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Introduction

The problem of finding an algebraic structure for stable open subsets of a suitable domain has been
recently raised by several authors. Specifically, it could be useful to have, in the stable case, a notion
similar to the one of “frame”, in order to develop something similar to pointless topology, that is an
algebraic insight of spaces.

In domain theory, an interesting application of frame theory is the logic of domains developped by
Abramsky (see [Ab]) in the topological case.

The idea of constructing a logic for “stable properties” has been originated by Zhang (see [Zha]),
who got very interesting results about “stable opens” of dI domains. However, his notions remain
concrete, and it is not clear whether they give rise to a duality. In that sense, they lack the “localic”
properties which justify the canonicity of Abramsky’s approach.

We introduce the notion of S-Structure as the structure of the algebra of stable open sets intended
to correspond to the concept of frame in the stable case. These S-structures have properties which
are very similar to the ones of frames, from the point of view of duality. So we may hope to achieve a
logic of domains as natural as Abramsky’s one, but expressing properties of programs which are not
captured by the continuous approach.

In this paper, we give the fundamentals of S-structures theory. We prove first general duality
results which do not involve any domain theoretical assumtion about spaces. Actually we introduce
the S-spaces which play wrt S-structures the same role as topological spaces wrt frames. These duality
results can be specialized to the case of domains, and then we obtain a result similar to known Scott-
topological duality in domain theory. The corresponding notion of domain widely subsumes the usual
dI domains to which stabilty theory is usually restricted. Indeed these domains are the most general
ones where stability makes sense. By duality method it is rather simple to treat function spaces and
we retrieve cartesian closedness of the category of L-domains and stable functions which has been
recently proved by P. Taylor.

1 Basic definitions and results

This section is intended to provide an abstract definition of the algebraic structure of stable open sets.
Let us first give some intuition for the forthcoming definitions. Let us consider a dI domain D. We
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call stable open subset of D the inverse image of T under a stable map from D to the two points
domain O = {L < T}. This is a natural definition since a Scott open subset is the inverse image of
T under a continous function. The study of stable open sets has been initiated by Zang [Zha] and in
this sense we follow his approach. As Zhang remarked stable opens are closed under finite intersection
and disjoint union. Moreover they are closed under union of directed families, but not under union of
arbitrary sets. In order to keep distributivity these kinds of join are the only ones we will consider.

Definition 1 In a meet-semilattice with 0, we say that a subset D is disjoint-directed (dd for short)
if for any u,v € D, if u Av # 0 then there exists a w € D such that u < w and v < w.

Lemma 1 If D is dd not containing 0, then the binary relation ~p defined by: u~pv iff there exists
w € D such that u,v < w is an equivalence relation the classes of which are directed.

Proof: We have just to check transitivity of ~pj; if u~pv and v~pu’ then we have w,w’ € D which
verify u,v < w and v, v’ < w’; it follows that 0 # v < w Aw' so there exists w” such that u,v’ < w”. =

Definition 2 A S-space X is a pair (X,Qs(X)) where X is a set (the set of points) and Qs(X) is a
subset of P(X) containing 0, X and which is closed under finite intersections and dd unions (Qg(X)
is the set of S-open subsets of X, a S-topology on X ).

If X, Y are S-spaces, a function f : X — Y is a S-map if it preserves S-opens under inverse
1mage.

The category of S-spaces and S-maps is noted Ssp.

Definition 3 A meet-semilattice (L, A\, 0) is an S-structure if
i) any dd subset D of L has a lub noted \/ D
i1) finite glbs distribute over dd lubs
i11) there is a top element noted 1.

If L and M are two S-structures, a function f : L — M is an S-morphism if it preserves the
structure.
The category of S-structures and S-morphisms is noted Sstr.

Definition 4 An element u # 0 of an S-structure L is
e connected if for any v,w € L such that v Aw =0, ifvVw >u thenv >u orw >u
e compact if for any directed D C L, if \| D > u then there exists a v € D such that v > u

e dd-prime if for any dd D C L, if \ D > u then there exists a v € D such that v > u.

Typographical convention: we use letters u,v,w... to denote arbitrary elements of L, letters
a, b, c,...to denote connected elements and «, 3,7 ... to denote dd-prime elements. From now on, we
shall not specify otherwise the nature of elements of L.

Lemma 2 The lub of any directed set of connected elements of an S-structure is connected.

Proof: Let C be a directed set of connected elements, w = \/ C, and u, v such that u A v = 0 and
suppose w < uVv. If a € C then a <u Vv, soa<wuora<wv; now if for a,a’ € C, a <wuand a’ <wv
then for b € C such that b > a,a’ if b < u then @’ < u Av and if b < v then a < u A v, both cases
contradicting the hypothesis. We conclude that any a € C is less than u or any a € C' is less than v,
sow <wuorw<wo. n



Definition 5 A subset of a meet-semilattice with 0 is disjoint if the glb of any two different elements
of this set is 0.

Lemma 3 Let D C L be a dd set (not containing 0). Then the set {\/ A | A € D/~p} is disjoint.

Proof: Let A,A’ € D/~p. If (VA)A(V A') # 0, there exist by distributivity a u € A and a u’ € A’
such that u A v’ # 0. Since D is dd, we have u~pu’ and hence A = A. .

Lemma 4 An element u of an S-structure L is connected iff for any disjoint subset E of L, if V E > u
there exists a v € E such that v > u.

Proof: Let \/ denote the sup of a disjoint set, and suppose u <\/ F; then, by distributivity, u =\ A
where A is {e/\u \ e € E}, hence there exists ¢/ € F such that 0 7é ¢’ Au < u; by defining Ey = E—{€'}

we get u <\/ Ey v e’; the fact that u is connected implies u <\/ Eyor u < ¢€'; but if u <\/ Ey then
0£une §\/ {en€ | e€ Ey} =0, which is a contradiction, hence u < €', .

Lemma 5 An element v of L is dd-prime iff it is compact and connected.

Proof: The “if” part is trivial.
In order to show the “only if” part we remark that from lemma 1 a dd-set D can be factorized in a
family of disjoint directed sets (A;)ie I such that (J;c; A; = D; moreover by defining 6; = \/ A; we

have \/ D \/261 0;; 80 if u <\ D \/ZGI 0; then 30 € I(u < §;) (by using lemma 4 because u is
connected) and finally that Jv € A;(u < v) because u is compact. ]

Definition 6 An S-structure L is algebraic iff for any u € L the set w(u) of prime lower bounds of u
is dd and uw =\ 7(u).

Lemma 6 An element u of an algebraic S-structure is connected iff w(u) is directed.
Proof: By using lemma 1 and by definition of algebricity we have u =\/;c; (\/ A;) where each A, is
a directed set, ¢ # j implies A;NA; = 0 and 7(u) = U;c; As; let u; =\ A;; it follows that 7(u;) = A;

hence u; is connected; so v =\/;c; u; and by lemma 4 there exists ig € I such that v = u;,. The “only
if” part follows from lemma 2. "

Proposition 1 The category Sstr of S-structures is algebraic.

Proof: Let Slat be the category of meet-semilattices with 0 and 1. We have a forgetful functor
F : Sstr — Slat. We define a left adjoint dd-Idl : Slat — Sstr to F as follows:

o If A € Slat, we define dd-Idl A as the set of non empty dd downwards closed subsets of A,
ordered under inclusion. That is, u C A is in dd-Idl A iff: 0 € u, if a € uw and b < a then b € u,
and last u is dd.

e If p: A — B is a morphism in Slat, and u € dd-Idl A, then dd-Idl (¢)(u) =] (¢) (u).



First, we prove that dd-Idl A is an S-structure. As 0, we take {0}, and as 1, we take A itself. Let
u,v € dd-Idl A. Then u N v is a lower set (clear). Let us check it is dd. Let a,b € uN v be such
that a Ab # 0. Since v and v are dd, we can find ¢ € u and d € v such that ¢ > a,b and d > a,b.
But ¢ Ad € uNov and we conclude. Let now D C dd-Idl A be dd. |JD is clearly a lower set. Let
a,b € UD be such that a Ab # 0. Let u,v € D be such that a € v and b € v. Since a Ab € uNw,
and a Ab # 0, we have uNv # 0. Hence there is a w € D such that u,v C w. Now a,b € w and w
is dd, so there is a ¢ € w such that ¢ > a,b and we conclude. Distributivity is obvious, so we have
defined an S-structure, the free S-structure over A. Checking that dd-Idl (¢) is a an S-morphism is a
straightforward verification.

Now we check that dd-Idl is the left adjoint of F. For this, we define naturally an S-morphism
s :dd-IdIFL — L. Let I € dd-IdIFL. We set s(I) = \/ I, which is defined since I is dd. Now we
prove that s is an S-morphism. Preservation of 0, 1 and all dd lubs are obvious. Let I,J € dd-Id1FL.
We have

sInJ) = \{urv|uel, veJ}

= (VDn\/J)

by distributivity. Let f : dd-IdlA — L. To conclude that the required djunction holds, we have
to show that there exists a unique ¢ : A — FL such that f = s o dd-Idl(¢). We set, for a € A,
w(a) = f(l (a)) (there is no choice indeed since s(| (a)) = a). That ¢ preserves 0 and 1 is obvious.
Furthermore

planb)=f(l(@nb))=f(l(a)n ] (b)) =f({(a))Af(l ()
and we conclude.
It remains to prove that the adjunction is monadic. This is a routine verification. "

Definition 7 A dd-prime filter of an S-structure L is a subset p of L which is a filter and such that,
forany D C L dd, if \| D € p thenpND # 0. We note pt(L) the poset of dd-prime filters of L ordered
by inclusion.

Remark that any dd-prime filter is the inverse image of 1 € O (the two elements S-structure {0, 1})
under a morphism of S-structure, and conversely.
Let us now define the cpo’s on which we shall define S-topologies.

Definition 8 A cpo (X, <) is said to be a meet-cpo if it has bounded binary glbs and if these glbs
ditribute over directed lubs.

Now we define stable open subsets of such cpo’s. The word “stable” has here to be understood as
“conditionally multiplicative”, in the terminology introduced by Berry (see [Ber]).

Definition 9 A subset U of a meet-cpo X is a stable open subset if it is Scott-open and closed under
bounded binary glbs. We note Q4 X the poset of stable open subsets of X ordered by inclusion.

Definition 10 A Scott-continuous function f: X — 'Y between two meet-cpos is said to be stable iff
it preserves binary bounded glbs.

Last, we recall Berry’s stable ordering for stable functions.

Definition 11 Let f,g : X — Y be two stable functions. One says that f is stably less than g and
write f T g iff for all x,2’ € X such that x < 2 one has

fla) = f(a) ng(z) .



2 Duality results

The aim of this section is to establish some connection between categories of S-structures and S-spaces.

2.1 Basic duality

The first result we prove is the existence of an adjunction between the categories Ssp and SstrP.
We can always define a map ¢ : £L — P(pt(L)) by

o(u) ={pept(L) | ucp}

We will write sometimes ¢, instead of ¢ in order to stress the dependence of ¢ wrt L.
Conversely, for a S-space X it is possible to define a S-map ® : X — pt(Qs(X)) by

O(z)={U |zeU}.
For the same purpose we will write sometimes ® x instead of ®.

Lemma 7 For any S-structure L there exists an S-space (pt(L), QL) which is the least (wrt inclusion)
among all S-topologies on pt(L) containing o(L).
Furthermore, ¢ is an S-morphism from L to QgL.

Proof: Simlpy take for Q3L the intersection of all S-topologies on pt(£) which contain ¢(£). Remark
that there is at least one of such S-topologies, namely P(pt(L)). However for technical reasons we
give an ordinal construction of Q3L by setting Lo = ¢(L),

Ly =L,u{UNV |UV eL,}U{JD|DC L, and D is dd}

Ly = |J Ly for X limit
n<A

It is easily verified that this increasing sequence becomes stationary for some ordinal p and that
QL =L,
The last statement of the lemma is clear. .

Lemma 8 If f : L — M is a S-morphism then f, : pt(M) — pt(L) is a S-map wrt the S-topologies
QIM and QL.

Proof: We have to show that f. ' (U) € Q¢M for all U € QL. Let (L;) (resp. (M,)) denote the
ordinal construction of QgL (resp. Q3M). We prove by induction that for all , f.~'(U) € M, for
UeL,.

For n = 0 we have £, (o(u)) = ¢ (f(u)).

Assume that the condition holds at 7 and let U € L, ;1. The case U € L, is trivial. If U is an
intersection of elements of L, then the condition holds by preservation of intersections under inverse
image. If U is the union of a dd subset of L, then it suffices to remark that the inverse image of this
subset is a dd subset of M, and that unions are preserved under inverse image.

The case where 7 is a limit ordinal is trivial. .



So we can define the functor Pt : Sstr°® — Ssp defined on morphisms by Ptf = f,. Conversely
we have the functor £2g : Ssp — Sstr? defined by Qg(X, Qs(X)) = Qs(X) and Qgf = f~L.

Lemma 9 Let X be an S-space. Then ¢ : Qg(X) — Q5Qs(X) is an isomorphism, and for any
U € Qgs(X) we have @~ 1(o(U)) = U, so that ® is an S-map from X to PtQsX.

Proof: It suffices to remark that, for x € X and U € Qg(X), we have
xeU iff ®(x)ep).

The lemma follows easily from this fact. .

Proposition 2 The functor Sdg is left adjoint to Pt.

Proof: It suffices to remark that the family of morphisms () defines the unit of the adjunction
and the family (®x) its counit. .

Definition 12 An S-structure L is spatial iff ¢z is an isomorphism between L and QL.
Definition 13 A S-space X is said sober if ®x is an isomorphism.
As a consequence of the previous proposition we get the following:

Corollary 1 the functors Pt and Qg define an equivalence between the dual of the category of spatial
S-structures and the category of sober S-spaces.

2.2 Duality in the algebraic case

From now on, we restrict our interest to the special case where the S-spaces are meet-cpo’s and the
S-topology is the one induced by stability. Actually:

Proposition 3 For any meet-cpo X, the set Q4 X is an S-topology on X called the stable S-topology
on X.

Proof: Let D C Q§X be a dd set. We prove that V =D is in Q{X. That V is Scott open is
standard. Let z,y € V be bounded. Let U, U’ € D be such that x € U and y € U’. Then since x and
y are bounded, U NV is non empty and thus has an upper bound W € D. Since x Ay € W, we have
zAyeV.

It is obvious that Q§ X has binary glbs (which are intersections), a 0 (the empty set) and a 1 (the
whole space). Distributivity is clear too (since glbs are intersections and lubs unions). "

Proposition 4 Let f: X — Y, where X and Y are two algebraic meet-cpo’s. Then f is stable iff it
is an S-map with respect to the stable S-topologies of X and Y. .

Proof: Let f be an S-map and let us prove that it is stable, the converse being trivial. Indeed we
do not really need algebraicity of domains, but only a T property for the S-topolgy of Y, insured
for instance by spatiality. But there is no place here to go into these developments. The fact that f
is Scott-continuous is plain, since any S-open is Scott open, and since the S-open sets of the shape
T k where k is compact form a basis of the Scott-topology. In particular, f is monotonous. Now
let ,y € X be bounded. We have f(x Ay) < f(z) A f(y). Take any compact k in Y such that
f(x) A f(y) €1 k. We have f(z), f(y) €1 k, hence z,y € f~1(1 k), and thus since f~1(T k) € Q4 X,
we have x Ay € f~1(1 k), that is f(x Ay) > k and therefore f(z Ay) > f(x) A f(y). .



Let now L be any S-structure.
Proposition 5 The poset (pt(L),C) is a meet-cpo.

Proof: The proof that pt(£) is a cpo is straightforward. Let p,q € pt(L) be two bounded points.
Let r € pt(£) be an upper bound of p and q. We prove that p N ¢ is a point. That it is upper closed
and stable under binary meets is clear. Let D C £ be a dd set such that \/ D € pNgq. Let u e pN D
and v € ¢gN D. Then u,v € r and thus u A v € r, therefore u A v # 0. Since D is dd, there exists a
w € D greater than v and v. We have thus w € p N ¢ and we conclude.

Furthermore, pt(£) has a bottom, namely the empty set. .

Proposition 6 If L is algebraic then it is spatial and pt(L) is an algebraic cpo. Futhermore o(L) ~
Q4pt(L) and Kpt(L) ~ PrLoP.
Therefore, the functor Pt : Sstr — Ssp restricts to a functor ASL — AIC that we still note Pt.

Proof: We assume that L is algebraic.

We prove first that pt(L£) is algebraic and that the compact elements of this cpo are the points
of the shape 7 «. For this we just have to prove that, for any p € pt(L£), p is the union of the set
D = {1 a |« € p} and that this set is directed. The fact that |JD C p is clear. Conversely, let u € p,
then by algebraicity u = \/ m(u) and thus, since 7(u) is dd, m(u) Np # 0. Let « be in this intersection,
we have u €] a € D. Let us prove now that D is directed. Let T o, T 8 € D, we have o, 8 € p, and
thus by algebraicity again, there is a v < «, 8 such that v € p, so we have T o, T 3 CT v € p.

Let U € Qg(pt(L£)). We prove that the set By = {« |1 a € U} is dd. Let a, 8 € By be such
that a A B # 0. Then there exists a v such that v < «, 8 (by algebraicity). Thus T an 1 8 € U. By
algebraicity of pt(£), we know that T an 1 [ is the directed union of all cones 1 v such that v > «, 3,
thus since U is Scott open there is such a gamma satisfying T v € U. Therefore we can define a
function ¢ : Qg(pt(L)) — L by ¥(U) = \ By. Clearly, ¢ is monotonous. We conclude by proving
that p oy =1d and ¢ o ¢ = Id.

ve(w) = \Hallaep)}
= \/{a | u el o}

by algebraicity of £. On the other hand:

evU) = {p|¥() € p}

{p | Bunp#0}
{p|Jaep TaeU}
= U

by algebraicity of pt(L).
The fact that Pt : Sstr — Ssp restricts to a functor ASL — AIC is a consequence of proposition 4.

Proposition 7 Let X be an algebraic meet-cpo. Then (X,Q8X) is a sober S-space and Q§X is an
algebraic S-structure. Furthermore, PrQgX ~ KX°P.
Therefore, the functor g : Ssp — Sstr restricts to a functor AIC — ASL that we still note g.



Proof: We first prove that QgX is algebraic and that its dd-prime elements are the stable opens
of the shape T k where k € X is compact. This amounts to proving that for any U € Qg X, the set
Pr={1k|keUNKX}isdd. Let T k,T [ € Py having a non empty intersection. This means that
k and [ are bounded. Thus k Al € U, and since U is Scott open and X is algebraic, this implies that
k and ! have a compact lower bound m in U. Then T k,T1 CTm € Py.

Now we define a map ¥ : pt(Q§X) — X by ¥(p) = \/ B, where

B,={ke KX |l kep}.

Actually, let us prove that this set is directed. Let k,l € B,. Then T kN T [ € p since p is a filter.
Since QX is algebraic, T kN 7 [ is the dd lub of its prime lower bounds in Q§X, which are of the
shape T m with m > k,[. Since p is a dd-prime filter, there is a compact m > k,[ such that T m € p,
that is m € B,. So VU is well defined by completeness of X.

We finish the proof by a simple calculation:

PU(p) = {U|3JkeKX TkepandkeU}
= {UlUept=p

and
Ue(z) = \/{keKX|zelk}
= \{k €KX |z >k}

= T

by algebraicity of X.
The fact that €2g restricts to a functor AIC — ASL results, for morphisms, from proposition 4. =

To summarize:
Proposition 8 The functors Pt and Qs define an equivalence of categories between the category ASL
of algebraic S-structures with S-morphisms and the dual of the category AIC of algebraic meet-cpos
with stable maps.
3 Intrinsic stable ordering
In the following, we assume L to be a fixed algebraic S-structure.
Definition 14 Let u,v € L. We say that u is stably less than v and we write u C v iff u < v and
Voa<vanduNha#0=a<u.
Proposition 9 i) C is an order included in <.
i1) If u,v € L are stably bounded then u A v is the glb of u and v wrt C.

i11) If D C L is directed wrt T, then \/ D is the lub of D wrt C.

Proof:

i) We have just to check transitivity: u C v C w and @ < w and aAu # 0 then a Av #0so a < w
and a Au # 0, hence a < u.



ii) Let u,v € L be stably bounded; we have to show that u A v C wu; so let @ < w such that
a AuAv # 0; now there exists w such that v & w I v, because u,v are bounded, so we can
state that o < w because u < w and aAu # 0 because a Au > o AuAv; by the same argument
a Av # 0, so we conclude that a < u A v.

iii) Let u € D; it is easily verified that w C supD iff Va,Yv € D a <v,aAu# 0= a < u; but
for w € D,u,v C w we can deduce that if @ < v,u A a # 0 then o < w J u hence a < u, which
proves that v T \/ D.

Let suppose now that exists a w which is another stable upper bound for D and w C \/ D; then
we can conclude that w = \/ D because C is included in <.

Proposition 10 Let a,b,u € L.

i) If a C b then a =b.

it) If a,b C u then either a =b or a Ab=0.
Proof:

i) If @ < b then we can find a v < a such that « < ~; this v exists because by lemma 6 7(a), 7 (b)
are directed set and m(a) C 7(b); so for B < a there exists 7, such that «, 5 > v € 7(b); it follows
that the set H = {y < b |~ Aa # 0} is a directed set included in 7(b) and moreover b = \/ H;
but a C b implies that H C w(a) so b=V H < \/ 7(a) = a.

ii) Suppose a Ab # 0; then a A b C a; let @ < a, then there exists v < a such that a < v and
aANbA~vy # 0 (because m(a) is directed); now a A b T a implies v < a A b; it follows that
H={y<a|aAnbAa«a# 0} is directed and a = \/ H = a A b; the same holds for b giving the
desired equality a = a A b =b.

Definition 15 Let u € L. We call trace of u and we note tr(u) the set of connected stable lower
bounds of u.

Remark: A connected stable lower bound of u is just a connected maximal lower bound of u so
in the previous definition the reference to definition of stable ordering is not necessary.

Proposition 11 i) u C v iff tr(u) C tr(v).
ii) w < w iff for all a € tr(u) there exists a b € tr(v) such that a <b (and then this b is unique).
Proof:

i) fu T vanda € tr(u) then e C uw C v so a C v and hence a € tr(v). Conversely let tr(u) C tr(v),
let @ < v be such that aAu # 0. Then there exists an unique a € tr(v) such that o < a (because
a is connected); now a A u # 0 implies a € tr(u) (by disjointness of traces) so we get o < a
which proves u C v.



[ ]
il) If u < v and a € tr(u) then a < v =V tr(v) so there exists an unique b € tr(v) which is greater
than a. The converse follows from monotonicity of sup.

Proposition 12 The cpo (L, C) is isomorphic to the coherence space C(L) the web of which is the set
of connected elements of L endowed with the coherence relation defined by: a —~ b iff a Nb=10. This
isomorphism © : L — C(L) is given by: O(u) = tr(u) and O 1(A4) =\ A.

Proof: We have already shown that u =\/;,c; (\V/ A;) where for each i the set A; is directed and

Uicr(As) = m(u), so u =\/;cr a; where {a; | i € I} is the set of (disjont) connected elements of £ such
that \V A; = a; C u for any 4; this shows that © is a bijection. The fact that is an isomorphism follows
from proposistion 11.i) . .

Corollary 2 The cpo (L,C) is algebraic. But in general, the cardinality of its basis is strictly larger
than the cardinality of the basis of (L, <).

Proposition 13 The evaluation map Ev : C(L) x pt(L) — O defined by Ev(u,p) = T iff u € p is
stable.

Proof: Let u,v C w and p,p’ C ¢; we have to show that Ev(u A v,pNp’) = Ev(u,p) A Ev(v,p'), ie.
uepandv €p = uAv e pnyp the other implication being trivial; now u € p and v € p’ iff there
exists a C u, b C v such that a € p, b € p’ (because p,p’ are dd-prime filters), and u,v C w forces
a=boraAb=0; but a Ab= 0 implies 0 € q contradicting the fact that ¢ is a dd-prime filter; hence
uAvepny. .

4 Function spaces

In this section, we assume that £ and M are two algebraic S-structures.

4.1 Stable ordering of S-morphism

In this paragraph we introduce the notions of stable ordering between S-morphism and trace of an
S-morphism and then we show that these definitions are the natural ones, that is stable ordering
between S-morphism corresponds (by duality) to the Berry’ order on stable maps.

Definition 16 Let f,g: L — M be two S-morphisms.
o We say that f is stably less than g and we write f T g iff for all o € L we have f(a) C g(a).
o The trace of f is the set tr(f) = {(,b) € PrL x Conn(M) | bC f(a)}.

Proposition 14 For any «, f(a) C g(a) iff for any u, f(u) C g(u).

Proof: We have just to prove the “left to right” implication. Let o < f(u) and a A g(u) # 0. Then
there exist 8,3’ < u such that a < f(8) and a A g(3') # 0 (because f and g preserve the dd lubs). It
follows that B A 3/ # 0 (because otherwise 0 = g(B A ') = g(B) A g(8') > a A g(3)) and therefore, by
using the fact that 7(u) is dd, there exists v < u, such that 3,58 <, a < f(v), a A g(y) # 0, so we
conclude that a < g(u). .
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Remember that we have already defined a notion of stable ordering between stable maps. The
following connects the two notions.

Proposition 15 Let f,g: L — M be two S-morphisms. Then f T g iff f« C gx.

Proof: Suppose fi C g.; this means that Vz' > z(fi(z) = g«(z) A f«(2')); we have to show that

for any prime § € £ ~ Qs(pt(£)) f.='(6) E g~ '(), i-e. Ya(a C g.7'(f) and a N f.71(6) # 0 =
a C f.71(B)) which is the same (by using the isomorphism between PrL and Kpt(L£)°P) that for

y € Kpt(M) and for any z € Kpt(M) (T2 C g '(Ty)and Tz N £ (Ty) #0 =12 C £ (T )
which is true whenever, if g,(z) > y and there exists z > z such that f,(z) > y then f.(z) > y. Now,
by hypothesis, we have f.(x) = g.(z) A f«(2) hence the last condition is true.

By definition f.(p) = f~1(p), so let p C p’ and what we have to show is that

o) =g )0 fF10)

which is true iff for any w f(u) € p iff g(u) € p and f(u) € p’. This last equivalence is true because
if f(u) € p then g(u) € p (because f(u) < g(u)) and f(u) € p’ (because p C p’). On the other side,
let f(u) € p" and g(u) € p; then there exist a < f(u),a € p’ and o’ < g(u), o’ € p; now o < g(u) and
o' A f(u) # 0 because a A o’ € p’ so o < f(u) which allows to us to conclude that f(u) € p. .

Proposition 16 For any u € £ we have f(u) = V{b | Ja < u (a,b) € tr(f)} and f T g iff
tr(f) € tr(g).

Proof: In fact f(«) :\./ {b|bC f(a)} so

fw) = f(\/7(w)
= \/ f(n(u))
= V{b|3a<u(a,b) € tr(f)}
and
fEg iff Va f( )

gl
iff  Vatr(f(a)) C
ifft  tr(f) Ctr(g)

)
tr(g(@))

4.2 Space of function’s traces

In the following we define the set of weakly coherent S-structure. For £, M in this class we can
represent the set of S-morphism from £ to M as a subset of P(PrL x Conn(M)) which we call the
set of trace on £, M. It is interesting to remark that, as far we know, when we consider more
general domains than dI domains, there is no simple definition of trace of stable map, since there
is no more notion of minimal element. Now the definition of connected element idealizes, always by
duality, the notion of minimal element, and so allows us to speak about traces in the usual sense. This
representation property will be used for proving the cartesian closedness of the category of L-domains
with stable maps which is the dual of the category of weakly coherent S-structure with S-morphism.

Definition 17 An S-structure L is called weakly coherent if for any a, 3 we have tr(a A 3) C PrL.

11



Remark: By duality a weakly coherent S-structure is an algebraic meet-cpo such that any finite
set A of bounded compact points has a set B of compact upper bounds which is complete, i.e. any
two elements of this set are unbounded, and any upper bound of A is greater than an element of B.
This is equivalent to say that the set of lower bound of any point is a lattice, and that is the definition
of an L-domain.

Proposition 17 We assume that L is weakly coherent. Let T be a subset of PrL x Conn(M). T is
the trace of an S-morphism L — M iff it satisfies the three following conditions:

i) For any a, the set To, = {b| (a,b) € T} is disjoint.
it) For any (a,b) € T, for any o > «, there exists a b/ such that (o/,0') € T.
iii) For any (a,b), (a/, V) € T, for any c T b AV, thereis a B C a A’ such that (8,¢) € T.

Furthermore, when these conditions hold, the b’ of ii) is unique, and the 3 of i) too.
Any set satisfying these conditions will be called a trace.

Proof: Let f: L — M be an S-morphism. Let us prove that 7" = tr(f) satisfies conditions i), ii)
and iii).

i) It simply results from the fact that T, = tr(f(a)).
ii) It results from proposition 11 ii).

iii) Let (a,b), (o/,b) € T. We have

flana) = \{fB)|BEana’}
= \/{c|§lﬂ§a/\o/(ﬁ,c)€T}

and

fla)yn(a) = \/{oAV | (a,b), (/1) €T}
= \./{c\El(a,b),(o/,b’)GTch/\b'}.

Since f(a)A(a') < f(aAd’) and since the lubs written above are both disjoint lubs of connected
elements, we conclude that ¢i7) holds for T

Let now T' C PrL x Conn(M) be a set satisfying conditions i), ii) and iii). Remark first that, for
any u € L, the set Fr(u) = {b | 3a < u (a,b) € T} is dd, so that by setting f(u) = V Fr(u) we
define a function from £ to M. Actually, let b,b" € Fr(u) be such that b AV # 0. Let o, o' < u be
such that (a,b), (o/,V') € T. Then a A o’ # 0 because of condition iii). Since 7(u) is dd, there exists
B > a,a’ such that f < u. By condition ii), we can find ¢ > b and ¢/ > V' such that (3, ¢), (5,c). But
cNd >bAb #0, so by condition i), ¢ = ¢. So we have found in Fr(u) a ¢ such that ¢ > b, b, and
thus Fp(u) is dd.

It is obvious that f(0) = 0 and that f(1) = 1. Let us prove that f preserves binary glbs. Let
u,v € L. On one hand,

flunwv) :\/{b | Ja <uAwv (a,b) €T} .
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On the other hand,
F) A flo) =\{pAV | 3a <u,a’ <o (a,b), (b)) € T}

and we have to prove that f(u) A f(v) < f(u Aw) since f is clearly monotonous, by condition ii). So
let (,b), (o/,b") € T be such that « < u and o < v. Let ¢ be such that ¢ C b A Y. By property iii),
there exists a § C a A o' such that (3,¢) € T. Since f < aAad’ <uAv, we have ¢ < f(uAwv), and we
conclude.

Last, let D C £ be dd. We have

F\/D) = \{b|3a<\/D (a,b) € T}
= \/{b|§|a3u€Da§uand(a,b)€T}

=\ f()

ueD

hence f preserves dd lubs.

To conclude, let us check the second unicity statement, for any 7' satisfying the three conditions
(the first one is easy too and results from i)). Let (o, b), (o/,0’) € T and let ¢ C bAY. Let 3,5 C aAd’
be such that (3, ¢), (', ¢) € T. There must exist (by iii)) ay < 3, 3’ such that (v,¢) € T, so BAS # 0,
so 3 = [’ since they both are in tr(a A o). .

Proposition 18 Let T be a trace. Let E be any subset of T'. Then there exists a trace [E], such that
E C [E]l; €T and which is minimal among the traces having this property.

Proof: We define [E];, = A where A={T" | E CT' C T and T" is a trace}. We have to show
that [E], is a trace. Condition 4) holds for any element of A, so it holds for their intersection. If
(a,b) € T' for any T” € A then for any o > «, there exists a b such that (/,b") € T' and since this v/
is unique in T, it must be the same for any 7", hence condition ii) holds. Finally, by using the same
unicity argument, condition i) is verified. "

As a corollary, we retrieve an already known result:
Proposition 19 The poset of all traces ordered by inclusion is an L-domain.

Proof: Checking that the union of a directed family of traces is a trace is straightforward.

Let T be a fixed trace. If S, S’ are two traces included in T then by proposition18 SN.S’ is a trace
and so it is their glb

We can now prove algebraicity. It simply results from the fact that, for any finite subset E of T,
the trace [E], is compact. Actually, let D be a directed family of traces such that [E]; C |JD. Since
E is finite, there exists a trace S € D such that £ C S. Now [E];,S C UD so [E]; NS is a subtrace
of T' containing E; hence [E], C [E], NS C S.

We finally show that the set of lower bounds of a point is a lattice. It suffices to show the existence
of finite lubs in | (T) where T is a trace. The lub of S, 5" is S” = [S U 5’| ; by definition, S” is a trace
greater than S and S” and less than T'. Now S” is the lub of S and S’ in | (T), because of proposition
18.

From this result, it is easy to prove that the category of L-domains and stable functions is cartesian
closed. Indeed what remains to be proved is that evaluation and abstraction are stable and this a
routine exercise, since stable ordering has been choosen in order to make evaluation stable.
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