N,
then Spr/N = Ry /(Rar N N) so N lies over the maximal ideal M of
R. By Lemma 2.3, there are at most three maximal ideals of Sy, lying
over M. If L is a maximal ideal of Sy; such that Sy, # Ry + L,
then, by Lemma 2.3, S); = Ry + N for every maximal ideal N of Sy,
distinct from L. Thus, all the maximal ideals of Sj; except possibly
one contract to maximal ideals of Ry;. In particular, Sy; has at most
four maximal ideals. Since B is an invertible fractional ideal of S, it
follows that BSj; = Spra for some a € B.

Now let {M,} denote the set of all maximal ideals of R such that
M, # M and Sy, # @ where @ is the quotient field of R. By Lemma
2.1(ii), R, is a DVR, so Sy, = Rpar,- Then, for all a, BRy, =
Rys, aq for some a, € B. Define A = Ryra N (No Rz, aq) N (NyRy)
where N ranges over the maximal ideals of R not in {My} U {M}.
Then, since R is h-local, if N is a maximal ideal of R distinct from
a particular M,, Ry, Ry = @ [10, Theorem 22]. Also, since R is h-
local, localizations commute with infinite intersections [4, Lemma IV.
3.10], so ARy = Rpra, ARy, = R a, for all @ and ARy = Ry
for all maximal ideals N of R not in {M,} U {M}. Furthermore,
SA = B and A is a locally free R-submodule of Q. In fact, since B is a
finitely generated S-submodule of @ and every nonzero element of R is
contained in at most finitely many maximal ideals of R, it follows that
BRyr, = SRy, = Ry, for all but finitely many a. This implies that
A is a fractional ideal of R. Since R is h-local, A is a finitely generated
fractional ideal [10, Theorem 26]. Hence A is an invertible fractional
ideal of R. O
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Lemma 2.6. Let R be an h-local domain, and let X and Y be rank
one R-modules such that (R, E(X)) is a weak UDI pair. Then X =Y
if and only if XA =Y for some invertible fractional ideal A of R.

Proof. Suppose X (™ = Y (") Then the canonical homomorphism,
X ®r Homg(X,Y) — Y is surjective, and it follows that X[Y :
X] =Y. The existence of a splitting map for the induced surjection
X™ — Y shows that 1 € [Y : X][X : Y] C E(X). In particular,
[Y : X][X : Y] = E(X), and it follows that [Y : X] is an invertible
fractional ideal of E(X). (Indeed, if ¢ € [X : Y] N[Y : X], then
qlY : X] € E(X) and ¢[X : Y] C E(X).) Set B := [Y : X]
and S := F(X). By Lemma 2.5, a fractional invertible ideal A of
R exists such that SA = B. Thus XA = XSA = XB =Y.
Conversely, suppose XA = Y for some invertible fractional ideal of
R. By Lemma 2.4, Pic(R) is torsion, so A™ = R for some n > 0.
It follows that A = R(™) (see [7], for example). Since A and R
are flat R-modules, it follows that V(") = (XA)"W = (X @ A)") =
X op A" =2 X @p R™ = (X @ R)™ = X and the claim is
proved. o

Theorem 2.7. An h-local integral domain R has UDI if and only if
R has weak UDI and Pic (R) = 0.

Proof. Suppose R has weak UDI, Pic(R) =0 and I; & --- & I, &
J1®- - dJ, for someideals Iy, ..., I,,J1,...,J, of R. After reindexing
we may assume that, for each j < n, I; =, J;. Since E(I;) is a
fractional ideal of R for each j < n, it follows that (R, E(I;)) is a weak
UDI pair. By Lemma 2.6, I; = AJ; for some invertible fractional ideal
A of R. By assumption A is a principal ideal of R, so I; = J;. The
converse is clear from Lemma 2.4. o

It follows that if R is a domain with only finitely many maximal
ideals, then R has weak UDI if and only if R has UDI.

3. Main reductions. In this section we prove reduction theorems
for our various Krull-Schmidt properties. The first two lemmas, proved
elsewhere, play a role similar to that of the “package deal” theorems of
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Levy and Odenthal [9].

Lemma 3.1 [7, Proposition 2.8, Theorems 2.11 and 2.13]. Let R be
an h-local integral domain and G and H be torsionless R-modules.

(i) If Pic(R) =0, then G =4 H if and only if G® R~ H ® R.

(ii) If Pic(R) =0, G 2, H and G has a summand isomorphic to an
ideal of R, then G = H.

(iii) If Pic (R) is torsion and G = H, then G =, H.

Lemma 3.2. Let R be an h-local domain with complemented mazx-
imal ideal. If G = H, then G is indecomposable if and only if H is
indecomposable.

Proof. The lemma is proved in [7, Corollary 3.2] under the more
general hypothesis that R is an h-local domain and Ry is a valuation
domain for almost all maximal ideals N of R. That this hypothesis is
indeed more general is a consequence of Lemma 2.1(ii). O

Lemma 3.3. Let R be an h-local domain with complemented maxi-
mal ideal M. If G =G, ®--- &Gy, and H := H ®---® H,, are direct
sums of torsionless Rys-modules such that G = H, then torsionless R-
modules G =G| ®---® G, and H := H{ & --- ® H], exist such that
G' = H' and, for alli <n, j <m, G; = (G})m and Hj = (H})n.

Proof. We may assume that, for each ¢ < n and j < m, free R-
modules E; C QG; and F; C QH; exist such that G; C (E;)u and
H; C (Fj)m. For each i <n and j < m, let G} and HJ’ be torsionless
R-modules defined by G; = G; N E; and HJ/ = H; N F;. Then, for all
i,j, Gi = (G})nm and H; = (H})p. By Lemma 2.1(ii), Ry is a DVR for
each maximal ideal N # M. Thus, the torsionless Ry-modules (G')y
and (H')y are free of the same rank for all maximal ideals N # M. It
follows that G’ =, H'. i

Theorem 3.4. Let R be an h-local domain. The following statements
hold for R.
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(i) R has weak UDI if and only if Pic (R) is torsion and R has a
complemented mazimal ideal M such that Rps has UDI.

(ii) R has UDI if and only if Pic (R) = 0 and R has a complemented
maximal ideal M such that Ry; has UDI.

(iii) R has weak TFKS if and only if Pic (R) is torsion and R has a
complemented mazimal ideal M such that Ry has weak TFKS.

(iv) R has TFKS if and only if locally isomorphic torsionless modules
are isomorphic and R has a complemented maximal ideal M such that

Ry has TFKS.

(v) R has the Krull-Schmidt property for rank one modules if and
only if Pic (R) = 0 and R has a complemented mazimal ideal M such
that Ry has the Krull-Schmidt property for rank one modules.

Proof. (i) Suppose first that R has weak UDI. By Lemma 2.4, Pic (R)
is torsion and a complemented maximal ideal M exists. If G and H are
completely decomposable torsionless Rj;-modules such that G = H,
then, by Lemma 3.3, completely decomposable torsionless R-modules
G’ and H' exist such that G = G'y;, H = H}; and G’ =, H'. Thus, by
Lemma 3.1, G’ =, H' and, since R has weak UDI, it follows that Ras
has weak UDI. By Theorem 2.7 and the remark that follows it, Rj; has
UDL.

To prove the converse, assume that M is a complemented maximal
ideal of R, Rj; has UDI and the Picard group of R is torsion. Suppose
G=L& --®l, H:=J & & J, are direct sums of ideals of R
such that G = H. Since R); has weak UDI we have, after reindexing,
(Ij)m =p (Jj)m for each j. For each maximal ideal N # M, Ry is a
DVR so Ij(k) = Jj(k) for some k > 0. Thus, by Lemma 3.1, I; =, J;
for all j < n.

(ii) If R has UDI, then R has trivial Picard group and complemented
maximal ideal M (Lemma 2.4) and, by (i), Ry has UDI. The converse
follows from (i) and Theorem 2.7.

(iii) Suppose R has complemented maximal ideal M, Ry; has weak
TFKS and Pic (R) is torsion. By Lemma 3.2, if G is an indecomposable
torsionless R-module, then Gj; is indecomposable. Let Gq,...,G,,
H,, ..., H, be indecomposable torsionless R-modules such that G; &
- ®G, ¥ H @ & H,,. Passing to Ry, each (G;)n and (H;)um



THE KRULL-SCHMIDT PROPERTY 1419

remains indecomposable. Thus the assumption that Rj; has weak
TFKS implies that n = m and, after reindexing, (G;)m =, (Hi)m
for all ¢ < n. Since R is h-local, Ry is a DVR for each maximal ideal
N # M. Thus, for each maximal ideal N # M, (G;)y and (H;)n are
free Ry-modules of the same rank. Thus G*) 2~ H®) for some k > 0
and, by Lemma 3.1, G; =, H; for all i < n.

Now suppose R has weak TFKS. By Lemma 2.4 it suffices to show
that Rp; has weak TFKS where M is a complemented maximal ideal
of R. Suppose G1 ® ---® G, £ H & ---® H,, for indecomposable
torsionless Rjys-modules G; and H;. By Lemma 3.3, indecomposable
torsionless R-modules G and H]’. exist such that G; = (G})m and
Hj = (H})r for each i < nand j < m. Moreover, if G’ := G ©--- @G,
and H := H{ & --- @ H,, then G’ & H'. Thus, by Lemma 3.1,
G' =, H' and, since R has weak TFKS, we have n = m and, after
reindexing, G =, H} for all i. Thus G; =, H, for all i, proving Ry,
has weak TFKS.

(iv) Suppose R has TFKS and G and H are locally isomorphic
torsionless R-modules. Then Pic (R) = 0 by (ii) and, by Lemma 3.1(i),
G®R=H®R. Since R has TFKS, G =2 H and we conclude that
locally isomorphic torsionless R-modules are isomorphic. By (ii), R
has a complemented maximal ideal M. The proof that Rj; has TFKS
is similar to the proof that Rp; has weak TFKS in (iii). Suppose
Gio -G, 2 H &P Hp, for indecomposable torsionless R ;-
modules G; and Hj. Let G', H', G and H} be as in Lemma 3.3. Then

"= H' so, by Lemma 3.1, G’ ® R = H' ® R. Since R has TFKS,
we have n = m and, after reindexing, G} = H] for all i < n. Thus,
G; = H; for all i and Rjs has TFKS.

Conversely, note that if locally isomorphic torsionless R-modules are
isomorphic then since every invertible ideal of R is locally isomorphic to
R, we have Pic (R) = 0. Thus, by (iii), R has weak TFKS and it suffices
to check that if G =, H for torsionless indecomposable R-modules G
and H, then G = H. By Lemma 3.2, Gj; and H); are indecomposable
Rjys/-modules. Since Rjs has TFKS, Gy & Hys. Moreover, Ry is a
DVR for all maximal ideals N # M of R so G =; H. By assumption,
G=H.

(v) If R has the Krull-Schmidt property for rank one modules, then,
by Lemma 2.4, Pic(R) = 0 and R has a complemented maximal
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ideal M. Since rank one Rj;-modules are rank one R-modules, Rjs
has the Krull-Schmidt property for rank one modules. Conversely,
suppose M is a complemented maximal ideal of R, Rj; has the
Krull-Schmidt property for rank one modules and Pic(R) = 0. As
in [6, Theorem 4.3], our argument is modeled on a classical proof
of a theorem of Baer for abelian groups. Recall the terminology
and notation of quasi-isomorphism and types from the introduction.
Suppose G := X1 ®---® X, and H =Y, d--- DY, are direct sums
of rank one R-modules X; and Y; such that G = H. Since types are
preserved under isomorphism, G(7) = H(7) and G/G(7) = H/H () for
all types 7. Select a type 7 that is maximal with respect to the types
of the X; and Y;. Then G(7) = H(r) and, without loss of generality,
we may assume X1 ®-- - X XY, D--- DYy, where k < n and each X;
and Y; has type 7. After reindexing, we may assume (X;)p = (V) m
for all ¢ < k. Moreover, since the X; and Y; have the same type and Ry
is a DVR for all N # M, it follows that (X;)n = (Y;)n for all N # M.
Thus X; &, Y] for all ¢ < k and X; and Y; are quasi-isomorphic rank one
modules. In particular, [X; : V;][Y; : X;] = E(Y:), since localizations
commute with brackets of quasi-isomorphic rank one modules over h-
local domains [4, Lemma IV.3.10]. Set B = [X; : ¥;] and S = E(Y;).
Then B is an invertible fractional ideal of S, and (R, Sas) is a weak
UDI pair, so by Lemma 2.5, B = SA for some invertible fractional
ideal A of R. Since Pic(R) = 0, B is a principal fractional ideal of S,
and it follows that X; 2] for all i < k. Since G/G(r) =2 H/H(7), an
inductive argument completes the proof that R has the Krull-Schmidt
property for rank one modules. ]

It would be interesting to know whether the requirement in (iv) that
Rjy; has TFKS can be amended to require only that Rj;; has weak
TFKS. (Compare Theorem 2.7.) In the Priifer and Noetherian cases,
the answer is affirmative.

Corollary 3.5. Let R be a domain that is Noetherian or Priifer.
Then R has TFKS if and only if R has weak TEFKS and locally
isomorphic torsionless modules are isomorphic.

Proof. Apply Lemma 3.1 and Theorem 3.4 and use the fact that
over quasilocal Priifer or Noetherian domains, power isomorphism
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of torsionless modules implies isomorphism [3, Theorem 2.11] and
[4, Proposition 1.10.7 and Theorem XV.7.4]. o

Theorem 2.7 suggests that the requirement in Corollary 3.5 that
locally isomorphic torsionless modules are isomorphic might be replaced
by the weaker requirement that Pic (R) = 0. We do not know if this is
the case.

4. Noetherian case. The characterization of one-dimensional
Noetherian domains satisfying TFKS is contained in [8]. In this section
we give our own version of Levy and Odenthal’s description of TFKS,
which depends upon the splitting of the singular maximal ideal in the
integral closure of R.

A characterization of Noetherian domains with UDI was given in [6];
however, the one-dimensional version is more easily stated and is all we
require here.

Theorem 4.1 [6, Theorem 3.2]. Let R be a one-dimensional Noethe-
rian domain. Then R has UDI if and only if R has a maximal ideal M
such that every other mazimal ideal is principal and, if M splits in R,
then M satisfies one of the following conditions.

(i) MR = P, Ps? such that ex > 1, R/P; = R/M where Py, Py are
distinct mazimal ideals of R.

B (il) MR = P, PP where Py, Py, P3_are distinct mazimal ideals of
R,R/P; = R/M for all j =1,2,3 and R is finitely generated over R.

Theorem 4.2 (After Levy and Odenthal). Let R be a one-
dimensional Noetherian domain. Then R satisfies TFKS if and only if
locally isomorphic torsionless modules of R are isomorphic and R has
a complemented mazimal ideal M such that if M splits in R, then R
is finitely generated over R and has exactly two mazimal ideals Py, Py
lying over M, MR = P,P, and R/P, = R/P, = R/M.

Proof. We first interpret a commutative version of one of the main
theorems of [8], which we designate by (LO): A Noetherian one-
dimensional domain R has TFKS if and only if locally isomorphic
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torsionless modules are isomorphic and R has a complemented maximal
ideal M such that either

(a) Ry is local or

(b) R is finitely generated over R and R has exactly two mazimal
ideals Py, Py over M such that, for some ring ¥, there are ring epi-
morphisms f : R — W and g : R — U such that Ker f = P} and
Kerg = P} for some h>1and R={z € R| f(x) = g(x)}.

Assume that R satisfies TFKS. Then, by Theorem 3.4, locally isomor-
phic torsionless modules of R are isomorphic, R has a complemented
maximal M and Rj; satisfies TFKS. If R is a PID, there is noth-
ing to show so suppose Ry # Ry. By (LO) and Theorem 4.1, it is
enough to consider the case where R is a finitely generated R-module,
MR = P, P5* for distinct maximal ideals Py, P, of Rand R/P; = R/M.
By (LO), R/P} = R/P} as rings for some h > 1. Observe that R/P}®
has vector space dimension h over R/M, while R/ P} has dimension h-d
where d is the dimension of R/P, over R/M. Therefore, R/ Py = R/M
also. Write h = mes + 1 with 0 < [ < e3. When [ = 0, from the
fact that M™ C Py2™, it follows that f(M™) must be zero. This im-
plies M™ C P!'. But MRp, = PiRp, and so h < m. This can only
happen when e; = 1, as claimed. Finally, if [ > 0, then in this case,
M™+1 C P} implying that M™*! C P} as before. Then m + 1 > h,
implying that m(1 —e3) > 1 — 1. Again we must have es = 1.

To establish the converse, note that, by comparing (LO) with The-
orem 4.1, we need only consider the possibility that M splits in R.
For each j = 1,2, since R/P; 2 R/M, R = R + P;. Moreover,
PF/P*Y = R/M for all k > 0, so PF = M+ Pf*'. It follows
that R = R+ Pf for all £ > 0. Let h be the smallest positive integer
such that M"R C R and define + : R/M" — R/M"R = R/P} ©R/P}.
For 7; : RIM"R — E/Pjh equal to the coordinate projection, §; = m;¢
is an isomorphism because R + P]h = R and a dimension argument for
j=1,2 Let 3, : R — E/Pjh be the natural map and f; = 5]715j. Then
R={zc R| fi(z) = fo(z)} and so (b) of (LO) holds. Therefore, R
has TFKS. O
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Corollary 4.3. Let R be a one-dimensional Noetherian domain.
Then weak TFKS holds for R if and only if Pic(R) is torsion and R
has a complemented maximal ideal M such that if M splits in R, then
R is finitely generated over R and M splits as in Theorem 4.2.

Proof. Apply Theorems 3.4, Corollary 3.5 and Theorem 4.2. O

It is shown in [6, Theorem 4.3] that the Krull-Schmidt property holds
for rank one modules of a one-dimensional UDI Noetherian domain. In
Theorem 4.5, we establish the converse.

Lemma 4.4. If R is an integral domain and every overring of R has
weak UDI, the set of nonmazximal prime ideals of R is linearly ordered.

Proof. Suppose P and @ are incomparable nonmaximal prime ideals
of R. Examination of the proof of Lemma 2.1(i) shows the hypothesis
of h-locality is not needed, so it follows that P and @ are contained in
a common maximal ideal M of R. Thus P + @ is a proper ideal of R.
By assumption, P+ Q # PUQ, so let r € (P+ Q) \ (PUQ). Define
S := R[r~']. Then S is an overring of R contained in both Rp and Rg,.
Also SP # S and SQ # S, but S(P + Q) = S. This implies SP and
S@Q are comaximal ideals of S. By Lemma 2.2, we may assume without
loss of generality that S = R+ SP. Thus 1 € Rr+ SP C Q + SP so
1 = q+ pr=" for some k > 0. Hence r*(1 — q) € P and, since r ¢ P,
1 — g € P. But this implies 1 € @ + P, a contradiction. ]

Theorem 4.5. A Noetherian domain R is a one-dimensional UDI
domain if and only if the Krull-Schmidt property holds for rank one
modules of R.

Proof. The Krull principal ideal theorem implies that the set of
prime ideals of a Noetherian domain is linearly ordered only if the
domain has Krull dimension one. Hence, by Lemma 4.4, the Krull-
Schmidt property for rank one modules implies R is one-dimensional.
The converse is established in [6, Theorem 4.3]. O
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Example 4.6. Owverrings of UDI domains need not have weak UDI.
Simply choose R to be an integrally closed local domain of Krull
dimension greater than one. Then R has UDI since all its ideals have
local endomorphism rings [4, Theorem 1.9.8], but by Lemma 4.4, R has
an overring without UDI since the prime ideals of R are not linearly
ordered.

In [13], a geometric interpretation of our Krull-Schmidt properties
is given. A number of examples of UDI orders in algebraic number
fields is given in [6], many of which occur in quadratic number fields.
Evidently, if R is an order in a quadratic number field, R has (weak)
UDI if and only if R has (weak) TFKS. This is because every ideal
of R is 2-generated and, hence, torsionless R-modules are completely
decomposable [14]. Thus, using [6], Examples 4.6 and 4.7, one can list
a number of examples of TFKS domains.

5. Non-Noetherian case. In this section we briefly treat the
non-Noetherian case of UDI and TFKS, with special emphasis on the
Priifer case. As noted in the introduction, all quasilocal Priifer domains
(= valuation domains) have UDI. Using Theorem 3.4, it is then easy
to describe the h-local Priifer domains with UDI. Since the rank one
modules of a valuation domain are either divisible or isomorphic to
ideals, the equivalence of UDI and Krull-Schmidt for rank one modules
is also immediate.

Proposition 5.1. The following statements hold for R, an h-local
Priifer domain.

(i) R has UDI if and only if R has the Krull-Schmidt property
for rank one modules; if and only if R is a Bézout domain with
complemented mazimal ideal.

(ii) R has weak UDI if and only if Pic (R) is torsion and R has a
complemented mazimal ideal.

The Priifer cases of TFKS and weak TFKS are not as transparent.
This is because, to our knowledge, the quasilocal case remains unde-
scribed.

Combining the Priifer description of UDI with results on decompo-
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sitions of torsion-free modules, we obtain characterizations of some
strong forms of the Krull-Schmidt property. By way of application, we
are interested in some of the following variations of the Krull-Schmidt
property. In order to characterize these properties, we recall several
related notions. A Priifer domain R satisfies (##) if every prime ideal
of R is the radical of a finitely generated ideal of R (see [5, Theorem 3]).
In particular, if every nonzero ideal of a Priifer domain R is contained
in at most finitely many maximal ideals of R, then R satisfies (#+#),
but the converse is not true ([5, Theorem 5]). A Priifer domain R is
h-local if and only if R satisfies (##) and each nonzero prime ideal of
R is contained in a unique maximal ideal of R [11, Proposition 3.4].

Recall that a D-ring is an integral domain R for which every torsion-
free finite rank R-module decomposes into a direct sum of rank one
R-modules. There is an extensive theory of D-rings due to Matlis (see
[10]).

We need also the notion of an almost maximal ring, that is, a ring for
which R/I is a linearly compact R-module for all nonzero ideals I. A
Priifer domain R is almost maximal if and only if Q/R is an injective
R-module and R is h-local (see [2, Proof of (2) < (5) in Theorem 4.8]).

The main thrust of the next proposition is that we do not have to
assume R is an h-local domain.

Proposition 5.2. Let R be an integral domain.

(i) R is an h-local Bézout domain with complemented mazimal ideal
if and only if, for each R-module G := 11 & --- ® I,,, that is a direct
sum of ideals of R, every pure submodule of G is a summand of G that
is isomorphic to a direct sum of the I;s.

(ii) R is an almost mazimal Bézout domain with complemented
mazximal ideal if and only if, for each torsionless R-module G, G =
L ®--- @I, for some ideals I; of R, and every pure submodule of G is
a summand of G that is isomorphic to a direct sum of the I;s.

(iii) R s an almost mazimal Bézout domain with complemented
mazximal ideal if and only if R is a Prifer (##) domain such that
every torsionless R-module decomposes uniquely, up to isomorphism,
into a direct sum of rank one modules.

(iv) R is a quasilocal D-ring if and only if every torsion-free finite
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rank R-module decomposes uniquely, up to isomorphism, into a direct
sum of rank one R-modules.

Proof. (i) An integral domain R is an h-local Priifer domain if
and only if pure submodules of completely decomposable torsionless
R-modules are summands ([12, Theorem 3.2]). This implies h-local
Prifer domains have the property that pure submodules of completely
decomposable torsionless modules are completely decomposable. Thus,
the asserted property holds if and only if R is an h-local Priifer domain
with UDI.

(ii) By (i), the stated decomposition property implies that R is an
h-local Priifer domain with UDI. A Priifer domain R is almost maximal
if and only if R is h-local and every torsionless R module is completely
decomposable [4]. Thus the given decomposition property and (i) imply
R is an almost maximal Bézout domain with complemented maximal
ideal. The converse is clear from (i) and the cited result.

(iii) Assume torsionless R-modules decompose uniquely into a direct
sum of modules and that R is a Priifer (##) domain. We show
first that R is a locally almost maximal Priifer domain. Let M be
a maximal ideal of R and G a torsionless Rj;-module. Then there is
a free R-module F such that G C Fj;. Define G/ := G N F; then G’
is a torsionless R-module and G, = G. By assumption G’, hence
G, is completely decomposable. If every torsionless Rj;-module is
completely decomposable, then Rj; is an almost maximal valuation
domain [4, Theorem XV.2.3]. Thus each localization of R at a maximal
ideal is an almost maximal valuation domain. We show R is h-local.
Since R satisfies (##), it is enough to check that each nonzero prime
ideal of R is contained in a unique maximal ideal of R. Suppose P is
a prime ideal of R contained in at least two maximal ideals N7 and
Ny of R. Set S := R\ (N1 UNs), T := Rg, A := Mg, B := Ng and
L := Pg. Then LTy, = L and T/L has quotient field T, /L. Since
Ry, and Ry, are almost maximal valuation domains, T4 /L and Ts/L
are independent maximal valuations with common quotient field 77, /L.
As such, each must have a divisible value group [15, Theorem A]. But
since R has UDI, R has a complemented maximal ideal and at least
one of A and B is principal. In particular, the value group of T4 /L or
T /L must have a copy of Z as a summand. This contradiction implies
each nonzero prime ideal of R is contained in a unique maximal ideal of
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R. Consequently, since R satisfies (#+#), R is an h-local locally almost
maximal domain; hence, R is almost maximal [4, Theorem IV.3.9].
Since R has UDI, R must be a Bézout domain. This proves the claim.
The converse follows from (ii).

(iv) Suppose R is a quasilocal D-ring. Then the integral closure
of R is a valuation domain [10, Theorem 72]. Thus the integral
closure of every overring of R is a valuation ring, hence quasilocal,
and this forces every overring of R to be quasilocal. In particular,
rank one modules have quasilocal endomorphism rings so the Krull-
Schmidt property holds for rank one modules. Since R is a D-ring,
(d) follows. Conversely, suppose torsion-free finite rank R-modules
decompose uniquely into direct sums of rank one R-modules. Then
R is a D-ring with UDI. An integrally closed D-ring is the intersection
of at most 2 maximal valuation domains [10]. However, R has a
complemented maximal ideal, so if R has two maximal ideals M and
N, one of these ideals, say N, is principal. In particular, the maximal
valuation domain Ry has a nondivisible value group. As in the proof of
(i), this is in contradiction to the fact that two independent maximal
valuation domains having the same quotient field each have divisible
value group. Thus R is quasilocal; hence, R is quasilocal and a D-ring.
mi

Using the following proposition, one can construct examples of non-
Noetherian UDI domains for which h-locality fails in a strong way.

Proposition 5.3. Let R be an integral domain with a prime ideal P
such that PRp = P. Then the Krull-Schmidt property holds for rank
one modules of R if Rp is a DVR and the Krull-Schmidt property holds
for rank one modules of R/P.

Proof. For each ideal I of R, there is an exact sequence,
Hompg(I, P) — Hompg(I, Rp) — Hompg (I, Rp/P) — Ext r(I, P).

Now P is a principal ideal of Rp, so Ext g(I, P) =2 Ext g, (IRp,P) =
0. Also we have Homg(I,Rp/P) = Hompg(I/IP,Rp/P), hence
Hompg(I, P) — Homg(I, Rp) is surjective if and only if I = IP. Note
that, if I = IP, then clearly Homg(I/IP, Rp/P) = 0. On the other



1428 P. GOETERS AND B. OLBERDING

hand, if Homg(I/IP,Rp/P) = 0, then, since Rp/P is the quotient
field of R/P and I/IP is a torsion-free R/P-module, it must be the
case that I = IP.

Tensoring both sides of It & ---® [, 2 J; ®--- ® J,, with R/P yields
nL/phe---9l,/PL, 2 J,/PJi® - ®J,/PJ,. After reindexing, we
may assume that m, m’ < n exist such that Iy /PI} &--- @ I,/ Pl &
Ji/PJy @ -+ @ Jpy/PJy and no I /PI; or J;/PJ, is trivial for
k < m, 1 <m'. The preceding argument shows that, for all k¥ < m,
Hompg (I, P) — Hompg (I}, Rp) is not surjective, so I}, is isomorphic to
an R-submodule of Rp that is not contained in P. Similarly, for all
1 <m/, J; is isomorphic to an R-submodule of Rp that is not contained
in P. Thus we assume that I, J; C Rp but I, J; € P for all k < m,
Il < m'. In particular, IyRp = J,Rp = Rp implies [P = J,P = P
for all kK < m, 1l < m'. Since I/P, J;/P C Rp/P, each I},/P, J;/P
is a rank one R/P-module. Thus m = m’ and, after reindexing, we
may conclude that I,/P = J,/P for each k < m. It follows that
a,b € R exists with b ¢ P such that aly + P = bJy. If a € P, then
aly C PI;, = P and P = bJy. However, this implies that RpJ, = Jy,
hence PJy # P since Rp is a DVR. This contradiction forces a ¢ P.
Thus, since P = PI; C I}, and a 'P = P, we have P C al} proving
that, for all kK < m, I, = J,. If K > m, then I,P = I}, and J P = Jy.
Since Rp is a DVR, I and Ji are principal ideals of Rp, hence I}, & Ji.
It follows that R has UDI.

Finally, observe that if X is a proper submodule of @, the quotient
field of R, then Xp # @ since Xp = @ would force Q = XP C X.
Thus X is a fractional ideal of the DVR Rp and, since Rp is a fractional
ideal of R, X is a fractional ideal of R. It follows that every proper
rank one R-module is a fractional ideal of R. This proves the claim.
O

Example 5.4. There exist domains that are not h-local but that
satisfy the Krull-Schmidt property for rank one modules. Let R be any
domain that has the Krull-Schmidt property for rank one modules.
Denote its quotient field by @ and define S := R + XQ[X](x). Then
by Proposition 5.3, S has UDI. If R has infinitely many maximal ideals
(e.g. R=17), then XQ[X](x) is a prime ideal of S that is contained in
infinitely many maximal ideals of S; hence, S is not h-local.
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