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SIFTED COLIMITS, STRONGLY FINITARY MONADS AND
CONTINUOUS ALGEBRAS

JIRI ADAMEK, MATEJ DOSTAL, AND JIRI VELEBIL

ABSTRACT. We characterize strongly finitary monads on categories Pos, CPO and
DCPO as precisely those preserving sifted colimits. Or, equivalently, enriched finitary
monads preserving reflexive coinserters. We study sifted colimits in general enriched
categories.

For CPO and DCPO we characterize varieties of continuous algebras as precisely the
monadic categories for strongly finitary monads.

1. Introduction

Sifted colimits in ordinary categories, which are essentially combinations of filtered col-
imits and reflexive coequalizers, play a fundamental role in categorical algebra as demon-
strated in [7]. For example, varieties of finitary algebras are precisely the free completions
of duals of algebraic theories under sifted colimits. For ordered algebras varieties, consid-
ered as enriched categories over Pos (the cartesian closed category of posets) are precisely
the free completions of duals of enriched algebraic theories under enriched sifted theo-
ries [6].

In the present paper we study sifted colimits in general enriched categories. A weight
W is called sifted if colimits of diagrams in the base category weighted by W commute
with finite products. Example: if the base category is cartesian closed, filtered colimits
are sifted. We characterize the free completion Sind. %" of an enriched category -# under
sifted colimits. For example: if the base category is Pos, then we prove

Sind.#" = Ind(Rci.®")

where Rci# is the free completion under reflexive coinserters, and Ind denotes, as usual,
the free completion under filtered colimits (Theorem 4.17).

We apply our results, besides Pos, to the categories DCPO of directed-complete posets
(where directed subsets have joins, and morphisms are A-continuous maps: monotone
maps preserving directed joins) and CPO of w-complete posets (where w-chains have joins
and morphisms, called continuous maps, preserve w-joins). For all these cartesian closed
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base-categories ¥ we prove that an enriched functor between cocomplete ¥ -categories
preserves sifted colimits iff it is strongly finitary. (This concept, introduced by Kelly and
Lack [25], means that the functor in question is an enriched left Kan extension of its
restriction to finite sets.) See Example 5.4 and Propositions 5.5 and 5.6.

We study varieties of continuous algebras, which are complete posets endowed with
continuous operations of a given signature. They play an important role in the semantics
of programs. Varieties, i.e. equational classes, were studied intensively since 1970’s, see
e.g. [20], [31] or [3]. Equational presentations use extended terms: besides variables and
composite terms t = o(tg,...,t,—1) for n-ary symbols o (and terms t;) we also admit
formal joins of terms. A wariety of continuous algebras is a class presented by a set of
equations between extended terms. We study two variants: varieties over CPO and over
DCPO. We call algebras over CPO continuous and those over DCPO A-continuous.

Every variety V of continuous algebras has free algebras, thus it generates a free-algebra
monad T, on CPO. Moreover, V is isomorphic to the category CPO™ of monadic algebras
for Ty. A question arises: which monads are of the form Ty,? We prove that each monad
T is strongly finitary (Theorem 6.25) and, conversely, every strongly finitary monad on
CPO is proved to be the free-algebra monad of a variety (Theorem 8.4). We conclude
that varieties of continuous algebras and strongly finitary monads on CPO bijectively
correspond. More precisely: the category of varieties is dually equivalent to the category of
strongly finitary monads (Corollary 8.8). Analogously, varieties of A-continuous algebras
bijectively correspond to strongly finitary monads on DCPO.

RELATED WORK. Sifted colimits in ordinary categories were introduced by Lair [2§]
(who called them ‘tamisante’) and studied intensively e.g. in [5], [8], [16], and [23]. In
enriched categories they were introduced by the unpublished preprint [18], and for the
special case of the base category Cat (small categories) they were studied by Bourke [14].
Properties of sifted colimits, and their relationship to strongly finitary functors, have not
been investigated in the enriched context so far, but a number of these properties are
special cases of ‘colimits of some class’ investigated in an excellent paper by Kelly and
Schmitt [26].

Our results on continuous algebras are closely related to a number of results charac-
terizing monads on a category % corresponding to varieties of algebras in %"

1. For ¥ = Set this is a classical result due to Linton [29]: varieties correspond to
finitary monads on Set, see e.g. [30], Theorem VI.8.1. Moreover, a set functor is finitary
iff it is strongly finitary, i.e. a left Kan extension of its restriction to finite sets.

2. For ¢ = Pos it was Kurz and Velebil [27] who proved that varieties of ordered
algebras (classes presented by inequations) correspond to strongly finitary monads. We
have presented a simplified proof in [1].

3. The idea of using extended terms (Definition 6.7) stems from [3]. There Birkhoft’s
Variety Theorem was proved: varieties are precisely the HSP classes. However, the terms



86 JIRI ADAMEK, MATEJ DOSTAL, AND JIRI VELEBIL

used in op. cit. are a bit more general than those we introduce below: in order to form a
term t = \/, .y tx, We request that the number of variables in all the terms #; be finite.

4. Strongly finitary monads on CPO are also studied by Jiii Rosicky [32]. He proves
a bijective correspondence to varieties of algebras, but his syntax is different from ours.

5. Since CPO is a locally Ny-presentable category, another bijective correspondence to
varieties is presented by Bourke and Garner [15].

Acknowledgement. The authors are grateful to Jifi Rosicky for interesting discus-
sions, and to the referee for suggestions that have improved our presentation.

2. Ordinary sifted colimits

We present a short summary of results on sifted colimits in ordinary categories (for com-
parison with the weighted sifted colimits studied in later sections). These colimits were
called ‘tamisante’ by Lair [28], the name ‘sifted’ stems from [5].

2.1. DEFINITION. A small category 2 is called sifted if colimits of diagrams over it in
Set commute with finite products.

2.2. EXAMPLE. ([5]) Every small category with finite coproducts is sifted.

2.3. PROPOSITION. ([19] or [5], Theorem 2.15) A small category 2 is sifted iff 2 # 0
and the diagonal A : 9 — 2P x P is a final functor.

2.4. DEFINITION. A sifted colimit in a category is a colimit of a diagram with a sifted
domain.

2.5. EXAMPLES.

1. Filtered colimits are sifted. Indeed, analogously to Definition 2.1, a possible defi-
nition of a filtered category & is that colimits of diagrams over Z in Set commute with
finite limits.

2. Reflexive coequalizers are sifted colimits. Recall that a parallel pair is called reflexive
if it consists of split epimorphisms with a joint splitting. A reflexive coequalizer is a colimit
of a diagram whose domain is AJ? for the following truncation A; of A (the category of
positive finite ordinals n = {0,...,n — 1} and monotone maps):
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2.6. REMARK. We can state (cum grano solis) that
sifted colimits = filtered colimits + reflexive coequalizers.
For example, if % is a category with finite coproducts, then the following are equivalent:
1. & has filtered colimits and reflexive coequalizers.
2. X has sifted colimits.
3. & is cocomplete.

Indeed (1) implies that .# has coproducts (using filtered colimits). Thus (3) follows: the
famous construction of colimits via coproducts and coequalizers uses, in fact, reflexive
coequalizers. A more important support of the above slogan is the following

2.7. THEOREM. ([8], Theorem 2.1) Let & and £ be cocomplete categories. A functor F :
H — L preserves sifted colimits iff it preserves filtered colimits and reflexive coequalizers.

2.8. NOTATION.

1. Sind#" denotes the free completion of a category £ under sifted colimits. (Anal-
ogous to the free completion Ind#" under filtered colimits.)

2. Rec# denotes the free completion of £ under reflexive coequalizers.

2.9. THEOREM. (/5], Corollary 2.7 and 2.8) Sind# is the category of all presheaves that
are sifted colimits of representables in [ °P,Set|. If & has finite coproducts, then Sind %
1s the category of all presheaves preserving finite products.

2.10. COROLLARY. ([5], Theorem 3.10) Varieties of finitary algebras are, up to equiva-
lence, precisely the categories Sind %", where £ is a small category with finite coproducts.

One of the most important supports of the slogan in Remark 2.6 is the following

2.11. THEOREM. If a category £ has either pullbacks or finite coproducts, then
Sind. %" = Ind(Rec.%").

The case of pullbacks was proved by Chen [16], Theorem 9.1, for finite coproducts
see [5], Corollary 2.8.
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2.12. EXAMPLE.

1. For the category Sets of finite sets we have
SindSet; = IndSet; = Set.

Analogously let Vec be the category of vector spaces over a given field and Vecs the full
subcategory of finite-dimensional spaces. Then

SindVecs = IndVecs = Vec.

2. For the category Ab of abelian groups if Abg; denotes the subcategory of free finitely
generated groups, then

SindAbg, = Ab.

In contrast, IndAbg, is the subcategory of all free abelian groups.

3. Sifted weighted colimits

A natural generalization of sifted colimits to ¥ '-categories, where ¥ is a symmetric
monoidal closed category, was presented by [18]. Here we show that under certain assump-
tions sifted colimits are just a combination of filtered colimits and reflexive coinserters.

3.1. AssuMPTION. In this section ¥ = (¥,,®, I) denotes a symmetric monoidal closed
category with finite conical products.

Let us recall the concept of a weighted colimit in a #-category # [13]. Given a
diagram D : 9 — 2 and a weight W : 2°? — ¥, both ¥ -functors, a weighted colimit
is an object

C = colimw D

together with isomorphisms
px  H(C,X) = (27, V|(W, 2 (D—, X))
natural in X € . The unit of the colimit is the natural transformation
u=pc(ide) : W — 2 (D—,C).
3.2. ExAMPLES. We concentrate on four categories #". They are all cartesian closed.

1. Pos: posets and monotone maps. A Pos-enriched category carries partial orders on

hom-sets making composition monotone. A Pos-enriched functor F : # — £ is locally
monotone: f C gin J (A, B) implies Ff C Fgin Z(FA, FB).

2. CPO: cpos and continuous maps. See Appendix A.
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3. DCPO: dcpos and A-continuous maps. See Appendix A.

4. Cat: small categories and functors. A Cat-enriched category carries a category
structure on hom-sets making composition a functor.

We denote by Pos; the full subcategory of finite posets in Pos, analogously for CPOs
and DCPOx.

3.3. CONVENTION. Given a ¥ -category .# , whenever we speak about Z-colimits in %
(for an ordinary category &), we mean conical colimits with domain &. In particular,
filtered colimits are conical colimits with Z filtered. Analogously for conical limits (called
limits).

3.4. DEFINITION.

1. A weight W . 2°° — ¥ s sifted if colimits of diagrams in ¥ weighted by W
commute with finite products.

2. Let & be a V-category. A sifted colimit in £ is a colimit weighted by a sifted
weight.

3.5. EXAMPLE. Analogously to Example 2.2, if & has finite coproducts, every weight
preserving finite coproducts is sifted ([25], Lemma 2.3).

3.6. REMARK. The following proposition was proved by Peter Johnstone in his PhD
thesis [22]. We provide a short proof for the convenience of the reader.

3.7. PROPOSITION. For a cartesian closed category ¥ filtered colimits are sifted.

PROOF.

1. For an arbitrary small ¥ '-category & we first observe that given diagrams Dy, D5 :
2 — ¥ and forming the following diagram

DixDy: 2 x99 — 7V, (x1,23)— (Dix1) X (Dax3)
then for the conical colimits of D; and Dy (whenever they exist) we have
colim(Dy * Do) = (colim Dy) x (colim Ds).
Indeed, we have isomorphisms
i, Z) = [1,[Di—, Z]] = [Dy—, Z]

natural in Z € 7% for ¢ = 1,2. They yield a natural isomorphism [C; x Cy, Z] =~
[Dy % Dy—, Z] as follows

[Cy x Cy, Z] ~ [C4, [Cy, Z]]
= [Dl_v[DQ_’Z]]
~ [Dy x Dy—, Z].
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2. Let Z be a small filtered category. Then A : ¥ — 2 x & is final (Proposition 2.3).
Given diagrams Dy, Dy : & — ¥, form Dy % Dy as in (1), so that the triangle below
commutes:

9 A s PX D

D1 X Do D1xDo

v

From (1) we get, since colim D = colim(D; x D3), the desired canonical isomorphism

colim(Dy x D) = (colim Dy) X (colim Ds).

Using an analogous argument, we see that in every cartesian closed category reflexive
coequalizers are sifted colimits. In categories enriched over Pos (or over a basic subcat-
egory, see below) we prove that reflexive coinserters are sifted colimits. We recall the
concept of a coinserter now and show below that it is a weighted colimit:

3.8. EXAMPLE. In the category Pos consider a parallel pair! fy, f; : A — B. Its coinserter
is a universal morphism ¢ : B — (' with respect to c¢- fo C c¢- f;. That is:

1. Every morphism ¢ : B — C" with ¢ - fo C ¢ - f factorizes through c.
2. Given u,v : C — D with u-cC v - ¢, it follows that u C v.

A coinserter can be constructed as follows: consider the category of pre-orders. Every
pre-order (X, C) has a posetal reflection: the quotient modulo the equivalence = N .
Let < be the least preorder on the underlying set of B which contains both the order of

B and the relation
{(fo(a), fi(a)) | a € A}.
Then the coinserter ¢ : B — C'is the posetal reflecion of (B, <).

3.9. REMARK. Every poset P is a coinserter of a parallel pair between two sets (= discrete
posets). Indeed, if |P| denotes the underlying set and R C |P| x |P| the order-relation
with projections 7y, m; : R — | P|, then the following is a coinserter:

/ﬂ—l\) id
R | % p

™0

'We use indices 0 and 1 to indicate that fy comes first and f; second. Thus (fy, f1) is an ordered pair;
however fo C f1 is not assumed.
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3.10. ExamPLE. Consider the following w-chain of the linearly ordered sets C, = {0, 1, . ..

o)1 ]=
0

O - -1
i)

Its colimit in Pos is the linearly ordered set N. In contrast, the colimit in CPO is
N'=Nu{T}

obtained from N by adding a top element T to it. Thus N' is contained in the closure of

Set¢ under reflexive coinserters and w-colimits (using the preceding remark).

3.11. DEFINITION. A subcategory ¥V of Pos, not necessarily full, is basic if it is co-
complete, cartesian closed, closed under limits, contains Pos¢ as a full subcategory, and
contains all morphisms of the form 1 — X for all X € obj¥ .

3.12. ExAMPLE. CPO and DCPO are basic subcategories of Pos.

3.13. DEFINITION. Let ¥ be a basic subcategory of Pos. Then the coinserter of a parallel
pair fo, f1 : A — B in ¥ is the weighted colimit of the following diagram

P1 fl
A D —
ae oh| — | A B
$o fo

9 4

with hom-objects of & discrete, weighted by the following weight W)

1
Wopr
Woa \ Wob

‘/I/\Vowo

0

(where 0 C 1). We speak about reflexive coinserters in case the pair fo, f1 is reflexive.

Explicitly, a coinserter in ¥ is given by a morphism ¢ : B — A universal with respect
toc- fo C c¢- f1. Indeed, the unit u : W — [D—,C] of the colimit C' = colimy D has
the component u; given by ¢ : B — C and the component u, given by c- fy and ¢ - fi.
Thus Wy C W, yields ¢ fo E ¢+ fi. The universality of ¢ follows from the definition
of weighted colimit.

3.14. THEOREM. Reflexive coinserters are sifted colimits in every basic subcategory ¥ of
Pos.
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PROOF. It is our task, given coinserters with splittings ¢ and ¢’ as follows:

[ 5’

lf L,

A$§3—6>C A’#&B’%C
0 0

to prove that ¢ x ¢’ is a coinserter of fyx f{j and f; x f{. Thus reflexive coinserters commute
with binary products. The statement for the empty product is trivial.

(a) First observe that for every object A the functor A x — preserves coinserters (being
a left adjoint due to cartesian closedness).

(b) Given a morphism d : B x B' — D with

d-(fox fo) Ed-(fi x fi) (ql)

we prove that it factorizes through ¢ x ¢’. Precomposing with 6 x A" we get d- (B x f) C
d- (B x f{). Therefore, the adjoint transpose d : B — [B, D] fulfils

d-fiCd-fl:B —[B,D]

By the universal property of ¢, we thus get a morphism g : B x C' — D such that g is a
factorization of d through ¢

B d C

)
@)

(B, D]

In other words, the following lower triangle commutes:
, Axc ’
Ax B ——— Bx(C
foxB'"| | fixB’ foxC'| | fixC’

Bx B -5, Bx (q2)

D
Now precomposing (ql) with A x ¢’ yields (in the square above) that

d-(foxB)Ed-(fi x B).
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Thus the above diagram proves
g-(ox C') - (Ax ) g-(fi x C')- (A x ).

From (a) we know that A x ¢ is the coinserter of A x fj and A x f]. Using the universal
property of this coinserter, we get

g-(foxC)Eg-(fi x ).
From (a) we also know that fo x C" and f; x C" have the coinserter ¢ x C’, and thus g

factorizes as follows

Bx(C —% , oxc

D
Combining this with the lower triangle in (q2) yields

d=g-(Bxd)=h-(cx)
as desired.
(¢) Let u,v:C x C" — X fulfil
u-(exd)Co-(ecx ).
We prove u C v. We can rewrite the above inequality as follows
[u-(cx B)]-(Cx)E[v-(cx B (Cxd).

Denote the adjoint transposes of u - (¢ x B’) and v - (¢ x B') by w,v : B — [C, X],
respectively. The adjoint transpose of the above inequation yields

u-dCo-c.

The universal property of ¢’ thus implies @ C v, which (by using the inverse to the adjoint
transpose) proves
u-(ecx B)YCwv-(cx B.

Since by (a) the morphism ¢ x B’ is a coinserter, we get u C .
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Analogously to Remark 2.6 we can state, for basic subcategories of Pos, that
sifted colimits = filtered colimits + reflexive coinserters.

For example the following proposition supports this. A more important support is pre-
sented in Section 4.

3.15. PROPOSITION. Let ¥ be a basic subcategory of Pos. If & is a ¥ -category with
finite coproducts, then equivalent are:

1. X has filtered colimits and reflexive coinserters.
2. K has sifted colimits.
3. K is cocomplete.

PROOF. Due to Theorem 3.14 and Proposition 3.7 we just need to verify that (1) implies

(3).

(a) # has colimits. Indeed, it has coproducts since they are filtered colimits of finite
ones. It also has reflexive coequalizers (Example 2.5): given a reflexive pair u,v : A — B
the pair fo = [u,v] : A+ A — B and fi = [v,ul : A+ A — B is also reflexive,
and a coinserter of fy, f1 is precisely a coequalizer of u and v. Thus, J# has colimits:
the construction of colimits via coproducts and coequalizers ([30], Theorem V.2.1) uses
reflexive coequalizers only.

(b) # has tensors: given a poset P, to verify that a tensor P ® X exists for each
X € obj? we can restric ourselves to P finite and use the fact that if P = colifm P is a
e
filtered colimit in Pos with P; finite, then P ® X = cqlz'ITnPi ® X (whenever all tensors
1€

P, ® X exist in 7).

For P finite and discrete, P ® X = ]_[| p| X is a copower. For P non-discrete use
Remark 3.9: we get the tensor P® X by forming the reflexive coinserter of my®id, m ®id :
R® X — |P|® X: since —® X preserves weighted colimits, that coinserter has the form
c®id: |Pl® X - P®X.

(c) A is cocomplete since ¥, is complete and cocomplete: this follows from (the dual
of) [12], Theorem 6.6.14.
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3.16. EXAMPLES.

1. For CPO-enriched or DCPO-enriched categories with finite products, the existence
of filtered colimits and reflexive coinserters implies cocompleteness.

2. For the cartesian closed category Cat of small categories and functors, Bourke [14]
studied sifted colimits. The role of reflexive coinserters is played by the colimits weighted
by the embedding

Wy : AP — Cat.

Here A, is the truncation of A (Example 2.5 (2)) to 0,1,2 and W1 and W2 are the
categories given by the linear order 0 < 1 < 2. Bourke proved e.g. that an enriched
endofunctor of Cat preserves sifted colimits iff it preserves

(a) Filtered colimits.

(b) Codescent objects of strict reflexive data, which means precisely colimits weighted

by Wy ([14], Corollary 8.45).

We shall see similar results for Pos-enriched categories in Section 5.

4. The completion Sind

A free completion of a ¥ -category .# under sifted colimits is called Sind#". We observe
that it consists of presheaves that are sifted colimits of representables. In case ¥ = Pos,
we also introduce the free completion Rci#” under reflexive coinserters and prove

Sind.#" = Ind(Rci%")

for all enriched categories J# with finite coproducts. And we derive that an enriched
functor between cocomplete categories preserves sifted colimits iff it preserves filtered
colimits and reflexive coinserters.

Much of what we do with sifted weights is simply a special case of the work of Kelly
and Schmitt [26] that we shortly recall first.

4.1. AssuMPTION. Throughout this and the next section ¥ = (7,, ®, I) denotes a closed
symmetric monoidal category which is complete and cocomplete (has weighted limits and
colimits). Moreover, for the category Sets of finite sets the functor

K:Sete— 7, KX=]]I,
X

is assumed to be a full embedding.

All the categories Set, Pos, CPO, DCPO and Cat satisfy these assumptions.
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4.2. NOTATION. ([26]) Let ® be a class of weights. A ¥ -category is called ®-cocomplete
if it has colimits of diagrams weighted in ®. A #-functor is called ®-cocontinuous if it
preserves colimits weighted in ®. The ¥ '-category of all such functors from # to .Z is
denoted by

d-Cocts(#,.2).

4.3. DEFINITION. ([26]) A free completion of a ¥ -category &~ under ®-colimits is a ®-
cocomplete V -category & together with a V -functor E : # — & yielding an equivalence
of categories by precomposition:

~

(=) E: ®-Cocts(X, &%) = [#, ).

It follows from [26], Proposition 4.1 that F is always fully faithful. Thus without
loss of generality we can consider .# to contain .# as a full subcategory (and E to be
the embedding). Kelly and Schmitt give a characterization, for an arbitrary class ® of
weights, of free completions under ®-colimits:

4.4. PROPOSITION. (/26], Proposition 4.3) A ¥ -full embedding
E:H X
1s a free completion under ®-colimits iff
1. K is ®-cocomplete.
2. The enriched hom-functor & (X, —) is ®-cocontinuous for every X € obj. X .
3. A is an iterated closure of & under ®-colimits.

4.5. REMARK. The free completion of a ¥-category of .# under filtered (conical) colimits
is usually denoted by Ind#". It is well known that Ind.#" can be described as the category
of all presheaves in [Z°P, ] which are filtered colimits of representables. Analogously:

4.6. NOTATION. The free completion of a ¥ -category £ under sifted colimits is denoted
by
Sind %"

4.7. PROPOSITION. For every ¥V -category £ we can describe Sind % as the category of
all presheaves in [ °P, V] that are sifted colimits of representables.

More detailed: the restricted Yoneda embedding Y of J# into the above subcategory
of [Z°P,¥] has the universal property. This follows from [9], Proposition 7.3, since the
class @ of all sifted weights is saturated (aka closed). The saturation of ® is a consequence
of the fact that ® is defined via commutation with certain limits: see [26], Proposition 5.4.
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4.8. COROLLARY. For a small ¥ -category & with finite coproducts we have
Sind#" = all finite-product preserving presheaves.

Indeed, a presheaf F' : #°P — ¥ preserves finite products iff it is a sifted colimit of
representables. The ‘if’ direction is clear from the definition of a sifted weight, and the
fact that representables preserve finite products. For the ‘only if” direction recall that F
is a sifted weight (Example 3.5). Thus, the standard representation of F' as the colimit
of Y weighted by F"

F = colimpY

presents F' as a sifted colimit of representables.

4.9. REMARK.

1. Analogously, for a small ¥ '-category % with finite colimits we have
Ind#" = all finite-limit preserving presheaves.
In fact, these are precisely the presheaves that are filtered colimits of representables.

2. For large categories, we have to work with small presheaves: those that are small
colimits of representables. If a ¥ -category .# has finite coproducts (or colimits), then
Sind#" consists of small presheaves preserving finite products (and Ind# of all small
presheaves preserving finite limits).

In the rest of this section we work with poset-enriched categories: ¥ = Pos. We
will prove that in case .#" has finite conical coproducts, its free completion under reflexive
coinserters is actually a special completion under finite colimits. From that we derive that
functors preserving filtered colimits and reflexive coinserters are finitely cocontinuous.

4.10. NOTATION. The free completion of a poset-enriched category % under reflexive
coinserters is denoted by

Rci? .
4.11. DEFINITION.

1. An object X of V is element-finite, shortly e-finite, if it has finitely many global
elements: ¥,(1,X) is a finite set.

2. A weight W : 2°° — ¥ s e-finite if objZ is finite and all objects
2(d,d') and Wd (d,d" € objP)
are e-finite.

3. Colimits weighted by e-finite weights are called e-finite. An e-finitely cocomplete
¥V -category is one that has e-finite colimits. Functors preserving e-finite colimits are called
e-finitely cocontinuous.
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4.12. PROPOSITION. A ¥ -category has e-finite colimits iff it has finite conical colimits
and tensors with e-finite objects of V.

PRroor.

1. Necessity. It is clear that the weights for finite conical colimits are e-finite. Let P
be an e-finite object of ¥". Tensors P® — are precisely colimits weighted by W : £ — ¥/
where .# is the terminal #-category and W represents P ([24], Section 1.3). Again, W
is clearly e-finite.

2. Sufficiency. Let £ be a ¥ '-category satisfying the above condition. Then for every
e-finite weight W : 2°? — J# and every diagram D : ¥ — # we can form the finite
coproduct

Il 2. e Wdewd).

d,d"ev

Moreover, we obtain a canonical pair of morphisms
Hy e 2(d,d") @ (Wd @ Wd") ——— [[ye, Wd®@ Wd

whose coequalizer (exists and) yields colimy D: see [24], the dual of (3.08).

4.13. COROLLARY. A ¥ -functor between e-finitely cocomplete ¥ -categories is e-finitely
cocontinuous iff it preserves finite conical colimits and tensors with e-finite objects.

By an e-finite cocompletion of a ¥ -category £ is meant an e-finitely cocomplete
category containing % as a full subcategory. If, moreover, J# is closed under finite
coproducts, we call the cocompletion plus-conservative.

4.14. DEFINITION. Let % be a ¥ -category with finite conical coproducts. A plus-conservative
e-finite cocompletion £ is free if, given an e-finitely cocomplete category £, the category

o, : all e-finitely cocontinuous functors in [ K , L]
18 equivalent, via domain-restriction, to the category
oty + all finite-coproduct preserving functors in [ | £ .

4.15. REMARK.

1. It follows that every functor F' : " — £ preserving finite coproducts has a unique
e-finitely cocontinuous extension F': % — Z.
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2. In case 7 is a basic subcategory of Pos, conversely, the property in (1) implies that
X is a free plus-conservative e-finite cocompletion. To see this, recall that ¥ contains
all morphisms from 1; thus enriched natural transformations are just the ordinary ones.
What we need to prove is that every natural transformation 7 : ' — G, which is a
morphism in .o%, yields a unique natural transformation 7 : F — G between the e-finitely
cocontinuous extensions with T = 7 for all K € 7.

Apply the above extension property to the morphism-7-category:
L7 =1[2,%] where 2 is a two-chain,

in place of . To give a functor H : # — £ in % means precisely to give 7: F' — G
as above. And the unique extension H : J# — £ is precisely the desired natural
transformation 7.

4.16. THEOREM. Let # be a poset-enriched category with finite coproducts. Then Rci
s a free e-finite plus-conservative cocompletion of .

PrROOF. We prove some auxiliary statements first.

1. The initial object 0 of % is initial in Rci.#". We prove this by structural induction:
to verify that every object A of Rci.# has a unique morphism from 0, we denote by
o/ C Rci#” the full subcategory on all objects with the desired property. Then we verify
that

(a) o contains £ .
(b) .« is closed under reflexive coinserters in RciZ .

This proves &/ = Rci.#’, as desired. The statement (a) is obvious. To prove (b), consider
a reflexive pair fy, fi : A — B in &/ and its coinserter in RciJZ":

f1
A ;; B——C (coins)

This coinserter is preserved by Rci# (0, —) by Proposition 4.4. Thus every morphism
in Rci? (0, C') factorizes through c. Since B € 7, this factorization is unique. Hence,
Rcioz (0, C) is a singleton set, as required.

2. o is closed under binary coproducts in Rci.#". Indeed, let a coproduct in £ be
given:
K = K, + K5 with injections vy, vs.

We proceed by structural induction. Let o7 be the full subcategory of Rci#” on all objects
X such that (i) for every pair k; : K; — X there is k : K — X with k; = k - v; and (ii)
given k1 : K — X with k-v; T 1-v; (i =1,2), then k C [,

(2a) # C of because the coproduct K = K; + K is conical in J¢ .
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(2b) If the above coinserter (coins) fulfils A, B € &, we prove C' € /. For that we
use that Rci# (K;, —) preserves that coinserter for i = 1,2 (Proposition 4.4).

For Ttem (i), use that Rci.# (K, ¢) is epic: coinserters in Pos, as described in Example 3.8,
are surjective. Thus there exist morphisms k] : K; — B with k; = ¢ -k} (i = 1,2). Since
B € 4/, we have a morphism k' : K — B with k; = k" -v; (i =1,2). Then k = ¢- ¥’ fulfls
ki = k * V.

For the proof of (ii) recall that the hom-functors
F; = Rci# (K;,—) : Rci#” — Pos (j=1,2)

preserve reflexive coinserters. Thus Fjc is the coinserter of I fy and Fj fi. Since reflexive
coinserters in Pos are sifted colimits (Theorem 3.14), Fic X Fye is the coinserter of F f; x
Fyf; for i = 0,1. Following the description of coinserters in Pos (Example 3.8), the
morphism Fjcx Fye is the posetal reflection of the least pre-order on Fi B X Fy B containing

(a) the order of F1B x FyB and

(b) the relation of all pairs (ug,u;) given by choosing an element (py, p2) € F1A X Fh A
and forming ug = (fo - p1, fo - p2) and uy = (f1 - p1, f1 - pa):

Ky K,
p2
P
h
A—/—=B
fo

As in Ttem (i), we can find, for our morphisms k,[ : K — C, morphisms k',!' : K — B
with k = c- k" and ¢-I'. Our assumption k- v; C [ - v; means that in F;C' x F5C we have

(c-k -vi,c K -v) C (el -v,c- U - vg).
In order to prove k C [, we can thus restrict ourselves to two special cases:
(o) In F1B x F3B we have (k' - v, k' - vy) T (I vy, - vg).
(B) There is (p1,p2) € F1A X F»A with
]{3/'1}]‘ = fO'pj and l/'Uj = f1 'pj (] = 172)

In case (a), we use B € &7: since k' -v; = 1"-v; for j = 1,2, we conclude k' C I'. Therefore
k=c-k Cc-l'=1. In case () we additionally use A € & thereis p : K — A with
p; =p-v; (j =1,2). From B € &/ and the equalities

k,'vj:fO'p'Uj (j:1,2)

we derive k' = fy - p. Analogously I’ = fi-p. Thus ¢- k' C ¢-[l'; i.e. k C [ as desired. This
proves C' € 7.
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3. The category Rci.#" has binary coproducts (thus all finite ones, due to Item (1)).
To prove this, we fix an object X of Rci.#” and proceed by structural induction: let .o/
be the full subcategory on all objects Y with coproduct X +Y in Rci.#". We first prove
(b), then (a).

(3b) .« is closed under reflexive coinserters. Suppose that in the coinserter (coins) we
have A, B € /. We thus can form the (obviously reflexive) coinserter ¢ of id + f, and
id + fli

I
A:MB%C

inr inr “
Lo o
X+A—=<X+B—C
~ id+ fo
inl
inl
X

Denote the coproduct injections of X+ A (or X+ B) by inl and inr. We have ¢- (id+ fy) <
¢- (id + f1) which, precomposed by the coproduct injection inr, yields

(c-inr) - fo < (c-inr)- fi.

Hence we obtain a unique v making the square above commutative. We claim that in the
underlying ordinary category (Rci#"), the desired coproduct is

X + C = C with injections ¢ - inl and wu.
Indeed, consider an arbitrary pair of morphisms
k:X—>Dand h:C — D.

The morphism
l=1lkh-c]: X+B—D
clearly fulfils
L-(id + fo) <1-(id + f1)
and it thus factorizes through ¢:
id+ f1 ~ ~
X+A—=X+B——=C
id+fo
[k,h-c] .

K

D
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The morphism [ is the desired factorization: we have

[ (¢-inl) = k.

Moreover,

~l

I~
I

>=

since the coinserter c is epic:

(T-u)-c:l-g-inr:[k:,h-c]-mr:h-c

The universal property of ¢ implies that the factorization is unique.

We still need to verify that the coproduct X + C' = C'is conical. Let p,q: C — Y
fulfil

p-c-inlCqg-c-inland p-uC q-u,

then we verify p C ¢. The inequality p-u C ¢-u precomposed by ¢ yields p-c-inr C q-c-inr.
Since the coproduct X + B is conical, we conclude p-¢ C ¢- ¢, and the universal property
of ¢ implies p C q.

(3a) o7 C . For every object K € J# the full subcategory of all Y with a coproduct

K +Y in Rci# contains £ by Item (3b). Thus K + Y is a conical coproduct for every
object Y.

4. Rci is e-finitely cocomplete. We use Proposition 4.12. We know from (1) and (3)
that finite coproducts exist. Next, coequalizers exist: given a pair g,h : X — Y in Rci?,
their (conical) coequalizer ¢ is the following reflexive coinserter:

[h,g,id]
X+X4+Y — =Y <, C

[9,h,id]

Consequently, Rci#” has finite colimits, and since in Pos the concepts finite and e-finite
coincide, it remains to prove that P ® — exist for every finite poset P. We use the
canonical reflexive coinserter in Remark 3.9. For every object X of Rci.#” we have, due
to (3) above, the finite coproducts

ReX=][Xand |Pl®X=]]X
R

1P|

in Rci#’, and we form the corresponding reflexive coinserter ¢ in RciZ":
T1RX c
R® X :X; Pl X ——— C
T
[fp]

Y
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We prove that
C=P®X.

Indeed, to give a morphism f : C' = Y in Rci#” means to give morphisms f, : X — Y
for all p € |P| such that [f,] - (7o ® X) < [f,] - (m1 ® X). Equivalently: whenever py < p;
holds in P, then f,, < f,, in Rci.#Z (X,Y). This is the same as specifying a monotone
function from P to Rci# (X,Y), as claimed.

5. We finally prove that for every e-finitely cocomplete category £ and every functor
F : # — £ preserving finite coproducts there exists a unique e-finitely cocontinuous
extension F': Rcio#” — . This concludes the proof by Remark 4.15.

By the universal property of Rci.# we have a unique extension F : Rci# — &
preserving reflexive coinserters. We now prove that it preserves finite coproducts. It
follows that F preserves tensors P ® — with P finite: see Item (4). Moreover, F preserves
reflexive coequalizers of f, g : X — Y they are the coinserters of [f, g, [g, f] : X+X — Y.
Therefore I preserves finite colimits, thus by Corollary 4.13, F is e-finitely cocontinuous.

The proof that F preserves, for every object X of Rci#’, all coproducts X + Y, is by
structural induction. Let &7 be the full subcategory on all X with F(X+Y) = FX+FY
holding for every Y € Rci.#".

(5a) o7 contains J# . Indeed, assuming X € £, we prove the desired property by
structural induction again. Let &/’ be the full subcategory on all Y with F(X +Y) =
FX+FY. Since F preserves finite coproducts, .# C &7 for Y € .# we have F(X+Y) =
F(X+Y) using Item (2),and FX+FY = FX+FY = F(X+Y). And &' is closed under
reflexive coinserters: given a coinserter (coins) with A, B € &', we construct X +C = C
as in Item (3b) and use that F' preserves both reflexive coinserters and the coproducts
X + A and X + B to conclude that FX + FC = FC. Thus &' = Rci.# .

(5b) & is closed under reflexive coinserters. This follows from F preserving reflexive
coinserters and the construction of finite coproducts in Item (3b).

4.17. THEOREM. Let £ be a poset-enriched category with finite coproducts. Then
Sind.#" = Ind(Rci?").
PROOF.

1. Let 2 be small. By Theorem 4.16 the category Rcio#” has finite colimits, thus,
Ind(Rci.#?") is the category of all presheaves H on Rci# preserving finite limits (Re-
mark 4.9). That is, all presheaves such that

H : Rci#” — Pos®
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preserves finite colimits. Such presheaves are, using that theorem again, precisely the
extensions of functors F' : J# — Pos” preserving finite coproducts. By Corollary 4.8
this means that F'°? : J# °P — Pos lies in Sind.#". We obtain an equivalence of categories
Ind(Rci#") and Sind#" by assigning to H the unique functor F°? such that H° extends
F.

2. Let 2 be large. Form the collection % C J# (i € I) of all essentially small full
subcategories closed under finite coproducts in J#". Order [ by inclusion, then J; is closed
under finite coproducts in %} for all ¢ < j in I. Theorem 4.16 implies that Rci.%; is closed
under finite colimits in Rci#;. Since Ind(Rci?") is formed by small presheaves on Rci.#
preserving finite limits (Remark 4.9]) and for each such presheaf H : (Rci#)°? — Pos the
codomain restrictions to (Rci#;) preserve finite limits, too, we conclude that Ind(RciZ")
is the colimit of the diagram of all Ind(Rci.#;) indexed by the ordered class 1.

Analogously, Sind.%; is closed under finite coproducts in SindJ#; for all 7 < j in I. Since
Sind.#" is formed by small presheaves preserving finite products (by Remark 4.9 again),
we conclude that Sind# is the colimit of the diagram of all Sind.%; for the ordered class
I. Thus the theorem follows from (1) above.

4.18. OPEN PROBLEM.

1. Does the above theorem hold for poset-enriched categories with pullbacks? (Com-
pare Theorem 2.11.)

2. Does that theorem generalize to ¥ -categories for basic subcategories ¥ of Pos?

4.19. THEOREM. A poset-enriched functor between cocomplete categories preserves sifted
colimits iff it preserves

(a) Filtered colimits;
(b) Reflexive coinserters.

PROOF. Let J# and £ be cocomplete poset-enriched categories. Given an enriched
functor F' : # — &£ preserving filtered colimits and reflexive coinserters, we prove that
it preserves sifted colimits.

1. Every small full subcategory C : € — % closed under finite coproducts has the
following property. Denote by (—)* the extension of functors from % to Sind%¢ preserving
sifted colimits, then the triangle below commutes:

Sind¥

(F-C)”
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To verify this, observe that both F'- C* and (F' - C)* preserve filtered colimits. Thus, to
prove they coincide, it is sufficient to verify the equality

F-C*I=(F-C)-1:Rd% — ¥

for the embedding I : Rcié < Ind(Rci%’) = Sindé¢ (Theorem 4.17). The functor I pre-
serves finite weighted colimits ([26], Proposition 5.6 applied to ® =finite limits). Therefore
both sides of the last equation preserve reflexive coinserters. Thus, the equation holds
because both functors are extensions of F'- C': ¢ — Z.

2. We are ready to prove that F' preserves colimy D for every small diagram D : ¥ —
2 and every sifted weight W : 27 — ¥, Let C' : € — # denote the full subcategory
which is the closure of D[] under finite coproducts. Since % is essentially small, we can
apply (1) to it. We have a factorization D = C' - D', and obtain a commutatitve diagram
as follows:

¢ —L— Sind¢

/ *
b (& ¢ (FC)*

9 s K s L

D F

We thus get the following canonical isomorphisms

F(colimy D) = F(colimyC* - E - D)

~ . C*(colimwE - D") W sifted
= (F-C)*(colimwE - D) by (1)
= colimy ((F-C)* - E- D) W sifted

= colimy (F - D).

5. Strongly finitary endofunctors

The concept of strong finitarity was introduced by Kelly and Lack [25], see below. For all
the categories ¥ we consider in our paper an endofunctor on 7 is strongly finitary iff it
preserves sifted colimits. In the subsequent sections we prove that strongly finitary monads
on CPO or DCPO bijectively correspond to varieties of continuous (or A-continuous)
algebras.

The assumptions 4.1 are still assumed throughout this section.

5.1. DEFINITION. ([25]) An endofunctor T on ¥ is strongly finitary if it is the left Kan
extension of its restriction T - K to finite sets:

T = Lang (T - K)
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5.2. REMARK.

1. Recall that Lang : [Sets, 7] — [#, 7] is the left adjoint of the functor (—) - K :
[V, V] — [Sete, V.

2. In case 7 is the free completion of Setr under sifted colimits (via K : Sety — ¥)
we simply write

¥ = SindSet;s.

Using Proposition 4.4, this is equivalent to ¥ being the iterated closure of K[Set¢] under
sifted colimits. Indeed, the item (1) in that proposition is our assumption, and (2) is

automatic since sifted colimits commute with finite powers. Moreover, ¥ (KX, —) = (—)"
for every set X of n elements.

5.3. PROPOSITION. Suppose ¥ = SindSet;. Then an endofunctor on ¥ is strongly fini-
tary ioff it preserves sifted colimits.

PROOF. According to [24], Theorem 5.29 the condition 7' = Lang (7" - K) is equivalent to
T preserving K-absolute colimits. This means colimits weighted by such weights W that
¥ (KX, —) preserves colimits weighted by W for each X € Set¢. If X is an n-element set,
then 7 (K X, —) is naturally isomorphic to (—)". Thus

K-absolute = sifted.

(Indeed, for n > 0 sifted colimits commute with n-th powers, for n = 0 the functor
¥V (KX, —) is constant with value 0, the initial object.)

5.4. EXAMPLES.

1. For endofunctors on ¥ = Set, finitary and strongly finitary are equivalent condi-
tions. Indeed, Set = IndSet;.

2. An enriched endofunctor on Pos is strongly finitary iff it is finitary and preserves
reflexive coinserters. This follows from Theorem 4.19 and Proposition 5.3, using Re-
mark 5.2 (2). Indeed, we have

Pos = SindSet;,

as Pos is the closure of finite posets under filtered colimits, and finite posets form, by
Remark 3.9, the closure of K[Set¢] under reflexive coinserters.

3. As mentioned in Example 3.16, an endofunctor on Cat is strongly finitary iff it is
finitary and preserves codescent objects of strict reflexive data.

5.5. PROPOSITION. CPO = SindSets, and an enriched endofunctor on CPO is strongly
finitary iff it is finitary and preserves reflexive coinserters.
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PROOF. Recall the weight W, for reflexive coinserters (Definition 3.13). We are going to
prove that CPO is the closure of Sets (finite discrete posets) under filtered colimits and
reflexive coinserters. Then CPO = SindSet; follows from Proposition 4.4 applied to

® = conical filtered weights plus W,

using that CPO is cocomplete (Appendix A). Indeed, once we know that CPO is the
free completion of ®-colimits, it is a free completion under sifted ones. Consequently, an
enriched endofunctor F' of CPO preserving filtered colimits and reflexive coinserters is the
unique ®-cocontinuous extension of F'- K. The unique strongly finitary extension of F'- K
to SindSets is also ®-cocontinuous, thus, this is the functor F.

Let us denote by % the closure of Sets under filtered colimits and reflexive coinserters
in CPO. We prove ¥ = CPO in several steps.

1. € contains all finite posets by Remark 3.9.

2. € contains the cpo N (Example 3.10). Analogously, the copower r e NT (r < w)
lies in % it is the colimit of the w-chain of r @ C} (k < w), the coproduct of r copies of
Cy, with inclusions as connecting maps.

3. Basic cpos. Let us call a cpo P basic if we can obtain it as a reflexive coinserter of

the following form

f1
7

r e NT reNT —2 .+ p
\_/r
fo

for r,7’ € N. We also call such coinserters basic. € is of course closed under basic
coinserters. Observe that a coproduct of two basic coinserters is basic, too.

4. To finish the proof we verify that every cpo X is a directed colimit of basic ones.
Denote by D the directed diagram of all sub-cpos P C X that are basic (and all inclusion
morphisms between them). The fact that D is directed follows from Items (2) and (3).
The embeddings ip : P < X of all basic sub-cpos form a cocone of D. We prove that
every other cocone sp : P — S of D uniquely factorizes through (ip).

First observe that D contains {z} for every z € X: consider the basic coinserter

f1
/—\,(
2eNT NT —2 5 {2}
~_
fo

where f, and f; are id on the first copy of N', and on the second one f; is id and f;
is constant with value 0. Next observe that given P € D containing {z}, it follows that
sp(x) = sgzy(x). (In other words, the value sp(z) is independent of P.) Indeed, the
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embedding {z} < P is a connecting morphism of D, thus for the cocone (sp) we see that
S{z} is a restriction of sp. We can thus define a map

s: X — S by s(z) =sp(x)

for any P € D containing x. This map is monotone. Indeed, given x C y in X, then D
contains {z,y}. To see this, consider the basic coinserter

fi
/—\
2eNT NT —2— {z, 9}
~_
fo

where fy and f, are id on the first copy of N, and on the second one fy is id and f; is
constant with value 1 except for fi(0) = 0. Then p(0) = x and else p is constant with
value y. Since sy, is monotone, we get

S(ZL‘) = S{x,y}(‘r) L 3{x,y}<y> = S<y>
Analogously, s is continuous: let x = | |, be a join of a strictly increasing w-chain in
X. Consider the basic coinserter
id
T AT
N N' ——— {afren U {2}
\Tj/
where p(k) =z and p(T) = x.
By the definition of s we have s-ip = sp for very P € D. The map s is obviously
unique with this property.

5.6. PROPOSITION. DCPO = SindSet¢, and an enriched endofunctor of DCPO is strongly
finitary iff it is finitary and preserves reflexive coinserters.

PROOF. Analogously to the proof of Proposition 5.5, we need to prove that
¢ = DCPO,

where % is the closure of finite discrete posets under filtered colimits and reflexive coin-
serters.

1. For every ordinal « consider the linearly ordered dcpo a4+ 1 of all ordinals smaller
or equal to a. We prove that if « is infinite, then o + 1 is a colimit of a chain of dcpos
£+ 1 lying in 4. We proceed by transfinite induction on a.



SIFTED COLIMITS, STRONGLY FINITARY MONADS AND CONTINUOUS ALGEBRAS 109

First step a = w. Since o + 1 = N, see Example 3.10.

Isolated step Suppose a+1 is a colimit of some v-chain D having objects Di = 5;+1
for i < . We observe that o + 2 is a colimit of the following y-chain D’: for each i < ~y
put

D'"i = B; + 2 (having top element 3; + 1).

The connecting maps d;; : Di — Dj of D are extended to the connecting maps d;; :
D'i — D'j by preserving the top elements: d;;(8; +1) = 8; + 1. Then the colimit of D’ is
obtained from « 4+ 1 = colim D by adding a new top element. That is, o + 2 = colim D’.

Limit step Given a limit ordinal o with §+ 1 € & for all 5 < a, then a +1 € ¥
because the colimit of the a-chain of all § 4+ 1 (and inclusion maps as the connecting
maps) is o + 1.

2. We next prove that ¢ contains all finite coproducts of the above linearly ordered
cpos C, = a + 1 with « an infinite ordinal. We provide the detailed proof for binary
coproducts

Co + Cp.

Without loss of generality assume a < 5. We prove by transfinite induction on 5 that
Cy + Cj is a colimit of a chain of dcpos C,, 4+ Cj for ordinals § < f.

Initial step = w. Thus a = w, too, and C, = Cs 2 N' (Example 3.10). We have
NT+NT = cglim(Ck + C%) in DCPO.
<w

Isolated step Suppose that C, + C3 is a colimit of some 7-chain D having objects
D; = C,+Cp, fori < . Form the y-chain D" with objects C,+Cjp,41 and with connecting
morphisms extending those of D by preserving the top element ; + 1 of Cg,+1. Then
Cy + Cpy1 = colim D" in DCPO.

Limit step Let [ be a limit ordinal such that & contains C, + Cs for all infinite
d < B. These coproducts form a d-chain (with connecting maps given by the inclusion
maps) having the colimit C,, + Cj.

3. Basic dcpos. Let 6y C % denote the full subcategory of DCPO which is the closure
of the class {C,, | @ an infinite ordinal} under finite coproducts. A basic dcpo is a depo
P for which there exists a reflexive coequalizer p : C,,, + - -- 4+ C,, — P of a parallel pair
in 65. Obviously, € contains all basic dcpos.

4. Every dcpo X is a directed colimit of basic ones. The proof is completely analogous
to that of Item (4) in Proposition 5.5. In the last argument, showing that s is continuous,
we just verify that s preserves the join x = [ |,_, zx of every a-chain, where « is an
infinite cardinal. (This follows from a coinserter of id, id : C,, — C, as in loc. cit.) Then
s preserves joins of increasing chains, which proves that it preserves directed joins ([4],
Corollary 1.7).
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5.7. REMARK.

1. In Pos all coinserters are surjective. This is not true in CPO: let |N| be the under-
lying discrete CPO and R be the order of N (a discrete CPO). Let m, 71 : R — |N| be the
projections onto the underlying set. Their coinserter is |N| < NT.

2. On the other hand, all coinserters used in the proof of Proposition 5.5 are surjective.
In step (1) this was idp. In step (3) the map p is surjective because its image is closed
under w-joins in P. Indeed, that image is the union of p[{i} x NT] for i = 1,...,r. Let
(x,) be a strictly increasing w-chain in that image. Since the above union is finite, some
p[{i} x NT] contains a cofinal subchain (2,))ken of the chain (z,). Thus we have a
strictly increasing chain (ji)ren in N with @,y = p(i, jk) for all & € N. We conclude that
|l,<., Zn lies in the image of p:

Lz =[] 2w = [ G in)-

n<w k<w k<w
The last join equals p(, T) since p is continuous and | |,_ (¢, 7x) = (4, T) in {i} x NT.

3. Analogously, all coinserters used in the proof of Proposition 5.6 are surjective. We
thus obtain the following

5.8. COROLLARY. Strongly finitary endofunctors on Pos, CPO or DCPO are precisely
those preserving directed colimits and reflexive, surjective coinserters.

5.9. EXAMPLE. Let the base category ¥ be Pos, CPO or DCPO.

1. The endofunctor (—)" is strongly finitary (n € N). This follows, in view of the
above Corollary, from Proposition 3.7 and Theorem 4.16.

2. A coproduct of strongly finitary endofunctors is strongly finitary.

6. Varieties of continuous algebras

We now introduce varieties of continuous algebras: the base category is CPO (see Ap-
pendix for details on it). In the next section the analogous results about varieties of A-
continuous algebras (base category DCPO) are presented. A variety is a class of continuous
algebras presented by equations between extended terms (Definition 6.11). These terms
use, besides the usual formation of composite terms, formal joins of w-chains ¢ = \/, . tx
for countable sets of terms. We use the symbol | | for joins in a concrete poset and \/ for
formal joins. The underlying set of a cpo P is denoted by |P|.

In the present section we prove that every variety of continuous algebras has the form
CPOT (the Eilenberg-Moore category) for a strongly finitary monad. The converse is
proved in Section 8: every strongly finitary monad yields a variety.

Throughout this section ‘category’ means a CPO-enriched category, and ‘functor’
means a CPO-enriched functor (i.e., a locally continuous one, see Appendix). Analogously
for ‘adjunction’ and ‘monad’.
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6.1. AsSUMPTION. For the rest of the paper X denotes a finitary signature: every symbol
o € X is assigned an arity (which is a natural number). We assume that a countably

infinite set
V ={zy | k € N}

of variables is specified.

The following definition stems essentially from the work of the ADJ group in the
1970s [20].

6.2. DEFINITION. A continuous algebra is an algebra acting on a cpo A with all operations
continuous. That s, for every n-ary symbol o € X, we are given a map o4 : A" — A
continuous w.r.t. the coordinate-wise order on A™.

We denote by 3-CPO the category of continuous algebras and continuous homomor-
phisms.

6.3. ExaMPLE. (Free algebras) The description of a free algebra Tx, P on a given cpo P
is analogous to that in (non-ordered) universal algebra. The elements of T, P are classical
terms (we stress 'classical’ since below we use more general terms). That is, the underlying
set | P| is the smallest set such that

1. Every variable, i.e. an element of | P|, is a classical term.

2. For every n-ary symbol o € ¥ and every n-tuple (t;);<, of classical terms we get a
composite term o (t;)i<p.

Composition of terms defines the operations on T3 P].

Let us call two classical terms similar iff either both are variables from P or both
have, for some n-ary symbol o, the form o(t;);<, and o(t;);<n, resp., such that ¢; is similar
to t; for all i < n. The order C of Ty P is as follows: only pairs of similar classical terms
are comparable. For variables, x C 2 holds in TP iff this holds in P. And for similar
composite terms we put

o(t;) Co(t)) iff t; C ¢, for each i < n.
6.4. REMARK.

1. It is easy to see that two terms ¢t and ¢’ are similar iff we can obtain ¢ from ¢ by
changing some variables (in |P|) by other variables. And that ¢ C ¢ holds iff we can
obtain ¢’ by changing some variables x in ¢t by variables 2’ with x C 2’ in P.

2. Consequently, Tx, P is a coproduct of powers P", one for each similarity class of
terms on r variables. Moreover, these classes are independent of the choice of P. We thus
obtain the free-algebra functor Ts, : CPO — ¥-CPO as a coproduct

Ty = ]_[Jd’”

ranging over similarity classes of terms (on r variables).
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6.5. DEFINITION. A monad is strongly finitary if its underlying functor has this property.

6.6. PROPOSITION. The monad Ty, of free X-algebras on CPO 1is strongly finitary.

This follows from the previous remark and Example 5.9.

We are going to define varieties of continuous algebras as classes presentable by equa-
tions between terms. The following definition extends the above concept of classical terms
by allowing terms ¢ = \/, .y tx for every collection (tz)ren of terms on finitely many vari-
ables. Our definition is very similar to that in [3] where, however, the restriction to
collections with finitely many variables was not required.

6.7. DEFINITION. For the set V' of variables we define the set F5V of (extended) terms
as the smallest set such that

1. Every variable in V is a term.

2. Every n-ary symbol o and every n-tuple (t;);<, of terms yields a composite term
a(tl)l<n

3. Every countable collection ty, (k € N) of terms, which together contain only finitely
many variables, yields a term
t=\/t.

keN

6.8. NOTATION. We denote by Z5V,, the subset of 25V of extended terms using only

variables from V,, = {x,...,2z,_1}. By the above definition we have
AV = &V
n<w

6.9. EXAMPLE.

1. Let ¥ consist of a unary operation . Then we have the following term
\/ of(z).
keN

To interpret this in an algebra A, we need not only to have a continuous operation
oa: A— A, but also must know that for every interpretation x + a of the variable the
sequence o%(a) in A is an w-chain. This indicates that interpretation of terms will be a
partial map.

2. For the above signature and our set V' = {x) | k € N} of variables the expression
\/ o(zk)
keN

is not a term: it contains infinitely many variables.
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6.10. DEFINITION. Let A be a continuous algebra. Given an interpretation f :V — A of
variables, we define the interpretation of extended terms as the following partial function

ft1 : 921/ — A
1. f¥(x) = f(x) for each variable x € V.
2. f*is defined in o(t;)ic, iff each f(t;) is defined. Then f*(o(t;)icn) = oa(f*(ti))icn-

3. f* is defined in \/, o te tff each fH(ty) is defined and fulfils f*(ty) C f*(tx+1). Then
FAt) = Upen f5(t0).

6.11. DEFINITION. A variety of continuous algebras is a full subcategory V of %-CPO
presented by a set of equations t =t between extended terms (t,t' € F5V ).

That is, an algebra A lies in V iff for each of the given equations ¢t = ¢’ and each
interpretation f : V — A both f#(t) and f*(¢') are defined and are equal.

6.12. EXAMPLE.

1. Let ¥ consist of a unary symbol ¢ and a nullary one T. A continuous algebra is a
cpo A together with a continuous self-map o4 and an element T 4. The equation

\o"@)=T

keN

is satisfied iff every element a € A fulfils a C oa(a) (thus, 0%(a) is an w-chain) and the
join | |,oy 0™ (a) is always T 4.

2. Continuous monoids are given by the signature ¥ = {-, e} and the usual equations
(associativity of - and e being a unit). Thus a continuous monoid is a monoid acting on
a cpo so that for all w-chains (ay), (by) we have

keN keN keN

Notice that the last equality simply expresses that the multiplication is continuous. (We
do not have to specify the equation (\/zx)(\/ yx) = V(zryx). Indeed, this is not an
equation in our sense at all because it contains infinitely many variables.)

3. Continuous monoids satisfying

\ =

keN

These are monoids with a T a? for every element a, and the top element e.
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6.13. REMARK.

1. Instead of equations we can also use formal inequations t C t' between terms. This
is equivalent: given terms t,t', define a term

5§ = \/s;C with sg = ¢ and s =t' (k > 1).
keN

Then the equation ¢t = s expresses precisely that ¢ C ¢'.

2. Another possibility, instead of equations, is using definability of terms. Let us say
that a term ¢ is definable in a continuous algebra A iff f#(¢) is defined for all interpretations
f:V — A. This is the case iff A satisfies the equation ¢t = ¢t. Conversely, given terms
t,t', an algebra A satisfies ¢ = ¢ iff the term s in item (1) is definable in A.

6.14. LEMMA. ([3], Proposition 3.5) Every continuous homomorphism f : A — B pre-
serves definability of termst € F5V : given an interpretation h : V — A with h¥(t) defined
in A, then (fh)¥(t) is defined in B, and is equal to f(Rh*(t)).

The proof in [3] uses more general terms: it is not required that only finitely many
variables are involved. But it applies with no modifications to our situation.

6.15. REMARK. The factorization system of Lemma A.6 lifts to 3-CPO: let f : A — B
be a continuous homomorphism. Form the closure By of f[A] under w-joins as in the proof
of that lemma. It is sufficient to verify that f[A] is closed under all operations ¢ € ¥.
Let o be n-ary. We prove that the set X C B of all n-tuples that op maps to By is
all of Bf. Since f[A] is w-dense in By (Definition A.5), we know that (f[A])" is w-dense
in By (Lemma A.8). The set X is closed under w-joins in Bf} because o is continuous.
Thus, we only need to observe that (f[A])" C X. Indeed, given an n-tuple b; = f(a;),

then op(b;) = f(o(a;)) € fA].

6.16. REMARK. In classical universal algebra varieties are precisely the classes closed
under homomorphic images, subalgebras, and products (HSP classes). We have these
constructions for continuous algebras, too:

1. A product (P) of continuous algebras A; (i € I) is their cartesian product [[,.; A;
with order and operations defined coordinate-wise.

2. Let A be a continuous algebra. A subalgebra (S) is a subobject in 3-CPO represented
by an embedding m : B < A of a sub-cpo of A closed under the operations.

3. A homomorphic image (H) of A is an algebra B with a surjective morphism e :
A — B in X-CPO.

6.17. PROPOSITION. Every variety is an HSP class, i.e. closed in 3-CPO under products,
subalgebras, and homomorphic images.

PRrROOF. By Remark 6.13 we need to verify that given an extended term t € 5V the
class of all algebras in which ¢ is definable is an HSP class. The proof presented in [3]
(pp. 339-340) works without changes in our (more restricting) setting. m
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6.18. COROLLARY. Fvery variety V of continuous algebras has free algebras: the forgetful
functor Uy, : V — CPO has a left adjoint Fy, : CPO — V.

ProoF. This is true for ¥V = X-CPO by Remark 6.4. Thus it is sufficient to prove that
for every variety 1V the embedding V — 3-CPO has a left adjoint, i.e., V is reflective. We
use the factorization system of Remark 6.15: we know that V is closed under products
and M-subobjects (Proposition 6.17) and that 3-CPO is £-cowellpowered since CPO is
(Lemma A.9). Thus the ordinary category V, is reflective (in (X-CPO),) with reflections
in £ by [2], Theorem 16.8. It follows easily that the enriched category V is reflective in
Y-CPO: the reflection 74 : A — RA of a ¥-algebra in V yields, for every algebra X in
¥-CPO a continuous map (—) -r4 : V(RA, X) — X£-CPO(A, X). =

6.19. LEMMA. Consider a commutative triangle

A
/ \
Bl D > BQ

where h; are morphisms of 3-CPO and p is a continuous map. If the image of hy is
w-dense, then p is also a morphism in X-CPO.

PROOF. Since h; and p - h; are homomorphisms, for every n-ary symbol o the upper
square and the outward rectangle in the following diagram

AnL)A

Ry h1
' on, 4
BY ——— By
p" P

n
B2 U—B2>BQ

both commute. The image of h} is w-dense by Lemma A.8. Since h] merges the two
paths of the lower square (which are continuous maps), it follows that the lower square
commutes, as desired. [

We now prove that the forgetful functor Uy, : ¥-CPO — CPO creates filtered colimits.
That is: given a directed diagram D : 2 — Y-CPO with a colimit of UsD given by
cq : UsDd — C', there is a unique structure A of a continuous algebra with UsA = C
turning all the maps ¢4 into homomorphisms. Moreover, A = colim D w.r.t. the cocone
(cq), and this colimit is conical.
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6.20. THEOREM. The forgetful functor Uy, : 3-CPO — CPO creates filtered colimits.

PRroOF. To simplify notation, we work with directed colimits only. (By [4], Corollary 1.5,
this does not lose generality.) Let ¢ € ¥ be an n-ary operation symbol. From Propo-
sition 3.7 we know that D™ has the colimit ¢} : Ug(Dd)" — C™. All the composites
¢q - 0pq : Usg(Dd)" — C form a cocone of D. Indeed, every morphism § : d; — dy of 2
yields a homomorphism D¢ : Dd; — Dds, thus the square below commutes:

Usy(D8)"
—_—

Us(Ddy)" Us(Ddy)"

ODd; ODdg

2

UEDdl W} UE-Dd2

Cd2
Cdl

2

C

Therefore there exists a unique morphism o4 : C™ — C making the following squares
commutative for each d € objZ:

UsDd

Ung —_— UEDd2

T
Cd

CnU—A>C

In other words, a unique algebra structure A on the cpo C' is given making each ¢; a
homomorphism.

To prove that the cocone (c¢;) is also a colimit in X-CPO, let B be an algebra, and
by : Dd — B a cocone of D in £-CPO. Then (Ugby) is a cocone of Us D, thus there is a
unique continuous map

p: C — Us B with p- Uscqy = Usby (d € ObJ.@)

It remains to verify that p : A — B is a homomorphism. For that consider the following
triangle

HdEObj@ Dd

[cal [ba]
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We apply Lemma 6.19: both [¢,4] and [b4] are continuous homomorphisms. Since (¢g) is a
colimit cocone, the image of [¢,] is w-dense (Lemma A.7 (2)). Thus p is a homomorphism.

Finally, the colimit cocone (¢;) is conical because Uy is locally continuous, and CPO
has conical colimits (Corollary A.4).

6.21. PROPOSITION. Every variety is closed under filtered colimits in 3-CPO.

PRrOOF. Using Theorem 6.20 we just need to show that the underlying ordinary category
is closed under filtered colimits in (X-CPO),. We again work with directed colimits in
place of the filtered ones. This does note lose generality, see [4], Corollary 1.5. For every
term t we prove that the class of all algebras in which ¢ is definable is closed under directed
colimits. This proves the proposition by Remark 6.13 (2). Let a directed colimit in -CPO
be given:

as: Ay — Afor s e S.

Assuming that a term ¢ is definable in each Ay, we prove that it is definable in A. We
proceed by structural induction: the statement is true (a) for variables in V', (b) for terms
t = 0(t;)icn whenever it holds for each ¢;, and (c) for terms t = \/, . tx whenever it holds
for each ty.

(a) This is obvious: variables are everywhere definable.

(b) Let f : V — A be an interpretation. We have f*(¢;) defined for all i, thus by
definition of f* we also have

() = oa(fF(t:))icn-

(c) By assumption on J5V there is a finite set Vj of variables containing all variables
in t; for k € N. Let f:Vy — A be an interpretation. The union of images

X ={Ja,A]

ses

is w-dense in A (Lemma A.7). Hence in the finite power [V;, A] of the cpo A the set [Vj, X]
is w-dense (Lemma A.8). We prove that f*(t) is defined by structural induction: we need
to verify that (i) this is true for all f : Vo — X, and (ii) if (f,) is an w-chain in [V, X]
with all f2(t) defined, then f*(¢) is defined for f = | |,y fo-

(i) Since Vj is finite and X is a directed union, there exists s € S such that f: V5 — X
factorizes through a,:
f =as- g for some g:Vy — A,.

By assumption, ¢ is definable in A, thus g*(¢) is defined. We can apply Lemma 6.14 to

the continuous homomorphism a, to conclude f*(t) = as(g*(t)).

(ii) For f = |,en fn, we prove f#(t) = ||,y fE(t) by structural induction over FV.
We define a chain of subsets 7V C 5V for ordinals j by transfinite recursion as follows:
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(a) RV =V.
(b) ZITV consists of all terms in ZJV, all terms o (t;)i<p with each t; in IV, and
all terms \/, o tx with each t; in V.

(¢) ZV =, ZV for limit ordinals j.

It is easy to see that for the first uncountable ordinal w; we have

1<j

TV = TV,

We prove that for every term t € .7 definable in all A, we have

FA(t) T fi (1) for n € Nand f4(t) = | | fi(t). (+)

neN

We use transfinite induction on j. This statement is obvious if ¢ is a variable, and for limit
ordinals j there is nothing to prove. Our task is thus to prove (x) for every t € ZI ™'V,
provided that it holds for all terms in 95 V. In case t = o(t;)i<n, with all ¢; in ﬂg V, we
have fi(t;) C fflﬂ(ti) for all n € N and @ < n, thus

Fi(t) = oalfi(t:) T oalfi(t:) = fi(8)

because o4 is monotone. The proof of f#(t) = ||,y fA(¢) is as follows.

Fi(t) = fH(o(t:)

= o4(f4(t:)) def. of f*
= O'A(I_I A (t) induction hyp.
neN
= |_| oa(fA(t)) 04 continuous
neN
=| |t def. of f2.
neN

In case t = \/, oy tx with all ¢; in TV we have
FAe) = | | ) T fra(t) = fia ().
keN keN

Moreover, for every k we know that f2(ty) C f#(tyy1) because f2(t) is defined (by induc-
tion hypothesis). It follows that for each k

Pt = | £i) E L Filten) = Flteg).

neN neN
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This concludes the proof:

) = i def. of f*

keN

= | [ ] fi)

keNneN

=[] i)

neN keEN
=| | fie) def. of fE(t).
neN

6.22. REMARK. Analogously, Uy creates reflexive coinserters: given a reflexive pair
fo, f1 : B — B’ in X-CPO with a coinserter ¢ : Us B’ — C in CPO, there exists a unique
Y-algebra A on C' making ¢ : B’ — C' a homomorphism. Moreover, this is the coinserter
of fo, fi in 3-CPO. The proof is completely analogous, using that the endofunctor (—)"
of CPO preserves reflexive coinserters (Theorem 4.16).

6.23. NOTATION. For every variety V of continuous algebras we denote by Ty, the monad
of the adjunction Fy, 4 Uy (Corollary 6.18).

6.24. EXAMPLES.
1. For V = »-CPO this is the strongly finitary monad Ty assigning to a cpo X the
cpo Tx X of classical terms over | X| (Example 6.3).

2. For the variety V of continuous monoids we have
X =[] xm
neN
the monoid of words, with coordinate-wise multiplication and coordinate-wise order on
words of the same lenghth. This endofunctor is also strongly finitary:

6.25. THEOREM. The monad Ty, of free algebras is strongly finitary for every variety V
of continuous algebras.

ProoOF. We prove that the functor Ty, = Uy F), preserves filtered colimits and reflexive,
surjective coinserters (see Corollary 5.8).

Due to the adjunction Fy, 4 Uy, the functor F), preserves colimits, thus, we just need to
show that Uy, preserves directed colimits and reflexive, surjective coinserters (Remark 5.7).
We use the commutative triangle, where £’ denotes the embedding:

y £ s 5.CPO

U
Uy >

CPO
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We know that Uy preserves filtered colimits (Theorem 6.20) and reflexive coinserters
(Remark 6.22). Since V is closed in ¥-CPO under filtered colimits (Proposition 6.21),
Uy preserves filtered colimits. Since V is closed under homomorphic images (Proposi-
tion 6.17), it is also closed under reflexive surjective coinserters in 3-CPO. Hence, Uy
preserves those coinserters.

7. Varieties of A-continuous algebras

Analogously to the preceding section, we introduce varieties of A-continuous algebras,
and prove that they have the form DCPOT for strongly finitary monads T. We again use
the symbol \/ for formal joins of terms. But here they are also formed for ordinals larger
than w.

Throughout this section ’category’ means one enriched over DCPO. 'Functor’ means
enriched functor, i.e.. a locally A-continuous one (see Appendix). We again assume that
a finitary signature > and a countable set V' of variables are chosen.

7.1. DEFINITION. A A-continuous algebra is an algebra acting on a dcpo A with all
operations A-continuous.

We denote by ¥-DCPO the category of A-continuous algebras and A-continuous ho-
momorphisms.

7.2. EXAMPLE. (Free algebras) The description of free algebras in Example 6.3 applies
to X-DCPO without changes. For every dcpo P we again obtain Ty P as a coproduct of
powers P" (cf. Remark 6.4) which proves that the underlying poset is a dcpo. Therefore
the free-algebra monad Ty, on DCPO is strongly finitary: T% is a coproduct of finite-power
functors (—)".

The main modification we need when switching from CPO to DCPO is the definition
of (extended) terms. We recall here an important reduction of directed joins to joins of

chains in posets P (which are monotone maps from ordinal numbers o = {i € Ord | i < a}
to P):

7.3. THEOREM. ([4], Corollary 1.7) A poset is a depo iff it has joins of chains. A function
between dcpos is A-continuous iff it preserves joins of chains.

7.4. NOTATION. For a signature Y of o operations we put
2] = 2077,

7.5. PROPOSITION. ([81], Proposition 1) Every A-continuous algebra A which is finitely
generated has power at most |X||. (Finite generation means that for some finite subset X
the only A-continuous subalgebra containing X is all of A.)
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7.6. DEFINITION. The set Z2V of (A-extended) terms is the smallest set such that
1. Every variable in V is a term.

2. Every n-ary symbol o and every n-tuple (t;);<n of terms yields a composite term
o(ti)i<n-

3. Gwen an ordinal o < ||X]|, every collection ty (k < o) of terms, which together
contain only finitely many variables, yields a term

t:\/tk.

k<a

The definition of interpretation of terms in an algebra A is completely analogous to
Definition 6.10: in item (3) f* is defined in t = \/,_, ¢y iff each f*(¢;) is defined and for
all k <1 < a we have f#(k) < f¥(l). Then f*(t) = |y, f*(tk)-

7.7. REMARK. There exist at most ||X|| terms. Indeed, since each term contains only
finitely many variables, it is easy to see that Z5V =, <z Wi where (a) Wo =V, (b)
Wiy1 is the closure of W; under composite terms and formal joins \/,_, tx for o < ||X]],
and (c) for limit ordinals i we put W; = (J;_; W;. Moreover, an easy transfinite induction
on i shows card W; < ||X]| for each i. Thus card 2V < |2 = ||

7.8. DEFINITION. A variety of A-continuous algebras is a full subcategory V of ¥X-DCPO
presented by a set of equations t =t between terms.

That is, an algebra A lies in V iff for each of those equations and each interpretation

f:V — Aboth f4(t) and f*(¢') are defined and are equal.

7.9. REMARK. The concepts of product, homomorphic image and subalgebra are defined
for A-continuous algebras precisely as in Remark 6.16.

7.10. PROPOSITION. Every variety of A-continuous algebras is closed under homomor-
phic images, subalgebras, products, and directed colimits in X-DCPO.

PROOF. For the first three closure properties we can, analogously to Proposition 6.17,
use the proof in [3]. The proof for directed colimits is a modification of that of Propo-
sition 6.21. Whereas in that proof we used structural induction on ¢ = \/,_ tx, we now
need to use it on ¢ = \/, __, t for an arbitrary ordinal v < ||3||. Since all ¢ lie in Z3V; for
a finite set Vy C V, the proof proceeds completely analogously to that of Proposition 6.21.
The transfinite induction for subsets (%) C Z2V is analogous to that in item (ii). In
our case it does not end in w; steps, but in | X]|* steps.
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7.11. THEOREM. The forgetful functor of 3-DCPO creates filtered colimits and reflexive
coinserters.

This is proved precisely as Theorem 6.20 and Remark 6.22.

7.12. THEOREM. Every variety V of A-continuous algebras has free algebras and is con-
cretely isomorphic to DCPO™ for the corresponding monad Ty, on DCPO.

The proof is analogous to that of Corollary 6.18 and Proposition 8.6, using the fac-
torization system of Remark A.10 (1).

7.13. THEOREM. For every variety V of A-continuous algebras the monad T, is strongly
finitary.

PROOF. We first observe that Lemma 6.19 works in 3-DCPO equally well as in 3-CPO. As
in Theorem 6.20 and Remark 6.22 we deduce that the forgetful functor Uy, : 3-DCPO —
DCPO creates filtered colimits and reflexive coinserters. We derive the same for Uy, : V —
DCPO, and apply Proposition 5.6 to T\, = Uy, - Fy,. [

8. From strongly finitary monads to varieties

Here the main result is proved for CPO and DCPO: varieties of continuous algebras
correspond bijectively to strongly finitary monads. We begin with CPO. We again assume
that a countable set V' of variables {z | k¥ € N} is given. We denote V,, = {z} | £ < n}
and consider it as a discrete cpo. The underlying set of a cpo P is denoted by |P|. Recall
that joins in a concrete poset are denoted by | |, and formal joins (defining extended
terms) by \/.

Given a monad T = (T, pu,n) we denote, for f : X — TY, by f*: TX — TY the

corresponding homomorphism of the free algebras for T
[f=wy-TF.
For every morphism ¢g : Y — Z we then have a commutative triangle

x —' 71y

(g*-f)*

TZ

8.1. NOTATION. Every n-ary operation symbol o is identified with the term o(z;);<y.
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8.2. DEFINITION. Let T = (T, u, ) be a strongly finitary monad on CPO. The associated
signature has as n-ary symbols the elements of T'V,,:

S = [TV,| (n€N).

The associated variety Vr is presented by the following equations, where n and m range
over N:

1. 0 =\ en Ok for every w-chain (o) p<w n TV, with o = | |, oy 0%
2. u (o) = o(u(x;))icn for every o € |TV,| and all maps w: V,, = |T'V,,].
3. nv,(z;) = x; for all i < n.

8.3. REMARK. Every algebra
a:TA— A

in CPOT defines a S-algebra as follows: given o € ¥, and an n-tuple (a;) in A, represented
by a map a : V,, — A (taking z; to a;), we put

0a(a;)icn = - Ta(o).

Every homomorphism % : (A, a) — (B, 3) in CPO™ defines a homomorphism between the
associated Y-algebras. Indeed, given o € T'V,, and a : V,, — A, the equality h(ca(a;)) =
op(h(a;)) follows from h -« = - Th:

h(oga(a;)) =h-a-Ta(o)
=p-T(h-a)(o)
= O'B(h(&i)).

8.4. THEOREM. Every strongly finitary monad on CPO is the free-algebra monad of its
associated variety.

PRrROOF. Let T = (T, ,n) be a strongly finitary monad, and let Ty, be the free-algebra
monad of its associated variety V. Then T, is also strongly finitary by Theorem 6.25. We
prove below that for every finite discrete cpo P the Y-algebra associated with (T'P, up)
(the free algebra on P for T) is free on np : P — TP in V. From this it follows that the
same statement holds for all cpos P. Indeed, we have seen in the proof of Proposition 5.5
that all cpos are obtained from Sets by (iterated) directed colimits and reflexive coinserters.
Since both T" and Ty, preserve directed colimits and reflexive coinserters, the free algebras
for T and T, coincide for all cpos P. Moreover, the forgetful functors of both V and CPO™
are strictly monadic (Proposition 8.6). We conclude that ¥V and CPOT are concretely
isomorphic, thus T is the free-algebra monad of V.

Consider a finite discrete cpo P. Without loss of generality, P = V,, for some n € N.
Given an algebra A in Vp and a map f : V,, =& A, we prove that there exists a unique
continuous Y-homomorphism f : TV, — A with f = f-ny,.
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Existence Define f(0) = o4(f(2;))icn for every o € TV,. The equality f = f -
ny, follows since A satisfies the equations (3) in Definition 8.2, thus the operation of A
corresponding to 71y, (z;) is the i-th projection. The map f is continuous: given o =
|ljen 0k in TV, the algebra A satisfies 0 = \/, .y ok Therefore, given an n-tuple f :
V,, — A, we have

Flo) = oa(f (@) = | |(on)a(f (@) = || Flow):

keN keN

To prove that fisa Z homomorphism, take an m-ary operation symbol 7 € T'V,,. We
prove f Ty =Ta - ™. This means that every k : V,, — TV, fulfils

- —-m

f v k(@) jem = Ta - [ (K(25)) j<m-
The definition of f yields that the right-hand side is 7.4 (k(z;)a(f(x;))). Due to equation
(2) in Definition 8.2, with 7 in place of o, this is k*(7) a(f(z;)). The left-hand side yields
the same result since _
fo(k(xg)) = (k(25)a(f (1),

Uniqueness Let f be a continuous Y-homomorphism with f = f-ny. . In TV, the
operation o asigns to ny, (v;) the value o. (Indeed, for every a : n — [T'V,| we have
orv,(a;) = a*(0) = py, - Ta(o). Thus ory, (nv, () = pv, - Ty, (o) = o.) Since f is a
homomorphism, we conclude

f(U) = CTA(7 : Uvn(ﬂfi)) = UA(f(fUi))
which is the above formula.

Recall that a concrete category over CPO is a category o/ endowed with a faithful
functor U : &/ — CPO. Given another concrete category (&', U’), a concrete functor is a
functor H : &/ — &' with U = U'H.

8.5. EXAMPLE. For every variety V (considered as a concrete category in the obvious
sense) the comparison functor
K:V — CPO™

is concrete. Recall that K assigns to an algebra A the following algebra for Ty, on U A:
Uay: (UFYUA—UA

where ay : FUA — A is the unique homomorphism extending id 4. And to a homomor-
phism f: A — Bitassigns Uf : (UA,Uaa) — (UB,Uag).

8.6. PROPOSITION. Every variety V of continuous algebras is strictly monadic: the com-
parison functor Ky : YV — CPO™ is an isomorphism.
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PROOF.

1. For ¥V = ¥-CPO (no equations) the proof is completely analogous to the classical
(non-ordered) algebras, see Theorem VI.8.1 in [30].

2. For a general variety we use Beck’s theorem (in strict form), see [30], Theorem VI.7.1:
we just need to prove that the forgetful functor Uy, : ¥V — CPO creates coequalizers of
Uy-split parallel pairs. Since Uy is a right adjoint, it then follows that K is an isomor-
phism. Thus our task is, given a parallel pair d,d’ : X — Y in V, to prove the following:
Let morphisms e, ¢ and s in CPO as follows

t

( o] .
UVX[;:‘:;UVY<—C

e

satisfy the equations

e-Ud=e-Ud
e-s=1idc
Ud-t=1id

Ud -t=s-¢

Then there exists a unique algebra Z of V with C' = Uy,Z making e a homomorphism
e:Y — Z. Moreover, e is the coequalizer of d and d' in V.

By item (1) the above condition holds for Us: there is a unique continuous algebra
Z with C' = UxZ making e a homomorphism which is the coequalizer of d and d' in
3-CPO. Since e - s = id¢, the homomorphism e is surjective, thus Y € V implies Z € V
(Proposition 6.17). It follows that e is a coequalizer of d,d’" in V, too.

8.7. REMARK. Every monad morphism « : T — S for monads on CPO induces a concrete
functor from CPO® to CPOT: it assigns to a : SA — A the algebra a - ay : TA — A.
Moreover, this defines a bijection between monad morphisms T — S and concrete functors
CPOS — CPOT ([10], Theorem 3.6.3).

From Proposition 8.6 and Theorems 6.25 and 8.4 we conclude the promised bijection
between strongly finitary monads and varieties. In fact, a stronger statement holds:

8.8. COROLLARY. The following categories are dually equivalent:
1. Strongly finitary monads on CPO and monad morphisms.

2. Varieties of continuous algebras and concrete functors.
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Let Mong denote the category of strongly finitary monads and Var that of varieties.
We define a functor
R : Var®? — Mong

on objects by R(V) = Ty (see Theorem 6.25). Given a concrete functor F' : V — W
between varieties, the composite Ky, - F' - K;l . CPO™ — CcPOTw (see Proposition 8.6)
is also concrete. Thus there is a unique monad morphism « : Ty, — Ty, inducing it. We
define R(F') = «. It is easy to see that R is a full and faithful functor. It is an equivalence
functor since every object of Mong is isomorphic to some R(V) by Theorem 8.4.

We now turn to A-continuous algebras. Recall ||| and Proposition 7.5.

8.9. DEFINITION. Let T = (T,pu,n) be a strongly finitary monad on DCPO. For the
signature 3 with 3, = |T'V,| for alln € N we define the associated variety by the following
equations, where n and m range over N:

1. 0 = /oo ok for every ordinal o < || X and every a-chain (oy)k<a in TV, with
o =|lico Ok
2. u*(o) = o(u(z;)) for every o € |TV,| and all maps u : V,, = |TV,,|.

3. v, (z;) = x; for all i < n.

8.10. THEOREM. Fwvery strongly finitary monad on DCPO is the free-algebra monad of
its associated variety.

PRrROOF. This is analogous to the proof of Theorem 8.4. In the ’Existence’ part, the proof
that f is A-continuous uses the fact that this is equivalent to preserving joins of chains
([4], Corollary 1.7). Let a be an ordinal for which a strictly increasing chain o; (i < «)
exists in T'V,,. Then by Remark 7.7 we have

a <cardTV, <X

Thus the given algebra A satisfies 0 = \/,_, 4. This implies f(c) = |,_,, f(ox). Since
f preserves joins of increasing chains, it preserves all chain joins. This is the only modi-
fication of the proof of Theorem 8.4 that is needed. m

Concrete categories over DCPO are defined analogously to CPO, and the proof of the
following proposition is also analogous to that of Proposition 8.6:

8.11. PROPOSITION. Every variety V of A-continuous algebras is strictly monadic.

From the above we get the following

8.12. COROLLARY. The following categories are dually equivalent:
(i) Strongly finitary monads on DCPO and monad morphisms.

(ii) Varieties of A-continuous algebras and concrete functors.
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A. The categories CPO and DCPO

The aim of this appendix is to collect properties of the categories of complete partial
orders needed in our paper.

A subset X of a poset is directed if it is nonempty, and every pair of elements has
an upper bound in X. A dcpo (directed-complete partially ordered set) is a poset with
directed joins. The category

DCPO

of depos has as morphisms the A-continuous maps: monotone maps preserving directed
joins.
By a cpo we mean a poset with joins of w-chains. The category
CPO

of cpos has as morphisms continuous maps: monotone maps preserving joins of w-chains.

A.1. OBSERVATION. Both categories CPO and DCPO are cartesian closed. Indeed, if
A and B are cpos, then the poset [A, B| of all continuous maps ordered pointwise has
pointwise joins of w-chains. Thus [A, B] is a cpo. The functor [A, —] is right adjoint to
A X —.

Analogously for DCPO.

A.2. REMARK.

1. A CPO-enriched category has cpo structure on hom-sets making composition con-
tinuous. A CPO-enriched functor F' : # — £ is an ordinary functor which is locally
continuous: given f = || fo in Z(X,Y), then Ff = || Ffn in ZL(FX,FY).

Enriched natural transformations are just the ordinary ones.

neN

2. Analogously for DCPO: enriched functors F' : # — £ are locally A-continuous:
the map £ (X,Y) — Z(FX, FY) preserves directed joins.

A.3. REMARK.

1. Recall that for a poset P the free dcpo on P is the decpo T'P of all ideals which are
the nonempty, |-closed subsets, closed under directed joins. TP is ordered by inclusion,

and the universal map n : P — TP is given by n(z) =J. The resulting monad T on Pos
is a KZ-monad ([21], Proposition 3.1) and DC'PO =~ Pos”.

2. Analogously, the free cpo on P is the subposet T'P of TP on all w-ideals I: this
means that there is an w-chain in P such that [ is the least ideal containing that chain.
Again, T’ is is a KZ-monad with CPO 22 Pos™ .

A.4. COROLLARY. Both subcategories CPO and DCPO are cocomplete and closed under
(weighted) limits in Pos.

Indeed, for both CPO and DCPO the forgetful functor to Pos preserves filtered colimits.
Thus these categories are locally finitely presentable in the enriched sense. For details
see [11], Theorem 6.9.
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A.5. DEFINITION. A sub-cpo of a cpo P is a subposet closed under joins of w-chains. A
subset X C P is w-dense if no proper sub-cpo of P contains it. Analogously, a sub-dcpo
and A-density are defined for a dcpo.

A.6. LEMMA. The category CPO has a factorization system (€, M) where £ consists of
morphisms with an w-dense image, and M of monomorphisms representing sub-cpos.

PrOOF. For every morphism f : A — B let m : By — B be the smallest sub-cpo of B
containing f[A]. The codomain restriction e : A — By of f is clearly w-dense. To verify
the diagonal fill-in, let a commutative square

A—"— A
d

o
B —— I

be given with e[A] w-dense in A" and m : B — B’ representing a sub-cpo. Without loss
of generality assume B C B’ and m is the inclusion map. Then u/[A’] C B. Indeed,
A’ is the iterated closure of e[A] under w-joins, so we just need to observe that (i) for
x € e[A] we have u/(z) € B and (ii) given an w-chain (z,) in A" with «/(z,) € B for
all n, then /(| ], #,) € B. Now (i) follows from the square above: given z = e(y),
we have v/(x) = m - u(y) € B. And (ii) follows from the continuity of u’: we have
(<, ®n) = |yep @(2,) € B. The desired diagonal d : A" — B is the codomain
restriction of «': since v’ is continuous, so is d. n

Recall the concept of a coinserter (Definition 3.13).
A.7. LEMMA.

1. Every coinserter in CPO has an w-dense image.

2. For every directed colimit c; : A; — C (i € 1) in CPO the union of images | J,.; ci[Ail
is w-dense.

PROOF.

1. Let ¢ : B — C be a coinserter of fy, fi : A — B. Given a sub-cpo m : Cy — C
containing c¢[B], we prove that m is invertible. Let e : B — C{ be the codomain restriction
of ¢. Tt is continuous because f = m-eis. And it fulfils e- fo C e- f; because m- (e- fo) C
m - (e- f1), and m is an embedding. Thus e factorizes through c; we have e = h - ¢:

fi
A/NB—C>C
\f_/r
0
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Then h = m~!. Indeed, from the above diagram we get

(m-h)-c=m-e=c,

thus the universality of ¢ yields m - h = id¢. Since m is monic, this yields h = m™?.

2. The proof for directed colimits is completely analogous.

A.8. LEMMA. If a cpo C has an w-dense subset X, then X™ is w-dense in C™ for every
n € N.

PROOF. Define a transfinite sequence X; (¢ € Ord) of subsets of C' by Xy = X, X; =
Uj <; X for limit ordinals, and Xj;.; being the set of all joins of w-chains in X;. The
w-density of X means precisely that X is all of C' for some ordinal .

Let Y; be the corresponding sequence in C™, starting with Yy = X". It is easy to prove
by transfinite induction that Y; = X for every ¢. Thus Y) is all of C", proving that Y is
w-dense.

]

A.9. LEMMA. CPO is cowellpowered with respect to epimorphisms with w-dense images.

PROOF. If e : A — B has an w-dense image, let By be the smallest subset of B containing
e[A] and closed under all existing joins of B. Thus By = B because e[A] C By and By is
closed under joins of w-chains. On the other hand, if e[A] has cardinality A, then By has
cardinality at most 2*: take each of the 2* subsets of ¢[A] and in case it has a join, put
that join into By. This makes By closed under all existing joins of B.

If A has cardinality s, then e[A] has cardinality A < k, and B = By has cardinality at
most 2* < 2%, There is only a set of cpos of cardinality at most 2% (up to isomorphism).
Thus, A has only a set of quotients represented by epimorphisms with w-dense images. m

A.10. REMARK. All the above has a complete analogy in DCPO:
1. DCPO has a factorization system (A-dense, sub-dcpo).

2. Every coinserter in DCPO has a A-dense image, and every directed colimit has a
A-dense union of images.

3. If X is A-dense in a dcpo C', then X" is A-dense in C" for all n € N.
4. DCPO is cowellpowered with respect to epimorphisms with A-dense images.

All the proofs are completely analogous to the preceding ones.
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