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Strictly atomic modules in definable categories

Mike Prest

ABSTRACT. If D is a definable category then it may contain no nonzero finitely presented objects
but, by a result of Makkai, there is a lim-generating set of strictly D-atomic modules in D. These
modules share some key properties Witﬁnitely presented modules.

We consider these modules in general and then in the case that D is the category of modules of
some fixed irrational slope over a tubular algebra.

1. INTRODUCTION

Mittag-Leffler and strictly Mittag-Leffler modules were introduced in [33]. These mod-
ules are in some sense “small”: they include the finitely presented modules and pure-
projective modules (direct summands of direct sums of finitely presented modules). For
countably generated modules, the conditions of being Mittag-Leffler, strictly Mittag-Leffler
and pure-projective are equivalent.

Definable categories include, but are much more general than, module categories. They
are not in general locally finitely presented; indeed they may contain no finitely presented
objects other than 0 ([28, 18.1.1]). They do, however, have enough relative (to the definable
category) Mittag-Leffler, even strictly Mittag-Leffler, objects; that is a result of Makkai [22,
23]. Here we deduce various consequences. We also give a proof of existence, in the case of
modules over countable rings, which is more direct than in Makkai’s paper. We also favour
a different terminology for the relative concepts, using the term (strictly) D-atomic for
the relativisation of (strictly) Mittag-Leffler to a definable category D. This terminology
reflects the characterisation of Mittag-Leffler modules which is that every finite tuple of
elements in such a module has finitely generated pp-type.

Early papers dealing with these modules include [7], where the strict Mittag-Leffler
condition was shown to be equivalent to being locally pure-projective, and [36], where
the model-theoretic characterisation of Mittag-Leffler modules in terms of pp-types was
discovered and the basic results extended to definable categories. Makkai’s work [22, 23]
was done in a very general context using category-theory-inspired model theory and here
we connect it with the more algebraic line of development.
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After introducing the concepts and basic results, we recall Makkai’s result - existence
of enough strictly D-atomic objects in every definable category D - and we give a fairly
short direct proof in the case that D is defined over a countable ring. Makkai’s result
implies, for example, that, if D is a definable subcategory of a module category Mod-R,
then every finitely presented R-module has a strictly D-atomic D-preenvelope. Then we
look at some immediate consequences, including the case that D = Gen(T') for a silting
R-module T'.

All this is applied in the category D, of R-modules of some irrational slope » when R
is a tubular algebra. These are tame, generally non-domestic, algebras; their categories of
finite-dimensional modules are described in [35, Chpt. 5] and a feature is that every finite-
dimensional indecomposable has a slope (a rational number or co). Moreover, if there is a
non-zero morphism from a module of slope 7 to one of slope s, then r < s. It was shown by
Reiten and Ringel [34, 13.1] that, remarkably, every indecomposable module has a slope,
which is a real number or co. If r is irrational, then the category D, of modules of slope
r contains no finite-dimensional nonzero module. A good deal of information has been
obtained about these categories in [4, 13, 16] and [20] but there is currently no description
of the indecomposable pure-injectives in D,.. Here, with that aim in mind, we shed a little
more light on the structure of D,..

In somewhat more detail, Section 3 brings together background definitions and results.
Strictly D-atomic modules, which coincide, Proposition 4.5, with the strict D-stationary
modules from [1, 8.2] in D, are given an internal-to-D-characterisation in Theorem 4.6
and the indecomposable direct summands of their character-duals are shown to be all
neg-isolated, Theorem 4.8, cf. [2]. Then Makkai’s result for countable rings is given a
direct proof, Theorem 4.11. In Section 4.1, we look at strictly D-atomic modules as ‘pure
generators’ for D. In Proposition 4.28 we show that, if M is a strictly D-atomic module
which is finitely generated over its endomorphism ring, then the ring of definable scalars
of M is its biendomorphism ring. We note in Section 5 that a silting module is strictly
atomic for the silting class that it generates.

In Section 6 we specialise to definable categories of the form D,. We see that if T' € D,
is a tilting module, then the strictly atomic modules in D, are the direct summands of
direct sums of copies of T, Corollary 6.14. Every exact sequence in D, is pure-exact,
Theorem 6.10, and we want to understand the non-pure morphisms in D,, in particular
those with kernel not in D, (see the proof of [4, 6.5] for such morphisms). In Theorem 6.16
we characterise the submodules K of D € D, such that D/K € D, as those which are
definably closed in D and we develop some consequences.

With the aim of making the paper reasonably self-contained, Section 7 gives a quick
account of the ideas, such as pp-types and definable closure, from model theory that we
use in the paper.

2. BACKGROUND

Throughout we use the language of rings and modules but, in fact, for the general
results we may take R to be any (skeletally) small preadditive category — a ring with many
objects — and so left and right R-modules will be additive functors (respectively covariant
and contravariant) from R to the category Ab of abelian groups. For this paper, we don’t
need that generality so, throughout, we write as if R is a normal, 1-sorted, ring but the
proofs do work in the more general context.
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We also make full use of concepts and results from the model theory of modules as
well as algebraic methods. Indeed, from the start, we freely use the notions of pp formula
and pp-type. There is a section at the end of the paper which, we hope, explains what
is needed here. There are many sources for more detail about the model theory used:
here I tend to cite [28] as a fairly comprehensive secondary source but there are numerous
(much) more concise introductions and summaries. In particular there is [38] which also
includes a great deal of the algebraic background material from Sections 3 and 4, for which
also see [1]. The “additive model theory” that we use is really a (highly-developed) part
of regular (=pp-) model theory; see [9] for an introduction to regular model theory which
is based on categorical model theory rather than classical model theory.

3. MITTAG-LEFFLER AND RELATIVELY ATOMIC MODULES

Let R be a ring. Throughout Mod-R and R-Mod denote, respectively, the categories of
right and of left R-modules; Mod-R is the category of finitely presented right modules.

An R-module M is Mittag-Leffler, or just ML ([33, § 2]), if M is the direct limit of a
directed system ({M;};,{fij : M; — Mj}i< ;) of finitely presented modules M;, where the
directed system satisfies the following equivalent conditions, with f;o, : M; — M denoting
the limit maps:

(i) for every 4 there is j > 4 such that, for any tuple @ from M;, pp™ (fico@) =
pp™i (f;;a@) (it is enough to require this for a generating tuple for M;);
(ii) for every ¢ there is j > i such that f;; factors through each fj; for all £ > j.

For the pp-types, ppM (—) referred to in (i), see Section 7.

Theorem 3.1. Suppose that M is a right R-module. Then the following conditions are
equivalent.

(i) M is Mittag-Leffler.
(it) For every set {L;}icr of left R-modules, the canonical map M ®p ([[;c; Li) —
[Lier (M ®gr L;) is monic.
(iii) Every pp-type realised in M is finitely generated. That is, for anya = (a1, ..., ay)
with the a; € M, ppM (@) = (¢) for some pp formula ¢, where (¢) = {1 pp : ¢ <
¥} denotes the pp-type generated by ¢.

The equivalence of (i) and (iii) is a special case of [36, 2.2]. It is the property (iii)
which we will use in what follows as the definition of the corresponding modules in the
more general context of definable categories. The above result, done for general definable
categories D in place of Mod-R, is in [36] (e.g. [36, 2.2]); also see subsequent papers,
e.g. [1, 14, 31, 37]. In the terminology of those references we would refer to our modules of
interest as D4-Mittag-Leffler, where D9 is the dual definable category (see Section 7) of D.
This would be slightly clumsy and also not extendable to non-additive definable categories
([18, 21]) where there seems not to be the nice, multiple-level, theory of duality that one
has in the additive context. So we will follow [39] (and the earlier references [19, 36]
and [38]) and take property (iii) as the basis of our terminology.

We recall some properties of Mittag-Leffler modules and their relation to pure-projective
modules - modules which are direct summands of (infinite) direct sums of finitely presented
modules.
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Theorem 3.2.

(1) Every pure-projective R-module, in particular every finitely presented R-module,
is ML.

(2) Every direct sum of ML modules is ML, as is every pure submodule, in particular
every direct summand, of an ML module.

(3) Every countably generated ML module is pure-projective.

(4) A module M is ML iff every finite subset of M is contained in a pure-projective pure
submodule of M, and this implies that every countable subset of M is contained in
a pure-projective pure submodule of M.

An embedding j : A — B of modules is pure if, for every left module L,
j®rL: A®r L — B ®pg L is monic, equivalently if, for every finite tuple, @ of elements
from A and every pp formula ¢, if ja € ¢(B), then @ € ¢(A) (again, see Section 7 for any
unfamiliar notation or terminology).

Convention. Throughout the paper D will denote a definable additive category which
we will take to be definably embedded in (i.e. equivalent to a definable subcategory of)
Mod-R for some small preadditive category R. All references to pp formulas and types
may be taken to refer to the language for R-modules.

If D is definably embedded in Mod-R (indeed, definably embedded into any definable
category &) then ([29, 5.3]) purity in the larger category, restricted to D coincides with
the internally-defined purity in D. The latter is defined as follows: a morphism in D is a
pure embedding iff some ultrapower of it is a split embedding. This works because, given
any definable category D, there is some index set I and ultrafilter ¢ on that index set
such that, if D € D, then the ultrapower D* = D' /i{ is pure-injective [29, 21.2]. That is
by a general model-theoretic result; see [29, §§20,21] for more detail.

It follows that the choice of category of modules into which D is definably embedded
makes no difference to the model theory on D (only the language might change to one
that is, when restricted to D, equivalent).

Definition 3.3. Given a definable category D and pp formulas ¢, (with the same free
variables), we write ¢ <p ¥ if, for every D € D, we have ¢(D) < (D). If ¢ is a pp
formula, then we set (¢p)p = {¢¥ pp : ¢ <p ¥} to be the pp-type generated by ¢ in or
modulo (the theory of) D and we will also say that this pp-type is D-generated by ¢. A
D-finitely generated pp-type is one which is D-generated by some pp formula.

More generally, if ¢ is any set of pp formulas which, for our purposes, we will assume
to be closed under finite conjunction (A = “and”), then we define the D-closure of ¢ to be
(¢)p ={v¢ pp : ¥ >p ¢ for some ¢ € ¢}.

In these definitions, we drop the subscript D when D = Mod-R.

That is, a pp-type p is D-generated by ¢ if ¢ € p and if, in every D € D, every tuple
which satisfies ¢ also satisfies every formula in p. Thus p is the smallest pp-type which
contains ¢ and which is the pp-type of some tuple @ of elements from some D € D.
Similarly, if a tuple @ of elements from some D € D satisfies all the formulas in ¢, then it
will satisfy all those in (g)p.

By [32, 3.5] every definable subcategory D of a module category Mod-R is preenveloping
(as well as covering, e.g. [11, 2.4]), that is, given any M € Mod-R there is a morphism
f:M — Dy; € D-aD-preenvelope of M - such that, for every morphism g : M — D € D,
there is h: Dpyy — D with hf = g.
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However, h may well not be unique, and the choice of Dj,; is not unique in any sense

though, see [21, 3.3], choosing such a weak reflection into D can be made functorial.
Recall also that a D-envelope of a module M is a D-preenvelope f : M — Dj; with the

property that any endomorphism h : Dy — Dy such that hf = f is an automorphism.

Lemma 3.4. Let A € Mod-R and let @ be a tuple from A with ppA(a) = (¢). If f: A —
D € D is a D-preenvelope of A, then pp? (fa) = (¢)p.

Proof. Since morphisms preserve pp formulas, certainly ¢ € pp”(fa). If D' € D and
b € ¢(D'), then there is, by [28, 1.2.17], a morphism A — D’ taking @ to b and hence a
morphism from D to D’ taking fa to b. Therefore, pp”(fa) C pp” (b). That is, ppP(fa)
is the minimal pp-type realised in D containing ¢, as claimed. O

There is ¢ as in the statement of Lemma 3.4 because every pp-type realised in a finitely
presented module A is finitely generated (by [28, 1.2.6]). We will use the fact, [28, §1.2.2],
that every pp formula ¢ has a free realisation in Mod-R, meaning a pair (A4,a) with A
finitely presented and pp?(a@) = (¢). So Lemma 3.4 gives a weak relative version of this.
But it turns out that there is a stronger existence result: see Theorem 4.11(b) below.

Definition 3.5. Say that M € D is D-atomic, if every pp-type realised in M is D-finitely
generated.!

This definition, in a form that allows for M ¢ D, is made, and a number of properties
developed, in [36], though there the term DI-Mittag-Leffler is mostly used rather than
D-atomic.

Lemma 3.6 ([36, 2.4]). Let D be a definable category. Then the class of D-atomic modules
is closed under pure submodules and arbitrary direct sums.

Proof. Closure under pure submodules is immediate from the definition since pp-types are
preserved under pure embeddings.

For closure under direct sums, since the definition is a condition on finite tuples of
elements, and pp-types are, as already remarked, unchanged in pure submodules (in par-
ticular, in direct summands), it is enough to prove the case where I is finite, indeed, the
case where I = {1,2}. Take @ = (a1,a2) € D1 ® Dy with Dy, Dy € D. Let ¢ be a pp
formula which D-generates the pp-type of @y in Dy (equally of (a;,0) in Dy & D3), and
similarly take ¢9 for @y. Then by (the proof of) [28, 1.2.27], the pp-type of @ in D1 @ D3 is
D-generated by the pp formula ¢; + ¢2 (the sum of pp formulas in defined in Section 7),
as required. O

We say that M € D is D-pure-projective if every pure epimorphism D — M with
D € D splits. We will see below Lemma 3.10 that this is equivalent to the property that
morphisms from M lift over pure epimorphisms in D. First we recall a characterisation of
pure epimorphisms = cokernels of pure monomorphisms.

'The term “pp-atomic” would be more accurate because “atomic” means in model theory that every re-
alised complete type is finitely generated and here we mean that every realised pp-type is finitely generated.
But, in this additive context, it is the pp-types which have a central role.
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Proposition 3.7 (see [28, 2.1.14]). A morphism f : N — M of R-modules is a pure
epimorphism iff, for every tuple @ from M and every pp formula ¢ such that @ € o(M),
there is b € ¢(N) with fb =a.

For ease of reference, we note the closure of definable subcategories under pullbacks of
pure epimorphisms and pushouts of pure monomorphisms.

Lemma 3.8. If D is a definable subcategory of Mod-R and if the following diagram is a
pullback with M, D, D’ all in D and with p a pure epimorphism, then X € D.

X —M

b

D——=D
p

Proof. Recall that X = {(m,d) : fm =pd} < M & D and the morphisms from X are the
restrictions of the projection maps. We show that X is pure in M & D, from which the
conclusion follows.

Suppose? that M @ D = ¢((m,d)) with fm = pd; say M = 6((m,d), (7,€)) where ¢
is 3 70(z,y) with 6 quantifier-free, @ from M and € from D. So M | 6(m,n), hence
D" = 0(fm, fn); also D = 0(d,e), hence D' |= 6(pd,pe). Since fm = pd, this gives
D' = 0(0, fim — pe). Since p is a pure epimorphism, there exists b from D with D = 6(0,b)
and pb = fm — pe. That is, p(b+€) = fn, and so (7,b+€) is in X.

Since D = 6(d,e) and D = 6(0,b) we deduce D | 0(d,b+ €). Together with M =
0(m, ), this gives M@ D = 0((m,d), (m,b+€)). Therefore X = 0((m,d), (7, b-+e€)), hence
X E ¢((m,d)), as required. O

Lemma 3.9. If D is a definable subcategory of Mod-R and if the following diagram is a
pushout with M, D, D’ all in D and with i a pure monomorphism, then' Y € D.

D—.D

N

M——Y

Proof. The pushout is the factor of M & D by the anti-diagonal image, (f, —i)D’, of D’
but this is a pure submodule of M @ D because, if M & D E ¢((fd,—id)) for some pp
formula ¢ and d € D', then D |= ¢(id), so D’ |= ¢(d) since D’ is pure in D. But then its
image (fd, —id)) under (f, —i) also satisfies ¢, as required. Since definable categories are
closed under pure-epimorphic images, Y = M & D/(f,—i)D’ € D. O

Lemma 3.10. Let D be a definable category. Then M € D is D-pure-projective iff, given
D,D' €D, p:D — D' a pure epimorphism and f : M — D', then there is a morphism
g: M — D with pg = f.

M
v if
P
D——s1D
p

2To check purity it is enough to consider pp formulas in one free variable, see [28, 2.1.6]; or just put a
bar over m, d, etc.
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Proof. (=) Form the pullback as in Lemma 3.8, noting that X — M is a pure epimorphism
(e.g. [28, 2.1.22]) and use that X as there is in D to deduce that X — M splits giving,
composed with X — D, the required morphism g.

The other direction follows by applying the property with f = 1;;. O

Proposition 3.11 ([36, 3.9, 3.12]). Let D be a definable category.

(1) Every D-pure-projective module is D-atomic.

(2) Every countably generated D-atomic module is D-pure-projective.

(8) A module M in D is D-atomic iff every finite subset of M is contained in a D-
pure-projective pure submodule of M, and this implies that every countable subset
of M is contained in a D-pure-projective pure submodule of M.

Proof. The proofs are as in the non-relative case but we include proofs of (1) and (2) since
they illustrate some of the techniques we use in the paper.

(1) Suppose that M is D-pure-projective. Every module is a pure epimorphic image of a
direct sum of finitely presented modules (e.g. [28, 2.1.25]): say p : @; A; — M is a pure
epimorphism with each A; finitely presented; set p; : A; — M to be the ith component of
p. For each i choose a D-preenvelope ¢g; : A — D; € D and a factorisation f;g; = p; of p;.
Set g = (gi)i- The morphism f = (f;) : D = @,; D; — M is, applying Proposition 3.7, a
pure epimorphism, hence splits; let h : M — D be a splitting of f.

Given ¢ from M, choose @ from @, A; with ga = h¢, so fga = ¢. By Lemma 3.4,

pp? (fa@) is D-generated by any pp formula ¢ which generates pp(a) and, since M is a
direct summand of D, pp™ (¢) = pp” (he) is D-finitely generated by ¢, as required.
(2) Suppose that ay,asg, ..., ay, ... is an enumeration of a countable set of generators
for the D-atomic module M and suppose that 7 : D — M is a pure epimorphism. Let
#1 = ¢(x1) D-generate ppM (a;). By assumption and Proposition 3.7 there is ¢; € ¢1(D)
with me; = ay. Note that, since morphisms are non-decreasing on pp-types, pp”(c1) is
therefore D-generated by ¢1.

Choose ¢o = ¢2(x1, x2) which D-generates pp™ (a1, az). Then 3 2o ¢ (w1, 22) € ppM (1)
= ppP(c1), so there is ¢y € D with (c1,ch) € ¢o(D). Now, pp?(c1,chy) might strictly con-
tain (¢2)p but, since 7 is a pure epimorphism, there is, as above, some (b1, b2) € ¢2(D)
with b1 = a3 and wba = ag. Then we have D = ¢a(c1—b1, c¢h—b2) and also ¢; —b; € ker(r).
Since ker(m) is pure in D, there is da € ker(m) with D |= ¢2(c1 — b1, dz2). Combining with
gf)g(bl,bg) gives D ': ¢2(Cl,b2 + dQ); set co = by + dy. Noting that « : (01762) — (a17a2),
we conclude that pp” (c1,c2) = (¢2)p = pp™ (a1, az).

We continue in this way, to obtain c1,co, --- € D with the same pp-type as ai,aq,....
In particular we have a map f : M — D, well-defined by fa; = ¢; (since any R-linear
relation between ay, ..., a, is part of ppM(ay, ..., a,) = pp©(ci, ..., c,)), splitting =, as
required. ]

Remark 3.12. It is shown in [19, 3.1] that a pp-constructible module is pure-projective,
where a module M is pp-constructible if it is the union M = |J; ., A; of subsets where,
for each i > —1, A;1; is the union of A; (take A_; = () and (the entries of) some finite
tuple @; of elements of M such that the pp-type, pp™ (@;/A4;), of @; in M over A; is finitely
generated. Again, this - both definition and result - can be relativised to a definable
category D by taking M € D and requiring the pp-types pp™ (@;/A;) to be D-finitely
generated.
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To continue with some degree of self-containedness, we now give a proof (essentially that
of Rothmaler [36, 2.2]) of the relative version of Theorem 3.1 (at least, of the equivalence
of (ii) and (iii) there).

First we recall Herzog’s criterion for a tensor to be 0. Here D denotes elementary duality,
see Section 7 (and recall from there that M = ¢(@) means the same as @ € ¢(M)).

Theorem 3.13. ([17, 3.2]) If @ is a tuple of elements from a right R-module M and [ is
a tuple of the same length from a left R-module L, then @ ® 1 = 0 in M ®g L (that is,
Yoieq a; ®rly = 0) iff there is a pp formula ¢(T) for right R-modules such that M = ¢(a)
and L = Do(1).

Also (again, see Section 7) if D is a definable subcategory of Mod-R, then DY denotes
its elementary dual definable category - a definable subcategory of R-Mod.

Theorem 3.14. Suppose that D is a definable subcategory of Mod-R and that
M € Mod-R. Then the following conditions are equivalent:
(i) for all sets L; € DY (i € I) the canonical morphism t : M®grlIl; Li = [I; M®grL;
1S monic,
(ii) every pp-type realised in M is D-finitely generated; that is, for every finite tuple @
from M, there is a pp formula ¢ € pp™ (@) such that, for every ¢ € ppM (@), we

have ¢ <p 1.

Proof. (ii)=(i) Given a set (L;); of modules in D% suppose that we have a tuple
g = (g;)i € [1; L; and matching tuple @ from M such that t{(@®g) = 0. That is@; ®g; =0
for all ¢. Then, by Herzog’s criterion Theorem 3.13 there, for each ¢, is a pp formula ¥;
such that M = ¢;(a) and L; = D;(q;).

Let ¢ be a pp formula which generates, with respect to <p, the pp-type of @ in M.
Then, for each i, ¢ <p 1; so (Section 7) Dv; <pa D¢ and hence L; = D¢(g;). That is
true for every i, so [[; L; = D¢(q). So, again by Herzog’s Criterion and since M |= ¢(a),
we have a® ¢ =0 1in M ® [ L;, and so t is monic as claimed.

(i)=(ii) The proof above essentially reverses. Given @ from M, for each v; € pp™ (a)
choose L; € DY to contain a tuple g; such that pp’i(g;) is D%-generated by Dv; - for
instance, noting Lemma 3.4, take L; to be a DY-preenvelope of a free realisation of D1);
in R-Mod. Since M [ ¢;(a) and L; = Dv;(g;), we have a®@ ¢; = 0 in M ® L;.

By assumption, it follows that @ ® § = 0 in M ® [[; L; where § = (g;);- So there is
a pp formula ¢ such that M | ¢(a) and L; = D¢(g;) for all i. By choice of L; and g,
Dip; <pa D¢, hence ¢ <p ; for every i. That is, ¢ <p ¥ for every v € ppM(a), as
required. O

4. STRICTLY ATOMIC MODULES

A right module M is said to be strictly Mittag-Leffler if, for every tuple @ from M, there
is a finitely presented module A and a pair, f : M — A, g : A — M, of morphisms such
that gfa = @. Since pp-types realised in finitely presented modules are finitely generated
and since morphisms are non-decreasing on pp-types, it follows that there is a pp formula ¢
such that the pp-type, pp™ (@) of @ in M is generated by ¢ (and (A, fa@) is a free realisation
of ¢). Thus we obtain the following characterisation.

Lemma 4.1. A module M is strictly Mittag-Leffler iff M is Mittag-leffler and if, for
every tuple @ from M and pp formula ¢ such that ppM (a) =(®), if N is any module and
b € ¢(N), then there is a morphism f: M — N with fa =b.
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Proof. For (=), take A in the definition to be a free realisation of ¢, noting that there
will then be a morphism from M to A and another from A to N. For the other direction,
again take A to be a free realisation of ¢. O

Definable categories do not, in general, have enough finitely presented objects (those
which do are exactly the locally finitely presented categories with products), indeed they
may have 0 as the only finitely presented object [28, 18.1.1] but the property above -
which, [28, 1.2.7], is a property of finitely presented modules - does generalise. Indeed, it
will be the strictly D-atomic modules, defined below and generalising the strictly Mittag-
Leffler modules, that are the next best thing to finitely presented objects in definable
categories. Makkai [22, 4.1], [23, 4.4] proved that there is a lim-generating set of these
in every definable category. In fact, his result in [23] is more general in two directions:
it includes infinitary versions (which allow infinitary pp formulas and infinite tuples of
elements) and his results apply in general categories of models of regular theories (see [9]
for these). We will come back to his result but now we consider the following property
equivalent to being strictly ML.

An epimorphism f : N — M is locally split if, for every tuple @ from M there is a
“local section”, that is a morphism ¢g : M — N such that fga = @. A module is locally
pure-projective [7] if every pure epimorphism to it locally splits.

Proposition 4.2 ([7, Thm. 5]). A module is strictly Mittag-Leffler iff it is locally pure-
projective.

Definition 4.3. Given a definable category D, we say that a module M € D is strictly
D-atomic if it is D-atomic and if, for every tuple @ from M, with pp-type D-generated by,
say, ¢, and for every D € D and b € ¢(D), there is a morphism f : M — D with fa = b.

Say that M € D is locally D-pure-projective if every pure epimorphism D — M with
D € D locally splits.

Note that [39, 2.1] allows a more general relative notion in that the module M is not
required to be in D.

We will show (Corollary 4.18 below) that the strictly D-atomic objects are exactly the
locally D-pure-projectives.

In [23] Makkai uses the term principal prime or pp object of D for what we have termed
strictly D-atomic.

Lemma 4.4 ([39, 2.5]). Suppose that D is a definable category. Every pure submodule of
a strictly D-atomic module is strictly D-atomic and every direct sum of strictly D-atomic
modules is strictly D-atomic.

Proof. Since N is pure in M, given any tuple @ from N, we have pp" (@) = pp™(a), so
pp¥ (@) = (¢)p for some pp ¢. Now, if b € ¢(D) for some D € D then, since M is strictly
D-atomic, there is a morphism f : M — D with fa = b; then we restrict f to N.

For the second statement, as in Lemma 3.6 it is enough to show that the direct sum of
two strictly D-atomic modules is strictly D-atomic.

So suppose that D, Dy are strictly D-atomic. As in the proof of Lemma 3.6, let
b = (b1, b2) be a tuple in Dy ® Do, with b; € D; and ¢; a D-generator for the pp-type of b;
in D;, equally in Dy @ Dy. Then ¢ + ¢9 is a D-generator for the pp-type of b in D1 & Dy
(proof of [28, 1.2.17]). Suppose that D € D, and that b € (¢1 + ¢2)(D). Then there are
b1 € ¢1(D) and by € ¢o(D) with by + by = b. Since D; is strictly D-atomic, there are
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fi: Di = D with fia; = bi, i = 1,2; these combine to give f = (f1, f2) : D1 ® Dy — D
with fa = b, as required. O

We show that, for any definable subcategory D, the strictly D-atomic modules coincide
with the strict D-stationary modules in D, defined in [1, §8, esp. 8.11]. Let D € Mod-R; a
module M is said to be strict D-stationary if for every tuple @ from M, there is C € Mod-R,
a matching tuple ¢ from C such that

(i) there is a morphism h : C' — M with he¢ = @ and B
(ii) for every matching tuple d from D, there is a morphism f : C' — D with fe =d
iff there is a morphism g : M — D with ga = (d).
More generally, if D is a subclass of Mod-R, say that M is strict D-stationary if M is
strict D-stationary for every D € D.

Proposition 4.5. Suppose that D is a definable subcategory of Mod-R and let M € D.
Then M 1is strictly D-atomic if and only if M is strict D-stationary.

Proof. (=) Take @ from M; by assumption the pp-type of @ in M is D-generated by some
pp formula ¢. Let (C,¢) be a free realisation of ¢. Then there is a morphism h: C' — M
taking ¢ to @. Any morphism (M, @) to (D,d) with D € D yields, by composition with h,
a morphism (C,¢) to (D, d). And, in the other direction, given f : C — D € D, the image
d = feis in ¢(D) so, by assumption on M, there is g : M — D taking @ to d, as required.
(<) Suppose that M is strict D-stationary and let @ be a tuple from M. Let (C,¢) be as
in the definition of strict stationarity and let ¢ be a generator of the pp-type of ¢ in C.
Since there is a morphism from C to M taking ¢ to @, certainly ¢ € pp™ (@). We show that
¢ D-generates pp™ (@). That is, we show that if d € ¢(D) € D, then pp”(d) D ppM (a).
If d € ¢(D) then, since (C,¢) freely realises ¢, there is a morphism f : C' — D taking ¢ to
d. So, by assumption, there is g : M — D with ga = d and so, indeed, pp”(d) 2 pp™ (@).
That argument shows that M is D-atomic and, at the same time, that M is strictly
D-atomic. g

We note next that there is an internal-to-D category-theoretic characterisation of strictly
D-atomic modules. Reduced products are directed colimits of products (e.g. see [28,
§3.3.1]) so, since definable categories have products and directed colimits they have reduced
products.

Theorem 4.6. Let D be a definable category. A module M € D is strictly D-atomic
iff there is an index set A and filter F on A such that, whenever w : P — M is a pure
epimorphism with P € D, there are morphisms fy : M — P (A € A) such that, if
7 =7l JF: P* = PN F — M* = M*/F denotes the corresponding reduced product, the
morphism f : M* — P* which is (fx)x/F satisfies 7 fAyr = Apy, where App 2 M — M*
is the diagonal embedding.

Proof. Suppose that M is strictly D-atomic.

Let A be the set of finite subsets, which we write as tuples, of M. Consider the filter-base
consisting of the sets of the form (@) = {b: @ C b} and let F be any filter containing this
filter-base. Denote by Ap : P — P* and Ap; : M — M™* the canonical (pure) embeddings
into the corresponding reduced products.

Now, given any pure epimorphism 7 : P — M with P € D, choose, for each @ € A,
some local splitting fz : M — P such that 7 fz(a) = a.
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Define f : M* — P* by ¢* = (czg)a/F +— (da)a/F where dz = fa(cg) if cg € (a) and
dg = 0 otherwise.

Note that f is well-defined since, if (cz)a/F = (ba)a/F, then {@ : cg = bz} € F and
hence {a: fcg = fbg} D {a: cg = bz} also is in F, as required.

We show that 7* fAy, = Aps. So take ¢ € M. Then n*fAp(c) = (7w fa(c))g/F. By
construction of F, we have (¢) € F and, if @ € (c), that is, if ¢ € @, then 7 fz(c) = c.
Therefore 7* fApr = Apyg, as required.

For the converse, if M satisfies this condition, then let # : P — M be a pure epi-
morphism and let fy : M — P (A € A) be morphisms as described. Let @ be a fi-
nite subset of M. By assumption the morphism f = (f\)a/F : M* — P* satisfies
(m*f)(@)x/F = (a@)n/F. In particular there is some (indeed there are many) A\ with
wfya = a, showing that M is locally D-pure-projective hence (Corollary 4.18 below)
strictly D-atomic. d

We denote by (—)* the hom-dual of a module taken with respect to an injective cogen-
erator for the category of modules over some chosen subring of its endomorphism ring; we
will suppose where needed that the injective cogenerator is minimal or at least that each
of its indecomposable direct summands is the injective hull of a simple module. So M*
could be Homy (M, k) if k is a field and R is a k-algebra, it could be Homz (M, Q/Z), or
Homg (M, E) where S = End(Mp) and E is a minimal injective cogenerator of S-Mod.

Lemma 4.7 ([39, 2.12-14]). If D is a definable category, M € D is strictly D-atomic and
S = End(M), then every finitely generated S-submodule of M is pp-definable.

Proof. If a € M, take ¢ which D-generates pp™ (a). Then Sa = ¢(M): the containment
Sa < ¢(M) since morphisms preserve pp formulas and the converse because, if b € ¢(M)
then, since M is strictly D-atomic, there is f € S with fa = b. More generally, if we have
ai, ..., a, € M, and take ¢; to D-generate pp™ (a;), then S0, Sa; = S0, ¢;(M) =
¢ (M), where ¢’ is the pp formula Y 7" | ;. O

A pp-type is said to be neg-isolated by a pp formula ¢ if it is maximal among pp-types
with respect to not containing ¢. Any such pp-type is irreducible, so is realised in an
indecomposable pure-injective. More generally, if D is a definable subcategory, then a
pp-type p is said to be D-neg-isolated (or neg-isolated with respect to D) if there is a pp
formula ¢ such that p is maximal among pp-types of n-tuples of elements in modules in
D with respect to not containing ¢. Again, any such pp-type is irreducible, hence realised
in an indecomposable pure-injective in D. See Section 7.

Theorem 4.8. Suppose that D is a definable subcategory of Mod-R and M € D is strictly
D-atomic. Set S = End(M) and let M* = Homg(sM, sF) where sE is a minimal
injective cogenerator of S-Mod. Then every indecomposable direct summand of M* 1is
neg-isolated with respect to the definable subcategory generated by M*.

Proof. Let f € M* and set p = pp™ (f). We use that M* = ¢(f) iff Do(M) < ker(f)
([30, 1.5], [40, §2(c)], see [28, 1.3.12]), that is, ¢ € p iff fFDG(M) = 0.

Suppose that p is irreducible so, see Section 7, the hull of f in M* is a typical indecom-
posable summand of M*. We show that M/ ker(f) is a uniform S-module.

Suppose that a,b € M \ ker(f). Since M is D-atomic, there is a pp formula 11 such
that ppM™(a) = (1)p; since a ¢ ker(f), Dy ¢ p (recall that D? is the identity on pp
formulas). Similarly, there is a pp formula 15 such that pp™ (b) is D-generated by 1) and
so with Dty ¢ p. Since p is irreducible there is, see [28, §4.3.6] (Ziegler’s Criterion), a
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pp formula ¢ € p such that (¢ A DY) + (¢ A Dibg) ¢ p. Therefore the solution set in
M of the dual pp formula (D¢ + 1) A (D¢ + 1b2) is not contained in ker(f). Therefore,
since Dp(M) < ker(f), we have that fyn(M) N fyo(M) # 0. That is, by Lemma 4.7,
fSan fSb # 0 and so the images of Sa and Sb under f have non-zero intersection, showing
that M/ ker(f) is indeed a uniform S-module.

Therefore fM ~ M/ker(f) is contained in an indecomposable direct summand E’ of
E. By choice of E, E' has a non-zero simple S-submodule, which necessarily lies in the
image of f, so let a € M be such that fa generates that simple module. By assumption,
there is a pp formula ¢ which D-generates ppM(a) and, by Lemma 4.7, Sa = (M), so
the simple submodule of E’ is fi)(M). We claim that p is neg-isolated, for the definable
subcategory (M™*) generated by M*, by Di.

To see that, suppose that ¢ is a pp-type for (M*) (that is, such that ¢ € ¢ and ¢ <ps+ 9
implies ¥ € q), strictly containing p; say n € ¢ \ p. Then Dn(M) is not contained in
ker(f) and so fa € fDn(M) (since fSa is the unique minimal S-submodule of fM).
Therefore a = b+ ¢ for some b € Dn(M) and ¢ € ker(f). Choose ¢ to D-generate
ppM(c); so a € Dn(M) + ¢(M). Since, by Lemma 4.7, Sa = (M), we deduce that
Y(M) < Dn(M) + ¢(M). Hence, by elementary duality, n(M*) N Dp(M*) < Dip(M™),
that is pAD¢ <pr« D1). Since ¢(M) = Sc < ker(f), we have D¢p € p C ¢, hence nAD¢ € q
(pp-types are closed under A). Therefore, since n A D¢ <pr+ D, Dy € q, as required. [

Note the special case D = Mod-R and the module is finitely presented.

Corollary 4.9. If A is a finitely presented R-module, S is its endomorphism ring and E
is a minimal injective cogenerator of S-Mod, then every indecomposable direct summand
of the dual A* = Homg (A, E) is D-neg-isolated where D is the definable category generated
by A*.

We already know, by [24, 3.5], that the dual module M* has ‘enough’ neg-isolated, in
particular indecomposable, direct summands. Theorem 4.8 above says that, for a strictly
D-atomic module, and for the specific type of duality chosen above, every indecomposable
direct summand is neg-isolated. There can however, as the following example illustrates,
be superdecomposable direct summands of the dual of a finitely presented module, where
a module is said to be superdecomposable if it is nonzero and has no indecomposable direct
summand.

Example 4.10. Let R be a simple, non-artinian, von Neumann regular ring; the regularity
condition implies that every embedding between R-modules is pure and hence that the
pure-injectives are exactly the injectives. The module (left or right) R has no uniform
submodules (see [28, 7.3.19]) so its injective hull is superdecomposable.

Consider the left module rR; this is strictly atomic for the whole category R-Mod
so, noting that End(rR) = R, consider the right module (rR)* = Hom(Rg, E(RR)).
The canonical embedding f : Rrp — E(Rpg) is an element of this dual module and it
generates a copy of Rr. Thus Rr embeds, purely since R is regular, in (rR)*, hence the
superdecomposable (pure-)injective E(Rp) is a direct summand of (rR)*, as required.

4.1. Strictly atomic generators. Makkai [23] proves a remarkably strong result, a spe-

cial case of which we state now. In fact, this statement reflects some of his proof, not
simply his formally-stated conclusion(s).
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Theorem 4.11 ([23, 4.4, 4.3], see also [22, 4.1]).

(a) Let D be a definable category. Then there is a li_mfgenemting set of strictly D-
atomic modules in D.

(b) Suppose that D is a definable subcategory of Mod-R and let A € Mod-R be any
finitely presented R-module. Then there is a D-preenvelope A — D 4 where D 4 is
strictly D-atomic.

Remark 4.12. In part (a) it is the existence of enough strictly D-atomic models which is
the point. That one can take a set of them to lig—generate is direct from the Downwards
Loéwenheim-Skolem Theorem; or one can use those appearing in part (b).

Remark 4.13. We noted earlier that, if A is in Mod-R, if @ is a tuple from A, and if
f i+ A— Dy € D is any D-preenvelope then the pp-type of fa in D4 will be D-finitely
generated, indeed, Lemma 3.4, will be D-generated by any pp formula which generates
the pp-type of @ in A. If @ generates the module A, we can take this pp formula to
be quantifier-free (specifying finitely many relations which define the module Y 7 ; a;R).
Clearly these D4, as A ranges over finitely presented R-modules, form a lig—generating
subset of D. And Dg is even a generator in the sense that every D € D is an epimorphic
image of a coproduct of copies of Dgr. But, though the pp-type of @ in D4 is finitely
generated, there is no reason in general to suppose that every tuple in D4 has finitely
generated pp-type - i.e. that D4 is D-atomic, let alone strictly D-atomic. Makkai shows
that there is, nevertheless, some choice of A — D4 such that D, is strictly D-atomic.

Makkai’s construction/proof is a model-theoretic Henkin-style construction, originally
appearing as [22, 4.1] and done in great generality in [23]. It is perhaps not easy to extract
its core from the surrounding details but, in the case that the ring R is countable, we can
give what we hope is a more conceptual and algebraic proof which makes the relation
between the inputs and outputs of the construction clearer. That proof, which was found
in discussion with Philipp Rothmaler, is given in the next section. Here we derive some
consequences of the existence of “enough” strictly atomic models. We begin by noting
that (b) of Theorem 4.11 extends to pure-projective R-modules.

Corollary 4.14. If D a definable subcategory of Mod-R, then every pure-projective R-
module has a strictly D-atomic D-preenvelope.

Proof. If, for i € I, A; is finitely presented and f; : A; — D; is a strictly D-atomic
D-preenvelope, then €, f; is clearly (reduce to the finite case) a strictly D-atomic D-
preenvelope for @, A;, and hence for any direct summand of @, A;, that is, for every
pure-projective R-module. O

Lemma 4.15. If D is a definable category and D € D then there is a strictly D-atomic
M € D and a pure epimorphism M — D.

Proof. There is a pure epimorphism f : P — D where P = @, A; is a direct sum of
finitely presented R-modules, see [28, 2.1.25]. Each component map from some A; to D
factors through A; — D4, where Dy, is a strictly D-atomic D-preenvelope of A;. Take M
to be the, strictly D-atomic by Lemma 4.4, direct sum of these modules D 4,; it is direct
to check that the corresponding map M — D is a pure epimorphism. O

In particular, every D-pure-projective in D is a direct summand of a direct sum of
strictly D-atomic D-preenvelopes of finitely presented modules.

Ann. Repr. Th. 1 (2024), 2, p.299-334 https://doi.org/10.5802/art.9


https://doi.org/10.5802/art.9

312 Mike Prest

Since every definable category D is closed under pure subobjects and since a pure
subobject of a strictly atomic object is strictly atomic (Lemma 4.4), we deduce that every
object of D has a pure presentation by strictly D-atomic objects.

Corollary 4.16. If D is a definable category and D € D then there is a pure-exact
sequence 0 — My — My — D — 0 with My, My strictly D-atomic.

Remark 4.17. It follows from Lemma 4.15 and [39, 3.7] that, in the definition of strictly
D-atomic, it is enough to require the “free realisation” property for single elements (it
then follows for finite tuples).

We may also deduce the following.

Corollary 4.18. If D is a definable subcategory then M € D is strictly D-atomic iff M
1s locally D-pure-projective.

Proof. (=) Suppose that M is strictly D-atomic and f : D — M is a pure epimorphism in
D. If @ is a finite tuple from M, let ¢ pp be such that pp™ (@) = (¢)p. By Proposition 3.7,
there is d from D with fd = @ and d € ¢(D). Since M is strictly D-atomic, there is
g: M — D with ga = d, as required.
(<) By Lemma 4.15 there is a pure epimorphism f : D’ — M in D with D’ strictly
D-atomic. Now suppose that @ is from M. By assumption, there is g : M — D’ such that
fga = @ and hence with pp™ (a) = pp?’(ga). Since D’ is D-atomic, the latter pp-type is
D-finitely generated, by ¢ say. Thus M is D-atomic.

Now suppose that D € D and b € ¢(D). By Lemma 4.4, D' is strictly D-atomic, so
there is h : D’ — M with h.ga = b. Thus we obtain the morphism hg : M — D with
hg.@ = b, and so see that M is strictly D-atomic. O

Note the following.

Lemma 4.19. Suppose that D is a definable subcategory of Mod-R and A € Mod-R. If
A has a D-envelope, f: A — D, then D is strictly D-atomic (and hence may be taken to
be Dy).

Proof. Choose some strictly D-atomic preenvelope A — D 4. Since each of D, Dy is a
D-preenvelope of A, there are morphisms g : D — D and h: D4 — D such that hgf = f.
Then hg is an automorphism of D and hence D is a direct summand of D4 so, 4.4, is
strictly D-atomic. O

If M is a module, @ = (ay, ..., a,) an n-tuple of elements from M and b € M, then we
say that b is definable by a pp formula (in M) over @ if there is a pp formula (T, y) with
M = 4(a,b) and with b the unique solution in M to ¢ (a,y), equivalently (since 9 is pp,
so ¥(a,y) defines a coset of ¥(0,y)) with (0, M) = 0 (see Section 7).

One might ask whether, given A € Mod-R, one may choose a strictly D-atomic A — D 4
such that every element of D4 is definable over the image of A. The example R = Z,
A = Z5 and D the class of injective Z-modules shows that in general the answer is negative,
since D4 clearly has, as a direct summand, Zo~ which has many automorphisms which
fix its submodule A. Here is another example, this time with A = R.

Example 4.20. Take k any field, R = k[X,Y]/(X,Y)? and D the definable subcategory
generated by the injective hull F (k) of the unique simple module k (so D = Inj-R). The
D-envelope of R, which is the minimal choice of D4, is E(R) = E(k) ® E(k). Let a
denote the image of 1 in E(R) and consider any element b € E(R) such that bY = aX.
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The pp-type of b is generated, modulo the definable category of injective R-modules, by
the formula yX = 0(A 3 y(yY = xX)) but this is also satisfied by, for instance, any
element of the form b+ ¢ where ¢ is in the socle of E(R). (Put more algebraically, there
are non-identity automorphisms of E(R) which fix a.)

4.2. Constructing strictly atomic models. In this subsection we present a proof of
Theorem 4.11 for countable rings. The proof was found in a discussion with Philipp
Rothmaler.

We suppose, throughout this subsection, that the ring R is countable; this implies that
there are just countably many (pp) formulas.

Let D be a definable subcategory of Mod-R.

Recall from Section 7 that a pp-pair - denoted ¢/ - is a pair ¢(T) > ¥(T) of pp
formulas, where the inequality means that ¢(M) > (M) for all modules M. Also, every
definable category is determined by the set of pp-pairs which are closed on it, where we
say that a pp-pair ¢ > 1) is closed on M if ¢(M) = (M) and is closed on D if it is closed
on M for all M € D.

For ¢ a pp formula, set ¢;p = {1 : ¢ >+ and ¢/7) is closed on D} - a subset of (¢)p.

Theorem 4.21. Suppose that D is a definable subcategory of the module category Mod-R
where R is countable. Let A be a finitely presented R-module. Then there is a D-
preenvelope A — D 4 where D 4 is strictly D-atomic.

Proof. The construction of D4 is an inductive one; set By = A.

Say A is generated by @ = @y with pp-type generated by the (quantifier-free) formula
Q(fl) Set 6y = 6.

Claim 1. Enumerate: (6p);p = {¢1; : j > 1}.

Let @y in By be a free realisation of ¢11 so, by [28, 1.2.17], we have fy : A — By with
fao = ay. Take by = 615/1 generating By, with pp-type generated by 01 = 01(%1,T,); set
To = T1 T} - the concatenation of Ty and T} .

Claim 2. Enumerate: (61)p = {¢2;;5 > 1}.

Let @y in Ba be a free realisation of ¢12(T1) A ¢21(T1,T)) and choose a morphism
f1: By — B taking 51 to as.

Continue inductively: having produced a free realisation (By,, @y) of ¢1n(T1)Ap2.n—1(T2)A
<« N on1(Tp), and a morphism fn_1 : Bp—1 — B, taking b1 to Gy, choose a generating
tuple b, = Gy, E; for By, with pp-type generated by 0, = 05, (Tp41) = O (Tn, T)y)-

Claim 3. Then enumerate (0,);p = {¢nt1; : J > 1} and continue by choosing a free
realisation (Bpy1,Gnt1) Of O1,m41(T1) A 2.0 (T2) A+ A dnt1,1(Tnt1), and a morphism

fn 1 Bp = Bpy1 taking b, to Gpy1.
Having continued the construction inductively, set Dy = hgrl((Bn)n, (fn: Bn = Bniti)n),
with freo : By — D4 the limit maps.

We claim that D4 is in D, is strictly D-atomic and the pp-type of foo(@) in Dy is
D-generated by 6.

Before going on to prove our claims, we note some points about the construction:

e for each n and m > n, f,mb, is an initial segment of b,,, where f,,, denotes the
composition fy,—1m .. fnnt1;
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e for each n, the formula 60, is D-equivalent to each ¢,1; where, recall, we say that
two formulas are D-equivalent if they have the same solution set in each D € D;

and a lemma:

Lemma 4.22. Given any B,, and morphism g : B, — D € D, there is a factorisation
through fn : Bn — Bn41, and hence, by induction, through any fum : Bn — Bp.

Proof of Lemma 4.22. Since @,11 = fuby is a free realisation of ¢y ,4+1(T1) A 2.0 (T2) A
A ¢p+1.1(Tnt1), it will be sufficient to show that gb,, satisfies each of the formulas
¢i,n+2—i(ji)~ But, for ¢ = 1,...,n + 1, ¢i,n+2—i(fz’) S (ei—l)iD and Ei—l satisfies 6;_1,
hence so does gfi_1,bi—1, which is the initial segment of gb,, from which we deduce that
ggn satisfies ¢i,n+27'i (fz) ]

Corollary 4.23. If ¢ generates the pp-type of fum(byn) in B, then ¢ € (0,)p.

Proof of Corollary 4.25. Suppose that D € D and d € 0,(D). So there is g : Bp — D
taking b, to d. By the Lemma, this extends to a morphism from By, to D. So d € (D),
as required. m

Now the proofs of the claims:
Claim 1-Dy € D:  Suppose ¢/1 is closed on D and take d € ¢(D,). Note that

d = frooby - T for some n and matrix 7 over R.> Since pp formulas commute with directed
colimits [28, 1.2.31], we may take n to be such that b, -7 € ¢(Zy, - 7)(B,).* Therefore
Y(Tp - T) € (0n(Tn)) D, 50 is Ppi1; for some j. By construction, there is m > n (indeed
m = n+ j works) such that fu,by, -7 € Y(Tp - 7)(Bm). Since d = froobn T = fimoo fambn T,
we deduce that d € ¥(D4).

Thus every pp-pair closed on D is closed in D 4, hence, by definition of definable cate-
gories (see Section 7) Dy € D.

Claim 2— Dy is D-atomic: Suppose d is from D4, say d = fuoobn - T as above. It is
sufficient to take d = f,00bp since, if the pp-type of the latter in D4 is D-generated by a pp
formula 6, then that of f,coby T will be D-generated by 37 (0(y) AT = y-7). We claim that,

in fact, the pp-type of frnoobn in D4 is D-generated by 6,,. Since 6,, € pp®»(b,) certainly
05, € PPPA(froobn). In the other direction, we have that

ppDA (fnoogn> = U pan (fnmgn)
m>n

(by [28, 1.2.31]) again). By Corollary 4.23, each pp? (frmby) is a subset of (6,,)p, and so
we have that ppP4(freebn) € (0,)p, as required.
In particular, if we start with a pp formula ¢ and take a free realisation (A,a’) of ¢ as the

starting point of the construction, if we choose a generating tuple ag = @ 5’0, then continue
and build D4 as before, then the pp-type of the image of @y in D4 will be D-generated
by ¢. We state this for easy reference.

Corollary 4.24. If A is finitely presented and we construct D4 as above, then for every
a from A, if ¢ is such that (¢) = pp?(@), then ppPA(fosd) = (d)p.

3If d is a single element, this means just d = ZZ Froo(bi)ri, that is, 7 is a column vector; if d = (di, ... dx)
then 7 is a matrix with k columns.

“Here ¢ is a formula with k free variables and @(%,, - 7) is the pp formula where the ¢-th free variable is
replaced by ZZ zirie, t=1,...,k.
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Claim 3 — D, is strictly D-atomic: Since any tuple from D4 has the form fhaby - 7,
it is enough to consider tuples of the form f,5.b,. Suppose, then, that d is a tuple from
D € D such that pp”4(froobn) € pp”(d). We must produce a morphism from D, to D
extending the partial map which takes f,ooby, to d. It will be sufficient, by construction of
D 4, to extend inductively, so coherently, to each B,,, m > n, the morphism g, : B, — D
defined by b, — frecbn — d.

But that is exactly what Lemma 4.22 above gives us. O

Remark: Of course, the same applies to each B,, in the construction (just take B, as
the starting point).

Corollary 4.25 (cf. [36, 3.13]). If D4 is constructed as above then Dy is a union of
submodules Bl (= fnooBn) such that, if 5;1 is a finite generating tuple for B, and if 0], is
a quantifier-free formula generating pp>r (5;), then ppPA (B/n) is D-generated by 0/,.

It would be nice to have a proof in somewhat the same style for arbitrary rings, either
by making a “wider” construction that still makes only countably many construction steps
(Makkai’s proof, building a term model, is in this style but is not very “algebraic”) or using
the fact that an uncountable ring is a direct union of elementary subrings of smaller (even
countable) cardinality, and then tensoring up what we have over those subrings (results
from [27] and [26] describe what happens when tensoring up). The latter approach would
be neat but I have not seen a way to build coherent directed systems of preenvelopes over
approximating definable subcategories.

We now drop the countability hypothesis on the ring R which was imposed in this
subsection.

4.3. The ring of definable scalars. If D is a definable subcategory of Mod-R, then the
ring Rp of definable scalars of D is the set of pp-definable maps on D (see Section 7); if
D = (M), the definable subcategory generated by M, we also write Ry, for Rp.

Lemma 4.26. If R i> Dg is any D-preenvelope of R in D, then Dg is cyclic, generated
by a = f1, over its endomorphism ring.

Proof. If b € Dg and g : R — Dg is defined by 1 +— b, then the preenveloping property
gives us an endomorphism of Dg as shown in the diagram and as required.

rR—1s Dy 0

RN

Dgr

Lemma 4.27. If R ER Dpr with a = f1 is any D-atomic preenvelope of R in D and if
R’ is the ring of definable scalars of Dg, then aR' is the submodule consisting of those
elements which are definable in Dg by a pp formula with parameter a:

aR = {b € D : if pp”"(a,b) = (¢)p then ¢(0, D) = 0} :

Proof. The image of a under any definable map is definable over a, so certainly any element
in aR’ is definable over a.

If ¢ D-generates the pp-type of (a,b) then since, for every ¢ € Dpg there is an endo-
morphism f of Dp taking a to ¢, and hence with ¢(c, fb), we see that ¢ defines a total
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relation on Dg. Therefore ¢ gives a definable map on Dp iff it is functional on Dpg, that
is, iff #(0, Dr) = 0, giving the second statement. O

Proposition 4.28. Suppose that D is a definable subcategory of Mod-R and that M € D
is strictly D-atomic and is finitely generated over its endomorphism ring. Set Ry to be

the ring of definable scalars of M. Then Ry = Biend(Mpg) - the biendomorphism ring
Endgnqarg) (M) of Mg.

Proof. The proof of [28, 6.1.19] works in this situation; we essentially repeat it here.

Let g € Biend(Mp): it must be shown that the action of g on M is pp-definable in
Mpg. Set S = End(Mpg) and suppose that ai,...,ax € M are such that ¢M = Z’f Sa;.
Then ¢ is determined by its action on @ = (ay,...,ax), so consider ga. Since M is strictly
D-atomic, the pp-type of (@, ga) is D-finitely generated, by, say, ¢.

Consider the pp formula p(u,v) which is

k k
Jzy, o,z Iy, o, Yk (U:ZSCZ A v:Zyi A qb(x,y))
1 1

where ¢(x1, ..., Tk, Y1, -, Yi) IS /\le ¢i(x;i,y;) where ¢;(z;, ;) is
32,'1, ey /Z\n’, ceey ZikyWily - v oy fU\Z'Z', ceey Wik gb(zil, ey Ly oovy ZikyWily o ooy Yiy oo vy wzk)

It follows directly, from the strict D-atomic condition and choice of ¢, that M = ¢;(c, d)
iff there is s € S with sa; = ¢ and sa;g = d (the formula ¢;(c, d) says that ¢, d are the
i-th components of tuples satisfying ¢; note that such tuples are exactly the images of
a and ga under (the same) endomorphisms). In particular, for each i and s, we have
M = ¢i(saj, sa;g). We claim that p defines the action of g in M.

First, p(u,v) defines a total relation from u to v: given ¢ € M we have ¢ = Zlf Sia;
for some s; € S, hence cg = Z’f s;a;g. As commented above, /\le oi(siai, s;a;g), holds.
Therefore (¢, cg) € p(M).

It remains to show that p is functional, so suppose (0,d) € p(M). Then there are
¢;,d; € M such that 0 = Z]f ¢, d = Z’f d; and such that M |= ¢;(c;,d;) for each i. As
commented above, it follows that there are s; € S with s;a; = ¢; and s;a;9 = d; for
i=1,...,k.Sod=>3d; =3 sja;,g = (> sia;)g and 0 = Y ¢; = > s;a;, from which we
deduce d = 0, as required. O

Corollary 4.29. Suppose that R — Dg is a strictly D-atomic D-preenvelope of R. Then
the ring, Rp,, of definable scalars of Dg is Biend(DRg).

Proof. This is immediate from Lemma 4.26 and Proposition 4.28 but here is a simpler
direct proof.

Every definable scalar of Dg is a biendomorphism so, for the converse, take a €
Biend(M) and set b = ac, where a is the image of 1 in Dgr. Choose a generator p
for ppP~r (a,b); we claim that p defines a scalar on Dg. Since Dp is generated by a as an
End(Dg)-module, p is total on Dg. Also, if we have p(0,d) for some d € Dg, then there is
an endomorphism f of Dg with fa = 0and fb = d. But thend = fb = f(aa) = (fa)a =0,
as required. O

5. TILTING AND SILTING CLASSES

An R-module T is tilting if Gen(T) = T+1. Here Gen(T) is the class of modules M
generated by T', that is, there is an epimorphism Ty — M with Ty € Add(T), where
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Add(T) is the closure of T under direct sums and direct summands, and T+ = {M :
Ext}(T, M) = 0}. Equivalently T is tilting iff pdim(7") < 1, if Ext!(T, 7)) = 0 for any &
and if there is an exact sequence 0 - R — Ty — 11 — 0 with Ty, 77 € Add(T). If so, then
R — Tp is a Gen(T')-preenvelope of R. Also, if T is tilting, then Gen(T") = Pres(T") (the
class of modules presented by Add(T")), that is, for any M € Gen(T'), there is an exact
sequence 17 — Ty — M — 0 with Ty, 77 € Add(T).

More generally an R-module T is silting if the class Gen(T") that it generates has the
form D, = {M : the map (o, M) : (P, M) — (Py, M) is surjective} for some projective
presentation Py — P; — T — 0 of T, in which case we refer to this as the silting class
that it generates; note that it is a definable subcategory of Mod-R. Furthermore, the
elementary dual definable category of Gen(T) is that, Cogen(T™), cogenerated by the dual
cosilting module T™.

For all this, including the fact that cosilting modules are pure-injective, see, for in-
stance [5, 6, 10].

Also ([1, 9.8]), if T is tilting, then Add(T") C Cogen(T™)-M L, that is, every module in
Add(T') is Gen(T)-atomic. In fact, we have the following where, for tilting modules this
is, by Proposition 4.5, already contained in [1, 9.8].

Proposition 5.1. Suppose that T is a silting module in Mod-R and let D = Gen(T) be
the (definable) silting class generated by T'. Then T is strictly D-atomic and, for some n,
R — T™ is a D-preenvelope for R. The same is true for D = (T'), the definable category
generated by T.

Proof. Let D be either Gen(T) or (T'). By Lemma 4.15 there is a pure epimorphism
p: D — T with D € D strictly D-atomic, so we get an exact sequence 0 — K = ker(p) —
D — T — 0 with K € D. Now, T is Ext-projective in D ([5, 3.8]), so T is a direct
summand of D hence, by Lemma 4.4, T is strictly D-atomic, as claimed.

Let R — Dg be a strictly D-atomic D-preenvelope of R. Let a be the image of 1 in Dg.
Since D € D C Gen(T), there is an epimorphism g : T®") — Dpg. Since Dp is locally
D-projective, Corollary 4.18, there is h : Dg — T with gha = a and hence such that
the pp-type of ha in T®) and hence in T" for some n, is D-generated by the pp formula

x = x. Therefore the composition R — Dg By pe) Ty g g D-preenvelope of R. O
By Lemma 4.4 we deduce the following.

Corollary 5.2. Suppose that T is a silting module in Mod-R and let D = Gen(T) be the
(definable) silting class generated by T or D = (T') the definable subcategory generated by
T. Then every module in Add(T) is strictly D-atomic.

The converse — that every strictly D-atomic module be in Add(7") — is far from true. For
D = Gen(T) take T'= R: in general not every finitely presented R-module is projective.
For D = (T') take T' = Zg~. Every module in (Zo~) is Y-pure-injective so is strictly
(Zge)-atomic (by [28, 4.4.7, 4.3.9]) but Q € (Zae) is not in Add(Za~). In Corollary 6.14
we do see a special case where every strictly Gen(7')-atomic module is pure in a direct
sum of copies of T

The next result now follows from Theorem 4.8.

Corollary 5.3. Suppose that T is a silting module in Mod-R, S = End(T') and E is a
minimal injective cogenerator for S-Mod. Set T* = Homg (T, E) to be the dual cosilting
module. Then every indecomposable pure-injective direct summand of T* is neg-isolated
with respect to the definable class (T*) C Cogen(T™*) generated by T*.
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Since, [6, 1.2], any tilting, hence any silting, module T is finitely generated over its
endomorphism ring, Proposition 4.28 applies to T'.

Corollary 5.4. Let T be a silting R-module and set Ry to be its ring of definable scalars.
Then Rr = Biend(Tr) (as R-algebras).

If T is a tilting module, then ([6, 2.1]) every module M has a special Gen(T')-preenvelope,

that is, there is an exact sequence 0 — M = Ty — Ty — 0 with i a Gen(T')-preenvelope
of M and Ty € 11Gen(T), that is Ext*(T}, Gen(T)) = 0.

Lemma 5.5. Suppose that T is a tilting R-module and M € Mod-R is such that Ext! (M,

Gen(T)) = 0. Then there is an evact sequence 0 — M = Ty — Ty — 0 with Ty, T} €
Gen(T), i a Gen(T)-preenvelope of M and Ext!(Ty, Gen(T)) = 0 = Ext!(Ty, Gen(T)). It
follows that Ty, Th € Add(T)

Furthermore, in the case M = R, Ty & 11 is a tilting module equivalent to T'.

Proof. The first statement follows from the proof of [6, 1.2], alternatively see (the proof
of) [12, 13.18]. The fact that Gen(T) N +1Gen(T) = Add(T) is [12, 13.10(c)]. The last
comment is [12, 13.19]. O

In the next section we focus on a special case.

6. MODULES OF IRRATIONAL SLOPE

We suppose throughout Section 6 that R is a tubular algebra. For these algebras
and their finite-dimensional modules see [35, Chpt. 5] or any of the references cited below.
Our eventual aim is to complete the description of the infinite-dimensional indecomposable
pure-injective modules which was begun in [15, 16] and continued in [13] and [20]. The
task which remains is to describe the modules of irrational slope. Here we make a little
progress in this direction.

We refer to [16, 34] for what we need on the modules and morphisms between them,
and to [4] for tilting and cotilting modules over these algebras. We do recall that every
finite-dimensional indecomposable module has a well-defined slope, which is a nonnegative
rational number® or co and that there is only the zero morphism from a module of slope
r to a module of slope s < r. We say that a direct sum of indecomposable modules all of
slope r is also of slope r.

This terminology extends to certain infinite-dimensional modules. Let r be a positive
real. Denote by p, the finite-dimensional indecomposable modules of slope < r and by
q, those of slope > r. We will also use these notations for their Add-closures (i.e. close
under finite direct sums). Let C, = qTLO, B, = 1op, and set D, = B, NC,. This is the
category of modules of slope r and it is a definable subcategory of Mod-R. It is the case
that every indecomposable module, finite- or infinite-dimensional, has a slope [34, 13.1].
The categories D, with r rational are well understood but little is known in the case that
r is irrational. Note that, if r is irrational, the only finite-dimensional module in D, is 0.
The category D, is closed under extensions: if 0 - D — X — D’ — 0 is an exact sequence
with D, D’ € D,, then we have (q,,X) = 0 = (X,p,) and hence X € D,. In fact, we
will see Theorem 6.10 below that, if r is irrational, then every exact sequence in D, is
pure-exact.

Sexcept for those in certain components of preprojective or preinjective modules, but we can ignore

these modules here
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Remark 6.1. Every exact sequence being pure-exact is a property of the category of
modules over a von Neumann regular ring but D, is not an abelian category: there are
epimorphisms between modules in D, whose kernel is not in D, (and which are not the
cokernel of any kernel in D,); similarly for some monomorphisms in D,. But we do say
something, see Proposition 6.15 and Theorem 6.16, about the non-pure morphisms in D,..

See [16, §§2, 3], corrected and extended in [13, §7], for more about slopes and supports.
In particular we have the following.

Proposition 6.2 ([16, 3.4]%). Suppose that M is a module of slope r > 0. Then, for every
€ >0, M is a directed union of finite-dimensional submodules with slopes in the interval
(r —e,7] (indeed in (r — €,r) in the case that r is irrational).

We say that a module M is supported on an interval I of the extended real line if M is
a directed sum = directed union of finitely generated submodules whose indecomposable
direct summands have slope in I.

Recall [4, 6.4] that there is a unique to Add-equivalence tilting module 7" in D, and
a unique to Prod-equivalence cotilting module C' in D, and so ([4, 6]) B, = Gen(T) =
Pres(T'), C;, = Cogen(C') = Copres(W), hence D, = Gen(T") N Copres(C). Also recall [6]
that the partial tilting modules — the modules 7" € Add(T) - are Ext-projectives in D,,
meaning that Ext! (7", D,) = 0 and hence that any exact sequence 0 — D' — D — T’ — 0
with D', D € D, splits. Dually, the partial cotilting modules — the modules C’ € Cogen(C)
- are Ext-injectives in D,: Ext!(D,,C’) = 0 and every exact sequence 0 — ¢’ — D —
D" — 0 with D,D"” € D, splits. If T is a tilting module, then T* = Homg(T, k) is,
[3, 3.4], a cotilting module for the dual definable category (D)4, which is (the duality takes
an irrational cut on indecomposable right modules to an irrational cut on indecomposable
left modules) the category of left R-modules of some irrational slope 7*. So, by left/right
symmetry, the cotilting module C' for D, may be taken to be the dual (in this sense)
module for some tilting left R-module which belongs to the category of left modules of
slope r*.

Lemma 6.3. Let T be a tilting module of irrational slope r. For every A € Mod-R

supported on (—oo,r) there is an eract sequence 0 — A 5Ty — Th — 0 with Ty, Ty €
Add(T) and i a D,-preenvelope of A.

Proof. We check the criterion of Lemma 5.5 to show that there is such an exact sequence
with ¢ a Gen(T')-preenvelope of A and hence, since Ty, T € D, C Gen(T'), a D,-preenvelope
of A.

First, we recall (see [16, p. 697]) that B, = p;-' so we have Ext'(A,D,) = 0. In
particular Ext!(A4,T) = 0 and hence, since, by [35, 3.1.5], every finite-dimensional module
with positive rational slope has projective dimension 1, in particular Ext?(A, —) = 0, we
have Ext! (A, Gen(T)) = 0. Therefore Lemma 5.5 applies. O

Corollary 6.4. Let T be a tilting module of irrational slope r and let T* be its dual,
cotilting module, of irrational slope r*. Then every indecomposable direct summand of T*
s neg-isolated with respect to Dy«

Proof. This is by Corollary 5.3 and since the definable subcategory generated by T is,
[16, 8.5], all of D,-. O

The reference for [16, 3.3], which is used to prove this result, should read Lemma 13.4 (not Lemma 11)
of Reiten and Ringel’s paper.
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We know [16, 7.4, 7.5], at least if R is countable, that there are superdecomposable
pure-injectives in D,« so it might be that T* has superdecomposable direct summands.

Reversing the roles of r and ¥, we deduce the following (which can be obtained by
other arguments, see [20]).

Corollary 6.5. If r is an irrational then there is a cotilting module of slope r all of whose
indecomposable direct summands are neg-isolated in D,..

Indeed, applying [24, 3.5], there is such a cotilting module with no superdecomposable
direct summand, hence which is the pure-injective hull of a direct sum of neg-isolated (in
particular, indecomposable) pure-injectives.

6.1. Pp formulas near an irrational and definable closures. The first parts of the
next result come from the thesis [15] of Harland, see [16, 3.2]. In fact, the result in [16] is
for formulas in one free variable/single elements, but the proof works just as well for finite
tuples (the change is essentially notational).

Theorem 6.6. Let r be a positive irrational and let ¢(T) be a pp formula for R-modules.
Then there is a pp formula ¢', a free realisation (C',@) of ¢' and € > 0 such that:
(1) C" € Add(p,—¢);
(2) C')(¢) € Add(Gys0);
(3) (X)) = ¢'(X) for every X supported on (r — e, r + ¢€)
(4) each morphism C' — X with X supported on (r — €,r + €) is determined by [T
(5) we may choose the formula ¢'(T), say 370 (Z,y) with 8" quantifier-free, such that
there is a unique tuple d from C' such that C' E 0/(6/,31);
(6) with ¢, being 370 (T,7), chosen as in (5) above, if X is supported on (r —e,r+e€)
and @ € ¢(X) = ¢'(X), then there is a unique tuple b from X with (a,b) € 6'(X).

Proof. (1)-(3) One just follows through the proof of [16, 3.2], checking that it works for
n-tuples in place of elements.

(4) Suppose that f,g: C" — X are such that f& = gé’. Then f — g factors through C/(¢’)
which is supported on [r + €,00), hence f — g = 0.

(5) Having made an initial choice of ¢’ being, say, 3 760" (, %), choose d from C’ such that
C' = 0"(¢,d), then just replace 6" by a pp formula ' which generates the pp-type of ¢d
in C’ (using that the pp-type of any finite tuple in a finitely presented module is finitely
generated), so we have C’ = 6/(¢, d).

Then, if there were another witness in C’ to the existential quantifiers in 3 76'(¢,7),
say C' = 0'(¢,€), there would be f : C' — (' with fé = @ and fd = e But then
1—f:C" — C" would factor through C’/(¢'), a contradiction as above.

(6) We have that if X |= ¢'(@,b) and X = #'(a,b ), then there are morphisms f, f/ : ¢/ — X
with f : @d + @b (where d is as in part (5) and f' : &d ab. Then f— f’ factors through
C'/(?) and so, as before, must be the zero map and b = 5/, as claimed. O

Note that (6) says that, given a pp formula, there is a pp formula to which it is equivalent
on every module supported near r and which has, on any such module, unique witnesses
to its existential quantifiers.

We now show that, if D is a module of irrational slope r and @ is a tuple from D, then
the pp-type of @ is determined, within the category D,., by its pp-type in its definable
closure, dcl? (@), in D.
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Recall, see Section 7, that the definable closure, dclP(A) or del” (@) of a subset A of, or
tuple @ in, D means the set of elements b € D which are pp-definable in D over @. This
is a submodule of D. Also, just from the definition of definable closure and the fact that
morphisms preserve pp formulas, if f,g : D — D’ € D, agree on @, then they agree on
dcl? (a@).

Corollary 6.7. If D € D, anda is from D, then pp?(a) is generated, modulo the definable
category generated by D,, by ppddD(E) (@). That is, pp” (@) =p, ppddD @ (@).

Proof. Suppose that D = ¢(a). Choose ¢’ as in Theorem 6.6 (5); say ¢'(x) is 3 z20(7, z).
So D = ¢/(a); say D |= 0(a,b). By Theorem 6.6 (6), b is the unique solution to 6(a@,z) in
D, so each component of the tuple b is definable in D over @. Hence dcl”(a@) = ¢/(a) and
so ¢ € ppdClD(a) (@). But ¢ and ¢’ are equivalent modulo the definable category generated
by D,, as required. O

Note, see the example below, that this does not imply that the inclusion of del? (@) in
D is pure, nor that dcl” (@) is in D,.. That is, if @ satisfies some pp formula ¢ in D € D,, it
need not be the case that there will be witnesses to the existential quantifiers of ¢ which
are definable over a; rather, there is some pp formula ¢ with ¢'(D) = ¢(D) for which
there are definable-over-a witnesses to any existential quantifiers that ¢’ may have.

In particular, consider the case M = R and a corresponding exact sequence 0 — R i>
Ty — 11 — 0 as in Lemma 6.3. Set a = f1. Then the pp-type of a in Ty is equivalent
(by Lemma 3.4), modulo (D,), to the formula z = z which generates pp(1). Thus
every formula ¢ such that Ty = ¢(a) is equivalent, modulo the theory of D,, to x = x.
But certainly there will be such formulas which are not quantifier-free and which are not
themselves witnessed in the definable closure (which by Lemma 6.8 below is aR) of a in
Tp - rather each is D,-equivalent to a formula (in this case © = x) which is so witnessed.

Lemma 6.8. Suppose that the module M is supported on (—oo,r —n) for some n > 0
and take an ezact sequence 0 — M — Ty 2 Ty — 0 with Ty, Ty both of slope r. Then
dcl™o (M) = M.

Proof. Suppose that b € dcl’® (M), say Ty |= p(@, b) for some pp formula p with p(0, Tp) = 0
and with @ from M. Then T3 = p(0, pb) and so, since T} and T generate the same definable
category, see Theorem 6.9 below, we deduce that pb =0 and b € M, as claimed. O

6.2. Purity in D,. We have already referred to the fact that the category D, has no
non-zero proper definable subcategory.

Theorem 6.9 ([16, 8.5]). If M, N € D, are nonzero, then M and N are elementarily
equivalent, in particular they open the same pp-pairs. Hence, if M € D, is nonzero, then
the definable subcategory (M) of Mod-R generated by M is D,.

Theorem 6.10. Every exact sequence in D, is pure-exact.

Proof. Suppose that 0 — M’ — M — M" — 0 is an exact sequence in D,.. Express M" as
a direct limit li \ A, of finite-dimensional modules. Each A) is in p,., so Extl(AA, M) =0
and hence each pullback sequence below is split.

0 M’ M M 0
0 M’ X Ay 0
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These fit together (X is just the full inverse image of Ay in M) into a directed system of
split exact sequences, with limit the original exact sequence which is, therefore (see [28,
2.1.4)), pure-exact. O

Lemma 6.11. If M’ Ly M with M, M’ both in D, then im(f) € D,.

Proof. Since M" = im(f) embeds in M, (q,, M") = 0. Since M" is an epimorphic image
of M', (M",p,) =0, s0 M" € B, NC, = D,, as required. O

The category D, is not, however, closed in Mod-R under kernels and cokernels. Indeed,
as we have seen in Lemma 6.3, for any finite-dimensional module A of slope < r there is

an exact sequence 0 — A — Tj i> T1 — 0 where Ty, 71 € Add(T) C D,. Dually, any
finite-dimensional module of slope > r is the cokernel of a morphism g : Cy — C; in D,
with Cp, Cy € Prod(C). In Section 6.3 will see more precisely what are the morphisms
with kernel not in D,.

Lemma 6.12 ([4, proof of 6.4]). For every D € D, there is an exact sequence

0T LT, 5 Do

with Ty, Ty € Add(T), p a pure epimorphism and the inclusion im(f) — Ty a pure
monomorphism; and there is an exact sequence

0—>Di>Coi>Cl—>0

with Cp, C1 € Prod(C), i a pure monomorphism and Cy — Cy/D a pure epimorphism.

Proof. Since D, = Pres(T), there is an exact sequence T EN Ty —» D — 0 with Ty, T €
Add(T). By Lemma 6.11, im(f) € D so we have an exact sequence 0 — im(f) — To —
D — 0 in D, which, by Theorem 6.10, is pure-exact.

For the second statement, since D, = Copres(C), we have an exact sequence 0 — D SN
Co — C1 with Cp, C; € Copres(C). Since Cp/im(i) € D, we have, by Theorem 6.10, that
the exact sequence 0 — D — Cy — Cy/D — 0 is pure-exact. g

Recall, Proposition 5.1, that every tilting module T for D,. is strictly D,-atomic and
some finite power of it is a D,-preenvelope for R.

Proposition 6.13. Let A € Mod-R. Then there is a morphism A — T for some tilting
module T for D, such that this is a strictly D,-atomic, D,-preenvelope for A.

Proof. Choose, by Theorem 4.11, some strictly atomic D,-preenvelope f : A — D4 for A.
There is, by Lemma 6.12, a pure epimorphism p : T'— D 4 for some tilting module 7" for
D,. Suppose that @ is a generating tuple for A, and let ¢ be such that pp? (@) = (¢). Since
p is a pure epimorphism there is a tuple b € ¢(T) with pb = fa hence, by Lemma 3.4,
with pp” (b)) = pp”4(fa) being D,-generated by ¢. Therefore, by Proposition 5.1, the
morphism A — T given by @ — b is a strictly D,-atomic, D,-preenvelope for A. U

Corollary 6.14. Let T be a tilting module for D,. Then every strictly D,-atomic module
in Dy is in Add(T).

Proof. Suppose that D € D, is strictly D,-atomic. Let @ be a tuple from D, so pp” (@)
is generated, modulo the theory of D, by a pp formula, ¢, say. Let (Cy,¢s) be a free
realisation of ¢. By Proposition 6.13 there is a D,-preenvelope fs : Cy — T with
T in Add(T'). By assumption, there is a morphism gz : D — Ty taking @ to fyCe.
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Take the direct sum of all these morphisms gz as @ ranges over finite tuples in D. Then
this morphism is pp-type-preserving, hence a pure embedding.

Since D, C Gen(T) = T+, Add(T) C 11 D,.. By [4, p. 846, Rmk. 1] every module in D
has injective dimension < 1 and hence 11D, is closed under submodules, so Ext'(D, D,) =
0. But, Lemma 6.12, there is an exact sequence 0 — 177 — Ty — D — 0 with Ty, 11 €
Add(T). So D is a direct summand of Tp and hence is in Add(T") as claimed. O

6.3. Non-pure morphisms in D,.. The next result and its extension that follows in some
sense explain the non-pure surjections in D,.. First, note that, if A is a finitely presented
module and if @ is a finite generating tuple of A, with 6 the conjunction of finitely many
relations on @ which generate all the R-linear relations on @, then 05 generates the pp-type,
pp? (@), of @ in A.

Proposition 6.15. Suppose that A = @R is a finitely generated submodule of D € D, and
let 6z be a quantifier-free formula generating pp(a@). Then D/A € D, iff pp” (@) = (fz)p, .

Proof. (=) Suppose that ¢ € pp? (@), that is ¢ is pp and @ € ¢(D). If (Cy, ) is a free
realisation of ¢ then there is a morphism Cy — D taking ¢ to @, so we may assume that
Cy € pr. By Theorem 6.6 there is ¢’ > ¢ and € > 0 and a free realisation (Cy,¢) of ¢’
such that Cy € p,, Cy /() € q, and ¢/ = ¢ on (r —€,r +€). In particular ¢/ =p, ¢.

Also, since there will therefore be a morphism f : Cy — D with @ — @, there is an
induced morphism Cy /(¢) — D/A. We are assuming that D /A has slope 7, so this must
be the zero map and hence im(f) = A. Thus we have a morphism Cy — A with ¢ — @
and we deduce that @ € ¢'(A). Since @ € A freely realises 6z, we deduce that ¢’ > 6.

So, since ¢/ = ¢ on D, (in fact, on a neighbourhood of r), we have ¢ >p, 6z and hence

pp” (@) = (6a)p, A
(< ) For the converse, we have by Lemma 6.3 that there is an exact sequence 0 — A

Ly —> Ly —> 0 with Lg a D,-preenvelope of A and L; € D,. So there is f : Ly — D with

AL Ly —> D equal to the inclusion A < D. By assumption and Lemma 3.4 we have
pp” (@) = pp™°(i@). We use this to show that if ¢/ is a pp-pair closed on D,., then ¢/v
is closed on D/A, and hence D/A € D,.

So suppose that D/A |= ¢(¢') where ¢(z) is 37 0(T,y) where 0 is

A D wiri; + > yrsk =0,
i k
say D/A |= 9(6’,3’) for some d in D/A. So we have
/\ ZCQTZ']' + Zd;fskj =0.
i k
Choose inverse images ¢; of ¢; and d; of d’- in D and also choose a; € A such that

N2 eyt 2 diow = fo

Therefore

DEIzy \ D wir + Y yksi; = fa;
Jiood k

and so the formula

f?/\ Z$ T‘,]—i-ZykSkj = zj
Jj 1
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is in pp?(fa) = pp’®(ia). Therefore
Ly = /\ Zmﬂ"z‘j + anskj = a;
joi k

for some m;,n; € Lo and hence

Ly = ¢(pm).
Note that

DN fmiri+ Y fruse = fa;
i k
follows and hence

DAY (e — fmi)rij + > (di — fru)sj =0,
7 A k

that is, D |= (¢ — fm,d — fn) and hence D = ¢(¢ — fm). We are assuming ¢/ to be
closed on D and therefore D = ¢(¢— fm) and so D/A = (¢ — 7 fm) where 7 : D — D/A
is the projection.

We know that ¢/v is also closed on L; where ¢ () is, say, 3 uwf'(z,u) and 0 is
Ae i zirh, + >, ws), = 0. Therefore there are e; € Ly such that

Li= N\ DY pmirly + ) ejsy = 0.
t 4 l
So there are ¢; in Lo with pe; = €] and there are a} € A such that
LO ): /\ Zmﬁ’ét —+ Z elsgt = a;
t g !

and hence such that

D ):/t\meir;t+zl:felsgt:faé-

We deduce that
D/A = /\ Zﬂfmirgt + waelsft =0,
t l

that is D/A = 0/ (7 fm, 7 fu), hence D/A = ¢(nfm). Combined with the conclusion of
the previous paragraph, this gives D/A = 9(¢), as required. O

That is, if a finitely generated submodule A of D € D, has its pp-type’ in D being
the minimal possible - that is, D,-generated by its isomorphism type - then D/A € D,
(and conversely - that is stated formally as Collary 6.18 below). Thus we have a source of
morphisms in D, with kernel not in D,..

We have the following extension of Proposition 6.15 which identifies the kernels of
morphisms in D, as the definably closed submodules of modules in D, (note that a pure
submodule is definably closed).

Theorem 6.16. Suppose that K C D € D,. Then D/K € D, iff K is definably closed
in D.

"equivalently, the pp-type of any generating tuple.
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Proof. Set m: D — D/K to be the projection map.

(=) We have seen this argument already: suppose that b € dcl”(K); say D |= p(a,b)
with @ from K, p pp and p(0, D) = 0, hence also p(0,D/K) = 0 by assumption and
Theorem 6.9. Then D/K = p(0,7b), so 7b =0 and b € K, as required.

(<) The argument is a modification of that for Proposition 6.15.

Suppose that the pp-pair ¢/v is closed on D,; we show that ¢/1 is closed on D/K,
which will be enough.

So suppose that D/K = ¢(¢') where ¢(Z) is 3 y0(7,y) with 6 being

A D wirii + Y yrsi; =0,
i k
say D/K E H(E’,E/) for some d in D/K. So we have
/\ Z C;Tij + Z d%skj =0.
i k
Choose inverse images c; of ¢; and d; of d; in D and also choose a; € K such that

D ): /\ ZCZ‘TZ']‘ +deskj = aj.
i % k

Therefore

D ):3 Ty /\ Z;Eﬂ”ij + Zykskj = aj
i k
and so the formula 7(v) which is

1zy /\ Z:Cﬂ“ij + Zykskj = vy
j ot k

is in pp”(@). By Corollary 6.7 there is a pp formula 3 Z6y(z,7) € ppX(a) with 6
quantifier-free such that 3 z60y(z,7) <p, 7(v). Say we have y(%,a) with x from K.
Set Ky = (a,%) to be the module generated by the entries of these tuples. Note that
KO ): 00 (Ea a)'

There is, since K| is finitely generated and is a submodule of D € D,., an exact sequence
0 — K, — Lo — L1 — 0 with K|, a copy of Ky, Ly a D,-preenvelope of K{, and Ly € D,.
So there is f : Ly — D which restricts to an isomorphism on K|, ~ Kj.

Since Ky | 6y(R,a), we have K|, =32 60y(z,ap), where we write @y for the copy of @ in
K. Therefore 3 Z0y(z,v) € pp*(ap) (we identify K}, with its image in Lg) and so, by
choice of 6y, we have Ly |= 7(@p). Say

LO }: /\ Zmﬂ'i]’ + ansk]‘ = CLOJ'
Jj 1 k

for some m;,n; € Lo and hence

L1 | ¢(pm).
Noting that

D /\ meﬂ“” + anksk] faos,=

we proceed from here exactly as in the proof of Proposition 6.15. O

This lets us say precisely how the morphisms in D, with kernel not in D, are associated
with minimal pp-types in D,.
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Corollary 6.17. Suppose f : D — D' with D, D' in D, and K = ker(f) supported on
(—o0, 7 —mn) for somen > 0, in particular, K ¢ D,. Then for every finite tuple @ from K,
pp? (@) = (pp®(@))p,. That is, pp” (K) is the minimal pp-type realised in D, extending
the isomorphism type of K.

Proof. This follows directly from Theorem 6.16 and Corollary 6.7 (the latter is stated for
finitely generated modules but the general case is an immediate consequence of that). But
the proof direct from Theorem 6.6 is quick, so we also give this.

Take any tuple @ from K and suppose that ¢ is a pp formula such that D = ¢(a).
By Theorem 6.6 there is a pp formula ¢’ equivalent to ¢ at (and near) r and with a free
realisation (C,¢) such that C/(¢) € q,.

Then we have a morphism ¢g : C — D with g¢ = @ and hence an induced morphism
C/(c) — D' which, since the slope of C'/(¢) is greater than 7, must be 0. Hence ¢gC < K.
But then K |= ¢/(a) and so, since ¢ is equivalent to ¢’ near r, ¢ is in the D,-closure of
pp’ (@), as required. d

Corollary 6.18. Suppose that 0 — A — D — D’ is an exact sequence with D, D’ € D,
and A finite-dimensional, generated by the n-tuple @. Then ppD(G) is generated, modulo
D, by any quantifier-free formula which generates the defining linear relations on a. In
particular it is the minimal pp-type of any tuple ¢ from a module in D, with the same
isomorphism type as @ (that is, with (¢R,¢) ~ (aR,a) as n-pointed modules).

That follows by Lemma 6.11 and Proposition 6.15.
We look at the following case more closely. Note that by Lemma 6.3, every A € Mod-R
supported on (—oo,r) has a D,-preenvelope which is a monomorphism.

Proposition 6.19. Suppose that A € Mod-R is supported on (—oo,r) and let A — D4 be
a D,-atomic Dy-preenvelope. Then Da/A € D, and Da/A is Dyp-atomic. If Dy is strictly
D,-atomic, so is Dy /A.

Proof. The fact that D4/A € D, is by Lemma 3.4 and Proposition 6.15. Let b be from
D 4 and choose ¢(T,7) which D,-generates pp”4 (@, b) where @ is a chosen finite generating
tuple for A. We claim that ¢(0,7) D,-generates pp”4/4(nb), where 7 : Dy — Dy /A is
the quotient map.

Certainly that formula is in ppP4/4(7b), so suppose that Ds/A = 1(wb), say 1 is
iz /\j S Yirij + > op 26k = 0,50 Dg = /\j dobirij + > crsk = a;- for some ¢;, € D4 and
ag- € A. Then 32 A\; X2 virij + Xop 2kSkj = 33; is a consequence (modulo D,) of ¢(T,7)
where x; is being used for the linear combination of the variables Z that corresponds
to a;- written as a specific linear combination of the entries of @. That is, ¢(Z,7) <p,3
z /\j Zl YiTij + Zk ZESkj = I;, SO (ﬁ(ﬁ,@) SDTH z /\j Zl YiTij + Zk ZESkj = 0, that is
#(0,7) <p, ¥(7y), as claimed.

So every pp-type realised in D 4 /A is finitely generated modulo the theory of D,; that is,
D4 /A is Dy-atomic. Suppose that D4 is strictly D,-atomic and, continuing the notation
as above, take a finite tuple 7b from D /A and a D,-generator ¢(0,7%) for the pp-type of
7bin D4 /A constructed as above. Suppose that D € D, and D = ¢(0,d). Then, by choice
of ¢ and since D4 is strictly D,-atomic, there is a morphism D4 — D with @ — 0 and
b+ d, so this morphism factors through 7, giving a morphism D4/A — D with 7b + d,
as required. O

Here’s a little more about morphisms of D, with kernel R.
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Proposition 6.20. Let T be a tilting module in D, and C a cotilting module in D,. If
0>RS5Ty—Ti —0isa D, -preenveloping sequence with Ty, Ty € Add(T), then there
is an exact sequence 0 — R — H(Ty) — H(Ty)/R — 0 with H(Ty), H(Ty)/R in Prod(C),
and the induced inclusion of H(T1) in H(Ty)/R is split.

Proof. Consider a pure-injective hull i’ : Ty — H(Tp) € D;.. Set a = i(1); then pp (7o) (i'a)
= pp’(a) = (xz = x)p, is the generic pp-type (that is, the smallest pp-type, being
generated by “z = z”) in D,; write this as py. We also have ([4, proof of 6.4]) an
exact sequence 0 — R L Oy — Cy — 0 with Cp,Cy € Prod(C) where C' is a cotilting
module for D, as at the beginning of Section 6; in particular these are pure-injective
(every cosilting module is pure-injective). Since j is the kernel of a morphism in D,, we
have by Theorem 6.16 that jR is definably closed in Cy. Then Corollary 6.7 implies that
pp®(j(1)) = po and so H(Tp) is a direct summand of Cy. Therefore we can replace this
exact sequence with 0 - R — H(Ty) — H(Tp)/R — 0, deducing in particular, that
H(Ty)/R, being a direct summand of C, is pure-injective. Next consider the diagram.

0 R Th Th 0

0——=R—— H(Ty) —= H(Ty)/R——0

Since i’ is a pure embedding, so is its pushout f, so H(T}) is a direct summand of
H(Ty)/R. O

The modules H(Tp) and H(T}), although in Prod(C'), certainly are not cotilting modules
since, according to next result, they have no neg-isolated direct summands.

Proposition 6.21. If T is a strictly D,-atomic module then the pure-injective hull H(T')
of T has no neg-isolated direct summand.

Proof. We need rather more model theory/functor category theory for this. We use the
embedding M — M ® — of Mod-R into the functor category (R-Mod, Ab) followed by
Gabriel localisation at the torsion theory which is generated by the finitely presented
functors which are 0 on the dual definable category DZ. In (R-Mod, Ab), H(T)® — is the
injective hull of T'® — and is torsionfree for that torsion theory. Working in the localised
category (see [28, §12.5, 12.5.6 especially]), if H(T') has a neg-isolated direct summand,
say the hull H(p) of a pp-type p neg-isolated by a pp formula 1, then H(T) ® — has a
simple subobject, namely, the localisation of the functor Fpy,p,, and hence so does its
essential subobject T'® —. Therefore, T realises a neg-isolated type - for we have a nonzero
morphism Fpy/p, — T ® — and so, by [28, 12.2.4], there is® a € T with pp’ (a) = p. But
every pp-type realised in 7' is finitely generated, so p = (¢)p, for some pp formula ¢. But
then ¢ /1) is a minimal pair in the ordering <p, , meaning there is no point in the ordering
strictly between them. But that contradicts [16, 6.1, 7.3], so we have a contradiction as
required. (In terms of the functor category, the localisation of the object Fpy/Fpg is equal

8We obtain the element a as follows. Since Fp, is a subfunctor of the forgetful functor (rR, —) ~
(R ®r —), we have an inclusion Fpy/p, — (R ® —)/Fp, with finitely presented cokernel (R ® —)/Fpy.
Since (T' ® —) is absolutely pure, the morphism Fpy,p, — T ® — therefore extends to a morphism
(R®—)/Fpp = (T'® —). By composition with (R® —) — (R® —)/Fp, we obtain a morphism (R® —) —
(T ® —), which must be induced by a morphism Rr — T, that is, by an element a € T. The pp-type of a
in T is p by [28, 12.2.5] and the fact that Fp, is, because (R ® —)/Fp, is uniform by [28, 12.2.3] with a
simple subobject, the kernel of (a® —) : (R® —) = (T'® —).
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to the localisation of Fpy/Fpp, which shows that this simple object is finitely presented
in the localised functor category, contradicting the result in [16].) O

Question 6.22. Are there any nonzero objects in D, which are finitely presented in D,.?
We can say this much:

Proposition 6.23. If D € D, is finitely presented in D,., then D is D,-atomic. Indeed,
every finite tuple of D can be extended to a finite tuple whose pp-type is D,-generated by
its quantifier-free type (cf. [36, 3.13]).

Proof. Write D = lim A as the direct limit of its finitely generated submodules. For each
finitely generated submodule A of D, choose a D,.-atomic, D,-precover A — D4 of A.
By [21, 3.3] these may be chosen in a functorial way, so that, corresponding to an inclusion
A < B of finitely generated submodules of D, we have a morphism gap : D4 — Dp and
these morphisms give a directed system, with ligD 4 = D1 say. Since D = @A there is
an induced morphism f: D — D; (indeed, this also is functorial, as stated in [21, 3.3]).
Since D is finitely presented in D,., there is A < D finitely generated and a morphism
h: D — Dy such that f = gasoh where gaso : D4 — Dy is the limit map. Let b be any
tuple from D and, without loss of generality, assume that it contains a generating tuple
for A. Set B to be the submodule of D generated by b. Then we have pp?(b) < pp”(b) <
ppP4(hd) < ppPB(gapb). The last pp-type is D,-finitely generated, being equivalent,
modulo the theory of D,, to the first pp-type (Lemma 3.4) and hence is generated by any
pp formula which generates the first pp-type. Hence pp”(b) is generated, modulo D,, by
(any quantifier-free pp formula which generates) pp?(b). O

7. BACKGROUND FROM MODEL THEORY

This consists of brief explanations; for more information and detail there are various
references, including the comprehensive [25] and [28] and the introductions to many other
works, such as [36], [38].

Pp formulas. A pp formula ¢ is (one which is equivalent to) an existentially quantified
system of R-linear equations, that is, has the form
m n t

37 N\ Doz + > ykskj = 0.

j=1 i=1 k=1
Here the r;; and s; are elements of R (precisely, function symbols standing for multipli-
cation by those elements) and A is used for repeated conjunction A, where the conjunc-
tion symbol A means “and”; so this is a system of m R-linear equations. The variables
T = (x1, ..., xy) are the free variables of ¢ (they are “free” to be substituted with values
from some module) and the yj, are the existentially quantified variables. We may display
the free variables of ¢, writing ¢(Z) or ¢(x1, ..., xy).

A quantifier-free pp formula is a formula (equivalent to one) with no existential quan-
tifiers. For instance /\;”:1 Do iy + 22:1 yrskj = 0 is a quantifier-free formula, with
free variables the x; and the yy.

Solution sets of pp formulas. If ¢ = ¢(z1, ..., x,) is the pp formula above then, in
any module M, we define its solution set:

n t
@(M) = {(al, RN an) € M™:3bq, ..., by € M such that Zairij—l— Zbkskj =0, \V/]} .
i=1 k=1
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This is a projection, to the first n coordinates in M" "¢, of the solution set of the quantifier-
free formula /\2”:1 Dol LT + Zi::l yrsk; = 0. Since the solution set to the latter is a
subgroup of M™*! its projection ¢(M) is a subgroup of M™. (In fact, it is easy to see
that both are End(M)-submodules under the diagonal action of that ring on powers of
M.) We say that ¢(M) is a subgroup of M™ pp-definable in M or, more briefly though,
if n > 1, less accurately, a pp-definable subgroup of M.

If @ € (M) then we write M |= ¢(a) - this is the more usual notation in model theory
and is read as “a satisfies ¢ in M.

Since pp formulas define subgroups, we have that M = ¢(a) and M = ¢(b) together
imply M = ¢(a — b).
The (pre-)ordering on, and equivalence of, pp formulas. We write ) < ¢ if, for
every module M, (M) < ¢(M). We will make this comparison only when 1 and ¢ have
the same free variables (so that (M) and ¢(M) may be compared as subsets of the same
power of M). This is a preordering, and equivalence of formulas means equivalence with
respect to this. More generally, we say that ¢ is equivalent to ¢ in M if ¢(M) = (M),
that is if M = ¢(a) iff M = ¢ (@). So two pp formulas are equivalent iff this holds for
every M (in fact, to test the ordering and equivalence it is enough to check just on finitely

presented modules [28, 1.2.23]). So in practice we use “=" not to mean that the formulas
are identical (as strings of symbols) but rather to mean that they have the same solution
sets.

Lattices of pp formulas. For each n the resulting ordered set of (equivalence classes of)
pp formulas in (a specified list of) n free variables is a modular lattice, written pp';, the
point being that each of the intersection and sum of ¢(M),1)(M) < M™ is the solution set
of a pp formula; those formulas are respectively written ¢ A ¢b and ¢ + 1 and are entirely
independent of M. Explicitly, ¢ A is the usual formal conjunction of formulas and ¢ + v
is 371,79 (f =71 +7T2 A qb(fl) VAN 1/1(?2))

So, for every module M, we have the evaluation map pp% — pp" (M) where the latter
is the set, indeed modular lattice, of subgroups of M™ pp-definable in M. The kernel of
this lattice homomorphism consists of the pairs (¢, ) such that ¢(M) = (M): we say
that such a pair is closed on M. Otherwise the pair is open on M. A pp-pair is a pair of
pp formulas which are comparable, ¢ > v, in the ordering on pp'%.

We write ¢» <j; ¢ and ¢ =); ¢ for the (pre)ordering and equivalence of pp formulas
when evaluated on M.

Definable subcategories. Given any set ® of pp-pairs, the corresponding definable sub-
category of Mod-R is the full subcategory on

(M € Mod-R : (M) = (M) V (¢,%) € B}.

Thus a definable subcategory is one with membership determined by closure of a certain
set of pp-pairs.

The definable subcategories of Mod-R are characterised algebraically as being those
closed under direct products, directed colimits and pure submodules ([28, 3.4.7]). They
also are closed under pure epimorphisms and pure-injective hulls ([28, 3.4.8]). A definable
category is one which is equivalent to a definable subcategory of some module category
Mod-R (we allow R to be a ring with many objects, that is a skeletally small preadditive
category).
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If M is a module then we denote by (M) the definable subcategory generated by M -
the smallest definable subcategory (of the ambient module category) containing M:

(M) ={N € Mod-R : $(M) = (M) = ¢(N) =4(N) Vé,¢ pp }.

That is, (M) consists of the class of modules N such that every pp-pair closed on M is
closed on N. Similar notation is used for the definable subcategory generated by a class
of modules. Every definable subcategory is generated by some (by no means unique) M.
The functor category of a definable category. If D is a definable category, then
the functors from D to the category, Ab, of abelian groups which commute with direct
products and directed colimits are precisely those given by pp-pairs: those of the form
D — ¢(D)/¢¥(D), for ¢ > 1 a pp-pair, see [28, 18.1.19] (and the main result of [23]
specialises to something close to this). This category is also equivalent to the localisation
of the functor category (Mod-R, Ab)™ - the finitely presented functors on finitely presented
modules - by the Serre subcategory consisting of those finitely presented functors which are
0 on D. Indeed, the finitely presented functors being just the pp-pairs, these are exactly
all the pp-pairs which are closed on, hence which together define, D. See [28, 12.3.19,
12.3.20].

Pp formulas relative to a definable subcategory. If D is a definable subcategory,
then we write ¢ <p ¢ if V(M) < ¢(M) for every M € D, and ¢ =p ¢ if (M) = ¢(M)
for every M € D. If D = (M), then these are the same as <p; and =y.

The relation =p of D-equivalence between pp formulas in a given set of, say n, free
variables is a congruence on the lattice pp’; of pp formulas in those n free variables and so
there is induced a surjective lattice homomorphism to the lattice pp¥, of equivalent-on-D
classes of pp formulas (which can be identified with pp™(M) if (M) = D).

Elementary duality of pp formulas. If ¢(Z) is a pp formula for right R-modules then
there is an (elementary) dual pp formula D¢(Z) for left R-modules (in the same number of
free variables?) For instance the dual of an annihilation formula zr = 0 is the corresponding
divisibility formula 7|z, that is 3 z(rz = ), and (up to equivalence of formulas) vice versa.
This is a well-defined duality between the lattices pp% and pphop: D(¢ A ) = Dé + Dp;
D(¢ + 1) = Do A Dp; D?¢ = ¢. See [28, §1.3)].

Dual definable categories. If D is a definable subcategory of Mod-R, determined by
closure of some set ® of pp-pairs, then the (elementary) dual definable category D is the
subcategory of R-Mod defined by the set of dual pairs - the collection of (D¢, D) such
that (1, ¢) € ®.

In particular, ¥ <p ¢ iff D¢ <pa D.

We have (D)4 = D. Also M € D iff M* € DY where * denotes any duality of the sort

seen earlier in this paper, for instance (—)* = Homyz(—, Q/Z) or, (—)* = Homg(—, K) if
R is a K-algebra. See [28, §3.4.2].
Pp-types. The pp-type of an element a in a module M is the set of all pp formulas that it
satisfies in M; similarly for n-tuples: pp™ (@) = {¢(Z) : M = ¢(@)}. This is nothing more
than the set of all projected (see “Solution sets of pp formulas” above) R-linear relations
satisfied by @. We say that @ is a realisation of that pp-type in M. Every set p of pp
formulas which is a filter, that is, upwards-closed (if ¢ < 1) and ¢ € p then ¥ € p) and
closed under intersection/conjunction (¢, € p implies ¢ A 1 € p) occurs in this way, so
we refer to such a set as a pp-type.

9Free variables are just place-holders so it doesn’t matter whether or not we use the same free variables
in the dual formula.
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A pp-type p is finitely generated if there is a pp formula ¢ € p such that p = {¢ : ¢ <Y},
we write p = (¢). If A is finitely presented and @ is from A, then ppA(a) is finitely
generated, [28, 1.2.6].

When we work in a definable subcategory D, then pp-types realised in modules in D
will be closed under the equivalence relation =p and upwards closed under <p. We say
that a pp-type p realised in D is D-finitely generated if it is generated among pp-types
realised in D by a single formula, say p = {1 : ¢ <p ¢} and we then write p = (¢)p.
Pp-type of a module. It makes sense to refer to the pp-type of any subset, in particular
any submodule, A of a module M: we write A as an infinite tuple @ = (ag, a1, .., ay,
o) a<|4] and then take the union of the pp-types in M of finite sub-tuples of @. Since
the ordering of A is arbitrary we just write pp™ (A) for this. If A is finitely generated, by
¢ say, then ppM(A) is completely determined by pp™ (¢) since every element of A is an
algebraic R-linear combination of elements of ¢.

Note that pp?(A) is contained in pp™ (A) for any M D A. So, if A is a finitely presented

module, generated by ¢ with defining relations generated by the quantifier-free formula 6,
then pp“(¢) is minimal among pp-types (with free variables matching ¢) which contain
the formula 6.
Morphisms. Morphisms preserve pp formulas: if f: M — N and M |= ¢(a), then N =
é(fa) [28, 1.1.7]. Thus morphisms are non-decreasing on pp-types: pp™ (@) C pp” (fa) if
f is as above. And f is a pure monomorphism iff pp™ (@) = pp™ (fa@) for every @ from M.
Free realisations of pp formulas. A free realisation of a pp formula ¢ in n free variables
is a finitely presented module C and an n-tuple  from C such that pp®(¢) = (¢). It follows
that, if M is any module and @ € ¢(M), then there is a morphism f : C' — M such that
fe=ma [28, 1.2.7].

Every pp formula has a free realisation [28, 1.2.14].

Irreducible pp-types. A nonzero pp-type p is irreducible (or indecomposable) if it is
realised in an indecomposable pure-injective module. That module, the hull, denoted
H(p), of p, is unique to isomorphism (over any realisation of p). Ziegler’s Criterion,
see [28, 4.3.49], is an often checkable criterion for this: it says that p is irreducible iff, for
every 11,9 not in p, there is ¢ € p such that (Y1 A @) + (Y2 A @) € p.

Neg-isolated pp-types. A pp-type p is said to be neg-isolated by a pp formula ¢ if it
is maximal among pp-types not containing ¢. Any such pp-type is [28, §5.3.5, 4.3.52]
irreducible, so is realised in an indecomposable pure-injective. An indecomposable pure-
injective N is said to be neg-isolated if it is the hull of a neg-isolated pp-type and, in
that case, every non-zero pp-type realised in it is neg-isolated, see [28, 5.3.46]. In fact
neg-isolation of N is equivalent, see [28, 5.3.47], to the functor N ® g — being the injective
hull of a simple object in the functor category (R-Mod, Ab).

All these notions relativise to any definable category D, see [28, §5.3.5]. In particular
N is neg-isolated in D, or with respect to D, if it is the hull of some pp-type p such
that there is a pp formula v such that p is maximal, with respect to not containing 1,
among pp-types realised in modules in D. Also, the relevant functor categories are those
associated to D and DY (those functor categories are Gabriel localisations of the functor
categories associated to the whole module category [28, §12.3]).

Elementary cogenerators. An elementary cogenerator for a definable category D is a
pure-injective N € D such that every module in D is a pure submodule of a direct product
of copies of N. Every definable category has an elementary cogenerator [28, 5.3.52] and,
for N to be an elementary cogenerator, it is necessary and sufficient that every neg-isolated
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pure-injective in D be a direct summand of N [28, 5.3.50]. It is equivalent that (the local-
isation of) N ® — be an injective cogenerator of the relevant functor category [28, 12.5.7],
namely the Gabriel localisation of (R-Mod, Ab) at the hereditary, finite-type torsion the-
ory corresponding to the dual definable category DY (see [28, §12.3]).

(We have to involve modules on the other side because we are using the functor which

makes a right module M into a functor M ®p — on left modules, see [28, §12.1].)
Rings of definable scalars. Suppose that D is a definable subcategory. If p(z,y) is a
pp formula with two free variables such that, on every D € D the solution set p(D) in D
is the graph of a function, necessarily additive, on D, then we say that p is a definable
scalar on D (more precisely, p defines a scalar on every module in D). Of course, if two
pp formulas are equivalent on D, then they define the same scalar on D. The set of maps
so defined is the ring of definable scalars for D, denoted Rp. For instance, multiplication
by any r € R is such, being given by the formula z — yr = 0, and this gives a (canonical)
ring homomorphism R — Rp.

It is easy to see that sums and compositions of pp-definable maps on D are pp-definable,
so Rp is indeed a ring. If M is any module, then any pp-definable map on M extends to
a pp-definable map (given by the same pp formula) on the definable category D = (M)
generated by M and we also write Rys for Rp.

For more details see [28, Chpt. 6, §12.8|.

Every universal localisation R — R’ occurs this way (as the ring of definable scalars

for Mod-R’ canonically embedded as a definable subcategory of Mod-R) and any ring of
definable scalars R — R’ can be seen as a localisation of R at the level of functor categories
([28, 12.8.2] makes this precise).
Definable closures. If M is an R-module, A C M and b € M, we say that b is definable
over A in M if there is @ from A and a formula x(Z,y) in the language of R-modules such
that M = x(@,b) and b is the only solution to x(@,y) in M. In the context, D,, that we
consider, it is the case that every module D € D, is elementarily equivalent to D & D
(by pp-elimination of quantifiers, see [28, A.1.1, A.1.2]) and from that it follows by [8,
2.1] that a defining formula x may be taken to be pp. If A C M is any subset, then the
definable closure, dcl™ (A), of A in M is the set of all elements in M which are definable
over A. This will be a submodule of M since an R-linear combination of elements clearly
is definable over those elements.
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