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PARTIAL-SUP LATTICES

TOBY KENNEY

ABSTRACT. The study of sup lattices teaches us the important distinction between the
algebraic part of the structure (in this case suprema) and the coincidental part of the
structure (in this case infima). While a sup lattice happens to have all infima, only the
suprema are part of the algebraic structure.

Extending this idea, we look at posets that happen to have all suprema (and therefore
all infima), but we will only declare some of them to be part of the algebraic structure
(which we will call joins). We find that a lot of the theory of complete distributivity
for sup lattices can be extended to this context. There are a lot of natural examples of
completely join-distributive partial lattice complete partial orders, including for example,
the lattice of all equivalence relations on a set X, and the lattice of all subgroups of a
group G. In both cases we define the join operation as union. This is a partial operation,
because for example, the union of subgroups of a group is not necessarily a subgroup.
However, sometimes it is, and keeping track of this can help with topics such as the
inclusion-exclusion principle.

Another motivation for the study of sup lattices is as a simplified model for the study of
presheaf categories. The construction of downsets is a form of the Yoneda embedding,
and the study of downset lattices can be a useful guide for the study of presheaf cate-
gories. In this context, partial lattices can be viewed as a simplified model for the study
of sheaf categories.

1. Introduction and Preliminaries

A large number of naturally-occurring complete lattices occur as meet sublattices of other
lattices. Examples include: the lattice of subalgebras of an algebra as a sublattice of the
lattice of all subsets of the algebra; and the lattice of closed sets of a topological space
as a sublattice of the lattice of all subsets of the space. In these examples, we have
two notions of joins — one from the original larger lattice, and one derived from the new
sublattice. This construction always produces a complete lattice with all suprema, because
the existence of arbitrary infima implies the existence of arbitrary suprema. However, the
newly created suprema may not be naturally occurring constructions, instead, they are
induced by the closure operation that results from the existence of arbitrary infima.
Sometimes, however, the new suprema happen to coincide with the original joins.
Often when this occurs we can say a lot more about the resulting joins — for example,
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we can apply the inclusion-exclusion principle to measure the size of the join from the
sizes of the elements. It is therefore desirable to keep track of these special joins as part
of the structure. For this purpose, we define a partial sup lattice as a partial order which
in addition has a partial join operation, representing these special joins.

It turns out that much of the theory for sup lattices, in particular the theory relating
to distributivity, applies to partial sup lattices. We can view sup lattices as a subcategory
in partial sup lattices, and show how to extend much of the theory to partial sup lattices.

In Section 2, we provide a definition of what it means to be a partial sup lattice,
and what the appropriate definition is for homomorphisms between partial sup lattices.
Finally, we will look into the relationship between partial sup lattices and total sup lattices,
showing how we can freely extend any partial sup lattice to a total sup lattice by adjoining
the necessary joins.

In Section 3, we look at alternative ways in which we can describe partial sup lattices.
We start by extending the totally below relation to partial sup lattices. Recall that the
totally below relation (defined by [3], first called “totally below” in [1]) on a complete
lattice is defined by a « b if and only if for any set X with \/ X > b, we have some
x € X with a < z. The totally below relation is crucial for our understanding of com-
plete distributivity for sup lattices, and we see that it has the same relation to complete
distributivity in partial sup lattices, with many of the results for sup lattices extending
directly to partial sup lattices. In addition, the partial join structure of a given partial
sup lattice is entirely determined by its totally below relation. That is, if we know the
partial order on L, and its totally below relation, then we can reconstruct the partial join
structure on L. Therefore, we can use the totally below relation as a means to describe
a partial lattice structure. We use this to show that on a given finite lattice L, there is
a largest partial lattice structure which makes L completely join-distributive. We then
look at other ways to describe the partial sup lattice structure — one through a closure
operation, and another in a purely algebraic way, without any reference to the partial or-
der (in the same way that lattices can be described by just the join and meet operations,
without any reference to the underlying partial order).

Another invaluable tool in the study of sup lattices is the downset construction. This
has been systematically studied in the series of papers [1], [5], [6], [7], [4], for its advantages
of defining complete distributivity in a constructive context without any requirement for
the axiom of choice. In Section 3.20, we find the correct way to extend this downset
construction to partial sup lattices, and recover most of the results of the above papers
in this context.

Finally in Section 4 we look at the interplay between several different categories of
partial sup lattices, with the relevant functors and adjoints.

At this point, we fix notation for the rest of the paper: For a poset X, and an element
x € X, we will write |(x) to denote the principal downset generated by x, that is, the
set [(z) = {a € X|a < z}. Similarly, we will write |(z) = {a € X|a « z}. Downsets are
important for understanding sup lattices, and we will write A X to mean that A is a
downset of X. We will write DX to represent the complete lattice of all downsets of X,
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ordered by set inclusion.

2. Basic Definition

2.1. PARTIAL SuP LATTICES. We start by defining partial sup structure on a partial
order.

2.2. DEFINITION. A pre-partial-sup partial order is a poset X with a partial operation
| |: DX ——X, which is the supremum whenever it is defined, and satisfies the sandwich

condition: if A< B < |[(||A) then | |B=|]A.

2.3. REMARK. We have defined joins only for downsets here. We will however sometimes
refer to joins for general subsets of X. When we do this, we will mean the join of the
downset generated by this subset.

2.4. DEFINITION. For a pre-partial-sup partial order X, the collection JX of unioned
downsets of X is the collection of downsets D of X with the property that for any v € X,
ife =\ |(z)n D, then v =|]|(x) n D.

This definition may at first seem a little strange. If the underlying partial order X
has all suprema, we would like JX to be the collection of downsets which have joins.
As we will show below, in the case when X is a partial sup lattice, the definition above
makes JX into the collection of sets for which join is defined. However, this is the right
generalisation for the case where X does not have all suprema. Whenever we equip the
Dedekind-MacNeille completion DX~ of X with a partial sup lattice structure, where
we will let JDX*~ be the set of downsets for which | | is defined in DX*~, we can
restrict this structure back to X. This restriction map from partial sup structures on
DX™~ to partial sup structures on X has a right adjoint. A unioned downset of X is the
intersection of a unioned downset in DX '~ with this adjoint structure, with X.

2.5. DEFINITION. A pre-partial-sup partial order X is a partial sup partial order if the
collection JX of unioned downsets of X has the following properties:

o [f| |A is defined, then Ae JX.
e JX contains all principal downsets.

o JX is closed under arbitrary intersections.

o if ATJX, | |Y =z and for any a €Y, there is some A e A with | |A > a, then
there is some B < | J A with | |B > .

If L is a partial sup poset in which every subset has a supremum, then we say L is a
partial sup lattice.

2.6. LEMMA. For a partial sup lattice L, JL is the set of downsets for which join is
defined.
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PRrROOF. Clearly, for X € JL, let x = \/ X. We have that z = [ |(}(z) n X) = | | X.
Therefore, join is defined for X. Conversely, if | | X is defined, then part of the definition
gives that X € JL. [

2.7. PROPOSITION. A poset L equipped with a partial operation | | : PL——L is a partial
sup lattice if and only if every subset X < L has a least upper bound (denoted \/ X ) such
that | | X = \/ X whenever it is defined and the following properties hold.

o [fAC B, | |A is defined, and B < || | A then | | B is also defined (and equal to
L]A).

e The set JL of downsets on which join is defined, satisfies the following properties:

— All principal downsets are in JL.

— JL 1s closed under arbitrary intersections.

—If A< JL, and X < [{| |A|A € A} € JL, then there is some Y < | JA with

LY = || X.
PRrROOF. The conditions are clearly the same conditions as for a poset. We showed in
Lemma 2.6 that JL is the collection of unioned downsets as defined in Definition 2.4. m

The idea is that a partial sup lattice can represent a meet-sublattice of a chosen lattice.
The partial join operation | | represents the joins in the original larger lattice.

2.8. EXAMPLES.

e For any complete lattice L, we can form a partial sup lattice by taking all joins to

be defined.

e For any complete lattice L, we can form a partial sup lattice where only joins of
principal downsets are defined.

The lattice of subgroups of a group GG, with joins being unions.

The lattice of convex sets in a metric space, with joins being unions.

2.9. THEOREM. Let L be a completely distributive complete lattice, and let M be a com-
plete meet sublattice of L. If we equip M with the partial order acquired from L, and the
partial joins from L, whenever the join is in M, then M is a partial sup lattice.
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PROOF. We clearly have that | | is the supremum whenever it is defined. Furthermore, if
X isasubset of Y, and | | X =z, and \/Y = 2z in M, then we have that in L, \/ X = z,
and since Y contains X, we have \/Y > \/ X = z in L, and since \/Y = z in M, we
have that x is an upper bound for Y in L, so \/Y <z in L. Thus \/Y =z in L, and
| |Y =2 in M.

Clearly \/ |(z) =z in L, so | ||(z) =z in M.

Let A be a family of downsets of M for which join is defined. That is, for any A € A,
\/ A € M. Now since M is a meet-sublattice of L, \/ [ A = A{V AJA € A} € M (by
complete distributivity of L) so the intersection does have a join.

Finally, let A be a family of subsets of M for which join is defined, and let | | X =y,
and for any x € X, we have z < | | A for some A € A. By complete distributivity of L,
we have = \/({(x) n A)) in L, and since M is closed under meets, we have |(z) n A
is the downset generated by |[(z) n An M, so x = | |({(z) n A) in M. This means

LIX = LU (2) n Az e X} = V{(z) nUA). .

2.10. PROPOSITION. If L is a frame, and M is a complete meet sublattice of L, then
there is a partial sup lattice whose underlying poset is L, and whose joins are defined by

|| A ezists (and is equal to \/ A) if and only if A contains all elements of M below \/ A.

PROOF. By definition, | | agrees with sup whenever it is defined, and the sandwich condi-
tion clearly holds. We need to show that the necessary conditions on JL hold. Obviously
l(x) contains all elements of M below z, so its join is defined. Suppose A < JL, and
let A=[)A Leta=\/[)A Nowlet x < a, and z € M. For any A € A, we know
x < | |A and z € M, so by definition, we have z € A. Therefore, z € [].A. This means
that | | A = a.

Finally suppose A € JL, X € JL with | | X = y, and for any = € X, there is some
Ae Awith| |A > z. Since L is a frame, we have z = \/({(z)nA). Let a € M witha < y.
Since | | X = y, we know that a € X. Therefore, there is some A € A with | | A = a. Since
a < a and a € M, this means that a € A, so we must have a € | J A. Therefore, |(z)n|J.A
contains all elements of M below x, and has supremum z, so z = | |({(z) n|JA) as
required. [

2.11. DEFINITION. A partial sup lattice is completely join-distributive if for any collection
{D;li € I} of downsets in L, such that every | | D; is defined, we have N\ {| |D;li € I} =
LIN{Dili e 1}

2.12. EXAMPLE. A complete meet sublattice of a completely distributive complete lattice,
with joins given by suprema in the larger lattice is completely join-distributive.

2.13. HoMmOMORPHISMS. There are three plausible notions of homomorphisms of partial
sup lattices based on the three notions of when partial functions f and ¢ should be
considered the same:

1. f and g are the same if whenever f(z) and g(z) are both defined, we have f(z) =
9(@).
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2. f and g are the same if whenever f(x) is defined, so is g(z), and f(x) = g(x).

3. f and g are the same if f(x) is defined if and only if g(z) is defined, and in that
case f(x) = g(z).

Based on these we get the following three notions of homomorphism:
2.14. DEFINITION. A function f: (L, <, | ])—— (M, <, | ]) is:

1. a weak homomorphism if f is order-preserving, and whenever A€ JL and Df(A) €

JM, we have f(\/ A) = \/(Df(A)).

2. a homomorphism if whenever A € JL we have Df(A) € JM, and f(\/ A) =
V(Df(A)).

3. a strict homomorphism if whenever A € JL we have Df(A) e JM, and f(\/ A) =
V(Df(A)), and conversely, whenever Df(A) e JM, we have Ae JL.

With this definition of homomorphism, the collection of partial sup lattices and homo-
morphisms forms a category, which we denote PartSup.

2.15. REMARK. Since joins of principal downsets are always defined, the last two defini-
tions imply that f is an order-preserving function.

2.16. EXAMPLES. The lattice of subgroups of a group has an embedding into the lattice
of equivalence relations on the underlying set. This is a strict homomorphism.

For any meet homomorphism f : L—— M to a partial sup lattice, there is a partial
sup lattice structure on L that makes this a strict homomorphism.

2.17. ExAMPLE. Let (X, Q) be a topological space. Let PX be the collection of subsets
of X ordered by inclusion, where we define | |A = A if A = [ JA and A contains all
closed subsets of A. (So the totally below relation is the smallest possible totally below
relation which makes closed subsets totally compact.) This is a partial sup lattice by
Proposition 2.10.

For another topological space Y and a function f : X ——Y we can define Pf :
PX——PY by Pf(A) = {f(a)la € A}. Pf is a partial sup homomorphism if and only
if f is continuous. (This will follow easily from Proposition 2.28 in the next subsection.)

2.17.1. Monos, Epris AND FACTORISATION. We can look at which homomorphisms of
partial sup lattices are monomorphisms and epimorphisms in the category PartSup of
partial sup lattices and homomorphisms.

2.18. PROPOSITION. A partial sup lattice homomorphism f is a monomorphism if and
only if it is injective (as a function).

PROOF. Since composition is function composition, the if part is obvious. Conversely, let
f be a monomorphism. If f(z) = f(y), then we consider the homomorphisms from the
1-element partial sup lattice that send the unique element to x and y respectively. These
have the same composite with f, so they must be equal, i.e. x =y, so f is injective. m
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2.19. PROPOSITION. A partial sup homomorphism f : L——M is an epimorphism if
and only if every element of M is the join of elements in the image of f.

PRrROOF. Clearly, if every element of M is the join of elements in the image of f, then any
g
two homomorphisms M ?N with ¢gf = hf must agree on all elements in the image of

f. Since g and h are partial sup homomorphisms, whenever x = | | X, if g(X) = h(X),
then we must have g(x) = h(z). For any z, we can choose an X with g(X) = h(X)
and z = | | X, by choosing X to be generated by a subset of the image of f, so we get
g(x) = h(x), i.e. g = h as required.

Conversely, suppose that f is an epimorphism. Suppose that x € M is not the join
of elements in the image of f. Let I be the ideal generated by elements in the image
of f below x (that is, the smallest downset closed under joins that contains all elements
in the image of f below z). We define homomorphisms g : M ——2 and h : M ——2
by g(a) = 0 if and only if a € I and h(a) = 0 if and only if a < z. Clearly gf(y) = 0
and hf(y) = 0 both occur if and only if f(y) < z. Therefore, gf = hf, so g = h, so
x € I, contradicting our assumption that = is not the join of elements in the image of f.
Therefore, x must be a join of elements in the image of f. [

2.20. PROPOSITION. A partial sup homomorphism f: A——C is a strong epimorphism
if and only if f is surjective and creates joins — that is if we have | | X = x in C, we
have Y < A with f(Y) =X and | |Y =y for some y € A.

PROOF. Suppose f is surjective and creates joins. Suppose we have a commutative square
A—"-B

1

where ¢ is injective. We want to construct C —" 4 B that makes both triangles commute.
Clearly, h is uniquely defined because g is injective, so h(z) must be the unique y € B
with g(y) = b(x), we need to show that this exists. However, since f is surjective, there
is some z € A with f(z) = z, so we have g(a(z)) = b(f(2)) = b(x), so y = a(z) is an
element of B satisfying g(y) = b(z) as required. We now need to show that A is a partial
sup homomorphism. Suppose that | | X = z in C. We want to show that | |h(X) = h(z)
in B. However, since f creates joins, we have some Y € A with | |Y =y, f(V) = X
and f(y) = x. Applying the above definition of h, we see that h(X) = hf(Y) = a(Y)
and h(x) = a(y), so since a is a partial sup homomorphism, we have | |h(X) = | Ja(Y) =
a([]Y) = aly) = h(z).

Conversely, suppose that f is a strong epimorphism (orthogonal to all monomorph-
isms). Suppose x € C'is not in the image of f. We can form B 7' by saying B has the
same elements as C, but that z is totally compact in B (and all other joins in B are as
in C') and g is the identity function on elements. The function f clearly factors through
g, but ¢ is not the identity, so the identity on C' cannot factor through g. Therefore f is
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surjective. Suppose that f does not create the join | | X = z, then we can form a new
partial sup lattice with the same elements as C', but with this join excluded. f will factor
through this new partial sup structure, but this is not an isomorphism. [

2.21. THEOREM. Any partial sup homomorphism f : L—— M factors as a strong epi-
morphism followed by a monomorphism.

ProoOF. We form the factorisation N as the subposet of M consisting of elements in the
image of f, with joins exactly the joins created by f. It is now clear that this factorisation
consists of a strong epimorphism followed by a monomorphism. [

2.22. THEOREM. The collection of completely join-distributive partial sup lattices is closed
under inf-preserving subobjects and inf-preserving strong epimorphic images

PROOF. Let L—Y— M be an inf-preserving partial sup monomorphism, and let M be com-
pletely join-distributive. Let X be a family of downsets in L such that for each X € X,
| | X is defined. Since f is a partial sup homomorphism, we have that | | f(X) is also
defined, and is equal to f(| | X). Since the collection of downsets whose join is defined
is closed under intersection, we have that | || X" is defined. Let x = | |[|X. We want
to show that © = Aycy X, Let y = Axer ) X. Since f is injective, we just need
to show that f(z) = f(y). However, since f is inf-preserving, we have that f(y) =
Axer [(LIX). Since M is completely join-distributive, this gives Ay f(LX) =
L1Nxexr f(X). Clearly, since f is injective, [\yer f(X) = f([)X), so since f preserves
joins, we have | |(\yer f(X) = f(LUMNAX) = f(x). Therefore, since f is injective, we have

x =y as required. Therefore, L is completely join-distributive.

Now let L—— M be an inf-preserving strong epimorphic partial sup homomorphism,
and let L be completely join-distributive. Let X be a family of downsets in M such
that for each X € X, | | X is defined. Since f is strongly epimorphic, it creates each of
these joins. That is, we have a family {Yx|X € X}, of downsets in L with f(Yx) = X
and f(||Yx) = | JX. Since L is completely join-distributive, we have Ay . [ |Yx =
LM xexr Yx. Applying f to both sides gives

ALIX=L1r/O v =N o= X

so M is completely join-distributive. [

2.23. IDEALS AND TOTAL SUP LATTICES. There is clearly a full subcategory of PartSup,
consisting of total sup lattices, where all joins are defined. It is clear that this is isomorphic
to the category Sup of sup lattices, since a partial sup lattice homomorphism between
sup lattices must preserve all joins that are defined, which in this case means all suprema.
We will show:

2.24. THEOREM. The subcategory of total sup lattices is reflective in the category of par-
tial sup lattices.

To show this, we will need the concept of an ideal for a partial sup lattice.
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2.25. DEFINITION. Let L be a partial sup lattice. An ideal in L is a downset of L, closed
under | |.

2.26. LEMMA. For a partial sup lattice L, the set IL of ideals in L is a complete lattice
(as an order) under set inclusion.

PROOF. Let Z be a set of ideals in L. We want to show that (] Z is an ideal. It is clearly
a downset. Furthermore, for any X < (Z, for any I € Z, we have X < I, so since [ is an
ideal, we have | | X € I. Since this holds for all I € Z, this gives | | X € [Z. Therefore,
() Z is closed under | |, so it is an ideal. ]

2.27. LEMMA. For any element x € L, the principal downset |(x) of all elements below x,

1s an tdeal. Furthermore, the inclusion L—Ir sending every element to the principal
downset it generates is a partial lattice homomorphism

PROOF. It is easy to check that |(z) is an ideal. Suppose we have | | X = x in L.
Then we want to show that |(z) is the ideal generated by UyeX 1(y). We know that
X S Uex ), so the ideal generated by this set must contain | [X = z. It must
therefore contain |(x), and since z is an upper bound for UyeX 1(y), |(z) must be the
ideal generated by Uye « 4(y). Therefore | is a partial sup lattice homomorphism. n

PrRoOOF OoF THEOREM. We have shown that the set IL of ideals in L is a complete lattice.
We need to show that for any total lattice M, morphisms from L to M correspond to
morphisms from /L to M.

Given a partial sup lattice homomorphism LM , where M is a total sup lattice,
we want to show that f factors uniquely through |. Uniqueness is obvious, since any

I € IL must satisfy I = \/,; (x). Therefore, we are forced to define L—tsm by
F(I) = \/,o; f(x). Tt just remains to check that this is a sup homomorphism. Suppose
| |Z = I in IL. We need to show that f(I) = V ez f(J). Since f is obviously order-
preserving, we just need to show f(I) < V jer f(J). That is Voer (@) <V jer Vaes f@).
We can rewrite the right-hand side as \/ ¢ )7 f(z). Furthermore, we know that [ is the
ideal generated by | JZ, so for any x € I, there is some X < | JZ with z <| | X. Since f is
a partial sup homomorphism, we have that f(z) <V ,cx f(y) < V ¢z f(y). Therefore,

we get f([) =V, fl2) < \/yeUIf(y) as required. n

2.28. PROPOSITION. A function L—L M between partial sup lattices, is a homomorph-
ism if and only if its inverse image preserves ideals.

PROOF. If f is a partial sup homomorphism and I is an ideal in M, then let X = f~1(I).
We want to show that | | X € f~1(I) if it is defined. If | | X is defined, then since f is a
partial sup homomorphism, we must have | | Df(X) = f(| | X), and Df(x) < I, so since
I'is an ideal, f(| | X) € I. Therefore, | | X € f~ (1), so f'(I) is an ideal.

Conversely, suppose that f~! preserves ideals. We first need to show that f is order
preserving. However, principal downsets are ideals, so f~1(|(f(x))) is an ideal, and in
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particular a downset. Therefore, if a < x, then a € f~1({(f(z))), since z € f1({(f(x))).
This means f(a) € [(f(x)), i.e. f(a) < f(z), so f is order-preserving. Now suppose
| | X is defined for some downset X < L. We want to show that f(| |X) = | |Df(X).
Certainly f(| | X) is an upper bound for D f(X). Also for any ideal I containing D f(X),
we must have f(| | X) € I, since otherwise f~'(I) would be an ideal in L containing X
but not | | X, which cannot happen. Therefore, |(f(| | X)) is the smallest ideal containing
Df(X),so f(LUX)=|]Df(X) as required. n

We see easily that PartSup has products, given by L x M is the product of L and M as
posets, with | |{(a;, b;)|i € I} = (| [{a;|i € I},| [{bi]i € I}), i.e., the join is defined whenever
the joins of both projections are defined. However, there is an interesting tensor product,
L ® M, given by also taking the poset L x M, but only defining joins for rectangular
families — that is, families of the form A x B, where | |A and | | B both exist (and any
other joins required to satisfy the sandwich condition). It is easy to see that this is a
partial sup lattice.

This clearly has the following “universal property”: partial sup lattice homomorphisms
from L® M to N are functions which preserve all joins of the form A x {y} and {z} x B.
When L and M are sup lattices, these are bi-sup homomorphisms, so we see that I(LQM)
is the tensor product of sup lattices.

Furthermore, we can extend this:

2.29. THEOREM. [ is a monoidal functor from PartSup with this tensor product to Sup
with the usual tensor product of sup lattices.

PROOF. We need to show that for any X,Y € PartSup, we have an isomorphism (X ®

Y)—=IXQ®IY. This isomorphism is given by the homomorphism I (X®Y) —2— I XQIY
given by R(J) = {(A,B) € IX x IY|A x B < J}. (Here we interpret elements of the
tensor product in Sup as downsets of the product where every rectangle is contained in a
principal rectangle, as in [2].) We need to show that this actually defines a homomorphism.
Since joins are unions in this context, it is easy to see that they are preserved. On the
other hand, we need to show that R defines a function at all. That is, we need to show
that R(J) has the property that any rectangle in R(J) € D(IX x IY) is contained in a
principal rectangle. Let A x B be a rectangle in R(J). We want to show that the element
(UA,UB) is also in R(J), i.e. that | JA x | JB is a subset of J. Let (z,y) € |JA x [ JB.
Then we have z € A € A and y € B € B. Therefore, we have (z,y) € A x B < J,
so (x,y) € J. Since (z,y) was arbitrary, this gives that | JA x | JB is a subset of J as
required.

The inverse to this homomorphism is the homomorphism U : IX® Y — (X ®Y')
given by U(W) = [ J{A x B|(A, B) € W}. Since joins are unions, it is clear that U is a
homomorphism. We want to show that U is a function, that is that any U(W) is an ideal
in X ®Y. Suppose we have Z € U(W), and | | Z = x. By definition of X ® Y, we have
that Z 2 Ax B, | |[A=a, | |B =b, and z = (a,b). We want to show that z € U(W).
For any y € A and z € B, we have (y,z) € U(W), so there is some (A,,, B,.) € W
with (y,z) € A,. x By,. We now consider A, = ﬂze 5 Ay.. This is an intersection of
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ideals, so is an ideal itself. On the other hand, we know that for any 2z € B, we have
(Ay, By.) < (Ay., By.) € W, so we have the rectangle |(A,) x {B,.|z € B} in W. Since
W is in the tensor product, this rectangle is contained in a principal rectangle. That is,
there is some B, such that |,z B,. < B,, and (A,, B,) € W. Since W is a downset
and B < éy, éy must contain the ideal B , generated by B in Y. We therefore have
(A, B) € W for every y € Y. This means the rectangle {A)ly e Y} x {B} € W, so this
rectangle is contained in a principal rectangle, which must contain (ﬁ, é) Since A and
B are ideals containing A and B respectively, they must contain | |A = a and | |B = b
respectively. Since we have (A, B) € W, we have z = (a,b) € A x B < U(W). Therefore,
U(W) is indeed an ideal.

Finally, we need to show that U and R are inverse to one-another. We easily have
UR(J) < J and RU(W) 2 W. Conversely, let x = (a,b) € J. Then |(a) x |(b) < J, and
so (I(a), {(b)) € R(J), so (a,b) € [(a) x L(b) = UR(J).

Now let (A, B) € RU(W). We have that A x B < U(W). This means that A x B <
P x QI(P,Q) € W}. Let a € A. Consider the set {Q € IY]|(](a),Q) € W}. Since
{a} x B < U(W), we see that B < \/{Q € IY|(|(a),Q) € W}, so since rectangles in W are
all contained in principal rectangles, we see that (}(a), \/{Q € IY|(l(a),Q) e W}) € W,
and therefore, (](a), B) € W. Since this holds for any a € A, we have that {(|(a), B)|a €
A} € W. This is a rectangle, so it is contained in a principal rectangle in W, which must
contain (A, B). Therefore, (A, B) e W, so RU(W) < W. =

2.30. THEOREM. L is completely join-distributive if and only if I L is completely distribu-
tive.

We will prove this in Section 3.1.

3. Alternative Ways to Describe Partial Sup Lattices

3.1. THE TOTALLY BELOW RELATION. For sup lattices, a very useful relation is the
totally below relation «, defined by a « b if whenever \/ X > b, we have a < z for some
x € X. This definition lifts directly to our partially defined join case:

3.2. DEFINITION. For a partial sup lattice L, we say a < b if for any downset X < L
with b < | | X, we have a € X. We denote the set {a € L|a « b} by |(b).

3.3. LEMMA.
(1) «=<

(ii) < is an order-ideal — that is, whenever a < b < ¢, then a « ¢, and whenever
a <b<c, wehave a < c.

(111) If every x € L satisfies x = | | ||(x), then < is idempotent.

(iv) (Assuming AC) If some x € L satisfies x = | || (z), then for any a < z, there is
some be L with a € b« .
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PROOF. (i) Let a « x. We know that | | |(z) = z, so we must have a € |(z), so a < =.

(ii) Suppose a « b < ¢. Then if | |C = ¢, then | |C = b, so a € C. Therefore we have
a < c¢. Suppose instead that a < b « ¢. Now if | |C' = ¢, we have b e C. Since a < b, we
have a € C'. Therefore a « c.

(iii) Recall [7] that a relation is idempotent if and only if it is both transitive and
interpolative, where « is called interpolative if and only if whenever a « b, there is some
¢ such that a « ¢ « b.

Transitivity obviously holds from (i) and (ii), so we just need to show interpolation.
Consider | J{{(a)|la « b}. We have that a = | |{(a), so by the third condition for the
joins that must exist, we get that | || J{{/(a)|a « b} exists, and is equal to b. Thus, for
any x < b, we have z € | J{{(a)|a « b}, so x « a « b, and therefore z < a « b.

(iv) Let a « x. Since z = | ||(x), suppose for every b « x, we have a « b. Then we
have some downset X, with a ¢ X, and | | X, = b. Now there is some B < Ubeu(x) X,
with | |B > z, but a ¢ Ubeu(z) Xy, so a ¢ B, contradicting a < x. n

Recall [3] that a complete lattice is completely distributive if and only if every element
is the join of the elements totally below it. We can extend this condition to the partial
lattice case:

3.4. THEOREM. A partial sup lattice, L is completely join-distributive if and only if for
every x € L we have x = | | |(x).

PROOF. Suppose that we have for every z € L, x = | | |(x), and suppose we have a family
{D;]i € I} of downsets, such that every | | D; exists. Let x = A {| | D;|i € I}. We want to
show that = | | D;. This will be the case if ||(z) < (| D;. However, let a < x, then we
also have a « | | D; for every i. Therefore, for every i we have a € D;, so a € (\{D;|i € I}
as required.

Conversely, suppose that L is completely join-distributive, and let x € L. Consider
the set P, = {A € DL|| |A = z}. By definition, we have that = = A{| |A|A € P,}
(P, contains |(x) so there are joins that equal x exactly) so by complete distributivity,
x=| | P Now, (P, = |(z), so we have shown x = | | |(x). u

3.5. THEOREM. For a partial sup lattice, L, the following are equivalent:
(i) L is completely join-distributive.

(i1) < is interpolative (the definition of this was recalled in the proof of Lemma 3.3) and
U is an injective function L—— DL.

(111) < is interpolative, and |, is an order-reflecting function L—— DL.
(iv) For every x € L, we have v = \/ |(x).

(v) For every x € L, we have x = | | ||(x)
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PROOF. We have already shown the equivalence of (i) and (v). It is clear that (v) implies
(iv). For the converse, note that |(z) = (J{A € DL|| |A > z} is an intersection of
downsets whose join is defined, so its join is defined.

We have shown that (v) implies that « is interpolative, and since we have x = | | ||(z),
if J(z) < |(x), then we have z = | ||(2) < | |I(z) = x. It is obvious that (iii) implies
(ii).

To show (ii) implies (iii), suppose that |[(x) € ||(z). Now let y = 2 A z. If a « z, then
a < z, and by interpolation, we have some b such that a « b « z. Since | (z) € ||(2), we
have b « z. Therefore, b < y. Thus we have a €« b < y, so a € y. Since y < x, this gives
I (z) = I(y), so by injectivity, x = y and = < z.

If (iii) holds, then for any z € L, let |(x) < |(2), so z is an upper bound for |(z). We
need to show that z < z. However, this will follow from (iii) if we have | (z) < |(2). Let
a < x. Then we have a « y « z for some y € L. Therefore, a « y < z, so since « is an
order ideal, this gives that a « z as required.

"

Proor OoF THEOREM 2.30. If IL is completely distributive, then since the inclusion
L—— 1L preserves infima and all joins that exist, L must also be completely join-
distributive.

Now suppose that L is completely join-distributive. The totally below relation on I'L
is given by X € Y if and only if X < |(x) for some «x in the intersection of all sets whose
join-closure contains Y. This can only happen if we have z « y for some y € Y. We want
to show that Y is the join of all ideals totally below it. For any x € Y, we have that
x=|]{(x), so |(z) =] |{{(a)la « 2}, and for a « x, we have |(a) € Y. Therefore, the
join of all ideals totally below Y contains x. Since this holds for all x € Y, we have that
this join is equal to Y. Therefore any Y € I'L is the join of ideals totally below it, i.e. IL
is completely distributive. [

3.5.1. DIFFERENT PARTIAL SUP STRUCTURES ON A FIXED SUP LATTICE. When we
consider a fixed complete partial order, there are many possible partial sup lattice struc-
tures on it, and they can be ordered by inclusion of the sets for which join is defined.
On the other hand, we have the set of possible totally below relations on it, ordered by
inclusion. We will denote the poset of partial lattice structures on L by PartLat(L) and
the poset of totally below relations (that is, order ideals contained in < and containing the
totally below relation for the total sup lattice, that occur as the totally below relation for
some partial sup lattice structure on L) TBelow(L). We will characterise these relations
in Theorem 3.8. In the following discussion, we will consider both these possible totally
below relations on L, and the totally below relation from the total sup lattice structure
on L. To minimise confusion, in the rest of this section (up to Subsection 3.12), we will
refer to these possible totally below relations as “entirely below”, and denote them by <.
We will also denote the set of elements entirely below z as || (z).

Given a partial sup lattice structure | | on L, we can define the entirely below relation
by a < b if for any X € DL with b < | | X, we have a € X. Given an entirely below
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relation < on L, we can define a partial sup lattice structure on L by defining | | X = \/ X
whenever || (\/ X) € X. These constructions are order-reversing. Furthermore, they are
inverses.

3.6. THEOREM. The functions PartLat(L)—— TBelow(L) defined by a t(||) b if and
only if for any X with b < | | X, we have a < x € X, and TBelow(L)—"— PartLat(L)
defined by X € Jy X if and only if X contains |, (\/ X), are inverse, in that the composite

ct is the identity function. (We defined TBelow(L) as the image of ¢, so we must also
have tc is the identity.)

PROOF. Let | | € PartLat(L). Let <= t(||), and let w = ¢t (] |). Suppose z = [ | X.
Then | (z) € X, so wX = z. Conversely, suppose wX = z. Then we have ||(z) € X
and \/ X = z. Suppose a < z but a ¢ X, so a £ . Then we have | ||[(z)\1(a) =
since there is some Y with a ¢ Y and | |Y = y > z, so by the sandwich condition
LI(Y © (L) 1(@)) = g, and therefore L(@)\ t(a) = (¥ U (L@)\ }(a))) A L(x) € JL. Let
Xo = L(x)\1(a) for each a € |(z). Now X = ()¢ yx Xa Since we have | | X, = z for
all a € |(z)\X, and sets with defined join are closed under intersection, this gives that
| | X = 2 as required. =

We have shown that there is a duality between partial sup lattice structures on L and
entirely below relations on L, but we have not yet identified which relations are valid
entirely below relations on L. We will now give a characterisation.

3.7. LEMMA. For a partial sup lattice L, a downset I is an ideal if and only if, for any
xe L with |(z) < I and \/ |(x) n I =z, we have x € I.

PROOF. Suppose that for any = € L with ||(z) € I and \/ |(z) n [ = z, we have = € I.
Now suppose = |_| A for some A € I. By definition, we have x = \/ A, soz = \/ [ (z)n1,
and we have || (x) € A < I, so x € I. This means [ is an ideal.

Conversely, suppose [ is an ideal, and x = \/ |(z) n I, and ||(z) < I. Then certainly,
l(x) n I is a downset whose supremum is z and which contains ||(x). It must therefore
have join x, so x € I. [

For a relation <, which is contained in <, contains « on the underlying lattice, and is
an order ideal, we can define the associated ideals by a downset [ is an ideal if and only
if any x € L with ||(x) € I and x = \/ |(z) n [ satisfies x € I.

3.8. THEOREM. A relation < on a sup lattice L (with partial order < and totally below
relation <) is the entirely below relation for a partial sup lattice structure if and only if it
satisfies the following conditions:

e a < bimplies a < b.
e < is an order ideal.

o Fora<b, let Uy ={z =blr = \/(l(x)\1(a))}. We have a < b if and only if for
any x € Uy, we have a < x.
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e For any downset A, if y is in every ideal that contains A, then there is some z =y
with |(z) € A and z = \/ [(2) n A.

PROOF. Let < satisfy the above conditions. We will show that ¢(<) is a partial sup lattice
structure on L, and that <= te(<).

First we want to show that <= tc(<). Clearly, if a < b, then we have whenever
| | X = bin ¢(<), we must have that ||(b) € X, so in particular, a € X. Therefore a « b.
Conversely, suppose a < b in te(<). For any ¢ € U,y, by definition, ¢ = \/({(c)\ 1(a)).
Now, if ||(¢) € |(c)\ 1(a), then ¢ = | | |(c)\ 1(a). This would be a family that does not
contain a, whose join is greater than or equal to b, contradicting a « b. Therefore, we
cannot have ||(c) € [(c)\ 1(a), so since | (c¢) € |(c), we must have some z € ||(c) N 1(a).
Since < is an order ideal, this gives a < ¢. Since this holds for all ¢ € U, ;, we have a < b.

Next, we show that ¢(<) is a partial sup lattice. The sandwich condition is clear.
Since < is contained in <, all principal downsets have joins. Let X < JL. Let A = [ X.
Now suppose a < \/ A. Then we have a < | | X for all X € X, so we have a € X, and
therefore a € A. Therefore A contains ||(\/ A), so | | A is defined. Now suppose that
| | X =y, and that for all x € X, we have some A € A with | |A > z. Now if [ is an ideal
containing | J.A, then for any A € A, we have | |A € I. Since I is a downset, we have
X < I, s0 y e I. Therefore, y is in every ideal that contains | J.A, so there is some z = y
with ||(z) € |JA and z = \/({(2) n|JA). This means that z = | |({(2) n|JA), so ¢(<)
is a partial sup lattice.

Conversely, to show that these conditions hold for the entirely below relation on a
partial lattice, let < be the entirely below relation on a partial lattice L, and let « be
the totally below relation on the corresponding total sup lattice. We have proven the first
two in Lemma 3.3.

If we have a < c for every c € U,;, we want to show that a < b. Suppose we have
| | X > 0. This means that \/ X > b, so either a € X, or ¢ = \/ X € U,,. Since c € U,y,
this means a < ¢, so a € X. Therefore, we have that a « b. Conversely, since < is an
order ideal, if @ < b, then we must have a < ¢ for every c € Ugy.

Finally, for a partial sup lattice, ideal completion is idempotent, so the last condition
clearly holds. n

3.9. REMARK. The condition regarding U,; ensures that the totally below relation on
the underlying sup lattice L is contained in all valid entirely below relations, since if a « b
in the sup lattice L, then U,; is empty, so the condition implies a < b.

Given that the entirely below relation can be used to describe partial lattice structures
on a given underlying lattice, we can use this to describe certain partial lattice structures.

3.10. LEMMA. Let < be an order ideal contained in <, with the property that for any
downset A, if y is in every ideal that contains A, then there is some z =y with ||(z) € A
and z = \/ |(2) n A. The structure c(<) is a partial lattice structure, and is the largest
partial lattice structure whose entirely below relation contains <.
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PROOF. By definition, | | X = \/ X whenever it is defined. The sandwich condition is
obvious, and since < is contained in <, it is clear that principal downsets are unioned.
Suppose A is a collection of unioned downsets. Let z = \/[].A, and suppose a < z. Now
for any A e A, we have a < z < \/ 4, so a < \/ A. Since A is a unioned downset, this
means a € A. Therefore, we have a € [ A4, so |[(\/[)A) € [)A, and therefore [ A is a
unioned downset. Finally, suppose A is a collection of unioned downsets, X is a unioned
downset, and for any x € X, there is some A € A with \/ A > 2. We need to find some
y = || X, so that ||(y) < l(y) n|JA and y = \/({(y) n |J.A). This will follow if | | X
is in every ideal that contains | J.A. Let I be an ideal containing | J.A. By definition, we
know that for any A € A, we have | | A € I. Since I is a downset, this gives X < I, so
| | X €I as required.

Finally, it is clear that this is the largest partial sup structure for which < is contained
in the entirely below relation, since if a < b, then for any X with | | X =2 > b in ¢(<),
we have a € ||(b) € |[(x) € X, so a < b in ¢(<). On the other hand, if w is another
partial sup lattice structure on L, such that < is contained in the entirely below relation,

and wX = x, then for any a < x, we certainly have a « =, so a € X. This means that
l(z) € X and \/ X =z, s0 | |X = 2 in ¢(<). Therefore, w < | | as required. =

3.11. PROPOSITION. For a finite lattice L, there is a largest partial lattice structure which
makes L completely join-distributive.

PROOF. A largest total lattice structure corresponds to a smallest entirely below relation.
For a finite lattice, this entirely below relation is generated by the entirely compact el-
ements (elements that are entirely below themselves). We are looking for the smallest
set of such elements, such that L is completely join-distributive, i.e. every element is the
join of the elements entirely below it. We certainly need an element which is not the
supremum of the elements strictly less than it to be entirely compact. If we define x to
be entirely compact if and only if it is sup indecomposable, then we need to show that
this defines a completely join-distributive partial lattice.

Clearly, for a finite lattice, any element is the sup of all sup irreducible elements below
it. Therefore, each element is the join of all elements entirely below it, so L is completely
join-distributive with this partial lattice structure.

Clearly, any other partial lattice structure for which L is completely join-distributive
must set all join irreducible elements to be entirely compact, so this is the smallest entirely
below relation that makes L completely join-distributive. [

3.12. ToraLLy BELOW ON UPSETS. The totally below relation is defined on elements
of L. However, the definition naturally extends to upsets on L.

3.13. DEFINITION. For upsets U and V of L, we say U « V (U is totally below V) if
for any downset X with | | X € V, we have 3x € X n U.

It is easy to see that when we restrict this to principal upsets, we get the usual
definition of totally below on L.
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3.14. LEMMA. For a lattice, this is the totally below relation on the collection of upsets
ordered by reverse inclusion.

PROOF. Suppose U is totally below V' in this order. We will show that U is totally below
V in the collection of upsets. Suppose that (U < V. We want to show that some A € U
is a subset of U. Suppose not. Then for any A € U, we can find some x4 € A\U. Now
consider () ,g, T(xa). Clearly, this is a subset of [,q, A S V. Therefore, \/ ,,, x4 €V,
but {z4|A € U} has empty intersection with U, contradicting U « V. Therefore, we have
shown that U is totally below V' in the reverse inclusion order on upsets.

Conversely, suppose that U is totally below V' in the reverse inclusion order. Suppose
\V A e V. We want to show that An U # . However, we have (., T(a) € V, so we
have some a € A with 1(a) € U, ie. a€eU,so U « V. =

3.15. PROPOSITION. A downset I is an ideal in L if and only if its complement is a
totally compact upset on L.

PROOF. Let I be an ideal, and let I¢ be its complement. We want to show /¢ « I¢, that
is if | |A € I¢, then A & I, but the definition of ideal states that if A < I, then | |A € I,
so this is obvious.

Suppose conversely, that ¢ is totally compact. Then if A € I, and | | A is defined,
then since A n I¢ = ¢, we must have | |A ¢ I¢, so | | A € I. Therefore, I is an ideal. =

3.16. THE JOIN-CLOSURE OPERATION. Another way to represent a partial lattice is by

the function DLADL which sends a downset to the downset generated by the set of
joins of subsets of it. That is

LﬂDﬁzveLhEQLMx<UEﬂ

It is easy to calculate | | from this function by | | X = x whenever [[(X) = |(z). We
translate the conditions for a partial lattice into conditions about this function. Firstly,
we are given that | [ is generated by a partial function | | : DL—— L. This means that
whenever x € | [(A), we must have x < | | B for some B < A. We can rephrase this as
the diagram

IV
JL—— DL DL
[ &

1
DL

is a Kan extension, where JL is the equaliser of [ [ and | \/.
Another way to express the condition that [ [ is generated by a partial join operation
is that the diagram:

ppL =% pyr 2 ppr

/J |

DL DL
11




322 TOBY KENNEY

commutes.

Next we have the condition that | | agrees with \/ whenever it is defined. We can
begin to express this condition with the assertion [[ < | \/. The fact that all principal
downsets have joins is given by 1 < [ [. Finally, to see the assertion that JL is closed under
intersections, we define JL as the inverter (or equivalently the equaliser) of [[ < |/ in
the category of partial functions between posets. Then the condition that JL is closed
under intersection means that the inclusion has a right adjoint. We can also define I'L to
be the inverter of 1 < [], that is the set of downsets which are closed under joins. We
then have the diagram:

I
L——JL
({ + \f»{ Y%
IL——pL=Epr
P N> o~
11 1
3.17. THEOREM. [ [ is idempotent.

PROOF. It is clear that [ [(A) < [[(] [(A)), so we just need to show the converse inclusion.
Suppose = € [[([[(A4)), then by definition, z < | | B for some B < [[ A, and for each
be B, we have b e [[A, sob < b = |]A, for some A, € A. Now by Condition (iii)
from the definition of a partial sup lattice, we let A = {A,|b € B} < JL, and we have
B < {| | Ay|A, € A} € JL, so we have that there is some Y < | J,.5 A» € JL, such that
the join of YV is greater than or equal to z. Therefore, x € [ [(A). =

This means that join-closure sends every downset to an ideal. It can therefore also be
viewed as a kind of ideal completion.

3.18. THEOREM. An endofunction DLADL is the join-closure operation for a partial
sup lattice structure on L if and only if

o || is order-preserving.

e [ is inflationary.

e [ is idempotent.

o [ ] is contained in sup-closure (the principal downset generated by the supremum,).
o | | preserves principal downsets.

o The equaliser JL—— DL of || and | \/ has a left adjoint.

o The diagram

IV
JL—— DL DL

[ =
L

DL
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1s a Kan extension.

Proor. We have already shown that the join-closure operation satisfies all these prop-
erties. Conversely, suppose that [] is an endofunction of DL satisfying all these prop-
erties. We want to construct a partial lattice structure on L for which it is the join-
closure operation. We do this by defining | | X = z if and only if [[X = |[(z). It is
clear that this agrees with the supremum whenever it is defined, since if [[ X = [(x)
then X < [(x), so z is an upper bound for z, and if y is another upper bound, then
X < (y), so (z) = [IX < [[ly) = {(y), so x < y. The sandwich condition
follows because || is order-preserving. We already have that join is defined for prin-
cipal downsets. We need to show that [ ] is the join-closure operation for this | |. That
is x € [[A if and only if there is some 2/ > 2 and A’ < A with | |A" = 2’. Let
A={ze L@ e L,A < A)(z < «/,JTA = |(z))}. The function f(A) = A clearly
satisfies f(A) = |(| |A) for all A e JL, so by the Kan extension, we have that [[ < f,
ie.ifxe[[A, then z € A, sox <z for 2/ = | | A for some A’ < A.

The equaliser of || and | \/ is the set of downsets whose join-closure is a principal
downset. If this equaliser has a left adjoint, then it preserves infima, which are inter-
sections, so the collection of downsets for which join is defined is closed under arbitrary
intersections. Now suppose we have | | X = y and some family A such that for any z € X
there is an A € A with | |A > x. We need to show that there is some B < | J. A with
L|B = 2. Weknow that X € [[UUA,soxe[[(J]UA) =]]UA This means z <| | B
for some B < | J A. "

3.19. PROPOSITION. L is a partial frame (binary infima distribute over joins, i.e. a A
| | X =| [{anz|lxe X})if and only if | [ : DL——1IL is a fibration in the sense that for
any ideal I < || A, there is some downset B < A such that | | B = I.

PROOF. First suppose L is a partial frame. Then for I < [ [ A, we will show I = [ [(InA).
Since I n A < I and [ is an ideal, we have that [ [({ n A) < I. On the other hand, for
xel, wehavez e [[A, sox <||B for some B < A. Since L is a partial frame, we have
| [(L(z)nB)=| fxablbe By =axA| |B=x,s0xe[[(AnI), since |(z)nB< AnI.
Therefore I < [[(An I).

Conversely, suppose || : DL——1IL is a fibration. In particular, this means that
whenever z € [ [ A, we have |(x) € || A, so we must have |(z) = [ [ B for some B < A.
Since [ [ B < |(x), this means B < |[(z), so x = | |C for some C' < B, and so by the
sandwich condition, z = | | B. Also, we have B € An [(x), so by the sandwich condition,
x =] ](An [(x)). We therefore have that x = | |[{x A ala € A}, so L is a partial frame. m

3.20. THE PARTIAL LATTICE OF UNIONED DOWNSETS. One of the most useful tools for
the study of sup lattices is the downset construction DX . This downset construction does
not retain the partial sublattice structure, so is not so useful in this context. Instead, the
object that plays the role of the downset in the theory of partial sup lattices is the partial
sup lattice of unioned downsets, which is the partial order JX defined in Definition 2.4.
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We can equip JX with a partial sup lattice structure, with order given by inclusion
of sets, and joins given by unions, whenever they yield a set in JX. It is clear that JX is
a partial sup lattice because it is a meet-closed subset of the completely distributive sup
lattice DX.

3.21. PROPOSITION. For a partial-sup partial order X, there is a poset morphism

X%JX, sending x to its principal downset. This morphism has a left adjoint if and
only if X is a partial sup lattice.

PROOF. We know that | is a poset morphism from X to JX. If X is a partial sup lattice,
then any unioned downset in D € JX has a supremum =z, which is therefore also the join
of D. Sending D to this join is clearly left adjoint to the downset construction.

Conversely, suppose JX L X s left adjoint to |. This means that D < [(f(D)),
so f(D) must be an upper bound for D, and if = is any other upper bound for D, then
D < |(z), so by the adjunction f(D) < x. This means that f(D) is a least upper bound
for D. Therefore, any D € JX has a supremum (which must therefore be its join), and
f must be the function sending a unioned downset to its join. This does not yet prove
that X is a partial sup lattice, since that requires the existence of all suprema and infima,
not just those for elements of JX. We will show that X has infima. Let A € X. We
know that {|(a)la € A} <€ JX, so ({l(a)la € A} € JX. Therefore, (1{|(a)|a € A} has
a supremum z. Any lower bound for A is in ({|(a)|a € A}, so is less than x, which is
therefore the supremum of the lower bounds for A, and therefore, and infimum for A.
Since A was arbitrary, this shows that the underlying poset of X is a lattice, so X is a
partial sup lattice. [

3.22. PROPOSITION. For a partial sup lattice L, the totally below relation defines an

order-preserving function L LN §

Proor. We first need to show that for any x € L we have | x € JL, but by definition,
we have ||(z) = (\{X € JL|z <| | X} is an intersection of elements of JL, so it is in JL.
The function is order-preserving because « is an order ideal. [

3.23. THEOREM. L is completely join-distributive if and only if | is left adjoint to | |.

PROOF. The counit of the adjunction clearly always holds by definition, since (| | X) is
the intersection of a family that contains X, and so must be smaller than X. The unit
of the adjunction is the assertion that for all z € L, we have x = | || (x) (technically,
we have shown x < | ||}(x), but the reverse inclusion is obvious) which is equivalent to
complete distributivity from Theorem 3.5. [

Recall [7] that a lattice is completely distributive if and only if it is the lattice of
downsets for an idempotent antisymmetric relation. We can extend this to deal with
partial sup lattices. We need to recall [7], the definition of a downset for an idempotent
relation.
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3.24. DEFINITION. For an idempotent relation < on a set X a set D € X is a downset
if we have x € D if and only if there is some y € D with v < y.

We start by defining a partial sup idempotent relation.

3.25. DEFINITION. For an idempotent relation < on a set X, we say that z is a supremum
for a downset A if:

e Vace A a<z

e for any x € X, such that Va € A,a < x, we have for any y < z, also y < x.

3.26. DEFINITION. For a set X with an idempotent relation < and a partial function
|| : DX——X, a downset D < X is a unioned downset if for any x € X, if v is a
supremum of a subset A € D, then there is some B € D with | |B = x.

3.27. DEFINITION. A partial sup idempotent relation is a set X equipped with an idem-

potent antisymmetric relation <, and a partial function DX A,X which sends every
downset A of X to a supremum for A whenever | | A is defined, and satisfies the sand-
wich condition. Furthermore, the set JX of unioned downsets of X satisfies the following
properties:

o All principal downsets are in JX

e JX is closed under infima of downsets (for idempotent relations, these infima are
not necessarily intersections).

o if AC JX, and X € JX, with for all x € X, we have some A € A with x < | | A,
then there is some B < | J A with v < | | B.

3.28. LEMMA. For a completely join-distributive partial sup lattice L, if | | A = x then
| [{6|(3a € A)(b « a)} = x.

PROOF. We have that for any a € A, a = | | (), so there is some subset of | J ., ||(a)
whose join is at least z. Since x is clearly an upper bound for | J ., ||(a), the sandwich
condition implies that | || J,.4 | (a) = z. "

3.29. PROPOSITION. If (L,<,| |) is a completely join-distributive partial lattice, then
(L, <, | ]) is a partial sup idempotent relation (where the join here is restricted to downsets
for the totally below relation).
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PROOF. From Theorem 3.5, Condition (iii), we know that « is idempotent, and that | | A
is a supremum for A whenever it is defined. We therefore just need to show that the
conditions on JL hold.

By Theorem 3.5, Condition (v), we have that | | is defined for all principal downsets.
Let A < JL, be a collection of downsets for which | | is defined. The infimum A A is
given by {ala < b for some b € [).A}. We want to show that this also has a join. We
know that in L, [].A has a join . We want to show that z is also the join of A A.
Since L is completely join-distributive, we have = = | | |}(x), so we just need to show that
lz < A\ A, or for any a « x, there is some b € (| A with a « b. Since « is idempotent,
we have some b with a € b « x, and since | |[).A = x, we must have b € [ A, since A is
a downset for . This gives that a « be [ A, so a € A A as required.

Finally, suppose A € JL, and | | X =y, and (Vz € X)(3A € A)(z « | |A), then in
the the partial sup lattice L, there is B < | J.A with | | B = y. We then have | |[{a « b]b e
B} =| | B =y, by complete distributivity. This is a unioned downset in the partial sup
idempotent.

u

3.30. THEOREM. A partial sup lattice (L, <,|_|) is completely join-distributive if and only
if it is of the form D(X, <, w) for some partial sup interpolative relation (X, <, w).

PROOF. First let (X, <, w) be a partial sup idempotent relation. We want to show that
D(X, <, w) is a completely join-distributive partial sup lattice.

First we consider the partial order on w. For an idempotent relation <, we have an
operation on subsets of X, given by ||(A) = {x € X|z < a for some a € A}. Given a
collection A € JX of unioned downsets for <, we know that their infimum as downsets
is also unioned, so the partial order JX has arbitrary infima (and therefore arbitrary
suprema). We therefore just need to show that the partial join operation on JX satisfies
the required properties. This join is the union of sets whenever it is defined, so it must
also be the supremum in JX. Suppose for a downset A < JX we have another downset
B < A with | |B = X and for every A € A, A € X, then since the join is union, we
have that | | /A = X also. Finally, let V be the collection JDX of unioned downsets in
D(X,<,w). That is, the collection of downsets of unioned downsets in X whose union is
also a unioned downset. It is obvious that )V contains all principal downsets.

Let A € V. We want to show that [)A € V. That is, we want to show that
UNA e JX. We first show that [ J(1A = A{UAA € A}. Let X € [ A. This
means X € A for all A€ A. This means X < |JAforall Ae A, so X < {JA|Ae A},
and since X is a downset, this means X < A{|JAJA € A}. The reverse inclusion is
obvious, so we have shown [ J(NA = A{UA|A € A}, and since JX is closed under
infima, this gives that | J().A € JX as required.

Finally, we need to show that if A < V, and X € V and for all Y € X, there is
some B € A with | |[B > Y, then there is some C < | JA such that | |C > | |X. This
holds because we can take C = [{|(z)|z € |JAX}. For any x € X € X, there is some
Be Awith | |[B > X, soxe||B, so there is some B € B with x € B. Now we have



PARTIAL-SUP LATTICES 327

l(z) € B e B < |JA and since | JA is a downset, we have | (z) € | JA. We have
therefore shown that for x € | J &', we have some y € | JX with x < y. Now || (y) € C by
definition, so z € | JC, so | JC = | J & as required.

Now, we have shown that D(X, <, w) is a partial sup lattice. It just remains to show
that it is completely join-distributive. Let A be a unioned downset of X. We want to
show that A is the union of the unioned downsets of X that are totally below A. The
totally below relation on unioned downsets of X is given by A « B if and only if A < || (x)
for z € B. Therefore, since A = | J,.4 || (x), we have that A is the union of all sets totally
below it, so D(X, <, w) is completely join-distributive.

Conversely, suppose (L, <, | |) is a completely join-distributive partial lattice. We know
that (L, <, | ]) is a partial sup idempotent relation. Furthermore, let D be a unioned
downset for this relation. We will show that D is a principal downset for (L, «). By
definition, D has a join x. This is a join in L. We therefore have that || x € D. Since D is
a downset for «, we have for any a € D, there is some b € D with a < b. Since x =| | D,
we must have b < x, and therefore a « x. Thus we have shown D < |z, so D = |(x)
is a principal downset. Conversely, all principal downsets are unioned, and since L is
completely join-distributive, by Theorem 3.5(ii), principal downsets for different elements
of L are distinct, so unioned downsets are in bijection with elements of L. Furthermore,
by Theorem 3.5(iii), the inclusion partial order on these unioned downsets is the same as
the original partial order on L, so as a poset this is the original poset we started with.
We now just need to confirm that the joins agree with the joins of L.

Let U be a downset of L with join z. We need to show that | J ., § @ = | z. Clearly,
if y « a € U, then since x is an upper bound for U, we have y « z, so |,y la S | .
Since L is completely join-distributive, we know that for any a € U, a = | ||(a), so
{l/(a)|a € U} is a subset of JL, the joins of whose elements form a set in JL, so the union
must also be in JL. That is | ||, | @ = . Therefore, by definition, J(z) < |, I a,
50 Uy la =l

Conversely, suppose that | J,.4 |(a) € JL. Let = | |{J,e4 {(a). Since for each a € A,
we have a = | ||(a), this gives a < x. Therefore, z is an upper bound for A, and the
downset generated by A contains | J .4 || (a), so A must have join x as required.

u

3.31. EXAMPLE. Let X be a partial order. We can define the Dedekind-MacNeille com-
pletion of X by taking joins only for principal downsets. The unioned downsets for the
resulting partial-sup partial order form the Dedekind-MacNeille completion of X (with
joins only defined for principal downsets).

3.32. ALGEBRAIC DEFINITION. We know that the supremum operation is sufficient to
define a sup lattice — the underlying partial order can be deduced from it. We show here
that the same is true for a partial sup lattice — the partial order (and therefore also the
supremum) can be recovered from just the partial sup.
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3.33. DEFINITION. A partial sup lattice is a set L with a partial operation PL&L
satisfying:

e [For any x € L, there is a largest X € PL, such that | | X = x. This largest such X
is closed under | |.

o If| | X =z, and we have A < PL such that for every y € X, we have a set X, € PL
with y € X, and | | X, = | |A for some A € A, then there is some B < | JA and
YePLwithxeY and| |B=|]Y.

e The collection of sets A satisfying | | A = x for some x € L is convez in the sense
that if A< B< C and | |[A=|]C ==, then | | B = z.

e The collection of subsets for which | | is defined is closed under intersection.

We want to show that this corresponds to our usual definition. First we construct the
< relation by = < y if and only if there is some A € PL such that v € A and | |A = y.

3.34. LEMMA. This < s a partial order.

PrROOF. We need to show that it is reflexive, transitive and antisymmetric. We define
l(x) to be the largest X € PL such that | | X = z.

For reflexivity, we have that | | X is closed under | |, so in particular, it contains x.
Therefore, x < x.

For transitivity, suppose z < y < z. By definition, we have some Z € PL with y e Z
and | | Z = z, and we have some Y € PL with z € Y and | |Y = y. In particular, z € |(y).

Now we know that | | (Uy’eZ l(y’)) = 2, and this union contains z, so x < z.
Finally, for antisymmetry, suppose x < y and y < x. We have = € |(y), y € |(z), and

r =] (Uzel(x) l(z)) Clearly, |U,¢;(,) }(2) contains |(y), and since |(z) is the largest
subset whose join is x, we get |(y) € [(x). Similarly, |[(z) € [(y), so {(x) = |(y).
Therefore, we have z = | || (z) = | ] l(y) = v. =

3.35. LEMMA. Whenever | | X is defined, it is the least upper bound of X.

PROOF. Let | | X = z. By definition, for any y € X, we have y < z, so x is an upper
bound for X. Suppose z is another upper bound for X. Then for any y € X, we have
y < z,80 y € |(z). Therefore X < [(z). Since |[(z) is closed under | |, this means that
| | X € l(2), i.e., x < z. Therefore, x is the least upper bound for X. n

The sandwich condition is clear from the conditions and the fact that joins are defined
for principal downsets. Closure under intersections is one of the conditions, so it just
remains to show the final condition that join-closure is transitive. This is also one of the
conditions given. By definition of <, the condition y € X, and | | X,, = | | A is equivalent
to | JA > y (we can take X, = |(| |A)). We have therefore shown that this partial
operation defines a partial sup lattice.
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4. Relation Between Ideal and Unioned Downset Functors

4.1. PROPOSITION. [ is an endofunctor on the category of partial sup lattices.

PROOF. It is clear that taking the inverse image of functions gives a contravariant functor
into the category of posets, since it is a restriction of the inverse image functor on the

power set. Let LM be a partial sup homomorphism. We define [ L rm by
If(A) is the ideal generated by {f(z)|z € A}. It is easy to see that If -4 f~1, so since
adjoints compose, this means that I f is a sup homomorphism and [ is a functor. [

4.2. PROPOSITION. J is an endofunctor on the category of partial sup lattices.

PROOF. Let L—— M be a partial sup homomorphism. We define JL-"1 gm by Jf(A)
is the downset generated by {f(x)|z € A}. This is a unioned downset by definition of
partial sup homomorphisms. Also, this is a restriction of the downset homomorphism, so
we know that it satisfies the functoriality condition. We still need to show that Jf is a
partial sup homomorphism, but this is obvious since J f preserves unions. [

4.3. PROPOSITION. The inclusion L——IL has a right adjoint.

PRrROOF. The right adjoint is given by supremum. It is easy to see that this is an adjoint
because for any x € L, | x is an ideal, and its join is X. On the other hand, we clearly
have X < [(V X). =
4.4. THEOREM. The natural transformations ]JL>D and DLJJ gwen by X —
{Y e JL|Y < X} are inverse isomorphisms.

PRrROOF. First, we need to show that these functions are well-defined. A union of downsets
is clearly a downset. We need to show that for any downset X, {Y € JL|Y < X} is an
ideal in JL. That is, it is closed under unions that lie in JL. This is clear since |(X) is
closed under unions.

Next we need to show that they are inverse. For X € DL, and for any x € X, we have
(z) e JL, s0o X = |,cx (x) shows that | J|; is the identity. On the other hand, given
an ideal I in JL, let X = [JI. We want to show that I = X|,. Suppose V € X|;, we
want to show that V € I. Since [ is an ideal, it is sufficient to show that for any = € V/,
there is some A € I with z € A. Since x € X = |, this will hold. Conversely, for any

Vel wehave VE X,s0V e X|;. n
4.5. THEOREM. The square:

JL—— DL

o o

L>T>[L

1s both a pullback and a pushout in the category PartSup of partial sup lattices and
homomorphisms.
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PROOF. Firstly, it is straightforward to see that it is a commutative square, and that all
the morphisms are partial sup lattice homomorphisms.
For the pushout. Let

JL—— DL

N

L——X
commute in PartSup (the category of partial sup lattices and partial sup homomorph-
isms). We want to show that if [[A = [[ B, then f(A) = f(B). It is sufficient to show
this for B = [ [(A). This holds, because for any C' < A with | |C defined, we must have
Ce JL,so f(C) = g(|C) < f(A). That is for any x € [[ A, we have g(z) < f(A).
However, [ [ A = [J{|(z)|z € [ [ A}, so f preserves this union, so, f(][A) = [],q49(2).
On the other hand, we know that g(z) < f(A) for any x € [[ A. Also since f is order
preserving, we know that f(A) < f(]J]A), so they must be equal. Therefore, f must

factor through DLLJ L as required.

For the pullback, we need to show that for A € DL, we have | | A is a principal downset
if and only if | | A is defined. Clearly, if | | A = z, then [[ A = |(x). On the other hand,
if [[A = |(x), then x is certainly an upper bound for A, and x must be the join of some
subset of A, so it must be the join of the whole of A. m
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