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Abstract

For a symmetric monoidal-closed category V and a suitable monad 7 on the category of
sets, we introduce the notion of reflexive and transitive (7,V)-algebra and show that various
old and new structures are instances of such algebras. Lawvere’s presentation of a metric space
as a V-category is included in our setting, via the Betti—-Carboni—Street—Walters interpretation
of a V-category as a monad in the bicategory of V-matrices, and so are Barr’s presentation
of topological spaces as lax algebras, Lowen’s approach spaces, and Lambek’s multicategories,
which enjoy renewed interest in the study of n-categories. As a further example, we introduce
a new structure called ultracategory which simultaneously generalizes the notions of topological
space and of category.
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1. Introduction

In his famous 1973 article [19] Lawvere makes the point that categories should
not be considered just as gadgets appearing in a “third level of abstraction” described
by “the sequence elements/structures/categories”, but “that fundamental structures are

* Corresponding author.

E-mail addresses: mmc@mat.uc.pt (M.M. Clementino), tholen@mathstat.yorku.ca (W. Tholen).
! Partial financial assistance by Centro de Matematica da Universidade de Coimbra/FCT is acknowledged.
2 Partial financial assistance by NSERC is acknowledged.

0022-4049/03/$ - see front matter (©) 2003 Elsevier Science B.V. All rights reserved.
PII: S0022-4049(02)00246-3



14 M.M. Clementino, W. Tholen | Journal of Pure and Applied Algebra 179 (2003) 13—47

themselves categories”. For his most eminent example, he lets the metric
d:X xX — [0,00]

of a (generalized) metric space play the role of the hom-functor of a category, so that
the quantity d(x, y) is viewed like a hom-set. In fact, when treating V =[0,00] as a
monoidal category (where a — b means a = b, and in which the tensor product is
given by addition), V-categories in the sense of Eilenberg and Kelly [11] are nothing
but pairs (X,d) satisfying the basic “laws”

0 >=d(x,x),

d(x,y) +d(y,x) = d(x,z2).
For a general V-category A (with object set X'), these are instances of the “operations”
I — A(x,x),

Alx, y) @ A(y:2) = Alx, z)

(with ®, I denoting the monoidal structure of V), which must satisfy the obvious
identity and associativity laws.

In case V is the two-element chain 2 = {false I true}, with the monoidal structure
given by A and “true”, a function

X xX—>2
represents a relation on X, and the two basic “laws” translate into reflexivity and
transitivity:

true F (x < x),

<A <z)F@<2),

if we denote the relation by <; hence (X, <) is a preordered set.

While maintaining the “two-law principle”, in this paper we wish to show that Law-
vere’s categorical description of fundamental mathematical structures may be general-
ized quite dramatically, so as to include geometric structures like topological spaces
and the much lesser known approach spaces (see [21]), but also Lambek’s [17,18]
multicategories which enjoy renewed interest in higher-dimensional category theory
(see [13,14]). Indeed, it is well known that a topological space may be completely
described by a “convergence” relation, i.e., by a function

UX x X — 2,
where UX is the set of ultrafilters on X satisfying the two basic axioms

true ().c — X),
X—-=DAMm<z)F(m(X) — 2).

Here ¢ — x means that the ultrafilter r on X “converges” to x € X; X is the fixed
ultrafilter over x, and m(X) is the “sum” of all filters in X € UUX, also known as the
“Kowalsky diagonal operation”.
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Table 1

VAT Tdsec M U T

2 (Pre)ordered set Multi-ordered set Topological space “T-space”

[0, 00] (Pre)metric space Multi-metric space Approach space “fuzzy T-space”
Set Category Multicategory Ultracategory “T-category”

\ V-category V-multicategory V-ultracategory “(T, V)-category”

Recognizing the monad structure of U (given by X and m(X)), all that we need
to do now is to work with an arbitrary monad (7,e,m) on Set instead of U, and to
replace 2 by any complete, cocomplete, symmetric monoidal-closed category V. Hence,
the objects we are interested in are sets X which come with a tripart structure, given
by a V-valued relation (=matrix, distributor, profunctor)

TX x X5V interpreted as an “action” TX -»X

in the sense of Eilenberg and Moore [12]. The other two parts of this structure
represent the two basic laws or operations encountered in all examples and are de-
scribed by a generalized monad structure on a, where a is considered a 1-cell in the
bicategory Mat(V) of all V-valued relations (which get composed horizontally like
matrices). These rather naturally emerging structures are called reflexive, transitive
(T, V)-algebras; an equally fitting name would be (7, V)-categories, as Table 1 above
makes clear.

There is a price to pay for replacing Idse by an arbitrary monad: we must assume
that the monad 7 on Set can be extended naturally to Mat(V) which, in the case of
the ultrafilter monad, is a bit cumbersome to prove. But we get rewarded with a neat
list of examples as displayed by Table 1.

In Table 1 M denotes the free-monoid monad on Set, which was used also by
Burroni [7], Leinster [20] and Hermida [13] to describe multicategories. While their
approach (working with the bicategory Span;(B) for a cartesian monad 7 on a category
B with pullbacks) allows for a good definition of internal multicategories, ours (working
with Mat(V) instead) leads to an easy V-enrichment, thus automatically providing
notions like additive multicategory.

Our main goal in this research, however, has from the beginning been the develop-
ment of the notion of ultracategory. In our papers [26,9] we discussed the similarity
of the characterization of exponentiable morphisms in the categories of preordered
sets, of topological spaces, and of all (small) categories. Generalizing Manes’ [22]
and Barr’s [1] work for topological spaces, in [8] we succeeded to present Lowen’s
approach spaces as lax algebras, already employing a general monad 7 rather than
the ultrafilter monad, as suggested by George Janelidze in a seminar presentation at
Aveiro in November 2000. In an email note received in December 2000, Bill Lawvere
mentions en passant that “combining [Lowen’s] approach spaces with my discovery
that metric spaces are just V-categories by defining V-multicategories in a good way,
e.g. posets are just metric spaces where the only distances are zero and infinity, so
topological spaces, being ‘metric spaces’ where the distance from a set to a point is
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not the inf of point distances, are V-multicategories where V = 2, i.e. multiposets”.
This confirmed our conviction that there should be a common approach to such cate-
gories, and that there should be a structure encompassing both, topological spaces and
categories.

While in a multicategory the domain of a morphism is a finite sequence of objects,
the domain of a morphism in an ultracategory is an ultrafilter on the whole set of
objects; the codomain remains a single object. It is actually easy to explain heuristi-
cally how the notions of approach space and of ultracategory generalize the notion of
topological space: instead of asking whether an ultrafilter ¢ converges to a point x,
yes or no, in an approach space we are asking for a value in [0,00] which measures
how far away from the truth the statement ‘¢ converges to x’ is. In an ultracategory
A we can think of the hom-set A(g, y) as the set of all ‘proofs’ for the validity of the
statement ‘v converges to x’. Therefore, each ultracategory carries a topology on its
set of objects which makes ¢ converge to x when there is a proof for this, i.e., when
A(x, ¥) # 0; conversely, every topological space is the set of objects of an ultracategory
whose hom-sets have at most one element.

Only our focus on the examples listed in Table 1 and our desire to make this paper
accessible to a broad readership while keeping its length within normal range led us
to impose a number of restrictions, as outlined below. A full-length discussion of the
topics of this paper is in progress and must appear elsewhere. Hence, here we

e do not discuss monads and related notions in the general context of bicategories
or 2-categories (see [2] and, for a recent account [16]) but restrict ourselves to
presenting them ad hoc as needed,

e present the 2-categorical structure of the category of reflexive, transitive (7,V)-
algebras (=(T7, V)-categories) only briefly at the end of the paper,

e forego almost entirely any discussion of special properties of these categories, in
particular a discussion of cartesian closedness and exponentiable morphisms, which
will be presented in the forthcoming paper [10],

e omit nearly all those proofs which consist of routine (but often very lengthy and
cumbersome) calculations,

e postpone a discussion of particular Set monads (other than the ones mentioned in
Table 1) and of possible applications to (weak) n-categories,

e allow the category Set to play a much more prominent role than it really deserves.

In fact, instead of starting with a monad (7, e,m) on Set, we could consider a 2-monad
on (a full subcategory of) Cat or, even more consequently, on V-Cat, taking the
“actions” a:TX —» X to be V-distributors a : 7X x X* — V. Such generalization
would add further important examples to our list, such as (for V = Set) the “squaring
monad” on Cat, with 7X = X? and 2 = {- — -}, which has recently been used to
describe certain functorial weak factorization systems (see [25]).

In closing, in addition to Lawvere’s paper we wish to pay special tribute to Burroni’s
1971 paper [7] which we discovered only at the end of our work for this paper, but
which touches upon many of the issues discussed here, although with a different basic
technique (spans instead of matrices).
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2. The bicategory of V-matrices

Throughout the paper V is a complete, cocomplete, symmetric monoidal-closed cat-
egory, with tensorproduct ® and unit /. Normally we avoid explicit reference to the
natural unit, associativity and symmetry isomorphisms. The existence of an internal
hom is used only to make sure that the tensorproduct commutes in each variable with
colimits.

The bicategory Mat(V) of V-matrices is defined in full generality in [3]; here we
consider the more special case considered in [24] and take as its

e objects sets, normally denoted by X,7,..., also considered as (small) discrete cate-
gories,

e arrows (=l-cells) r: X - Y are families of V-objects r(x,y) (xeX,yeY), also
written as functors 7: X x Y — V,

o 2-cells ¢:r — ¢’ are families of morphisms ¢, ,:r(x,y) — r'(x,y) (x€X, yeY)
in V, ie., natural transformations ¢:r — 7’; hence, their (vertical) composition
proceeds componentwise in V:

((P/ CP)y = QD;,yQDx,y-

The (horizontal) composition of arrows r: X - Y and s:Y — Z is given by matrix
multiplication:

(sr)@z) =Y r(xy) @ s(3.2),
yey
which is extended naturally to 2-cells; that is, for @ :r — 7/, Y:s — s/,
(‘// go)x,z = Z G,y @ l//y,z D (sr)(x,z) — (S/r/)(X,Z)-
yeY

There is a pseudofunctor
Set — Mat(V),

which maps objects identically and treats a mapping f:X — Y of sets as an arrow
f:X -+ Y in Mat(V), with f(x,y)=1 if f(x)=y and f(x, y)=0 otherwise, where 0
is a fixed initial object of V. If an arrow r: X - Y is given by a Set-map, we shall
indicate this by writing »: X — Y, and by normally using f,g,..., rather than 7,s,....

We note that the matrix product simplifies considerably when one of the factors is
a Set-map, as follows, for [ X — VY, s:Y »Z r:X »Y, g:Y - Z:

(s/)(x,2) = 5(f(x),2),
(g)(xz)= Y r(xy).

yy(y)=z

Like for V, in order not to make formulae and diagrams too complicated, we disre-
gard the unity and associativity isomorphisms in the bicategory Mat(V) whenever this
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appears to be safe, but will alert the Reader to coherence issues whenever it matters
(see e.g. the end of Section 3).

Although we shall use it only to a very limited extent, we also point out that Mat(V')
has a pseudo-involution, given by transposition: the transpose r°:Y - X of r'X -» Y
is defined by r°(y,x)=r(x, y); likewise for 2-cells. In particular, there are natural and
coherent isomorphisms

(sr)° =2 r°s°
involving the symmetry isomorphisms of V. Furthermore, transposition extends func-
torially to 2-cells in Mat(V). The transpose f° of a Set-map f: X — Y serves as its

right adjoint in the bicategory Mat(V), so that f is really a “map” in Lawvere’s sense;
hence, there are 2-cells

Ly = f°f and  ff°—1ly

satisfying the triangular identities. (But it should be noted that, in general, not every
map in Mat(V) arises from a Set-map.)

3. (T, V)-algebras

In what follows, other than the category V, we fix a monad (7, e,m) of the category
Set and assume that it allows for a lax extension to Mat(V), again denoted by 7'

Set _r Set

(1)

Mat(V) ——— Mat(V)

More precisely, we assume that
e there is a lax functor 7: Mat(V) — Mat(V) which extends the given Set-functor;

hence, for an arrow r: X — Y we are given 7r:TX — TY, so that 7r is a Set-map
if » is one, and T extends to 2-cells functorially, so that

T(¢' - 9)=T¢ -Tp, Tl, =1,

furthermore, for all » and s:Y — Z there are natural and coherent 2-cells
K = Ks,(Ts)(Tr) — T(sr),

so that the following (self-explanatory) diagrams commute:
(Ts)(Tr) —=2— T(sr) (TH)T(sr) —=—  T(isr)

(TY)(To) T(Yo) (Tt Kis,r 2)

K5 (Tr)

(Ts'YTr) B, T(s'vYy  (Tt)(Ts)(Tr) T(ts)(Tr)
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(also: K1, = 17 = K1, all unity and associativity isomorphisms are suppressed).
In addition, it is assumed that
o the 2-cells x,, are isomorphisms whenever r is a Set-map, and
o the natural transformations e:1 — T, m:T? — T of Set become op-lax in Mat(V),
so that for every » : X -~ Y one has natural and coherent 2-cells

as in

=0, eyr — (Tr)ex, p=P.:my(T*r) — (Tr)my,

r 2 T 2
X ——Y  TX—+—T%

exJﬂ‘ leymxld’JmY

TX——TY TX——TY
r Tr

(3)

such that oy = 1., 7, By = l,,,(12y) Whenever r = f is a Set-map, and the following

diagrams commute (where again we disregard associativity isomorphisms):

ny oy

mYBTy(T}") my(Tzr)eTX

1 Brerx

Tr -t (Tr)ymyery

my(Tey \Tr) ——22s my T(eyr) =20 my T((Tr)ex)

MYKT o

1 my(T?r)(Tex)

Br(Tex)

Tr ‘ (Trymy(Tex)
my(Toy XT*r) 220 iy T(my (T2)) 22220y T((Trymy )
| —
mympy(T3r) my(T*r)(Tmy)
my Bry Br(Tmy)

my(T*rympy ———— (Tr)mymzy — (Tr)ymyx(Tmy).

rMmrx

(4)
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One also needs the coherence conditions
(Ts)oty

ezsr — % (Ts)eyr (Ts)(Tr)ex

1 Ks,rex (5)
eysr A T(sr)ex

2y )P,

ma (T2} T2 LU (Toymp(r2r) =P (7o) (Trymy

mzKrs, 1r

mzT((Ts)(Tr)) Ky, /X
mz(Tks,,)

2 Bsr
myT*(sr) T(sr)my

and the following naturality conditions, for all ¢:r — 7/,
(To)ex - ar =0y -eyg and  (To)my - B = B - my(T? ).

We can now define the (ordinary) category Alg(T,V) of (T, V)-algebras; its objects
(X, a) are sets X with an action a:TX - X, and its morphisms (f, ¢):(X,a) — (¥,b)
are Set-maps f : X — Y which come with a 2-cell ¢: fa — b(Tf) as in

ai 0 ]lb (6)

Hence, ¢ is given by V-morphisms
Py (fO@®Y) = D a@wx) — BTN Y) = b(Tf)F), )
x:f(x)=y

for all y€7X, ycY. Since each ¢, , is completely determined by its restrictions to
the V-objects a(r,x) (x €X, f(x)=y), we may also think of ¢ as a family

Srar a(t,x) = b(Tf)(x), f(x))

(r € TX, x € X) of V-morphisms. In this notation it is legitimate to denote the morphism
(f, @) simply by f.

Given another morphism (g,¥): (Y,b) — (Z,¢), the composite (¢, ¥)(f,®)=(gf, 1)
is defined by

1 = (9.fa2%gb(TF)" W e(Tg)(TF) = cT(g1)),
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where again we have ignored the associativity isomorphisms. However, these are all
induced by the coproducts in V; hence, in the simplified notation just introduced, the
composite in Alg(7,V) is given by the V-composites

(9 )ex = 9ary@, 1 f e
This way the composition becomes strictly associative, and 1y serves as a strict identity
morphism in Alg(7,V).
The Reader may readily confirm associativity of this composition, and the fact that

(lx,1,) serves as an identity on (X, a), keeping in mind the remark made towards the
end of Section 2.

4. (T, V)-categories

The category Alg(T,e; V) of reflexive (T,V)-algebras has as objects triples (X, a,n)
with a (7, V)-algebra (X,a) and an additional 2-cell  : 1y — aey, as in

f 1‘a (7)
1y

The 2-cell n is given by the unity morphisms

Uy = Nx,x - I — a(eX(x)ax)
in V since, whenever x # x’ in X, #,,:0 — a(ex(x),x’) is already determined
by the initiality of 0 in V. A homomorphism (f,¢):(X,a,n) — (Y,b,&) of reflex-
ive (7, V)-algebras is a morphism in Alg(7,V) which respects the new structure, so

that

fn

f ——————— Jfaex

ef pex (8)

bey f ——— B(Tf)ey

commutes (modulo associativity isomorphisms). This means

Sextratts = Vsx)
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for all x € X (where we have put v, =¢,, for y€Y), and it shows that composites of
homomorphisms are homomorphisms.

Our real interest is in the category Alg(7,e,m; V) of reflexive and transitive (T,V)-
algebras (X, a,n, ) which we also call (7, V)-categories. They come with yet another
2-cell u: a(Ta) — amy, as depicted by

T2 2 TX
mxl & i ©)

TX —— X

which, for all x€X and X € T?X, is given by V-morphisms

paa Y Ta(¥,1) ® a(x,x) — a(my(X),x);

reTX

furthermore, n, p must provide a generalized monad structure on a, i.c., the following
diagrams must commute (modulo associativity isomorphisms):

—1

aexa —=— a(Ta)ery  aT(aex) . SN a(Ta)(Tey)

na perc () u(Tex) (10)
a —l amyery a _ L amy(Tex)

a(Ta)(T*a) —2" ., aT(a(Ta)) —"  aT(amy)

w(Ta) kg

amy(T?a) a(Ta)(Tmy) (11)
aBy w(Tmy)

a(Ta)ymryx LN amy(mrx) - amy(Tmy).

The morphisms px  are completely determined by their “restrictions”
Cx.px - Ta(X, 1) ® a(r,x) — a(my(X),x)

(XeTTX, r€TX, x€X), and with respect to these composition morphisms the com-
mutativity conditions (10) and (11) become generalizations of the axioms for a V-
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category (see [15,4]):

a(x, x)@a(ex(x),x) 2 Ta(erx(y), ex(x))Ba(ex(x),x)
18U, ey ey
a(t,x) @1 - a(x,x)
Ta((Te)(x), ) X a(x, x)
(Tu)s X1 Crey(x).xx
| Ka,x) - ax,x)
T2a(Z, X) K (Ta(X,n) X a(x, X)) —=— T2 (2, X)X Ta(X,y) X a(z, ¥) a2
1R ¢y, J J (Te)y, 2 1
T2a(%, X) B a(my(X), X) Ta(Tmy (2),7) X a(x, X)
B X1 CTmy (1)1, %

Crpy (2), my (%), x
—_—

Ta(mpy (2), my (X)) X a(my (¥), X) a(my (Mry (2)), X)

for all Z € T3X, X € T?X, r€TX, x€X; here notationally we did not specify the
appropriate restrictions of «, and f,, and by abuse of notation we put

(Tu)e = (e o TN)).xs

(Tc)g x; 1= X-th restriction of (K;,LX(T#)K% Ta)Z -

A homomorphism (f,¢):(X,a,n, 1) — (¥,b,¢,v) of reflexive and transitive (7, V)-
algebras makes, in addition to (8), also (13) commutative:

fa(Ta) I famy
o(Ta)
pmy
b(Tf)(Ta)
bisa b(Tf)my (13)
bT(fa)
1
b(Tp)
BIB(TS))  — s b(ab)T2f) =D bny(12)
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In terms of the composition morphisms ¢ of (X,a,#n,u) and d of (¥,b,¢,v), this reads
as

Cxpx

Ta(X,1) ® a(x,x) a(my(X),x)
1Q frx Sy (2)x
Ta(X,r) ® b(Tf(x), f(x)) b((Tf)mx(X), f(x)) (14)

(Tf)z.:®1 1

2 412 e rrs ) 2
TH(T (), TS (1)) @ BTS(0), f(6)) 20 by (T2 1)), £ ()
Again, by abuse of notation, here we have put

(Tf)x,; = r-th restriction of (Kb_,lrf(T(/’)K./Ia)%,Tf(x)-

It is easy to check that Alg(T,e,m;V) is a category. There are obvious forgetful
functors

Alg(T,e,m;V) — Alg(T,e; V) — Alg(T,V)

which commute with the underlying Set-functors.

5. Algebraic functors

A morphism j : (T,e,m) — (S,d,n) of monads in Set should induce a functor
J : Alg(S,d,n; V) — Alg(T,e,m; V),

provided that j is compatible with the “extension data” required for the two monads.
Hence, let 4, 7, 6 be to § what k, o, [ are to 7, and assume that the natural
transformation j: T — S satisfying j-e=4d, j-m=n-j? in Set can be upgraded to
Mat(V), so that there are natural and coherent 2-cells

0=10,:jy(Tr) — (Sr)jx

for all r: X - Y, satisfying 01, = 1,, Oy - jzis, = Asrjx - (S5)0, - 0(Tr) and (more
importantly) y, =0,ex - jy%,, 0, j)z( ny0*=0,my - jyB., when we disregard associativity
isomorphisms.

We can now define the functor J, as follows: for (X,a,n, 1) in Alg(S,d,n; V), let
J(X,a,n,p) = (X,a,1, i) be given by

a=ajx, =1 1= w  0Tix) - ajxky ..
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as in
. . 0.(Tjx ) . . 2
ajx(Ta)Tjx) —— a(Sa) jsx(Tjx) = a(Sa)jy
ajxx, ), ik (15)
ajxT(ajy) ——— ajymy = anyj}

For a homomorphism (f, @) : (X,a,n,u) — (¥,b,&,v) one puts J(f, @) = (f,0jx);
equivalently,

(S )ex = v+ alix(®),x) = by (TS )(2),x)

for all r € TX, x € X. The necessary verifications that J is indeed a well-defined functor
are cumbersome but manageable. For example, in order to verify that J( f, @) respects
the multiplication structures of the monads involved, one starts off with diagram (13),
with 7, m, x traded for S, n, A, and inscribes this into the corresponding diagram whose
commutativity would establish J(f, ) as a homomorphism, connecting corresponding
vertices by canonical morphisms.

We point out that J is just one part of a more elaborate scheme of functors which
all commute with the underlying Set-functors:

Alg(S,d,n; V)

Alg(S,d; V)

Alg(S; V)

(16)

Alg(T,e,m;V) ——— Alg(T,e; V) ——— Alg(T;V)

6. Changing V

We also briefly describe how a monoidal functor F:V — V to another symmetric
monoidal-closed category V may induce a functor

F: Alg(T,e,m;V) — Alg(T,e,m; V).

First of all, F' certainly gives rise to a lax functor F': Mat(V) — Mat(V) which
leaves Set fixed if F' preserves the initial object of V: for r: X — Y, one defines
Fr:X —» Y simply as the composite X x Y—r>V£>\7; likewise, for ¢ :r — r’ one has
Fo:Fr — Fr' with (Fo),, =F¢., (x€X, yeY). Just like for the extension of T
to Mat(V) as discussed in Section 3 the natural morphisms (Fs)(Fr) — F(sr) become
isomorphisms if » is actually a Set-map. If F preserves coproducts, £ becomes a
pseudofunctor.

Let us now assume that the given monad (7,e,m) on Set allows for lax extensions
to both Mat(V) and Mat(V), denoted by 7 and 7, coming with natural and coherent
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2-cells x, o, f and R, 4, ﬁ, respectively, and that the extension of F' respects these
data. Hence, we assume that there is a natural transformation ®: TF — FT as in

Mat(V) —— Mat(V)
1T
Mat(\?)L»Mat(\?)

which, together with the natural morphisms arising from the lax functoriality of F,
make the following diagram commute:

F((Ts)(Tr)) —2 s FT(sr)

(FTs)(FTr) TF(sr) (18)

(TFs)(TFr) —5, F((Fs)(Fr))

and similarly for o, & and f, f. )
One can now proceed to define F, as follows: an object (X, a,n, 1) in Alg(7,e,m; V)
is mapped to (X, 4,1, {i), with

d=Fa=(X x TX5VEV),

i = (e F (aex ) >(Fa)ex),

and with f making the following diagram commutative:

(Fa)(FTa) ———— F(a(Ta)) —2%—  F(amy)

1R

(19)

(Fa)(TFa) (Fa)my

A morphism (f,¢) : (X,a,n,u) — (¥,b,&,v) gives a morphism (1, ) : (X,d,7, i) —
(Y,b,&,7) when we let ¢p make the following diagram commute:

F(fa) —2— F((T[))
~ (20)

f(Fa) —"— (Fb)(Tf).
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Hence, we set (Ff)m =F(fyx) : Fa(r,x) — Fb(Tf(x), f(x)). We must omit all
verifications. Like J of the previous section, F is just a part of a larger diagram of
functors which leave the underlying Set-structure invariant:

Alg(T,e,m;V) ——— Alg(T,e;V) —— Alg(T;V)

(21)
Alg(T,e,m;V) B Alg(T,e;V) BRI Alg(T;V).

We also mention that, given (7,e,m), forming Alg(7;V) and its subcategories of re-
flexive (and transitive) algebras is 2-functorial in V, a fact which we shall use in
Section 8.

7. When V is a complete lattice

Let the given symmetric monoidal-closed category V be a complete lattice. Then
the bicategory Mat(V) is a 2-category, with all hom-categories being complete lattices.
Fortunately then, all coherence constraints of the previous section disappear, and the
extension conditions for the monad (7,e,m) of Set to Mat(V) can be summarized by
three simple conditions:

o (Ts)(Tr) < T(sr), with equality holding when r is a Set-map,
o eyr < (Tr)ey, and my(T%r) < (Trymy,

forr: X »Y, s:Y - Z. For the Theorem below we also need
o T(r°)=(TIr)°.

It is interesting to observe that, when f:X — Y is a map, compatibility with transpo-
sition forces (7s)(Tf)=T(sf) in this case: from 17y < (Tf)°(Tf)=T(f°)Tf) one
obtains

T(sf) S TGHOTSNTS) S T(ffONTS) < (Ts)TS).

A (T,V)-algebra (X, a) is already reflexive (and transitive) if 1y < aey (and a(7a) <
amy), and a homomorphism (f,¢):(X,a) — (Y,b) must just satisfy fa < b(Tf).
Briefly, the generalized monad structure on (X, a) given by 5 and p becomes a mere
property, both at the object and morphism levels. Essentially, this situation has been
considered in [8], where it was proved:

Theorem (Clementino-Hofmann). For V a complete lattice, the full embeddings
Alg(T,e,m; V) — Alg(T,e; V) — Alg(T, V)

are reflective, with bijective reflection maps. All three categories are topological over
Set, via their forgetful functors.



28 M.M. Clementino, W. Tholen | Journal of Pure and Applied Algebra 179 (2003) 13—47

At this point, it seems appropriate to recall Lawvere’s original examples mentioned
in the Introduction. For V =2 = {false |- true},

Mat(2) = Rel(Set)

is the 2-category of sets and relations. For 7T the identity monad, the category of
(reflexive; transitive) (7, V)-algebras is the category of sets equipped with a (reflexive;
symmetric) relation, and morphisms preserve the relations; this is the category PrSet
of preordered sets.

For V=[0, o] (with the poset structure given by “greater or equal” and the monoidal
structure by addition),

Mat([0, oc]) = Fuz(Set)

is the 2-category of sets and fuzzy relations; hence, for a morphism r:X - Y and
x€X, yeY, the value of r(x, y) gives a measure for the truth of the statement “x is in
relation r to y”. The composite with s:Y - Z is given by (sr)(x,z)=inf ,ey(r(x, y) +
s(¥,z)). For T =1d, reflexive, symmetric algebras are the generalized metric spaces
described in the Introduction, with non-expansive maps as homomorphisms. We call
Alg(1d, 1, 1;[0,00]) = PrMet the category of premetric spaces.

There is a (unique) monoidal cocontinuous functor F':2 — [0, 00] (with F(false) =
oo, F(true) = 0), which (as described in Section 6), induces the functor F : PrSet —
PrMet, putting on the preordered set (X, <) the premetric given by

0 if x<y,
d(x,y)= ,
oo otherwise.

F has both adjoints L 4 F + R (with Lx =true and Rx = false for 0 <x < oo). Hence,
also F has both adjoints L 4 F 4 R, assigning to a premetric space (X, d) the preorders
given by

L:x<y & dx,y)<oo,

Rix<y & dxy)=0.

In the next section we show that, when replacing Id by the ultrafilter monad, we
obtain an analogous relation between topological spaces and approach spaces.

8. Extending the ultrafilter monad when V is a lattice

We recall that assigning to a set X the set UX of ultrafilters on X defines a functor
U :Set — Set; for f:X — Y in Set, Uf : UX — UY assigns to ¢ € UX the (ultra)filter
f(xr) on Y, generated by {f(4)| A€z}, ie., BE f(x) if and only if f~!(B)€Er. Since
U preserves finite coproducts, there is a uniquely determined monad structure on U
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(see [5]). Explicitly,
ex: X - UX, my:UUX — UX

assign to x € X the fixed ultrafilter ey (x) :).c, and to X € UUX the filter sum my(X) €
UX, with 4 C X lying in my(X) precisely when 4* = {rc UX |4 €1} lies in X.

It is known how to extend U to a functor U: Rel(Set) — Rel(Set) (see [1,23]):
for r: X -» Y one defines the relation Ur: UX - UY by

w(Ur)y: < VBey:r°(B)ex

with #°(B)={x € X | 3y € B:xry}. But since r is an ultrafilter, we always have r°(B) €
or (X \ »°(B)) €r; hence

W(Ur)y & VBeyVAer:ANr°(B)# 0 & VBeyder dyeB Ixcd xry.

Now it is clear how U may be extended from Set to Mat(V) for any complete lattice
V with a symmetric monoidal-closed structure, as in Section 7:

wnEn = N\ rxn.

A€r,BeEy x€A,yEB

Then U obviously commutes with ( )°. When f:X — Y is a Set-map, Uf(z,9) =1
if for all (4,B) €t x y there exists (x, y) €4 x B such that y = f(x), and Uf(x,9)=0
otherwise; i.e.

I if f(A)NB #( for all (4,B)€xr x v,
Uf(x,n)= .
0 otherwise,
hence
I if f(r)=m,
Uf(x,n)= .
0 otherwise.

Consequently, the formula given extends the functor U : Set — Set.
We now check that e and m become op-lax in Mat(V). For any r: X - Y

eyr(x,n) = /\ r(x, y) = r(x,y) if y=u,

yiey(y)=y 0 otherwise

and

(Urex(x,9) = Urx,n)= N\ \/ r(x,»),

Bey yeB
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which gives Ur(x,}./) =r(x,y), hence eyr < Urey. Also,

myUzr(I,tj)z \/ UZV(X,QJ)
P:my (D )=v

=V A \V o Ur.y)

D:my(P)=y (AB)EXXY (t',n")€A XA

=V A Vi AV e

D:my(P)=y (A AB)eXXY (' ,v)EAXA (AB)Er' Xy’ (x,y)EAXB

and

(Urmx(X,9) = Ur(mx(X), )= N\ Vo o).

(A.B)emy(X)Xp (x,y)€4XB

In order to prove that my(U?r)(X,n) < (Ur)my(X,1) one has to show that, for each
) € UUY with my(2)) =1 and each (4,B) e my(X) X v,

V o ren< Vo)

(A B)EXXY (x'0)eAdXAB (A B")er' Xy' (x,y)EA’ XB’ (x,y)EAXB

Since B* €9) and A* € X and, for each (¢,v') € 4* x B*, (4,B) €y’ x v/, we have

A V A Vo)

(A BVEXXY (' )EALXB (A4 B)E T Xy (x,y)EA’ X B’

< VAV o

(v/.0')EA? xBF (4'B')E T X1 (x.y)EA' X B’

< V e

(x,y)EAXB

In order to show that U: Mat(V) — Mat(V) is a lax functor, we need to assume
an additional condition on the lattice V which, as Bill Lawvere observed, allows for a
natural interpretation in terms of the canonical Grothendieck topology of V. Here we
simply state the condition, as follows: there is a relation C on V such that, for all
x,v,z€V,

(@QxCy<z=xCz
®) x=V{ceV|cCx, cC -atomic},

where ¢ €V is C-atomic if, for all S CV, ¢ C VS = Is€S:c <s. For example,
if V is an atomic Boolean algebra, we may choose C to be the order relation < of
V. If V is [0,00] with the order given by the natural >, we can choose C to be the
natural >.
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From these conditions one obtains, by cocontinuity of ®,
v@w < usVe,dC -atomic in V with cCo, dCw (c®d < u).
Now, for r: X - Y, s:Y - Z, t€UX and 3 € UZ, we have to show that

(Us)(Ur)(x,3)
=\ A Vo oren|el A \V  s(.2)
weUY (4,B")Erxy (x,y)EAXB’ (B.C)enxj (yz)EBXC

is less or equal to

U = /\ \V ey @sro)

(A4,0)erxy \(xz)€EAXC yeY

That is, for every n e UY, A€ and C €3, we must show that v ® w < u, where

vi= /\ \/ r(x, y),

(A’.B")exxy (x,y)EA’ XB’

w = /\ \/ S(y,Z),

(B.C")enx3 (yz)eBxC’

wi= "\ Vrx»esoe)

(xz)EAXC y€eY

For this, it suffices to show c®d < u for all ¢ C v, d T w C-atomic. Given such ¢, d,
we put

Vi={yeY|Ixcd: c<r(x,y)} and W:={yeY|FzeC:d<s(yz)}.
If W ¢, then Y\ W €y, and, by (a),

dCw< \/  s(nz)=3zeC FyeY\W:d <s(y.2),
(r2)E(Y\W)xC

which is a contradiction. Hence W €1, and symmetrically V' € y; therefore VN W £ (),
so that

dxed dyeY FzeC with c®d < r(x,y) ®s(y,z) < u.

We also confirm that U(sr) = (Us)(Ur) in case r = f : X — Y is a map; hence we
show:

AV sGoo< A \V o s(n2).

(4,C)erx; (xz)edAxC B,C)ef(r)X3 (yz)EBXC
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But for all (B,C)€ f(xr) x 3 and (x,z)€ f~'(B) x C

s(f <\ s(n2),

(y2)eBXC
which gives the desired inequality since f~!(B) €. This proves:

Proposition. If the symmetric monoidal-closed category V is a complete lattice sat-
isfying conditions (a), (b), then the ultrafilter monad U of Set allows for a lax
extension to Mat(V), as required in Section 3.

In the case V=2 this extension is unique, since every relation has a standard factor-
ization as a composite of a map and the converse of a map (see [1]). The categories
Alg(U,2), Alg(U,e;2) and Alg(U,e,m;2) are the categories of grizzly, pseudotopo-
logical and topological spaces, respectively, all with continuous maps as their homo-
morphisms (see [1,8]).

For V = [0,00], considered as a monoidal category as indicated earlier, the ex-
tension of the ultrafilter monad we defined here coincides with the one used in [8],
U : Mat([0, 00]) — Mat([0, c]). Indeed, with < denoting the natural order in [0, oc],
U is defined by

Ur(r,n) = inf{v €[0,00] | VA €1: d,(4) € v},

where d,(4) :={y€Y|3Ix€A r(x,y) < v} for each arrow r : X - ¥ in Mat([0, oo]),
and r€ UX and ye UY.

In order to prove Ur = Ur, we will keep using the natural order relation in [0, co]
and write

Ur(gy)= sup  inf r(x,y).
(4,B)Exrxy (Xy)EAXB

If v€[0, 0] is such that, for every 4 €, d,(4) €, then, for each 4 € and B~€ n, d,
(4) N B # (0, hence inf(x’y)eAng(x,y) < v, which implies that Ur(z,n) < Ur(x,n).

To show the converse, let w = Ur(x,n). For each ¢ > 0 there exists 4 €r such that
dyy—i(A) € v. This implies that ¥ \ d,,_.(4) €y, hence

U Y 2 lnf s > — &
rwo) = yng(A)r(x y)zw—¢

which gives Ur(r,1) > w, and then Ur = Ur. With the result established in [8] we
conclude:

Corollary. Alg(U, e, m;[0,00]) is the category of approach spaces and non-expanding
maps.

We wish to point out however that, without any recourse to [8] and [21], the pre-
sentation of approach spaces as reflexive and transitive (U, [0, co])-algebras gives their
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most concise description, as sets X equipped with a function

UX x X —[0,00], (x,y)— o(x — »),

tE)

which (measures the truth value of “r converges to y
axioms

and) satisfies the two basic
S(X — x) =0,

o(my(X) —z) < UN(X — 1)+ d(h — 2)
for all x,ze X, ye UX, X € UUX, where

Uds(X — p)= sup inf o(x — y).
AEX YES

Bey YEB

A morphism f:(X,0) — (Y,¢) of approach spaces must satisfy &(f(z) — f(x)) <
o(r — x), for all xe X, re UX.

Finally, we display the functors induced by the monad morphism e : (Id,1,1) —
(U,e,m) and by the monoidal functor 2 — [0, 00]: the diagram

Alg(Ua e,m;2) - Alg(Uz e,m; [09 OO])

(22)
Alg(1d, 1,1;2) ——— Alg(1d, 1, 1; [0, <])
has now been identified as
Top T» App
(23)

PrSet L PrMet.

The full embedding F is analogously defined to 7 (see Section 7):
0 ifr—y,

or — y)= { ,
oo otherwise.
The functor Top — PrSet is given by the specialization order (x < y: Sx— y) and,
likewise, App — PrMet is defined by d(x, y) := 5(x — ).
Although the adjunctions L + F' - R induce (via the 2-functoriality of Alg(7,e,m;V)
in V) the adjunction L 4 F 4 R described in Section 7 one must exercise caution when
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trying to establish a corresponding fact for F. A crucial ingredient to the definition
of F in Section 6 has been the existence of the transformation ® of diagram (17).
Now, while there is an appropriate natural transformation UR — RU (where U, U
denote the extensions of the ultrafilter monad to 2, [0, 0], respectively), there is no
corresponding transformation in the case of L (essentially due to the failure of the
functor L to preserve products). Consequently, while a right adjoint R to ¥ can be
defined analogously to R, providing an approach space (X,d) with the topology given
by

r—yie o —y)=0,
putting (in analogy to L)
r—yie or—y) <o

does not define a functor to Top. However, this does define a functor App — PsTop=
Alg(U,e;2) (the category of pseudotopological spaces), and by composing it with the
reflector of Top — PsTop (sece the Theorem of Section 7), one does obtain a left
adjoint L to F.

9. V-categories and V-multicategories

It is well known that Alg(Id, 1, 1; V) is precisely the category of (small) V-categories
(see [3]). In fact, giving a reflexive and transitive (Id, V)-algebra (X, a,n, 1) is giving
the set X of objects of the V-category A, with hom-objects

Alx,y)=a(x, y)eV,
unit morphisms
Uy = Mxx 24— Alx,x),
and composition morphisms
Cryz DAL Y) @ A(Y,2) — Alx, 2),

arising as “restrictions” of

fezt Y _a(x,y) ® a(y.z) — a(x,z).
yey

Next we consider the free-monoid monad M on Set. Hence MX is the set of “words”
in the alphabet X (of length > 0), ey is the insertion of X into MX as one-letter
words, and my is concatenation. We show that M can be extended to a pseudo-functor
of Mat(V), as follows: for r: X - Y, t = (x1,....x,) EMX, = V1,..., ym) EMY,
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put

n

®r(xl-, yi)y if m=n,
(Mr)(x,0) =4 i
0 otherwise.
It is easy to see that when r stems from a Set-map f:X — Y, we have
I if m=nand f(x;)=y; for all i€,
(Mr)(x,9) =
0 else,

so that Mr is the same as considering the map M as an arrow in Mat(V). To indicate
pseudo-functoriality, we consider s: Y - Z and r € MX, 3=(z\,...,2z;) € MZ, and obtain
for [=n

M(s,r)(5:3) = Q)Y rxi, ») @ s(3,2)

i=1 yeYy

o Z Z Z ®r(x,~, i) ® s(yi,zi)

MEY meY €Y i=1

o Z ®V(xi7)h') ® s(yi»zi)

D=(Y1,yn)EY" i=1

= (Ms)(Mr))(x,3);

for [ # n, both objects are the zero object in V. We must leave it to the Reader to check
commutativity of diagrams (2). Also the 2-cells of (3) turn out to be isomorphisms
for T=M: for o« : eyr — (Tr)ey and x € X, y € MY one can take

%y = Ly if p=er(y),
and o, : 0 — O otherwise; for the domain of f : my(M?*r) — (Mr)my and 1y =
V1o ) EMY, X =(21,...,8;) € MMX with

h = (xly"'y-xnl )aPZ = (-xn1+1a"'a-xnlJrnz)y---y?k = (xn1+»--+nk_|+ls~~~sxn1+---+nk)
and n =n; + --- + n; one has:

(my(M?r))(X.p) = > (M*r)(%,9)

DeEMMY: my(D)=y

k
= > & (Mr)(xir i)

D=01,.0x): my(Y)=y i=1

ni+--+n;

k
= Qe

i=1 j=nj+--+n_1+1
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since the length of each n; must be n; (which, in conjunction with my(J)) =1, deter-
mines ) uniquely). Hence, for § one simply takes an associativity isomorphism

Bx.y: (my(MPr))(X, 1) — (Mr)my )(X,9) = ) r(xi, i),

i=1

or the zero morphism. The Reader may check commutativity of (4) and (5).
We can now describe the reflexive and transitive (M, V)-algebras (X,a,n,u) as
V-multicategories A. Hence, a V-multicategory A has a set X of objects, hom-objects

A, y)=alr,y)eV
for all z = (xy,...,x,) € MX, y €Y, unit morphisms
Uy =Ny - I — A(x,x),

and composition morphisms

Cx <®A(x,-,yl-)> ® A(h.2) — A(my(X).2)

i=1

with X = (x1,...,tn) EMMX, v = (y1,..., ) EMX, z € X, arising as “restrictions” of
the morphisms

pxz Y (Ma)(¥,9) @ a(n,z) — a(my(¥),2).

peEMX

“Translation” of diagrams (12) gives that the following diagrams must commute, for
all r=(xp,...,x,)€EMX and ye X

1xuy (ML U)RL
A Y) KT ———— A(xy) KA(yY) IXA(LY) ——— (Mi=1A (X, %)) K A(x, Y)
24
\ jcwx(zc),ex(y),y \ l Chie(a).x.y (24)
A(x.Y) Ak.Y)

Furthermore, associativity of the composition is to be expressed by the commutativity of
(25), for all Z'=(X1,..., Xx) € MMMX with X1=(x1,- .., 8n )y Xo=(Tni+15- -5 Eni4my )5 -
xk:(xn1+“'+nk_|+ls e 9xn1+"'+nk ): 2):(013 ey Uk) EMMX Wlth t)1:(}’115 ey an )5 ceey Uk:
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(yn|+“'+nk,1+la---’yn|+“'+i1k)a 5:(21,...,Zk)€MX, and weX:

(R R A G W) B (BEAG;, 2)) B AG, W)

1X Cgp,ﬁ,w k nl+...+n- =
M= (Mjnyrin 41 A (1), ) A, 2)) BAG, W)

(R R A G, v)) B AMy (@), W)

~
™

([gikzlcmx(xi),ni, zZ)%1 (25)
(%21 ™A (x5, ) R A(my (), w)

(RiIA (M (X)), 7)) K A (3, W)

%mx(%‘),s,w

A(Mx(Myx(2)), W) = A(mx(Mmx(2), w)

The notion of V-functor f:A — B is obtained by translating diagrams (6), (8), (13)
into the current context. Hence, such a V-functor of V-multicategories A, B is given
by a map f:X — Y of the respective object sets and by morphisms

Srat AR x) — BIMf(2), f(x))

in V (with r € MX, x€X, as “restrictions” of the morphisms ¢ r) of (6)), subject
to the following commutativity conditions for all x,z€ X, X =(z1,...,5,) E MMX, H=
(V152 yn) €MX:

Crnyx(2), my(®), w

| —2 A (X X)

D fo (26)
B (f(¥), f (%)
(1A, 1)) ® A, z) A(my(%),z)
(®?:1fx,-.y,» )®fn.z me(%); (27)

(@1 BM [ (i yi), (i) @ BIMf(9), f(2)) ———— BM[f(mx(X)), f(2)).

CMM[(X)MSf(0).f(z)
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10. Extending the ultrafilter monad when V is based

The extension of U to Mat(V) given in Section 8 in case V is an atomic Boolean
algebra provides guidance on how to extend U in case V = Set, PrSet, Cat,.... For
this we recall that an object ¢ in V is connected (=“coprime”, [6]) if V(¢,—):V — Set
preserves coproducts; that is, if every f:c — ) ., a; in V factors uniquely through a
uniquely determined coproduct injection. The category V is called based (see [6]) if
every object v is a sum of connected objects:

v E Ck.

kek

Such presentation is essentially unique, in the sense that if

ch & Zd;

kek I

with all ¢, d; connected, then there is a bijection @:K — L such that d,u) = ¢
for all k€ K. Hence, we may call ¢, a component of v; its multiplicity is the car-
dinal number of {k' €K | ¢t = ¢ }. In what follows, we assume that our symmetric
monoidal-closed category

o V is based, and that
e [ is connected, and
o with ¢, de€V also ¢ ®d is connected.

We say that V is a based monoidal category in this case.
For r: X - Y, r€ UX, y€ UY, one defines

Ur(t,n) = (A,Bligixnr(A,B), (*)

where 7(4,B) is “the (additive) least common multiple of the objects r(x,y), x €4,
y € B”, that is: the coproduct of all connected objects that occur as components of at
least one r(x, y), each one to be taken with the maximum multiplicity with which it
occurs in any of the objects r(x, ). (For example, if r(x, y) 2 c+c+d and r(x’, y’) =
c+e, with non-isomorphic connected objects ¢, d, e, then r({x,x'},{y, y'}) = c+c+d+
e.) For 4 C A" and B C B’, one has canonical bonding morphisms r(4,B) — r(4',B’);
hence Ur(r, y) is a cofiltered limit.

Theorem. For a based monoidal-closed category V, formula (*) extends the ultrafilter
monad from Set to Mat(V), as required in Section 3.

Proof. If r = f: X — Y, then
I if Anf~YB)#0,

0 else,

f(A,B)—{
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since the only component that an object f(x,y) may have is /, with multiplicity 1.
Hence,

I if f(©)=v,

0 otherwise,

as in Section 8.
Forr:X =Y, s: Y - Z, we must establish the morphisms « , : (Us)(Ur) — U(sr);
hence, for all r € UX, 3 € UZ we must establish morphisms

k= (Ks,)es: Ur(r,y) ® Us(y,3) — lim A,C).
(5 )eq UEXL;Y r(E0) @ Us(n3) = | lim (s7)(4,C)

To this end, for every y € UY we must define morphisms k/?,c 0 ®w — u, with

. !/ . /! !
v= (A’Jl?l)renpxx) r(4',B), w= (B’,Cl’l{[elnxas(B ,CY), u=(sr)4,C),
naturally in (4,C) € x 3. For that it suffices to find (natural) morphisms ¢ ® d — u,
for all components c¢,d of v, w, respectively. (Note that the objects ¢ ® d are precisely
the components of v @ w.)

Hence, let g:c — v, h:d — w be injections of components of v and w, and form
the set V' of all ye Y for which there is §g:c — r(x, y) with x€4 and y € B for some
B €y, making

c — 9 .y
g PaB (28)

G y) ——2 s r(4,B)

commute (with canonical injection i, , and limit projection p, p). Likewise, let W be
the set of all y €Y for which there is /& : d — s(y,z) with ze C and y € B’ €y such
that

Jyzh=aqp.ch (29)
(again, with injection j, . and projection gp ¢). If we had W ¢y, then Y \ W €y, and
since d is connected

h qy\w,c
w

d

s(Y \ W,C)

would factor through (a component of) some s(y,z), with z€C and y €Y \ W, in
contradiction to the definition of . Hence, W €t and, likewise, V' €1, whence V' N
W # (). Consequently, we obtain x4, yeBcy, ze€ C and §, /& as in (28) and (29)
commute (with B = B). Now

c® dﬂ r(x, ) ® s(y,z) ———(sr)(x,z)
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represents one of the components of (sr)(x,z). Composition with the injection (sr)(x,z)
— u defines the desired morphism
d@ﬁ lx,y.:
cQd———— r(x,y) ®s(y,z) ——— u.
This morphism depends only on g and 4 (not on x€A4, yeBey, z€(C), as the
following commutative diagram shows:
gRh

c®d VW
Joh Pa5®4s,C
X, ¥) @ s(3.2) @ #(4,B) @ s(B,C) (30)
Ly, 1B
u 0 HA,Y)® s(Y,C).

Here 13 is induced by B — Y, and the right vertical composite does not depend on
Bew; disinduced by ¥ — Y x Y, and as a coproduct injection in a based category it
is monic. Therefore, the left vertical composite depends only on g and 4. This implies
naturality of kz,c in (4,C) and completes the construction of x .

Let us now examine the special case when » = f: X — Y is a map. Then we can
restrict ourselves to the case h = f(x), and the morphism k/?,c can be defined as

vew=Iow 2w B%(f(4),C) 2 u

Hence, k= (ks );,; is the morphism with 74 ck=gq s, c for all 4 €, C €3, with limit
projections

ract UGf)(E.3) = (A’,Cl‘iglel;xg,(sf)(A/’ C") = s(f(4),C).

Its inverse is easily seen to be the morphism / making the following diagram commute:
!

U(sf)(z.3) Us(f(2),3) = lims/ crye fx)x35(B', C")
Tr—lw),c qs,c (31)
s(f(f1(B)).C) s(B,C).

Next, we construct the 2-cells o, :eyr — (Ur)ex and B,:my(U?r) — (Ur)my, for
every r: X - Y. Now, (eyr)(x,n)=0 for all x€X and ye€ UY, unless y =ey(y) :J./
is fixed, in which case (eyr)(x,p) = r(x, y), so that we can take

(o )x,p i 7(x, ¥) = (Ur)(ex(x),y) = lim .r(A,B)

(AB)EX XV

to be the morphism induced by the injections r(x, y) — r(4,B).
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For X € UUX and y € UY, we construct

— . 2 .
b=(B)x.y: @GZU;Y Ur(®9) — | lim r(4.8)

Be
my ()= !

similarly to (i, )y, by fixing 9 € U?Y with my()) =1 and 4 € my(X), BEy, and
by defining morphisms
b7y o ;)igmj Ur(<4,B) — r(4,B)

naturally in 4, B. With the notation used in Section 8 we have Af e X, B‘eﬁ‘j,
and by definition, Ur(4%,B*) is a sum of components of the objects Ur(x’,n’), with
t'€A* and v €B*, ie., Acy, Bey'. Hence, every component of Ur(A*,B*) rep-
resented by ¢ : ¢ — Ur(4%,B*) factors through some injection §:c — Ur(y/,n') =
limy gryer' xy (4, B"). Composition with the limit projection p4 p defines a morphism
¢ — r(4,B), which gives the morphism #4p: Ur(A#,B#) — r(4,B). It is easy to see
that the composite

b7y = (lim(y, ) Ur(t, B) -5 Ur(4°, B* Y2414, B))

with the limit projection 74 p is natural in 4, B, as desired.
We must leave all further verifications to the Reader, including the very tedious and
time-consuming verification of the commutativity of diagrams (4) and (5). O

11. V-ultracategories

In this section we restrict ourselves to considering only based cartesian-closed cat-
egories V, such as Set, PrSet, Cat,.... A V-ultracategory is, by definition, a (U, V)-
category, where U is the ultrafilter functor, i.e., a reflexive and transitive (U, V)-algebra.
A V-functor of V-ultracategories is a homomorphism of such algebras.

Only in case V = Set shall we describe V-ultracategories in greater detail. Hence,
an ultracategory A has

e a set X of objects,
e hom-sets A(g, y) for all re UX, yeX,

e an “identity morphism” 1, € A().c,x) for all xe X,
e a composition law

A(X.0) x A(n,2) — Amy(X).2)
for all X € UUX, y € UX and z € X, with
A= lim A.B)= [ | A@y).

AEX reA

Bey
Bey yeB

which assigns to f € A(X,1), g€ A(n,z) its composite g - .
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We can think of f € A(X,n) as having components

S8 €A, Y)

for all o7/ € X, Be, with some r € .o/ and y € B, such that f ., p = f . p whenever
o/ C of' and B C B’. Translation of the commutativity conditions (10), (11) needs
some preparation. First, for € UX and ye X,

Aleox@®.ex(M=AEN= () | A7)
dcre e
Bcye y'EB

=A(r, y) (consider o7 = {r}, B={y}),

AlUex(®r)= (] U AG.»)

A €Uex(x) v’ €od

Ber ' €B
L]
=TUAGx),
BerxeB

since for every B € one has B* := {).c | x € B} € Uex(x). Hence, A(Uex(x),r) contains
in particular the morphism 1, which, by definition, has components (1;)z~ p = 1, for
all B e, with some x € B. Now the identity laws read as:

o l,-f=/f, f-1y=f forall feA{ ).
Next, for € UUUX, ) € UUX, 3€ UX, we X, we consider
fea, )= U Az,

Aex XeA
#€Y veR

geA®.5)= (] U Awm.2).
BEY neHp
Cez zeC

and h € A(3,w). Then f gives f € A(mux(Z), mx(2)), as follows: for all .o/ € myx (%)
and Bemy(9), that is, o/* = {X|/ X} e, B* = {y|Bep} €, one defines the
(o, B)-component of f by

f,%,B = <f&e/“,B*‘;

now the composite (4 - g) - f is, by definition, the composite (% - g) - f , with
h-geAmx(D),w).

In order to see how % - (g - f) is defined, we need to define g - f € A(Umx(Z),3),
which is done by defining its components (g - f)..c, for all o7 € Umyx (%), C € 3. But
o € Uny(Z') means my' (/) = {X|my(X)€ o/} €Z, so that we can put

G- Peatc=9a.0 Futns
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for suitable e # €Y and X € m;l(&i), z € C with Afm;l(ez/)’;% e A(X,y), gu.c €A,z).
We must make sure though that such y, # exist, and that their choice has no impact
on the definition; but this has been done more generally in the proof of the Theorem
of Section 10 (see the text before (30)). Now it makes sense to state the associativity
law as

o (h-g)-f=h-(g-f) forall f, g, h as above.

A functor F : A — B of ultracategories is given by a map F : X — Y of the respective
object sets together with maps

cm,y : A(X’ J’) - B(F(X)’F(y)),

SuCh that F).CX(IX): lF(x), me(%)z(g'f):F%,n(g)'Fn,z(f), fOr all x’yBZGX’ U € U)(,
XeUUX, feA(X,1), geA(h,z); here

Fx .y A(X,9) — B(F(X),F(n))
sends f to F'f = Fx y(f) with components

(Ff)er,8=Fe y(fr1(2),F-1(8))s

for all .o/ € F(X), BEF(y) and ¢, y such that fr—i(.) r-15) € AL, y).
FEvery category A can be considered an ultracategory, if we put

A(x,y) if r=x is fixed,
Al y) = {

else.
This defines a full embedding
D: Cat = Alg(Id, 1, 1; Set) — UltraCat = Alg(U, e, m; Set).

This functor is left adjoint to the algebraic functor E:UltraCat — Cat induced by
the monad morphism e:(Id,1,1) — (U,e,m) which, for an ultracategory A simply
abandons all hom-sets A(g, y) for which ¢ is not fixed.

Every topological space can be considered an ultracategory. In fact, we have a
monoidal functor R: 2 = {),1} — Set with monoidal left adjoint L:Set — 2 (with
LX =0 if and only if X =), which induces the adjunction

_L |
UltraCat . L Top.

R

If X is a topological space, all hom-sets of the ultracategory RX have at most one
element, and RX(r,y) # () precisely when the ultrafilter ¢ converges to y. The left
adjoint L puts a pseudotopology on the set X of objects of the ultracategory A, by
declaring the ultrafilter ¢ to converge to y precisely when A(z, y) # @, and then applies
the reflector of Top < PsTop (analogously to the construction of L at the end of
Section 8).
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Of course, this adjunction is just a lifting of the corresponding induced adjunction
(where U has been traded by Id)
L
€
Cat PrSet.

R

More precisely:

Theorem. There is a commutative diagram of adjunctions

—
UltraCat = Top
R
D 4| E FlH]| G (32)
L
Cat 1 PrSet.
R

As is well known, G (being induced by the monad morphism e like E, see also

(23)) provides a space X with the specialization order (x < y & X — y & YEX),
and its left adjoint F takes the sets T x ={y|y = x} as a base of closed sets for a
topology of the preordered set X.

12. 2-cells in Alg(7, e, m; V)

A V-natural transformation { : f — ¢ of V-functors f,g:A — B is given by
morphisms {,:7 — B(f(x),g(x)) in V such that the following diagram commutes for
all x,x’ € obA:

/ o \
A(XX) R 1 I X AXX)
fx,x' X {x (x™ Ixx (33)
B (f(x),9(¥) ¥ B (9(x), g(x))

B (f (), f(x)) ¥ B (f(x),g(X)) /

B (f(¥), 9(x))
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These diagrams give us in particular the top-to-bottom morphisms

Lo 1A x") — B(f(x), 9(x))

which can be used as a guide for the definition of 2-cells in Alg(7,e,m;V), for T and
V as in Section 3. Hence, a 2-cell

C(f o) = (9:9)

of morphisms (f,¢), (¢g,¥) : (X,a,n,u) — (Y,b,e,v) in Alg(T,e,m; V) is nothing but
a 2-cell

{:ga— b(TY)

in Mat(V) making the following diagram commutative:

gaexa gna ga ! ga
y N’
b(Tf)exa b(Tg)

1 bT(gn)
beyfa ¢ bT(gaex)
bey ¢ bT(C%()J
bey b(Tf) bT(b(Tf)ex)
boy(TF) il ¢

b(Th Tf b(Tf b(Th)Tey (Tf ’
(Th)ery (Tf) ver (1) (Tf) (T (Th)Tey (TT)
(34)

In particular, { is (via either half of (34)) completely determined by
(Cex)(gn) : g — bey f,

which, in turn, is determined by V-morphisms
CX :1 - b(ey(f(x))’ g(x))a

x €X, just as in the special case (7,e,m) = (Id, 1, 1) discussed at the beginning of this
section. In terms of these morphisms, (34) translates back into a diagram similar to (33).
The identity 2-cell 1(;,4) is given by

Lisp) = fa— bTS).
The vertical composite y = ¢ - of { with &:(g,¥) = (h,n) is defined by

bicg ae 4 bkpe
7= lha = b(Tg) L2 b Tg) T (aex ) ~2% T (gaey ) T bT(A(TS ex ) ——Ls b(TB)T(ey f)

vI(ey f)

b(Tf)]
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For the horizontal composition we consider p : (s,0) = (¢,7) with (s,0), (£,7):(Y,b,&,v)
— (Z,¢,96,) and define

v=pL: (5,00 f0) = (TG P)
by
v = ltga St (TY L e(Ts)TF) = eT(sf)].

We must forego the proof of

Theorem. Alg(7,e,m; V) is a 2-category, and the algebraic functors and change-of-base
functors constructed in Section 5 and 6 are 2-functors.

As indicated before, for 7=Id, 2-cells are V-natural transformations. For 7=M and
for T = U, 2-cells are defined just like for V-categories, i.e., by morphisms (,:/ —
B(f(x),g(x)) making (33) commutative (where, of course, in the case 7 = U the

hom-object A(x, y) is to be interpreted as A().c, ).
Just like 2-cells in PrSet, which are given by the pointwise preorder for monotone
maps, the existence of a 2-cell f — g for continuous maps f,g:X — Y of topological

spaces means that f(x) — g(x), or g(x) € f(x) for all x € X. Likewise, for morphisms
f,9:X — Y of premetric spaces and approach spaces, one has a 2-cell f — ¢ precisely
when d(f(x),g(x)) =0 and §(f(x) — g(x)) =0, respectively.
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