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Abstract

We consider profunctors f : P—+ Q between posets and introduce their graph and ascent.
The profunctors Pro(P, Q) form themselves a poset, and we consider a partition Z L F of
this into a down-set Z and up-set F, called a cut. To elements of F we associate their graphs,
and to elements of Z we associate their ascents. Our basic results is that this, suitably refined,
preserves being a cut: We get a cut in the Boolean lattice of subsets of the underlying set of
Q x P. Cuts in finite Booleans lattices correspond precisely to finite simplicial complexes.
We apply this in commutative algebra where these give classes of Alexander dual square-free
monomial ideals giving the full and natural generalized setting of isotonian ideals and letter-
place ideals for posets. We study Pro(N, N). Such profunctors identify as order preserving
maps f : N — N U {oo}. For our applications when P and Q are infinite, we also introduce
a topology on Pro(P, Q), in particular on profunctors Pro(N, N).

Keywords Profunctor - Poset - Cut - Distributive lattice - Duality - Alexander duality -
Stanley—Reisner ideal - Graph - Ascent - Letterplace ideal
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Introduction

This article advocates for general posets P and Q the notion of profunctor P— Q as
more effective than the notion of isotone (order preserving) maps P — Q between posets,
especially for applications in algebra. When Q is totally ordered, these notions are practically
the same, but when Q is not, profunctors seem to have a clear advantage for developing natural
theory.

Let 2 be the two element boolean poset {0 < 1}. A profunctor P— Q is simply an isotone
map P x Q°° — 2.1If P and Q are sets (discrete posets), then this is simply a relation between
P and Q. The notion of profunctor may generally be defined between categories or between
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Fig. 1 Profunctor from [5] to [4]

categories enriched in a symmetric monoidal closed category (like 2), see [2], [3], or, for a
recent gentle introduction focusing on applications, [13, Section 4].

The opposite P°P of a poset P, has the same elements but order relation reversed. The
elements in the distributive lattice P associated to P identifies as pairs (I, F), called cuts,
where [ is a down-setin P and F the complement up-set. There is then a duality between P
and PoP sending (I, F) to (F°P, I°P). We call two such pairs dual or Alexander dual (as is
common in combinatorial commutative algebra).

Denote by Pro(P, Q) the profunctors P—+ Q. This is again a a partially ordered set
and the opposite of this poset is Pro(Q, P). The basic notions we introduce associated to a
profunctor f : P— Q between posets are the notions of its graph I' f and its ascent A f.
These are dual notions in the sense that if g : Q—+ P is the dual profunctor, the graph of f
equals the ascent of g. Let U P and U Q denote the underlying sets of P and Q. In Pro(P, Q)
let 7 be a down-set and F its complement up-set, so (Z, F) is a cut for Pro(P, Q). Let Fx
be the up-set in the Boolean lattice of all subsets of U Q x U P°P generated by the ascents
A f for f € F.Let I be the down-set in this Boolean lattice generated by the complements
of the graphs I f for f € 7.

Example 0.1 In Fig. I the red discs give the graph of a profunctor [5]—+ [4]. The blue circles
give the ascent of this profunctor. The graphs and the ascents are then subsets of U[4] x
U[5]°P. The up-set Fp is the up-set of the Boolean lattice of subsets of U[4] x U[5]°P
generated by the ascents of f € F. The down-set Zr is the down-set of this Boolean lattice
generated by the complements of graphs of f € Z.

Our main theorem states the following.

Theorem 3.7.(Preserving the cut) Let P and Q be well-founded posets, and (Z, F) a cut for
Pro(P, Q). Then (Zr, Fp) is a cut for the Boolean lattice of subsets of U Q x U P°P .

Example 0.1 continued. This says that given any subset S of U[4] x U[5]°P, then either S
contains an ascent A f for f € F, or the complement S¢ contains a graph I' f for f € 7.
These two cases are also mutually exclusive.

This theorem has alternative formulations in Theorem 3.9 asserting that two up-sets are
Alexander dual, with applications to Stanley—Reisner theory, and in Theorem 3.10 asserting
that the map sending the ideal 7 to the ideal Zr respects the duality on profunctors. In
Theorem 7.1 we give a version with conditions on P and Q ensuring that I" f and A f are
always finite sets, suitable for applications to monomial ideals, Sect. 8. An open problem is
if a more functorial formulation is possible, Problem 3.11.
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Although we develop a general theory here, our original motivation came from applications
related to commutative algebra.

Applications to Stanley—Reisner theory. When P and Q are finite posets we get general
constructions, Sect. 4, of Alexander dual squarefree monomial ideals, generalizing isotonian
ideals and letterplace and co-letterplace ideals, [7, 8, 10, 16, 17]. In particular, when Q is a
chain these constructions have given very large classes of simplicial balls and spheres, [5,
11].

Applications to order preserving maps f : N — N U {oo}. The profunctors from N to N
identify as order preserving maps from N to the distributive lattice N, and the latter identifies
as N U {oo}. Profunctors f : N—~N are the topic of many our examples. These benefit the
reader with a quick access to many of our notions and results: 1.2, 1.4, 2.5, 2.12, 2.13, 3.3,
3.8,5.10, 6.7, 6.8, 6.9. See also the end of Sect. 8.

Injective order preserving maps f : N — N form the so called increasing monoid, which
has gained recent interest. In [20] Nagel and Romer show that ideals in the infinite polynomial
ring invariant for the increasing monoid, have an essentially finite Grobner basis, thereby
generalizing previous results for the symmetric group. In [14] Giintiirkiin and Snowden
studies in depth the representation theory of the increasing monoid. Note that the injective
order preserving maps g : N — N are in bijection with order preserving maps f : N — N
by ¢ = f +1id — 1. Order preserving maps f : N — N also occur in the definition of the
bicylic semi-group [6], a basic notion in inverse semi-group theory. Our main application is
in [9], relating profunctors f : N—N (i.e. order preserving maps f : N — N U {oo}) to
the duality theory of strongly stable ideals in the the infinite polynomial ring k[x;];eN.

In order for the substantial parts of our theory, related to graphs and ascents, to work well
we must have certain conditions on the posets P and Q. Our weakest condition is that they
are well-founded. For our applications to polynomial rings, we work in the class of natural
posets, Sect. 6. These are posets where all anti-chains are finite and for every x in the poset
the principal down-set | x is finite. This is a subclass (closer to natural numbers) of well
partially ordered sets.

Another feature we introduce is a topology on Pro(P, Q), Sect.5, in particular on
Pro(N, N). This is needed for our applications to commutative algebra. For Pro(N, N) a
basis for the topology consists of intervals [ f, g] where i) the image f(N) is contained in a
finite interval, and ii) g(p) = oo for all but a finite set of p’s.

Organization of article:

1. PRELIMINARIES ON POSETS. Notions for posets are recalled, most significantly cuts for
posets and the associated distributive lattice. It relates to simplicial complexes, Alexander
duality, and Stanley—Reisner rings.

2. PROFUNCTORS BETWEEN POSETS. We introduce these and develop basic theory.

3. THE GRAPH, THE ASCENT AND PRESERVING THE CUT. We give our main theorem on
Alexander duality, together with variants.

4. APPLICATIONS TO FINITE POSETS AND ALEXANDER DUALITY. We connect to com-
mutative algebra and get Alexander dual ideals in finite dimensional polynomial rings.

5. TOPOLOGY ON Pro(P, Q). We define the topology and in particular look at interior
open down-sets.

6. PROFUNCTORS BETWEEN NATURAL POSETS. We consider natural posets P and Q and
investigate the topology in this setting. We show an open down-set is also closed (clopen
down-set), if and only if it is finitely generated.
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7. NATURAL POSETS AND FINITE TYPE CUTS. We give the version of the main theorem for
natural posets, suitable to get Alexander dual ideals in (infinite dimensional) polynomial
rings.

8. MONOMIAL IDEALS. When Q = N we get monomial ideals in the polynomial ring
generated by x,,, p € P. We briefly indicate the applications to strongly stable ideals in
[9]when P = Q = N.

Note. WeletN = {1, 2, 3, ...}. We only use the ordered structure on this so we could equally
well have used Ng = {0, 1, 2, 3, - - - }. Only in the last Sect. 8 do we, in a somewhat different
setting, use the commutative monoid structure and then we explicitly write Ny.

1 Preliminaries on Posets

We give basic notions and constructions concerning posets: down-sets, up-sets, dualities,
distributive lattices, simplicial complexes. We also recount the algebraic notions of Stanley—
Reisner ideal and ring.

1.1 Down- and Up-Sets in P

Let P be a partially ordered set. The opposite poset P°P has the same underlying set as P
but with order relation <o, where p <op gif p > g in P.

A down-set I of P is a subset of P closed under taking smaller elements. An up-set F in
P is a subset of P closed under taking larger elements. If / and F are complements of each
other, we call (I, F) a cut for P. Since each of I and F determine each other, we sometimes
denote this as (—, F) if we focus on F, and similarly with (I, —). Down-sets are sometimes
called order ideals and up-sets order filters, whence the suggestive notation / and F. (The
single term ideal is usually reserved for order ideals in lattices closed under joins.)

An element p € P induces the principal up-set 1 p consisting of all p’ with p’ > p, and
a principal down-set | p consisting of all p’ < p.

Definition 1.1 The Alexander dual (or just dual) of the cut (I, F) for P is the cut (F°P, [°P)
for P°P . The Alexander dual of the down-set [ is the down-set J = F°P of P°P and the
Alexander dual of the up-set F is the up-set G = I°P.

1.2 The Distributive Lattice

If P and Q are two partially ordered sets,amap f : P — Q isisotoneifitis order-preserving,
i.e. p1 < primplies f(p1) < f(p2). We denote by Hom(P, Q) the set of all isotone (order-
preserving) maps f : P — Q. Itis itself a partially ordered set (an internal Hom) by f < g
if f(p) < g(p) for every p € P. The opposite poset Hom(P, Q)°P naturally identifies as
Hom(P°P, Q°P). The category of posets forms a closed symmetric monoidal category and
so for any three posets P, Q, R we have:

Hom(P x Q, R) = Hom(P, Hom(Q, R)). (1)

Denote by 2 the ordered set {0 < 1} The (complete) distributive lattice associated to P
is P = Hom(P°?, 2). Given an f e P, the elements p in P such that p°? mapsto 1 € 2,
constitute a down-set / in P. The complement up-set F in P consists of those p € P such
that p°? maps to 0. An element f of P may thus be identified either with:
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Fig.2 The poset P and its cut (1 p), 1 p)), giving p in P

e A down-set [ of P,
e Anup-set F of P,
e Acut(/, F) for P.

We shall usually identify elements of P with the down-sets DP. In categorical terms D P
is the free cocompletion of P. Thus an element i € P is a down-set I of P. However we
sometimes will consider the elements of P to be cuts (I, F) for P. We speak of a cut (I, F)
in P, or equivalently a cut (I, F) for P. The cuts for P are then ordered by

(I,F)<(J,G)ifand only if I C J or equivalently F 2 G.

The distributive lattice P has a unique maximal element, denoted oco. It sends every p°P
to 1, and corresponds to the cut (I, F) = (P, ?).

Example 1.2

e P=[n]={1 <2 < --- < n}hascuts (I, F) where I = {1,2,...,i — 1} and
F=1{i,....,n}fori=1,...,n+1.Thus P = [n+ 1] = [n] U {oc} where co = n + 1.

e Any set A may be considered a discrete poset (only relations are a < a). Then A is the
Boolean lattice on A. It consists of subsets § € A. We identify such a subset with the
cut (S, S¢). (So for instance the cut (—, T) identifies as the subset 7€ in A.)

e If P = N the natural numbers, then N=NU {oo}.

Given an element p in P we get a map
p: PP —2

where if p’ > p we send p’°P > 0 and all other elements of P°P to 1. It corresponds to the
cut (1 p), 1 p) for P (where ()¢ denotes the complement set).
This gives a distinguished injective poset map

P —> P =Hom(P,2), p> p, corresponding to the cut ((} p), 1 p) 2

see Fig.2. Note that the image of the map (2) is in i’\\{oo}.
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Remark 1.3 A poset may be considered a 2-category for the symmetric monoidal closed
category 2. Where

/
pP'<p
Homy(p', p) = .
0 p'£p
The map (2) is not the Yoneda embedding
P — Hom(P?,2), p+— Homy(—, p). 3)

Rather the map (2) is derived as follows. One has the Yoneda embedding:
P°® — Hom(P,2), pt+> Homa(p,—).
Taking the opposite of this we get:
P — Hom(P,2)?. )

This is the co-Yoneda embedding, [1]. Note that 2°P = 2 by sending 0°P + 1 and 1°°P + 0.
So

Hom(P, 2)°®® = Hom(P°,2°) = Hom(P°P,2) = P. )

In general however, for instance ordinary categories with set instead of 2, the Yoneda and
co-Yoneda embedding map to different categories. Composing (4) above with (5) we get the
embedding (2).

Example 1.4 Let P = [n]. The map (2), the co-Yoneda embedding, is
] — [ml=[n+1], ir>i.
On the other hand the Yoneda embedding (3)
[l — l=M+1], i—i+l

In particular the top element n — n + 1 = oo.
In more abstract terms, the Yoneda embedding embeds a chain of length # into the upper
part of a chain of length n + 1, while the co-Yoneda embedding embeds it into the lower part.

1.3 Down- and Up-Sets inP

Let 7 be a down-set for P, and F the complement up-set of P. So T consists of cuts (I, F)
closed under forming cuts with smaller /’s, and F consists of cuts (/, F) closed under
forming cuts with larger I’s (or equivalently smaller #’s). Then (Z, F) is a cut for P (note

again terminology: (I, F) is acut in F). Also (Z, F)isacutin P.
Lemma1.5 Acut (I', F)in Pisin Tiff F' NI % 0 for every (I, F) in F.

Proof That (I’, F’) is in Z means that we cannot find any (I, F) in F such that I C I’.
Alternatively F' N I # @ for each (I, F) in F. O

For later use we look closer at Alexander duality for P andP. A cut (I, F)for P,ie. a
cut in i’\, gives a dual cut (F°P, I°P) for P°P. A cut (Z, F) for i’\, i.e. acut inﬁgives a dual
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cut (F°P, Z°) for (ﬁ)oP = P % which we denote by P %P Thus (F°P, 7°)isacutin P‘ﬁ’.
Foru=(,F)e€ZC P,thenu® €I is

u®® = (I, F)° = (F°° [°P) ¢ PP,

So when we take the dual of the cut (Z, F) for P, we not only get a switch (F°P, Z°P) but
also the elements u = (I, F) of Z or F are switched, to u®? = (F°P, [°P).

1.4 Finite Type Cuts

The elements of the distributive lattice P identify as cuts (1, F).

Definition 1.6

° Pf, » 18 the sublattice of P con31st1ng finite cuts: cuts (I, F) where [ is finite.
e P/in g the sublattice of P consisting of cofinite cuts: cuts (I, F)) where F is finite.

When P is an infinite discrete poset, an infinite set, such cuts (I, F') of P are a standard
example of infinite Boolean algebras, called finite-cofinite algebras.

Definition 1.7 Aﬁmte type P-cutis a pair (Z, F) where F is an up-set for me and 7 a
down-set for P/ such that the following holds.

1. (I, F) e Zifandonlyif FNJ # @ forevery (J,G) € F.
2. (J,G) e Fifandonlyif FNJ # @ forevery (I, F) € Z.

Note that for P finite then 1 and 2 are equivalent. If P is infinite, one of the above will
in general not imply the other. The point of having both fulfilled is that F determines Z by
1, and vice versa by 2. If only 1 holds then F determines Z, but one may not be able to
reconstruct F from Z.

In Sect. 7 we construct such finite type cuts for infinite posets.

1.5 Simplicial Complexes and Stanley-Reisner Rings

Let A be a set. A simplicial complex X on A is a set of subsets of A closed under taking
smaller subsets, i.e.if / € X and J C I, then J € X.

The set A may be considered as a poset with the discrete poset structure, i.e. the only
comparable elements are a < a fora € A. Then A identifies as the Boolean lattice on A (see
Example 1.2), consisting of all subsets of A. A cut (Z, F) for A corresponds precisely to a
simplicial complex X. The elements I in X give the cuts (7, I€) in Z.

The Alexander dual simplicial complex Y of X consists of all the complements /¢ of
subsets / C A such that / is not in X. The Alexander dual cut (F°P , 7 ) for A = A then
corresponds to Y: The cuts (F°P, I°P) in F°P give precisely the elements F°P = (I°P )¢ in
Y.

Denote by k[x4] the polynomial ring in the variables x, for a € A. When A is finite,
to the simplicial complex X corresponding to the cut (Z, F), we associate a monomial
ideal Iy in k[x4], the Stanley—Reisner ideal of X. It is generated by monomials x; =
]_[l-e ;X for (I, F) € F. These are the subset I of A such that I is not in the simplicial
complex X. The monomials in the Alexander dual Stanley—Reisner ideal Iy are then precisely
those monomials which have non-trivial common divisor with every monomial in I, by the
characterization of Lemma 1.5.
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When A is infinite, we still have a polynomial ring k[x4]. But the construction above
does not give meaning if F is non-empty, since there would be (I, F) in F with [ infinite.
However if (Z, F) is a finite type A—cut, it gives rise to a Stanley—Reisner ideal Ix of k[x4],
as above.

2 Profunctors Between Posets

We introduce profunctors P— Q between posets. Such a profunctor has a dual Q— P
and we investigate this correspondence. For an introduction to profunctors, see [13, Chap.4].
See also [3, Section 7] and [2] where they are called distributors.

2.1 Duality on Profunctors

A profunctor P— Q is simply a poset homomorphism P — @ . By the adjunction

Hom(P, Q) = Hom(P, Hom(Q°, 2))
= Hom(P x Q°?,2)
= Hom((Q x P),2) = (Q x PP).

Thus a profunctor is equivalently an isotone map P x Q° — 2 and this is often taken as
the definition. It is also equivalently an element of the distributive lattice (Q x P°P )A, and so
corresponds to a cut (I, F) for Q x P°P. (Our convention differs somewhat from [13], since
there a profunctor P—+ Q corresponds to an isotone map PP x Q — 2.)

In particular if Q = B and P = A are sets, this is simply a subset of B x A° or a
relation between the sets A and B. Profunctors are also called distributors or bimodules in
the literature. We denote the set of profunctors P—+ Q as Pro(P, Q)(= Hom(P, Q)). Itis
itself a partially ordered set, in fact a distributive lattice.

Remark 2.1 Profunctors can be taken to be the morphisms between two ordered sets. They
may be composed and form a category. R.Rosebrugh and R.J.Wood show in [21] that this
category is equivalent to the category of totally algebraic lattices, those of the form P for
some poset P, with supremum-preserving isotone maps. (There the term ideal is used for
profunctor.)

Order theory may also be done in a more categorical setting, for objects in a topos as
in [21], or even more general categories [4]. The result of Rosebrugh and Wood mentioned
above also has a more general categorical formulation [22] in terms of a monad on a category
where idempotents split.

When (I, F) is the cut of Q x P°P corresponding to f, the down-set I may be considered
as a relation defining the profunctor. We then write ¢ fp when (¢, p°?) € I.

Lemma 2.2 Given a profunctor f : P— Q.
a. The following are equivalent: i) q € f(p) and ii) qfp.
b. The following are equivalent: i) g € f(p)<, ii) f(p) < g, and iii) = qfp.

Proof Let f correspond to P — O = Hom(Q°,2). That q € f(p), the latter a down-
set, means that ¢°° + 1. This says (p,¢°?) +— 1, and so (g, p°) is in the down-set [
corresponding to f.

The element § corresponds to the cut (1 ¢)¢, 1 ¢). That f(p) < ¢ then means that
f(p) € (1 q)°, or equivalently g ¢ f(p). o
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Since Pro(P, Q) identifies as (Q x P°P )A, the following is seen to be natural, by taking
opposites.

Lemma 2.3 Let P, Q be posets. There is a a natural isomorphism of posets

Pro(P, Q) g Pro(Q, P).
Proof First
Hom(P, 0)® = Hom(P?, (0)°*) = Hom(P°, Hom(Q, 2°P)).
Using that 2°P naturally is isomorphic to 2, and the adjunction (1) this further becomes

Hom(P°?,Hom(Q, 2)) = Hom(P°? x Q,2) = Hom(Q, Hom(P?, 2))
~ Hom(Q, P).

Here is more detail on the duality D.

Lemma 2.4 Given a profunctor f : P—»> Q and its dual g = Df : Q— P.

a. qfp if and only if = pgq,
b. f(p)=1{q € Qlglg) <P}

In particular f(p) = oo if and only if g(q) < D for every q € Q.

Proof If f corresponds to the cut (I, F) of Q x P°P, the dual profunctor g corresponds to
the cut (F°P, I°P) of P x Q°P. The statements in a are equivalent to (¢, p°?) € I.
For part b, the condition ¢ € f(p) is equivalent to g(g) < p by part a and Lemma 2.2. O

Example2.5 1et P = Q = N = {1, 2,3, ...} and consider a profunctor f : N—+N (see
Example 1.2) which is an isotone map f : N — N U {oo}. Let its values be

2,2,4,5,5,7,....

In Fig. 3 the graph of f are marked with red discs . We fill in with blue circles o to make a
connected “snake”, starting at position (1, 1). The graph of the dual map g = Df is given
by the blue circles by considering the vertical axis as the argument for g. The values of g are

1,3,3,4,6,6,....

Observe that for a profunctor f : N— N (which identifies as an isotone f : N — N), then
f(1) = 2 iff the dual map g = Df has g(1) = 1. Hence there are no self-dual maps f.

The profunctor f corresponds to the cut (I, F) for N x N°P (where N corresponds to the
y-axis and N°P to the (reversed) x-axis) where the up-set F is given by filling in red discs
vertically above those in the graph, see Fig. 4, and the ideal / is given by filling in blue circles
to the right of those which are present in Fig. 3.
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Fig.3 Graph (red) and ascent (blue) of profunctor f in Example 2.5
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Fig.4 Cut (I, F) (in resp. blue, red) corresponding to the profunctor f in Example 2.5

2.2 Alexander Duality

Definition 2.6 Recall that a profunctor f : P—+ Q is an isotone f : P — @

e Forfixedg € Q,thedown-setPro<z(P, Q) isthe setof profunctors f suchthat f(p) < g
for all p.

e For fixed p € P, the down-set Pro™(?)<® (P 0) is the set of profunctors f such that
f(p) < oo.

e The down-set Pro<®°(P, Q) is the set of profunctors f such that f(p) < oo for every
peP.

@ Springer



Profunctors Between Posets and Alexander Duality Page 110f30 22

Lemma 2.7 The down-sets Pro<z(P, Q) and Pro™@<%(0 P) are Alexander duals.

Proof That f(p) < q is equivalent to, letting g = Df, that p € g(q). That this holds for
all p € P is equivalent to g(g) = oo. The Alexander dual down-set of Pro<z(P, Q) is then
those maps g not fulfilling g(g) = oc. m}

Corollary 2.8 If Q has amaximal element, then Pro=°°(P, Q) and Pro=*°(Q, P) are Alexan-
der dual down-sets.

Note: By symmetry of the conclusion, this holds under the weaker assumption that P or
QO has a maximal element.

Proof If g is the maximal element of Q the down-sets of Lemma 2.7 are respectively
Pro=*°(P, Q) and Pro=*°(Q, P). O

2.3 Profiles and Co-profiles

Definition 2.9 The profile of a profunctor f : P — Q is the cut (/, F) for P where the
profile up-set F consists of all p € P such that f(p) = oo, and the profile down-set I = F¢
is the complement down-set.

The co-profile of f is the cut (J, G) for Q where J is the union of all f(p) (considered
as a down-set of Q) for p € P, and G is the complement of J.

The following is immediate.
Lemma 2.10 Let f : P—+ Q be a profunctor.

a. Its profile up-set F = {p € P | qfp forevery q € Q}.
b. Its co-profile up-set G = {q € Q| —qfp for every p € P}.

If g = Df is the dual, the co-profile of f equals the profile of g (by Lemma 2.4a).
We identify the following subsets of Pro(P, Q).

e Prol (P, Q) are the profunctors f whose profile down-set I is finite. These maps
are called large. Then f(p) = oo for all but a finite number of p’s.

e Prog(P, Q) are the f whose coprofile down-set J is finite. These maps are called
small. Then there is a finite down-set bounding the f(p), i.e. all f(p) € J.

e Pro*(P, Q) are the f which are in neither the above, so both the profile down-set
I and co-profile down-set J are infinite.

A consequence of Lemma 2.10 is the following.

Lemma 2.11

a. The duality D switches Pro“(P, Q) and Pros(Q, P) and maps Pro“(P, Q) to
Pro“(Q, P).

b. If P is finite, then Pro™ (P, Q) = Pro(P, Q).

c. If Q is finite, then Prog(P, Q) = Pro(P, Q).

Example 2.12 Consider profunctors f : N—N. By Example 1.2 recall N=NU {oo}. Such
a map is large if f(n) = oo for some n. It is small if f is eventually constant, so f(n) = ¢
for all n > ng. The maps in Pro” (N, N) are the maps f : N — N which are not bounded, so
lim, ~ f(n) = co. We see the naturalness of considering Pro(N, N) instead of Hom(N, N):
The latter is not self-dual while the former is. Pro(N, N) has two countable dual “shores”
Pro’ (N, N) and Prog(N, N) and between them an uncountable self-dual “ocean” Pro* (N, N).
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Remark 2.13 The small profunctors Prog (N, N), which are simply bounded maps f : N — N
are in bijection with the tame (small) increasing monoid of [14] by sending the bounded map
ftof+id—1.

2.4 Adjunctions

Given an isotone map f : P — Q it induces a pull-back map
10— P, (.G (WD, G
This map has a left adjoint
[P >0, 4P (f(DY, )
where f(I)V is the smallest down-set in Q containing f(I). There is also a right adjoint of
r*
fP= 0, (U P (= (AN

where f(F)" is the smallest up-set in Q containing f(F). All these maps are functorial in
P and Q.

2.4.1 A Variation on the Setting

There is a variation for these maps as follows. There is a forgetful functor U : Poset — Set by

mapping a poset to the underlying set. Composing with the natural inclusion Set — Poset we

get U : Poset — Poset. The inclusioni : UP — P induces the dual map i* : P— (UP).
Suppose we have an isotone map of posets

g:UP — Q.

(This instead of an isotone map f : P — (. Note also that g is really just a map of sets
UP — U Q.) We then get composites

) ~ * ~ gl o)~
gl (resp. g1) 1 P - (wpy £ 5 (6)
Here g‘U sends a cut (I, F) of P to the cut (J, G) of Q where G = g(F)" is the up-set of
Q generated by the g(p) for p € F. Note that the above composite g' o i* has a left adjoint
i' o g* (although it will not play a role for us).
Also note the following

(gi))® = (g%)}; : PP — QOP . @)

3 The Graph, the Ascent, and Preserving the Cut

We define the two significant notions of this article, the graph and ascent of a profunctor
P—+ Q, or equivalently the right and left boundaries of the cut (I, F) for Q x P°P cor-
responding to this profunctor. Then we state several versions of the main theorem of this
article, Theorem 3.7, on preserving cuts.
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3.1 The Graph and Ascent

Definition 3.1 Denote by 0 the minimal element in Pro(P, Q). It sends every p — @,
corresponding to the cut (¥, Q). Denote by 1 the maximal element in Pro(P, Q). It sends
every p — @, corresponding to the cut (Q, ).

Recall that for a poset P then U P denotes the underlying set, considered as a discrete
poset.

Definition 3.2 Let f : P—+ Q be a profunctor. Its ascent is

Af=1{(g.plqe f(p)butg ¢ f(p")forp' < py CUQ x UPP. ®)
Its graph is
T f ={(q, p) | ¢ minimal in the complement f(p)°} CUQ x UP°P. 9)

Example 3.3 For a profunctor f : N—~N, see Fig. 3, then I f is the red discs, and A f is the
blue circles.

Note that A f and I' f are disjoint. Also note i) A0 = ¢J and I'0 = min Q x U P where
min denotes the minimal elements, ii) A1=UQ x min P and I'1 = ¢.

Remark 3.4 Their union Bf = A f UT f, might be called the boundary of the cut (I, F).
This union will not play a role here, but it does in [5, Section 2].

3.2 Left and Right Boundaries

We have seen that Pro(P, Q), the profunctors from P to Q, identify as (Q x P°P )A Soa
profunctor f : P—+ Q corresponds to a cut (I, F) for Q x P°P where

I={(g.plqge f(p}, F={gq,plqg¢fp} (10)
Definition 3.5 If (I, F) is a cut for Q x P°P its left and right boundaries are respectively
Al ={(q.p)ell(q,p)¢Iforp’ <plSUQxUP®
F'F={(g,p)eFl(q p) ¢Fforqg <qtSUQ xUP®

We see immediately by (8), (9), and (10), that if f corresponds to (I, F) then A f = Al
and'f =TF.

Corollary 3.6 Given dual profunctors
f:P—+Q, g=Df: Q0—+P.

Let (I, F) be the cut for Q x P°P associated to f, and (J, G) the cut for P x Q° associated
to g.

a. (J,G) = (Fo 1)
b. TG = (A, AJ=(TF)%.
c. Tg=ANHP, Ag=Tf)”P.

Proof Part a is by Lemma 2.4. Parts b and ¢ are then immediate from a. O
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3.3 Extending A and I to the Next Level

We have looked at cuts (I, F) for Q x P°P. Proceeding to the next level, we look at cuts
(Z, F) for Pro(P, Q) = (Q x P°P )A Elements in this latter set are cuts (I, F) for Q x P°P
partially ordered by (I, F) < (I, F") if I C I’. Thus the down-set Z consists of cuts (I, F)
closed under taking cuts with smaller I’s. Similarly the up-set F is closed under taking larger
I’s (and so smaller F = [€’s).

We have a map

A :UPro(P, Q) — (UQ x UP®), fi> (Af,—) (11)
and a map
I': UPro(P, Q) - (UQ x UP®), f> (— TFf). (12)

By (6) the map A induces an isotone map of posets:
u i Pro(P, Q) = (UQ x UP®), (Z,F) > (= AR,

So the image of the cut (Z, F) is the cut in the Boolean lattice (U Q x U P°P )Awhose up-set
is A(F)1, the up-set generated by all A f for f € F.
The map I' induces an isotone map of posets:

Il Pro(P, Q) — (UQ x UP®), (I, F) > (T(@D)*, —).

So the image of the cut (Z, F) is the cut in the Boolean lattice (U Q x U P°P )Awhose ideal
is ['(Z)Y, the ideal generated by the complements (see (12)) of all T f for f € Z,

3.4 The Main Theorem: Preserving the Cut

In order for the left and right boundaries of a cut (1, F) to give enough information we need
to make sure that minimal elements of up-sets of P and Q exists. A poset P is well-founded
if every subset of P has a minimal element. Equivalently, any descending chain of elements

pPL=Zp2=-Zpp =

stabilizes, i.e. for some N we have p, = py forn > N.

The following theorem is a strong generalization of the results in several articles [7, 8,
10, 16], see Sect.4 for more on this. The most significant tool in the argument is Zorn’s
lemma (which is equivalent to the axiom of choice). Note also that Pro(P, Q) is a complete
distributive lattice and so has all joins (colimits) and meets (limits).

Theorem 3.7 (Preserving the cut) Let P and Q be well-founded posets, and (T, F) a cut for
Pro(P, Q). Then (T'(Z)¥, A(F)") is a cut for the Boolean lattice (U Q x U PP). In other
words, the maps F;j = AiU.

Example 3.8 Consider profunctors Hom([5], [’3\]) where [/3\] = [3] U {o0}. Let Z be the ideal
consisting of all f not taking the value co. The graph of such an f is shown in Fig.5. Such
a path in the rectangle U[3] x U[5]°P is a right path. Let F be the complement up-set,
consisting of all g which take the value co for some argument in [5]. The ascent of such a g
is also shown in Fig.5. Such a path in the rectangle U[3] x U[5]°P is an up path. Theorem
3.7 above says that given any subset S of [5] x [3], exactly one of the following holds: i. S
contains an up path, ii. the complement S¢ contains a right path. An earlier observation of
this is in [12, Lemma 4.4].
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Fig.5 Profunctors from [5] to [3]. A graph to the left and an (unrelated) ascent to the right

Before proving Theorem 3.7 we state two alternative formulations of this theorem.

Theorem 3.9 Let P and Q be well- founded posets, and (Z, F) a cut for Pro(P, Q). The
up-set A‘ (F) for (UQ x UP"”) generated by all (A f,—) for f € F, and the up-set
(ree )‘ I"p)for (UP x UQ"P) generated by all (T f)°P, —) for f € I, are Alexander
dual up-sets. (This is the version applied in Stanley—Reisner theory, giving Alexander dual
monomial ideals, see Sect. 4.)

Proof By the above Theorem 3.7, (['(Z)¥)°P = Fi] (Z)°P is the Alexander dual up-set of the
up-set A}, (F) = A(F)". Then (7) gives I'},(Z, —)°P = (I'P)},(—, I°). o

By Corollary 3.6 we have a commutative diagram

UPro(P, Q) —> (UQ x UPP) . (13)
o |
UPro(Q, P) — = (UP x UQ Y
In the proof below we write Ap ¢ and I'p p for these horizontal maps.

Theorem 3.10 Let P and Q be well-founded posets. The following diagram commutes:

i

Pro(P, Q) —% (UQ x UP) .

P, b

I

Pro(Q, P) —% (UP x UQOP):

Proof By the commutative diagram (13), F(ép p = Ap . Switching P and Q we have
F(I)}?Q = Ao, p. Hence (F P.0 )U equals (Ag, p)U By the above Theorem 3.9 (F )‘U is
the dual of (APsQ)U and so (AQ’P)U is the dual of (AP,Q)U O
Problem 3.11 Theorem 3.7 may be seen as a map

Pro(P, Q) — Pro(UP, U Q).

However considering the natural maps U P — P and U Q — Q none of the natural functorial
ways to get a map as above, gives the map I'" = A'. For instance we can not see a natural
factorization of the above map through Pro(U P, Q).
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Is there a way to understand or formulate the theorem to get a functorial construction,
which works for maps P’ — P and Q" — Q (or in some other way)?

Proof of Theorem 3.7 We need to show that the down-set ['(Z)" is the complement of the
up-set A(F)T in the Boolean lattice (U Q x U P°P). O

Part I. We first show that for any (I, F) € Z and (J, G) € F that
FTFNAJ #0.

By Lemma 1.5 this shows that @)Y and A(F)" are disjoint.

If (I, F) € Tand (J,G) € Fthen (FNJ) € Q x P° is # () by Lemma 1.5. Let
(g0, po) € F N J.Define (g;, p;) in F N J successively as follows. If there is a ¢ < ¢; such
that (g, p;) isin F, then let (g;+1, pi+1) be (¢, pi) which is automatically also in J. If there
is p < p; such that (¢;, p) isalsoin J, thenlet (g;+1, pi+1) be (gi, p) which is automatically
also in F. We get chains pp > p; > --- and qp > g1 > ---. These must stabilize and for
the stable value pair (g, p) we cannot continue the construction and then this pair will be in
CFNAJ.

PartII.Let S C UQ x UP°P be such that SN AJ # @ for every (J, G) € F. This means
that (5S¢, S) is not in A(F)'. We show that S D I'F for some (I, F) € T and so (S¢, S) is in
I'(Z)'. This shows that the union of I'(Z)¥ and A(F)T isallof UQ x U PP .

Let T consist of f € Pro(P, Q) such that Af NS = (. Clearly the minimum 0 of
Pro(P, Q) isin T, so T is non-empty. We use Zorn’s lemma to show that 7 has a maximal
element. So let

h=h=s=ZfHh= (14)

be a chain of functions in 7', and f be the colimit (join) of these. We claim that A f N S = .

Let (g, p) € Af,s0q € f(p)butq ¢ f(p’) forevery p’ < p. Then g € f;(p) for some i
and g ¢ fi(p') since fi(p’) € f(p’). Then (¢, p) € A f; and so is not in S. Thus f is an
upper bound in 7 for the chain in (14). By Zorn’s lemma 7T has a maximal element f, and
take note that f must be in Z, by the requirement on S.

Claim1 T'f C S.
By the second and third lines of Part II, this finishes the proof.

Proof Suppose not, so there is (go, po) € I' f\S. Recall g¢ is minimal in the complement
(f (po))©. Let

f(p) YUigo}l, p = po.

fp) = {f(p) otherwise.

This is a profunctor f : P— Q. Let us show
Af S Af UG, po))-

That (¢, p) € A f means thatg € f(p) andq ¢ f(p') for p’ < p.
1. If not p > pg then f(p') = f(p') for all values p’ < p. Therefore (¢, p) isin A f.
2. Let p > po. Then eitheri. g € f(p) orii. g = qo. Incase i. (g, p) € Af.In case
ii, where g = qo, if p > po then (qo, p) would not be in A f since ¢ € f(p) and
q € f(po). We are thus left with (¢, p) = (qo, po)-
As a consequence we also have A f N S = (. But by definition of S then f € T. This
contradicts f being maximal in 7. Therefore no such (go, po) could exist,and "' f € S. O
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4 Applications to Finite Posets and Stanley-Reisner Ideals

In [7] they show that letterplace ideals L([n], P) and co-letterplace ideals L(P, [n]) are
Alexander dual ideals, and this was taken considerably further in [10].

Here we define such square free ideals in the full general setting for finite posets P and
O and cuts in Pro(P, Q). We show how the result of [7] above is a consequence. In the
following for ease of notation we denote a polynomial ring k[xy gx v per] as k[xgx por 1.

Definition 4.1 Let P and Q be finite posets. From the cut (Z, F) for Pro(P, Q), we get the
cut (@)Y, A(F)M) for (UQ x UPP).

The A-ideal. Since UQ x U PP is simply a set, this gives a Stanley—Reisner ideal in
k[xgx por ]. We denote it L (F; P, Q), or simply LA (F). As f varies in F, it is gener-
ated by the A f (or rather the squarefree monomials [, ,)ca ¢ %q,p)-

The T-ideal. The dual cut (A(F)T°P, ['(Z)¥°P) for (UP x UQOP)A, also corresponds to
a Stanley—Reisner ideal in k[xpygor . We denote this ideal as Lr(Z; P, Q), or simply
Lr(Z). As f varies in Z, it is generated by the (I" f)°P (or rather the squarefree monomials

Hip.gewpr Xp.g)-

By Theorem 3.9 above, the A-ideal and I'-ideal are Alexander dual ideals.

Remark 4.2 Let Q = [n], the chain on n elements, and Z C Pro<%°(P, [n]). The A-ideals
L (F; P, [n]) are the letterplace ideals of [10] and are shown to be Cohen-Macaulay ideals.
The Alexander dual I'-ideals L1 (Z; P, [n]) are the co-letterplace ideals in loc.cit. and thus
have linear resolutions, [19, Thm.5.56]. The above definition and Theorem 3.9 may thus be
seen as a full generalization of the setting of [10].

Remark 4.3 With the same setting as in the above remark, the A-ideals LA (F; P, [n]) define
simplicial balls by the Stanley—Reisner correspondence, [5]. Furthermore there is a very
simple description of the Stanley—Reisner ideal of their boundaries, which are simplicial
spheres. This gives the construction of an enormous amount of simplicial spheres, due to the
freedom in choosing P, [n] and Z.

Corollary 2.8 has the following consequence, see also Example 3.8.

Corollary4.4 If P or Q has a maximal element, the ideals Lr(Pro=°°(P, Q)) and
L (Pro=%°(Q, P)) are Alexander dual ideals.

Definition 4.5 Given an isotone map f : P — Q, let the graph
Tif ={(f(p),p™®)Ipe PLSUQ xUP®.
This gives a map
I; : Hom(P, Q) — (UQ x UP®), f > (= Tif),
and so
I :Hom(P, Q) — (UP x UQP). f r> (N1 f)* . -),

The isotonian ideal L(P, Q) is the ideal in k[xpyxgor ]| generated by the monomials
]_[(P,q)e(rif)op X(p,q) as f varies in Hom(P, Q). If P is the chain [n], itis called a letterplace
ideal, and if Q = [n], it is a co-letterplace ideal, [10].
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The canonical map Q — Q induces an isotone map

« : Hom(P, Q) — Hom(P, 0) = Pro(P, ), g+> (p+>g(p) = (— 1 g(p))), (15)
and by Sect. 2.4
o' : Hom(P, Q) — Pro(P, Q). (16)

We get commutative diagrams:

0f o op i o
UHom(P, 0)® — 2~ UPro(P, Q) . Hom(P, Q)% ~ 2~ Pro(P, Q)%  (17)

0] P i _ ! o
¢ i,U

(UP xUQ®) (UP xUQ®)

Note that the isotonian ideal L(P, Q) is the squarefree monomial ideal associated to the
image by (F?p ) of the cut (¥, Hom(P, Q)°P) for Hom(P, Q)/‘ﬁ.

The poset P is a forest if for every two incomparable p; and py in P, thereisno p € P
such that p < p; and p < p>. The connected components of the Hasse diagram of P are
then trees with the roots on top.

Lemma 4.6 If P is a forest, then:

a. For the map in (16), o' (Hom(P, Q)) is the down-set Pro=*°(P, Q).
b. In the diagram (17)

(T (@, Hom(P, Q))) = (T') (=, Pro=°(P, Q)*)).
Hence L(P, Q) = Ly (Pro="°(P, Q)).

Proof By the right diagram of (17), part a above implies part b. So we do part a. We show that
if f is a profunctor in Pro<®°(P, Q), then there existsa g : P — Q suchthatI'f D I';g.
This implies that «(g) > f giving part a. It also implies part b.

1. If p is maximal in P then let ¢ be a minimal element in the non-empty set f(p)¢. Define

then g(p) =gq.

2. Suppose p is not maximal. Suppose g(p’) is defined for p’ > p, suchthat (g(p’), p’°?) €
[ f. Let p’ be the unique cover of p (since P is a forest). Then f(p) C f(p’) and so
F(p)¢ 2 f(p)°.Given g(p') € f(p')°. Then there will exist a minimal g in f(p)° with
g < g(p’). Then define g(p) = q. This gives the map g.

We specialize to Q = [n] and have the consequence:

Corollary 4.7 The letterplace ideal L([n], P) and the co-letterplace ideal L(P,[n]) are
Alexander dual ideals.

Proof The ideal L(P, [n]) is Lr(Pro=*°(P, [n])) since [7[] = [n] U {oo}. Its Alexander
dual is the ideal L (Pro<*°([n], P) by Corollary 4.4. By the above lemma this identifies as
L([n], P). |

In [15] they fully characterize for which P and Q the isotonian ideals L(P, Q) and L(Q, P)
are Alexander dual.
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5 Topology on Pro(P, Q)

We want to get a setting where P and Q may be infinite but the ascents A f and graphs I" f
are finite. Then we get A- and I'-ideals in infinite-dimensional polynomial rings. This can
be achieved if we put a suitable topology on Hom(P, Q).

5.1 Defining the Topology

We define a topology on Pro(P, Q) by defining a basis of open subsets.

Definition 5.1 Given a large profunctor f in Pro’(P, Q) and a small profunctor fin
Prog(P, Q). The set of profunctors f such that f < f < f is denoted U ( S 1.

The following is immediate.

Lemma 5.2 Given two such sets U} = U(il, ?1) and Uy = U(iz’ ?2), letiand? be the
profunctors defined by the join and meet

f=rv/i = i fa
Then
UinUy=U(f, f).

As a consequence the sets U (f, f) form the basis of a topology on Pro(P, Q). Note that
if P and Q are finite we get the discrete topology on Pro(P, Q).

Observation 5.3 a. There is a one-one correspondence between open down-sets in Pro(P, Q)
and down-sets in Pro (P, Q).

b. There is a one-one correspondence between open up-sets in Pro(P, Q) and up-sets in
Pros(P, Q).

Note also by Lemma 2.3 that the open set U (f, f) is mapped by the dual D to the open
set U(DS, D f). Hence we get:

Lemma 5.4 The duality map D of Lemma 2.3 is a homeomorphism of topological spaces.

5.2 Generalities on Topology

In any topological space X there is distinguished type of open subsets: those that are the
interiors of closed subsets, called regular open sets. In fact, let op X be the poset of open
subsets of X, and clX the poset of closed subsets of X. There is a Galois correspondence:

0
op X <= clX,
0°

Ut U = closure of U, C +— C° = interior of C

The fix points in op X for the Galois connection, i.e. the fix points in op X for the com-
position of closure ~ and interior °, are the regular open sets. We denote these as reg X, the
open subsets which are interiors of closed subsets.
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Lemma 5.5 The map on open subsets U +—> U‘ where ¢ denotes complement, gives an

involution reg X SN reg X. Furthermore U‘ = (U°)°.

Proof Let V = U‘. We will show that V° = U by proving inclusion either way.

1. We get V C U°€ and since the latter is closed, V C U¢ and so Ve oUu.

2. Wealsohave U € V and so U D V°. Since U is the interior of U we get U D V°.

3. We now show that V is regular. Let W be an open subset of V. Then W¢ 2 V' =U,so
W€ D U = VE. Thus W C V. Hence V is the largest open subset of V, and so is the
interior.

4. Since U = V  we get U =V, and so

+5C

e =v'=v="0".

5.3 Open and Closed Down-Sets

Lemma5.6 Let T be a down-set in Pro(P, Q). The closure T and the interior (I)° are also
down-sets. By duality the analog also holds for up-sets.

Proof Let F € T andlet G < F. We will show G is also in Z. If not there is an open U (b, c)
disjoint from Z with G € U (b, c),sob < G < c.

Then F > b with b small and notin Z. Then F € U (b, 1) with this basis open set disjoint
from Z since b is not in Z and 7 is a down-set. But then F is not in the closure of Z, contrary
to assumption.

As for the interior, if F is the complement up-set of Z, then by a similar argument F is a
up-set, and so the complement (F)¢ = Z° is a down-set. O

Lemma 5.7 Let T be an open down-set T. Then T is regular if and only if T\T does not
contain large maps. -
Similarly an open up-set F is regular if and only if F\F does not contain small maps.

Proof We only show the first statement. Suppose 7T is regular. Let f in Z\Z be large. The
closure Z is a down-set. It contains f and so the open set U (0, f), which must then be in the
interior of 7 which is Z. This contradicts f being in the gap. Similarly one can argue that an
f in the gap cannot be bounded, by considering the up-set F.

If 7 is not regular, there is some open U = U (f, f) € Z with U & Z.Butthen f € I\Z,

and so Z\Z contains f which is large. O

Definition 5.8 A Dedekind cut in the poset Pro(P, Q) is a pair [Z, F] where 7 is an regular
open down-set of Pro(P, Q) and F is its image by the involution i (so F is an regular open
up-set). The gap of the Dedekind cut is

G = Pro(P, Q)\(ZU F).
Corollary 5.9 Let T be an open down-set and F a disjoint open up-set. Then I and F form

a Dedekind cut if and only if the gap Pro(P, Q)\(Z U F) between them, does not contain
large or small maps.
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Remark 5.10 For the rational numbers Q the distributive lattice @ consists of 00, the irra-
tional numbers, and the rational numbers doubled, since a rational number ¢ gives two cuts:

(<_OO’ q)7 [qs +OO>), ((—OO, 5]], (qv +OO))

However if we have the natural topology on QQ, Dedekind cuts give the real numbers together
with £00.

6 Profunctors Between Natural Posets

We introduce the class of natural posets as a suitable generalization of the poset of natural
numbers. We then have good criteria for when open down-sets of Pro(P, Q) are closed or
regular. We show, Theorem 6.10, that an open down-set is clopen (closed and open) if and
only if it has a finite number of maximal elements. The purpose of this section is to get in
Sect. 7 a version of Theorem 3.7 which applies to construct Alexander dual ideals in infinite-
dimensional polynomial rings. Our main application is to profunctors N—~N, see [9], and
briefly indicated in the last Sect. 8.

6.1 Well Partially Ordered Sets

A poset P is well partially ordered if the following two conditions holds:

i. Any descending chain in P stabilizes.
ii. Any antichain in P is finite.

The following characterization of well partially ordered sets is classical, see for instance
[18].

Proposition 6.1 The following are equivalent for a poset P.

(1) P iswell partially ordered.

(2) Any up-set of P is finitely generated.

(3) The ascending chain condition holds for up-sets in P, equivalently the descending chain
condition holds for P.

Lemma 6.2 Let P and Q be well partially ordered sets, and [ : P—+ Q an isotone map.

a. If f is large, then T f is finite.
b. If f is small, then A f is finite.

Proof a.Let f have profile (I, F). The projection of I' f onto P will be contained in I since
the complement f(p)° is empty for p € F. Furthermore for p € I the up-set f(p)¢ has only
a finite set of minimal elements by the above proposition.

b. Let f have co-profile (J, G). The projection of A f onto Q is contained in J.If g € J,
the set of p € P such that ¢ € f(p) is a up-set in P and so has a finite set of minimal
elements. Hence A f is finite. O

6.2 Natural Posets

The class of well partially ordered sets is very large, it includes all well-ordered sets. For our
purposes we need an extra condition so that our posets are more like natural numbers.
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Definition 6.3 A poset P is down finite if for each p in P, the principal down-set | p is
finite. A natural poset (in analogy with natural numbers) is a poset which is well partially
ordered and down finite.

Lemma 6.4 Suppose every antichain in P is finite. Then P is natural iff there exists a chain
of finite down-sets in P

crlc...cr"c...
such that Uj>, I"" equals P.

Proof The if statement is clear. Suppose then P is natural. For p € P the principal ideal | p
is finite. Let the height of p, denoted £(p), be the length of the longest chain in | p. Then let
I” be the set of elements of P of height < r. Then I"\I"~! is the set of elements of height
exactly . These form an anti-chain in P and so a finite set. Hence each I” is finite. Clearly
the union of the I” is all of P. O

Lemma 6.5 Let Q be down finite. Then for any large f in Pro(P, Q) the open set U(0, f)
is also closed.

Proof Let f have profile (I, F). Consider the set X of all pairs (p, x) where p € I and x is
minimal in f(p)¢. For each pair (p, x) € X, let g, be the smallest isotone map g : P — @
such that g(p) is the principal down-set | x. Then g, is a small map since | x is finite.
Furthermore if / is an isotone map such that 2 is not < f, then for at least one pair (p, x) € X
we must have x € h(p) and so & > gp,. Then the complement

U(07 f)c = U(p,x)eXU(gpxy 1)

6.3 Criteria for Down-Sets Being Regular Open or for Being Clopen

Let
fish<sfi<s--

be a weakly increasing set of maps in Pro(P, Q), write colim f, for their join. If the f,’s are
a decreasing sequence we write lim f, for their meet.

Posets in our application will typically be natural posets, like finite posets and the natural
numbers N. We assume in this subsection that our posets are natural. The following seems
to provide the best way to check whether an open down-set of isotone maps is regular.

Proposition 6.6 Let P and Q be natural posets and T an open down-set in Pro(P, Q).

a. T is also closed if and only if it contains the colimit of any increasing sequence of isotone
maps in I.

b. T isregular if and only if it contains any large colimit of an increasing sequence of isotone
maps in 7.

There are analogous statements for open up-sets and decreasing sequences of maps in F.

Proof al. Suppose 7 is closed. Let { f;} be a weakly increasing sequence of isotone maps in
Z,and f = colimf;. If f is not in Z, there is an open subset U (b, c¢) in the complement Z*
containing f.
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Since b(p) is finite and lim f;(p) = f(p) which contains b(p), there is a number N (p)
such that f;(p) contains b(p) fori > N(p).

Let T be the projection of Ab on P. Since b is small, Ab is finite and so is 7. Let N be
the maximum of N(p) for p € T. We show below that f; > b for i > N. But then since
fi € Z and 7 is a down-set, this gives b € Z, a contradiction since U (b, ¢) and Z are disjoint.
Thus f must be in Z.

To show that f; > b, if the contrary were true, let ¢ € b(p)\ f;(p) for some p and let
p’ < p be minimal in P with ¢ € b(p’). Then:

i. (g, p) € Abandso f;(p') 2 b(p')sincei > N > N(p').

ii. Since p’ < pthen f;(p) € fi(p)andsoq ¢ f;(p).
But these give a contradiction, and so we must have f; > b.
a2. Suppose any co-limit of an increasing sequence in Z, is in Z. Suppose Z is not closed.
Then there is f € Z° such that any open subset of f intersects Z. Now there exists the
following:

(i) A sequence of finite posets in P
‘'crrc...

such that U; I' = P.
(ii) For each p € P we can find a sequence of finite posets of Q

1 2
C C...
JI’—JP—

such that UjJI{ = f(p).
Given k, define the isotone maps fi by:

Jx(p) = Up’SpJ;f/ when p € Ika Jfi(p) = Up’el",p’gpfk(p/) when p ¢ 1~
Then

e f} is isotone and small,

i < jimplies fi < fj,

The open subset U(f;, 1) contains f and so intersects Z. Then f; € Z since Z is a
down-set,

colimf; = fandso f € 7.

But the latter contradicts f ¢ 7.

bl. Let Z be regular and { f;} an increasing sequence in Z, whose colimit f is large. By
part a the colimit of f; is in the closure Z. Since 7 is regular Z\Z does not contain large maps
by Lemma 5.7. Hence f € 7.

b2. Suppose Z contains large limits of increasing sequences in Z. Let f be a large map
in the closure Z. By the construction in a2 there is a sequence { f;} of small maps such that
f = colimf;. Each open subset U ( f;, f) intersects Z and so f; is in Z. But then f isin Z.
Then by Lemma 5.7, 7 is regular. O

Example 6.7 Let the open down-set Z of Pro(N,N) be generated by the large maps
fi, f2, f3, -+ given by

fmy=1" "=
(e.@]

n>r

Then colim, f; is the maximal isotone map 1, which is not in Z. Hence Z is not regular. Also,
its closure is all of Pro(N, N).
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Example 6.8 Let the open up-set F in Pro(N, N) be generated by the small maps g1, g2, - - -
given by

1 n<r

2 n>r

gr(n) = :

The limit lim, g, is the minimal isotone map 0, which is not in F. Hence F is not regular.
Also, its closure is all of Pro(N, N).

Example 6.9 Let the profunctor &7 : N — N be given by A(i) = i. Let Z be the down-set
generated by the large maps 4" for r > 1, and F be the up-set generated by the small maps
h, for r > 0, where

14 I1<r . <
Wwiy={r i=r+1, ho={ _'=" .
i r+2 i>r+1
oo i>r+2

Then [Z, F] is a Dedekind cut and the gap consists of the function 4.

In the argument that follows now we use the following construction: Let I € J € P be
down-sets and f : I — Q an isotone map. Then there exists a unique minimal extension
f7’ :J — O such that the restriction(fj)“ = f.Foreach p € J we let

1) =Vyerp<p f (D).

Note that if f is small and 7 is finite, the extension fJ is also small.
The following characterizes precisely when the gap is empty.

Theorem 6.10 Let P and Q be natural posets. A down-set T of Pro(P, Q) is clopen (closed
and open) if and only if T is a finite union of basis open subsets U(0, ). Alternatively
formulated, an open down-set T is clopen if and only if it is finitely generated.

Proof The open subsets U (0, f) are closed, by Proposition 6.6. Hence any finite union of
them is clopen. O

Suppose now Z is clopen. We will show it has only a finite number of minimal generators.
Assume the opposite, that there are infinitely many generators of Z, none of which are
comparable.

1. Take a filtration of finite posets

LchCc---CI, C---
such that the union of the /,’s is P. Let T} be the set of isotone maps Fy : I} — Q such that:

e Forevery f: I} — @with f < Fj and the f(p) finite down-sets in Q for p € Iy, there
are infinitely many of the minimal generators g of 7 such that the restriction g;, > f.
Clearly 77 is non-empty: we may take F) to be the constant map with value the empty
set.

2. Let us show that we can use Zorn’s lemma on 7j. If
Fll gng...gFI"g...
is a chain in T1, let i = colimF]. We claim Fy is in T1. Let f < F; with f having

finite values. For each p, for some integer N (p) we have, since f(p) is finite, that f(p) €
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FlN(p)(p). Let N be the maximum of the N(p) for p € I;. Then f < FlN and so there
are infinitely many minimal generators g of Z with g|;; > f. This shows that Zorn’s lemma
applies. Furthermore, there is an increasing sequence { f'} of such functions whose limitis Fi.
Extending these f’s to P we get an increasing sequence { f '} whose limit is the extension
Flp. Each f¥ is in 7 since there are minimal generators g of Z with g = f.Since I is
closed, by Proposition 6.6 we have F IP € 7, a fact we use in 5. below.

3. Let F1 be maximal in 77. We now show the following refined statement:

Claim 2 For each finite f < F) there are infinitely many minimal generators g such that
f=gn = F.

Proof Let p1, p2, ..., pm be the elements of /] in an order such that p; < p j implies i < j.
(This is usually called a linear extension of /;.) Suppose we have verified that for each f < F
there are infinitely many g’s such f < g5, and with f(p;) < g(p;) < Fi(p;) fori <s.Let
X be the (finite) set of minimal elements of the complement F (p;)€. If not g(ps)  F1(ps)
then g(py) contains some x € X;. Define the isotone Fy, : I1 — @ by

Fi(p), not p > p;

Frelp) = Fi(p)U{x} p=>ps

Since Fp is maximal, there is some f, < F, where f, has finite values, such that there are
not infinitely many g’s with f; < g|s,. Let f; be the meet fy A Fi. Then let f’ be the join
fV (Vex, f1), an isotone with finite values. Note that f’ < Fj. Then there are infinitely
many g’s such that: i) f’ < g andii) f'(p;) < g(pi) < Fi(p;) fori < s. But only a finite
number of g’s are larger than f for each x in the finite set X;. So taking away a finite number
of the g’s, none of the infinitely many rest will have g(p;) containing any x € X;. Hence for
these g(ps) € F1(ps). ]

4. Suppose we now have constructed F; : I; — Q for j = 1,---,r such that Fj;, = F;
for each i < j and the F; are such that for each finite f : I; — Q with f < F; there are
infinitely many generators g such that f < g;; < Fj, and F; is maximal such. We will
extend F, to a function Fy4q : I, — Q Let 7,41 be the set of isotone F : I,y| — @
such that F|;, = F, and for each finite f < F there are infinitely many g’s with g;, > f
and F, > gy, > f. The set T, is non-empty since it is easy to see that the extension

F,I"+l fulfills the condition of being in 7,4 since F; does so for 7,. As above T, fulfills
the condition for Zorn’s lemma and so 741 has a maximal element F, ;1. As above we may
show that for each finite f < F, there are infinitely many minimal generators g of Z such
that Fry1 > g1,y = f

5. Consider now the sequence of extensions

P P P
Fl SFZ f"'fFr < ...

Let F = colimF,P . Since each F,P € T (by the same reason as at the end of part 2) and 7
is closed we get F' € Z. Since 7 is open there exists then a large G > F in Z. Let I be the
finite profile down-set of G. Due to I being finite we must have /. D I for sufficiently large
r. But there are infinitely many minimal generators g such that g|;, < F, which again is
< Gj1,. But since G(p) = oo for p in the complement /°, we would have G > g. This is a
contradiction since the g’s are (infinitely many) minimal generators of Z.

The upshot is that there cannot be infinitely many generators of Z. O

Problem 6.11 What subsets of Pro” (N, N) can be gaps?
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7 Natural Posets and Finite Type Cuts

Here we give the variant of Theorem 3.7 such that the A- and I'-ideals are finitely generated
ideals in a polynomial ring. This works when P and Q are natural posets, which we assume
in this section.

By Lemma 6.2 the map A of (11) restricts to a map:

A :UProg(P, Q) - (UQ x UP®)s . [+ (Af,—).
Similarly the map I" of (12) restricts to a map:
I UProk(P, Q) = (UQ x UP®)™ s (=, T /).

For a cut (Z, F) for Pro(P, Q)Alet Fs denote the small maps in F, and Z L the large maps in
T
By (6) the map A induces an isotone map:

iU : Prog(P, Q)A—> (UQ xUP® ):ﬁn, (=, Fs) = (= AFs)M.

The map I'" induces an isotone map:

Iy : Prob(P, Q) — (UQ x UP®)™, (T4, ) > (M@}, -).
We have the following variation of Theorem 3.7.

Theorem 7.1 Let P and Q be natural posets and [Z, F] a Dedekind cut for Pio(P, Q). Then
(C@YYY, A(Fs)) is a finite type cut for the Boolean lattice (U Q x U P°P).

Proof We must show 1 and 2 in Definition 1.7. We do 1 as 2 is analogous. O

Part I. We show the implication = of 1 in Definition 1.7. This amounts to show for any
(I, F) e I" and (J, G) € Fg that

TFNAJ #0.

The argument for this is the same as in Part I for Theorem 3.7.

Part II. We show the implication <= of 1 in Definition 1.7. Let S € UQ x UP be a
finite set such that S N AJ # @ for every (J, G) € Fs. We show that S © I'F for some
(I, F)e1h.

Let Ip € P and Jp C Q be finite down-sets such that the projections of S are contained
respectively in Iy and in Jo. (We know they are finite due to P and Q being down-finite.)
For a large f in Pro(P, Q) denote by Ag f the subset of A f lying above Iy. Let T consist
of the large f such that:

00, I
o f(p)= p¢0.

CJo, pely
e AgfNS=49.

Clearly the minimum element of those f fulfilling the first point, also fulfills the second, so
T is non-empty. We use Zorn’s lemma to show that 7" has a maximal element. So let

hshsSfis-

be a chain of maps in 7 and let f = colimf,. We claim that Ao f NS = @. So suppose

(g, p) e Af,soq € f(p)butg ¢ f(p’) forevery p’ < p. Then g € f;(p) for some i and
q ¢ fi(p')since f;(p’) € f(p). Then (g, p) € A f; and so is not in S. Thus f is an upper
bound in T for the chain. By Zorn’s lemma 7 has a maximal element, which we denote f.
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Claim3 fisinZ.

Proof The map f is not in the gap between Z and F since it is large. So if f is not in Z it
must be in F. Since F is open, for B O Jy large enough f5 given by

fp), pelp
fB(p) = ,
B, p¢h
isin F. But Ao fp € Aof,andso A fp NS = Agfp NS is the empty set, which is not so
by the requirement on S. Hence f is not in F and not in the gap, so it must be in Z. O

Claim4 T f C S. This finishes the proof by the second line of Part II.

Proof Suppose not, so there is (qo, po) € I' f\S. Recall g is minimal in the complement
SF(po)©. Let

f(p)Ulgol, p=po

fp) = {f(p), otherwise.

We now claim that:

Aof S Aof U{(qo. po)}.
That (g, p) € Ao f meansthat p € Iy and g € f(p),and g ¢ f(p') for p’ < p.

1. If not p > pg then f(p') = f(p’) for all values p’ < p. Therefore (¢, p) isin Ao f.

2. Let p > po. Then eitheri. g € f(p) orii. g = qo. In case i. (¢, p) € Af.In case
ii. where ¢ = qo, if p > po then (qo, p) would not be in Af since gg € f(p) and
qo € f(po). We are thus left with (¢, p) = (qo, po)-

The upshot is that f fulfills the requirements to be in 7. But this contradicts f being
maximal in 7. Hence no such (gg, po) can exist,andso " f C S. O

We may now define the A- and I'-ideals for (infinite) natural posets P and Q. These ideals
then live in infinite-dimensional polynomial rings. These ideals will be square-free monomial
ideals.

Definition 7.2 Let[Z, F]beaDedekind cutfor Pro(P, Q). Let L 5 (F) theidealin k[xgx pop |
generated by the monomials I—[(q,p)el xg,p for (I, =) € A(Fs). Let Lr(Z) be the ideal in

k[xpxgor | generated by the monomials ]—[(p’q)eFO,, Xp,q for (FP, —) e (ZLyor,

By the theorem above, these ideals are Alexander dual ideals, meaning that the monomials in
L A (F) are precisely those monomials with non-trivial common divisor with every monomial
in Lr(Z), and vice versa.

8 Monomial Ideals

For the case Q0 = N we show that open down-sets in Pro(P, N) induce monomial ideals in
the polynomial ring k[xp]. In particular when P = N, these monomial ideals are precisely
the class of strongly stable ideals in the infinite-dimensional polynomial ring k[xy]. The
results in Sect.5 then enables defining a duality on a distinguished class of strongly stable
ideals, see [9].
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Given a map of sets A -5 B.Let Homg, (A, No) be the maps A BN Np such that the
support {a | u(a) > 0} is a finite set. Then « induces a map

Homgy (A, No) ~2> Homgy (B, No)
sending a map u to amap v : B — Ny where v(b) = Za(a):b u(a).

Consider the projection U P x U Q°P 2 U P, and inclusion 2 — Ny sending 0 — 0
and 1 — 1. We get a composite

Homgn (UP x UQ , 2) —— Homgn (UP x UQ® , No) - Homgn (U P, No).

Givenamap 7 : UP x UQ® — 2 corresponding to a finite subset T C UP x U Q°P (the
arguments for which t is non-zero), then 77 o i(1) is the map sending p to the cardinality of
the set of pairs (p, ¢) € T with first coordinate p.

Note that the set Homg, (U P, Np) identifies as the set of monomials Mon(xp) in the
variables x, for p € P.

Lemma8.1 Let Q = N. The composite . = 771 oi o A:

) : UPros(P.N) = Homp(UP x UN?,2) ™% Homy,(U P, No)
is an isomorphism.
Proof This is Proposition 4.3 in [8]. O
We may also consider the composite y = 7 o1 o I';

TTp0l

v : UProl (N, P) - Homgn(UN x U P, 2) 2% Homgn (U PP, Ny),
which is likewise an isomorphism.
Lemma 8.2 There is a commutative diagram:

UProg(P,N)
\
D Homyg, (U P, Np).
yr
UPro™(N, P)
Note that the vertical map sends a cut (I, F) to a cut (F° , I°P).

As in (6) this extends to a commutative diagram:

Prog(P, N)

D Homg, (U P, No).

ProL (N, P)oP
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The up-sets in Homg, (U P, Np) identifies as the monomial ideals in k[x p]. Recall that open
up-sets F in Pro(P, N) are in bijection with up-sets in Prog(P, N). So we get an upset Fg
in the latter. By A' we get a monomial ideal in k[xp].

Application. When P = N the monomial ideals one gets are precisely the strongly stable
ideals in k[xy]. There is a one-one correspondence between open up-sets in Pro(N, N) and
strongly stable ideals in k[xy], see [9].

Definition 8.3 Given a Dedekind cut [Z, F] for Pro(N, N). We get an up-set A/ (Fs) in
Homg, (N, Ng) which corresponds to a monomial ideal [ of k[xy]. Similarly we get a
up-set (y°P) (ZL-°P) in Homg, (N, Ng) which corresponds to a monomial ideal I, of k[xy].
The ideals I, and I,, are dual strongly stable ideals.

Note that this definition is reasonable. Given I, we canreconstruct Fg and thereby F. Since
[Z, F]is a Dedekind cut, we can construct Z from F and thereby determine I, . And of course
we may go the opposite way, from /,, we may determine 7;,. Note also that not every strongly
stable ideal / has a dual. Only the strongly stable ideals such that the corresponding open
down-set 7 is regular, have duals. Versions of this duality for finite-dimensional polynomial
rings were first given in [8, Section 7] and independently by [23].
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