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A SOLUTION TO THE BAER SPLITTING PROBLEM

LIDIA ANGELERI HUGEL, SILVANA BAZZONI, AND DOLORS HERBERA

ABSTRACT. Let R be a commutative domain. We prove that an R-module B
is projective if and only if Ext}a(B,T) = 0 for any torsion module T". This
answers in the affirmative a question raised by Kaplansky in 1962.

A module B over a commutative domain R is called a Baer module when
Extyp(B,T) = 0 for every torsion R-module T. This definition goes back to
1936 when R. Baer [3] posed the question of characterizing the class of all abelian
(torsion-free) groups G such that any extension of G with a torsion group splits.
In the language of homological algebra, the problem asks which groups G satisfy
Ext%(G,T) = 0 for all torsion groups 7. Baer proved that every countably gen-
erated group G with this property must be free [3, Theorem 8.6 and Footnote 11
p. 781].

In 1961 Rotman [19] introduced the terminology of Baer groups or B-groups
and put this problem, together with the Whitehead problem, in the more general
setting of describing, for a given class of abelian groups S, the groups B satisfying
that Ext;(B, S) = 0 for any abelian group S € S.

In 1962 Kaplansky [16] considered the case of modules over commutative do-
mains. He raised the question of whether Baer modules are projective. Using what
now are well known tools of homological algebra, he proved that Baer modules are
flat, hence torsion-free, modules of projective dimension at most one.

The answer to the original problem raised by Baer was only given in 1969, when
Griffith [10] proved that the only Baer groups are the free groups. Grimaldi [12]
later generalized the result to modules over Dedekind domains proving that the
Baer modules over such domains are projective.

A real breakthrough in the study of the structure of Ext was made by Shelah in
[20], showing that set theoretic methods are essential in this area. Following this
track, in 1988 Eklof and Fuchs [5] used a version of Shelah’s Singular Compactness
Theorem to prove that Baer modules over valuations domains are free. In [§]
Eklof, Fuchs and Shelah, generalized the tools used in [5] to arbitrary domains,
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and they proved a crucial reduction theorem. Namely, they showed that a module
B over an arbitrary domain is a Baer module if and only if it is the union of a
well ordered continuous ascending chain (B, | @ < A) of submodules such that
the factors Ba41/Ba are countably generated Baer modules. This reduces the
problem of showing that Baer modules are projective to the countably generated
case. For these results, as well as for a general account on the problem of studying
the structure of Ext, we refer to [9, Chapter XVI §8] and [6, Chapter XII §3].

Since then, to our knowledge, the only substantial progress concerning the Baer
problem was made by Griffith [11], who showed that Baer modules over local noe-
therian regular domains are free.

In the present paper, we show that every countably generated Baer module over
an arbitrary commutative domain is projective. Hence, by the result of Eklof, Fuchs
and Shelah, it follows that all Baer modules are projective. This solves the general
problem raised by Kaplansky; see also [6, Open Problem F.2] and [9, Problem 60].

Let us sketch the idea of the proof. Let B be a countably generated Baer module
over a commutative domain R. Then it is well known that B is countably presented
and flat [16]. So, there is a countable direct system

J NNy DN NN L N

of finitely generated free modules F, such that B = lim F,; see [14].

As a first step, we use recent work of the second and third authors [4] to translate
the vanishing of Ext into a Mittag-Leffler condition on inverse systems. More
precisely, we show that B is a Baer module iff for any torsion module M the functor

Hom(—, M) maps the direct system F} L. Fy EL F3 — ... into a Mittag-Leffler
tower (Hompg(F,, M), Hompg(fn, M))nen, that is, an inverse system

. = Hom(Fy, M) "2 Hom(Fy, ar) "M Hom (R, M)
satisfying the Mittag-Leffler condition of [13]. Similarly, we see that B is a projec-
tive module iff the same holds true for the functor Hom(—, R).

Now the core of the proof consists in studying closure properties of the class of

all modules M that turn the direct system Fj P Fy B F; — ... into a Mittag-
Leffler tower (Hompg(F,,, M), Homg(f,, M))nen. This will allow us to deduce that
the regular module R also belongs to this class, which completes the proof.

The paper is organized as follows. Section 1 is devoted to the general notion
of a Mittag-Lefller tower. In Section 2, we consider a countable direct system of

the form C ELN Cy Rid C3 — ... together with a module M over an arbitrary ring,
and we give criteria for (Homp(C),, M), Hompg(fpn, M))nen being a Mittag-Leffler
tower. Finally, in Section 3, we apply our investigations to countably generated
Baer modules over commutative domains and prove our main result.

Our rings are associative, have an identity, and they are not necessarily commu-
tative unless stated otherwise. Modules are unital.

We wish to thank the referee for suggesting the use of Lemma 2.7 in order to
simplify the proof of Lemma 2.8.

1. MITTAG-LEFFLER TOWERS

For a given set I, let {M;};cr and {N;};cr be two families of right modules over
aring R, and let {v;: M; — N;}ier be a family of module homomorphisms. Then
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A SOLUTION TO THE BAER SPLITTING PROBLEM 2411

there is a module homomorphisms I': [],.; M; — [],c; N; defined by T'((m)icr) =
(vi(mi))ier for any (my)ier € [[;c; Mi. Moreover, I' induces by restriction a ho-
momorphism I'V: @, .; M; — @,; N;. We will call I' and I the diagonal maps
induced by {v;}icr, or simply diagonal maps.

It is immediate to check that the composition of diagonal maps is a diagonal
map. More precisely,

Lemma 1.1. Let R be a ring and I a set. Let {K;}ier, {M;}icr and {N;}icr be
families of right R-modules, and let {\;: K; — M;}icr and {v;: M; — N;}ier be
families of maps. Denote by A: [[;c; Ki — [lLic; Ms, A2 @) Ki — @jcr M,
U [Lier Mi — Tlicr No and T @,c; My — @,c; Ni the induced diagonal maps.
Then TA: [[ie; Ki — [lier Ni and TN @,; Ki — @, Ni are the diagonal
maps induced by {vi\;}ier-
Moreover, the following statements are equivalent:
(1) FA(HiEI Ki) = F(Hiez Mi):
(2) for any i € I, vi\i(K;) = vi(M;),
() T'N(Bic; Ki) =T"(Bies Mi)-

Proof. All the statements follow easily from the fact that A, I" and their restrictions,
A’ and T, respectively, are defined componentwise. |

icl

A (countable) tower T of right R-modules consists of a sequence of modules
(H,)nen and a sequence of morphisms

An A A
+— Hpy1 3 H, — -+ — H3 3 Hy = Hj.

We will use the notation 7 = (H,,, A )nen. Note that a tower of right R-modules
is a representation in Mod-R of the quiver

A : s e — e —e—e

If 7; = (H., A )pen, @ = 1,2, are towers, then by a morphism of towers f: 77 — T
we mean a sequence of module homomorphisms (f,: H! — H2),en satisfying
oAl = X2 f, 11, for any n € N. If each f,, is an isomorphism, then we say that 7;
and 75 are isomorphic towers.

The notions of direct sum and product of towers are crucial for our investigations.
For a given set I, let {7; = (H!, A} )en }ier be a family of towers. Then the product
and the direct sum of {7;};cs are

H,]'z = (HHqZ’LaAn)nEN and @ = @HZ A, nGNv
i€l iel iel iel
where, for each n € N,
Ay HfL+1—>HHfL and A/, : @Hﬁl+1—>@fﬁl
iel iel iel i€l
are the diagonal maps induced by {\{ };cr, respectively.

If T, = T;, for any i, j € I, we write [[,c; i = 7' and @, T; =7,
We recall the definition of a Mittag-Leffler tower; see [13] or [21, Definition 3.5.6].

Definition. A tower of right R-modules, 7 = (H,, Ap)nen, satisfies the Mittag-
Leffier condition if, for every m € N, the chain of submodules of H,,

Hm 2 )\m(Hm+1) 22 )\m)\erl T )\ernfl(Hern) 2.
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2412 LIDIA ANGELERI HUGEL, SILVANA BAZZONI, AND DOLORS HERBERA

is stationary, that is, if for each m € N, there exists {(m) > m such that
A Ak (Hir1) = A Ny -1 (Higm))

for any k > I(m). If we are interested in recording the values I(m), we say
that the tower 7 satisfies the Mittag-Leffler condition with respect to the sequence

(l(m))m€N~

Proposition 1.2. Let R be a ring and I a set. Let {T; = (H., A\!)nenticr be a
family of towers. Let (I(m))men be a sequence of integers such that I(m) > m.
Then the following statements are equivalent:

(1) [Lie; T satisfies the Mittag-Leffler condition with respect to the sequence

(L(m))men,
(2) every T; satisfies the Mittag-Leffler condition with respect to the sequence

(l(m))meN;
(3) D,c; Ti satisfies the Mittag-Leffler condition with respect to the sequence

(1(m))men-
Proof. Set [[,e; T = (ILies H)},, Ap)nen and Dic: Ti = (Dicr H} A} )nen. Then
[1;c; 7i satisfies the Mittag-LefHler condition with respect to the sequence (I(m))men
if and only if
(*) AmAk(HkJrl) = AmAl(m)fl(Hl(m))
for any k > I(m). By Lemma 1.1, the composition of diagonal maps is a diagonal
map, and we can conclude that the equality () is equivalent to
A A (Hip1) = Ay - My 1 (Him)) for each i € 1.
That is, for each i € I, 7; satisfies the Mittag-Leffler condition with respect to the
sequence (I(m))men-
Again Lemma 1.1 allows us to conclude that the equality () is equivalent to
Apy - Ne(Hig1) = Al Ny —1 (Higmy)-

That is, the tower €D, ; 7; satisfies the Mittag-LefHler condition with respect to the
sequence (I(m))men- O

In [13], [17] and [7], the Mittag-Leffler condition for a tower of right R-modules
T = (Hu, An)nen is interpreted in terms of the vanishing of h£11, the first derived
functor of the inverse limit lim. Recall that liinl is defined by the exact sequence
(#) 0 —limH, — [[ H. 2% [[ Ho — lim'H, — 0

neN neN
where Az (an)nen = (an — An(@ni1))nen for any (an)nen € [, cn Hn; see [21, 3.5].

Thus, lim" H,, = 0 if and only if A is surjective.

It has been known for a long time that the Mittag-Leffler condition is a sufficient
condition for the vanishing of li;n1 [21, Proposition 3.5.7]. In [7], Emmanouil gave
a necessary condition for a tower to be Mittag-Leffler in terms of the vanishing
of 11;111. Our next result follows from [7, Corollary 6]; however we present an
alternative proof, more direct than Emmanouil’s.

Theorem 1.3. Let T = (H,, A\p)nen be a tower of right R-modules. Then the
following statements are equivalent:

(1) liLnl H =0 for any set I,
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A SOLUTION TO THE BAER SPLITTING PROBLEM 2413

() lim' I =0,
<
(3) T = (Hn, \n)nen satisfies the Mittag-Leffler condition.

Proof. Clearly (1) implies (2). Assume (3). Since 7 satisfies the Mittag-Leffler
condition, so does TU) for any set I. Then, by [21, Proposition 3.5.7], it follows
that liill H,gl) = 0 for any set I as claimed in (1).

Now we prove that (2) implies (3). We identify A7 and Az ey with the matrices

1 -\ 0 e 0
0 1 =X
Ar=1] : - ,
0 ]- _An
1 —A, 0 L. 0
0 1 —A)
Arey = '
0 1 —=AL

where, for each n € N, A/ : HT(LN) — T(LN) is the diagonal map relative to the

sequence constantly equal to A,. That is, if (a;);en € Hr(i)l, then A/, ((a;)ien) =
(An(@i))ien-
Step 1. Let B = (b;j)ijen be a row finite matriz, with b;; € H;, for any i, j € N.
Then (2) implies that there exists a row finite matriz A = (aij)i jen, with a;; € H;,
for any i, j € N, such that Ay A = B.

To prove Step 1, let B; € HZ-(N) be the i-th row of B, for each i € N.

Since liLnl H,(LN) = 0 if and only if A is onto, there exists a sequence (A;)qen,
A; = (a;j)jen € HZ-(N) for each ¢ € N, such that

A 1 —A, 0 ... 0o ... Ay B
Ay 0 1 —A, Ay B
AT(N) = =
An 0 1 AL An B

Equivalently, A7 A = B where A = (a;;); jen. This shows our claim.

Step 2. Let A and B be matrices as in Step 1 such that A7 A = B. Assume
bij =0 fori# j. Then there exists a sequence of natural numbers (1(m))men, with
I(m) > m for every m € N, satisfying the fact that

Am o Ae—1(brer) € Am- - Ak (Hry1)

for all k > 1(m).

The proof follows from an argument that goes back to Bass [2]; see also the paper
by Azumaya [1]. For the computation in this type of situation see, for example, the
proof of [4, Lemma 3.3].
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2414 LIDIA ANGELERI HUGEL, SILVANA BAZZONI, AND DOLORS HERBERA

Step 3. 7T = (Hyu, M\n)nen satisfies the Mittag-Leffler condition.

Assume by way of contradiction that there exists an integer m for which the
chain

Hm ) Am(Herl) 22 )\m>\m+1 o Anfl(Hn) 2.

is not stationary. This means that there exists an infinite set N C N such that, for
any n € N, there is an element b,, € H,, such that A, - -+ A\p—1(bp) € Ay - - An (Hpp1)-
Consider the matrix B = (b;;); jen such that b, = by, for n € N, and b;; = 0
otherwise. By Step 1 there exists A such that A7 A = B. By Step 2, there exists an
integer I(m) > m such that for all & > I(m), A - Ae—1(bkk) € A+ Ap(Hps1)
which contradicts the choice of the infinite family (by)nen. |

Examples 1.4. Let 7 = (H,, \;)nen be a tower of right modules over a ring R. If
either the homomorphisms A,, are onto or H,, are artinian modules, then 7 satisfies
the Mittag-Leffler condition.

Another trivial example of a Mittag-Leffler tower is given by a T-nilpotent se-
quence of maps (A, )nen. In this case Az is an isomorphism.

2. COUNTABLE DIRECT LIMITS OF MODULES
Let R be a ring. We fix the following notation.

Notation 2.1. Given a countable direct system

aloloy . o B0 .
of right R-modules, we consider the pure exact sequence
0-Pc. 2P —limc, -0
neN neN —

where ¢e, = €, —€pt1fn and g,,: C, — @neN C,, denotes the canonical morphism
for every n € N.

Let M be a right R-module. Applying the functor Hompg(—, M) to the setting
of Notation 2.1 we obtain a tower of modules over End(M).

Lemma 2.2. Consider the setting of Notation 2.1, and let M be a right R-module
with S = Endr(M). Then

7 = (Hompg(C,, M), Homg(fn, M)>n€N
is a tower of left S-modules. Moreover, the following diagram is commutative:

Homp(@, cx Coa M) "™ Homp(@, .y Cus M)

['= o

[L,ex Homp(Co, M) 2% [, Hompg(C,, M)

where A1 is the homomorphism in the sequence ().

We now translate the results of § 1 to this particular kind of towers. Recall that
aright R-module C'is said to be small if Homg(C, @, ; M;) = @, ; Homg(C, M;)
for every family of right R-modules {M; | i € I}. Finitely generated modules are
examples of small modules.
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A SOLUTION TO THE BAER SPLITTING PROBLEM 2415

Corollary 2.3. Let R be a ring and M a right R-module with Endg(M) = S.
Assume that the modules in Notation 2.1 are small. Then the following statements
are equivalent:
(1) Hompg(¢, M) is surjective for any set I,
(2) Hompg(¢, MM) is surjective,
(3) lim" Homp(Cy, M)™ =0,
(4) The tower (Hompg(Cp, M),Hompg(fn, M))nen satisfies the Mittag-Leffler
condition,
(5) For every diagonal map v : @,,cnyCn — MM there is a homomorphism
V@, ey Cn — MM such that 1 ¢ = .

Proof. Let I be a set, and let 7T = (Hompg(C,, M),Hompg(fn, M))nen. Since
all modules C,, are small, the tower (Hompg(C,, MD) Homg(f,, MD)),ey is
naturally isomorphic to the tower 7). Then we know from Lemma 2.2 that
Hompg (¢, MD) coincides up to a natural isomorphism with Az). So the equiva-
lence of (1), (2), (3), (4) follows from Theorem 1.3. Clearly, condition (2) implies
(5); the implication (5) = (4) is exactly the implication (i) = (iii) in [4, Theorem

3.7] . O
Examples 2.4. We assume the setting of Notation 2.1 where the modules (C,,)nen
are small.

(1) If the sequence
(+) 0-Pc. 2P, —limc, -0

neN neN

splits, then Hompg (¢, M (D) is surjective for any module M. Hence, by Corollary 2.3,
the tower (Homp(Cy,, M), Hompg(fn, M))nen satisfies the Mittag-LefHler condition
for any module M.

The converse is also true. Assume the tower (Hompg(C,,, M), Homp(fn, M))nen
satisfies the Mittag-Leffler condition for any module M. Taking M = @, Cn, we
deduce from Corollary 2.3 that Hompg(¢, (D,,cn Cn)™) is surjective and, hence,
Hompg (¢, ,,cn Cn) is surjective. Thus, there exists ¢: @, cyCn — @D,enCn
such that 1 o ¢ = Id. This shows that (x) splits.

(2) If M is a Y-pure-injective module, then Hompg (¢, M(D) is surjective for any
set I. By Corollary 2.3, the tower (Hompg(C,,, M), Homg(f,, M))nen satisfies the
Mittag-Lefler condition.

(3) If M is injective and the maps f,, are monomorphisms, then Hompg(f,, M) is
surjective for any n € N, hence (Hompg(C),, M), Hompg(fn, M))nen clearly satisfies
the Mittag-Leffler condition.

(4) If M is a module such that

Extp(lim C,,, M™) =0,

then note that Hompg(¢p, M™)) is surjective. Hence, by Corollary 2.3,
(Homp(Cy, M), Hompg(fn, M))nen satisfies the Mittag-Leffler condition. If, more-
over, Extg(C,,, MM) = 0 for any n € N, then the converse is also true (cf. [4,
Theorem 5.1]).

We are interested in further developing Example 2.4(4) in the case where each
C,, is a finitely generated free module.
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2416 LIDIA ANGELERI HUGEL, SILVANA BAZZONI, AND DOLORS HERBERA

Proposition 2.5. Assume that the modules in Notation 2.1 are finitely generated
and free. Then
Ext}%(li_r)n Cry MM) =0

if and only if (Homp(Cyp, M), Hompg(fn, M))nen satisfies the Mittag-Leffler condi-
tion.

In particular, lim C,, is projective if and only if (Hompg(C,, R), Homg(f, R))nen
satisfies the Mittag-Leffler condition.
Proof. As @,y Cn = I is a free module, applying the functor Homp(—, MM™) to
the exact sequence

(+) 0-PC.=F2@C,=F—~1limC, —0
neN neN

we obtain the exact sequence
0 — Hompg(lim C,,, M(N))

Homp (¢,M ™)
—

— Homp(F, M) Homp(F, M™) — Extk(lim C,,, M™) — 0.

This shows that
Extp,(lim Cp, M™) =0

if and only if Hompg (¢, M(N)) is surjective. By Corollary 2.3, this is equivalent to the
fact that (Hompg(C,, M), Hompg(f,, M))nen satisfies the Mittag-Leffler condition.

Assume now that (Hompg(C,, R), Hompg(fn, R))nen satisfies the Mittag-Leffler
condition. Then, by Corollary 2.3, Hompg(¢, F) is surjective. Hence, there exists
¥: F — F such that 9 o ¢ = Id. This implies that the sequence (x) splits, and we
conclude that h_r)n C,, is projective. (]

We now collect some closure properties of the class of all modules M that
turn the direct system of Notation 2.1 into a Mittag-Leffler tower of the form
(HomR(CnaM)aHomR(fnaM))neN'

Corollary 2.6. Assume that the modules in Notation 2.1 are small. For a given
set I, let {M;}icr be a family of right R modules. Then the tower

<H0mR(C’n, @Mi)aHomR(fna @ Mz))
neN

i€l i€l

satisfies the Mittag-Leffler condition if and only if so does the tower

<HomR(Cn, [ M), Homg(f., [ | Ml-)) .
neN

i€l i€l
Proof. The claim follows from Proposition 1.2 since there are isomorphisms of tow-
ers

(HOHlR(Cn, H Mz‘)a HOmR(fn, H Mz))
neN

el i€l

=~ H (HomR(Cn, Mi)7 HomR(fna Mi))neN
el
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and

<HomR(Cn, @ M;), Homp(fn, @ Mz))
neN

icl il
=~ B (Hompg(Cy, M;), Homp(fr, M), ey - O
il
The next closure property relies on [4, Lemma 4.1], a result which we recall in

Lemma 2.8. Hereby, we present a more elegant proof which was suggested to us by
the referee and which uses the following “homotopy lemma”; cf. [15, Lemma B,

Appendix B].
Lemma 2.7. Consider the commutative diagram of right modules and module ho-
momorphisms
o e o 0
I
0 N—“> M-S L

and assume it has exact rows.
Then there exists q: C"”" — M such that gqg = £ if and only if there exists p: C' —
N such that pf = h.

Proof. Let q: C" — M be such that gg = ¢. As ¢m = gk, g(k — gw) = 0. Since

e: N — M is the kernel of g, there exists p: C' — N such that ep = k — gw. Then

epf = (k—gqm)f =kf =eh. As € is a monomorphism, we deduce that pf = h.
The converse follows by a dual argument. O

Lemma 2.8 ([4, Lemma 4.1]). Let C' and C' be finitely generated right R-modules
such that C' is finitely presented, and let f: C — C' be a module homomorphism.
If M is a right R-module with a pure submodule N, then

Hompg(C', M) f N Homg(C, N) = Homg(C',N)f.

Proof. Denote by e: N — M the inclusion. Let w: C' — Coker f and g: M —
Coker € denote the cokernel of f and the cokernel of €, respectively.

It is clear that Hompg(C’, N)f C Hompg(C’,M)f N Hompg(C,N). Assume k €
Homp(C’, M) is such that kf(C) C N,andset h = kf: C — N. As gkf = geh = 0,
there exists ¢: Coker f — Cokere such that ¢ = gk. Therefore we have the
commutative diagram with exact rows

c L .o T Cokerf —— 0

A (|
0 N ° M g Cokere —— 0

As C is finitely generated and C’ is finitely presented, Cokerf is a finitely pre-
sented module. Then, since the sequence

0— NS M- Cokere — 0

is pure-exact, the sequence

Hom g (Coker f,g)
—

Hompg(Coker f, M) Hompg(Coker f, Cokere) — 0
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2418 LIDIA ANGELERI HUGEL, SILVANA BAZZONI, AND DOLORS HERBERA

is exact. In particular, there exists ¢ € Hompg(Coker f, M) such that gg = . By
Lemma 2.7, there exists p: C' — N such that h = pf. This finishes the proof of
the statement. |

Proposition 2.9. Assume that the modules C,, in the Notation 2.1 are finitely
presented. Let M be a right R-module such that (Hompg(Cy, M), Hompg(fn, M))nen
satisfies the Mittag-Leffler condition. Then, for every pure submodule N of M the
tower (Hompg(C,,, N),Hompg(fn, N))nen satisfies the Mittag-Leffler condition.

Proof. Let N be a pure submodule of M. By Lemma 2.8, for m,n € N and any
map f € Homg(Chy, Crutn)
Hompg(Crygn, M) f N Hompg(C,, N) = Hompg(Chign, N) f.
So, if the chain of subgroups of Hompg(C,,, M)
Hompg(Crg1, M) fr, 2 Homp(Cryg2, M) frnt1 fin 2
2 -+ 2 Hompg(Crny M) frnsn—1fmn—2 fm 2 ...

is stationary, the corresponding chain of subgroups of Hompg(C,,, N) is also sta-
tionary. This proves the claim. (I

3. BAER MODULES ARE PROJECTIVE

We will now apply the previous results to the Baer splitting problem. As ob-
served in the introduction, we will only have to consider Baer modules that are
countably presented and flat. For such modules we have the following result which
is essentially well known; the idea goes back to Jensen’s proof of the fact that count-
ably presented flat modules have projective dimension at most one [14, Lemma 2].
We sketch the argument for sake of completeness.

Proposition 3.1. Let B be a countably presented flat right module over a ring R.
Then there is a countable direct system

J NNy DN NN L

where F,, are finitely generated free modules such that, following Notation 2.1, B
fits in the exact sequence

(%) 0~PF2@PF, —limFE, =B —0.
neN neN

Proof. By hypothesis, the module B has a presentation of the form
0o-cLr-B—o,

where F' is a countably generated free right module and G is a countably generated
right module. Let {g,}nen be a set of generators of G, and let {e,, }nen be a basis
of F. For aset ACNweset Fiy =3 _,enR.

Following Jensen [14, proof of Lemma 2], we can find an ascending chain (A, )nen
of finite subsets of N such that

(1) Upery An = N,

(2) for any i <n, f(g;) € Fa,, and, as f is a pure monomorphism, also

(3) the induced map f: > .., giR — Fa, splits.

Condition (3) implies that P, = Fa, /> <, f(g;)R is finitely generated and
projective. -
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For eachn € N, let f/ : P, — P,11 be the map induced by f and choose a finitely
generated projective module @,, such that P, & @,, = F}, is finitely generated and
free. Finally, for each n € N, let f,,: F,, — F, 41 be the homomorphism defined by

fn(p,q) = (f3(p),0), for (p,q) € Pn ® Qn = Fy.
Then we obtain a direct system

JSNELNYNELY SRR DR LY
and it is easy to check that its direct limit is B. (Il

We finally specialize to commutative domains. We start with some preliminary
results.

Lemma 3.2. Let R be a commutative domain that is not a field. Let G be a finitely

generated R-module. Then () rG =0.
0#r€ER

Proof. We first assume that G is finitely generated and torsion-free. In this case

() rG coincides with the divisible submodule d(G) of G which is torsion-free
0#reR
and divisible, hence isomorphic to a direct sum of copies of @ the field of fractions
of R. If d(G) # 0, G contains a summand isomorphic to @ which is impossible
since G is finitely generated.

If GG is not torsion-free, consider the exact sequence:

0—-tG) —G—G/tG)—0
where t(G) denotes the torsion submodule of G. Let z € (] rG; then 2 +t(G) €
0#reR

N (rG+t(G))/t(G) = () r(G/t(G)) which is zero by the first part of the
0#reR 0#£r€R
proof. So x € t(G). Moreover, since rG N t(G) = rt(G) for every r € R, we have
that € () 7t(G). By induction on the number of generators, it is not difficult

0#reR
to show that the torsion submodule of a finitely generated module has nonzero
annihilator (cf. [18, Lemma 7.1]). Thus [\ 7¢(G) = 0; hence = = 0. O

0#reR
Lemma 3.3. Let R be a commutative domain that is not a field. Then the map
w: R— H R/rR
0#reR
defined by p(x) = (x + rR), for any x € R, is a pure embedding.

Proof. By Lemma 3.2, 1 is a monomorphism. We show that p is a pure monomor-
phism. We prove that for every finitely presented R-module GG, the homomorphism

pRrlg: R®p G — H R/rTR®r G
0#reR

is a monomorphism. Since G is finitely presented, — ® g G commutes with direct
products, so we are lead to show that the homomorphism

v: G — H G/rG
0#r€ER

is a monomorphism. As Kerv = () rG, we conclude by Lemma 3.2. (]
0#r€ER
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We are now in a position to prove our main result.

Theorem 3.4. Let B be a Baer module over a commutative domain R. Then B
s projective.

Proof. As proved in [8] a module B is a Baer module if and only if there exists
a well ordered continuous ascending chain (B, | & < A) of submodules such that
all the factors B,41/B, are countably generated Baer modules. Thus, by [6, XII
Lemma 1.5], to decide whether Baer modules are projective is enough to consider
countably generated Baer modules.

Let B be a countably generated Baer module. By Kaplansky’s results [16], B
is flat and of projective dimension at most one. Recall that over a commutative
domain, countably generated flat modules have projective dimension at most one
if and only if they are countably presented. Hence B is a flat countably presented
module, and we can fix a direct system of finitely generated free modules

JYEESONELS NG (R (N

as given by Proposition 3.1 such that hl>nFn = B.
Let M = @4,cr R/rR. As M and hence MM are torsion modules,

Exth(B, M™) =0.
By Proposition 2.5, the tower
(HOmR(Fn, M)a HomR(fna M))TLGN

satisfies the Mittag-Leffler condition. By Corollary 2.6, the tower

Hompg(F,, [[ R/rR),Homg(f., [[ R/rR)

0#r€ER 0#r€ER neN

also satisfies the Mittag-Leffler condition.
By Lemma 3.3, R is a pure submodule of [[ R/rR. Applying Proposition 2.9,

0#r€R
we infer that the tower (Homp (F,,, R), Hompg(fy, R))nen satisfies the Mittag-Leffler
condition. Hence, by Proposition 2.5, we conclude that B is projective. (Il

To prove that a countably generated Baer module B is projective we have only
used that Extp (B, (Bgser B/rR)M) =0, but we note that this is in fact equiv-
alent to the statement that B is a Baer module (cf. [9, Proposition 8.14] or [5]). In
general, we obtain as a consequence

Corollary 3.5. Let R be a commutative domain, and let k be an infinite cardinal.
Let B be an R-module that can be generated by a set of cardinality at most k. Then
B is projective if and only if

Extp(B,( @ R/rR)™)=0.
0#r€ER

Proof. By [9, Proposition 8.14], the statement is equivalent to saying that B is a
Baer module. The conclusion follows from Theorem 3.4. O
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