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Abstract

Ruitenburg’s Theorem says that every endomorphism f of a finitely generated free Heyting algebra is ulti-
mately periodic if f fixes all the generators but one. More precisely, there is N > 0 such that fN** = f~,
thus the period equals 2. We give a semantic proof of this theorem, using duality techniques and bounded
bisimulation ranks. By the same techniques, we tackle investigation of arbitrary endomorphisms of free
algebras. We show that they are not, in general, ultimately periodic. Yet, when they are (e.g. in the case of
locally finite subvarieties), the period can be explicitly bounded as function of the cardinality of the set of
generators.
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1. Introduction

Unification theory investigates the behavior of substitutions from a syntactic point of view: substi-
tutions are in fact key ingredients in various algorithms commonly used in computational logic.
Taking an algebraic point of view, substitutions can be seen as finitely generated free algebra
homomorphisms: in fact, such a homomorphism

,u:}"(xl,. c i Xp) —> .7:()/1,~ . ~,ym)
is uniquely determined by an n-tuple of terms

tl()/b e ,}/m)> L) tn(yla o ,)/m)

and acts by associating with any term u(x, . . ., x,) the term

M(tl/xl, e tn/xn)

obtained by substitution. If free algebras are intended not as “absolutely free algebras,” but as
“free algebras in an equational class E;” the same correspondence between homomorphisms and
substitutions works, provided terms are intended as equivalence classes of terms modulo E and
substitutions themselves are taken modulo E. The above correspondence between free algebra
homomorphisms and substitutions is the starting point for the algebraic approaches to E-unifica-
tion theory, like for instance (Ghilardi 1997; Goguen 1989), where structural information about
homomorphisms of finitely generated (and also finitely presented) algebras is widely exploited. In
this paper, we want to draw the attention on a surprising behavior that such homomorphisms can
have in some algebraic logic contexts. Such behavior is unexpectedly similar to that of functions
between finite sets.
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To explain what we have in mind, let us recall that an infinite sequence
a1, a2, .. .54 ...

is ultimately periodic if there are N and k such that for all s;, s, > N, we have that s; = s, mod k
implies a5, = a,. If (N, k) is the smallest (in the lexicographic sense) pair for which this hap-
pens, then N and k are, respectively, the index and the period of the ultimately periodic sequence
{ a; }i. Thus, for instance, an ultimately periodic sequence with index N and period 2 looks as
follows

ais .. .5 AaN> AN+15 AN> AN+15 - - -

A typical example of an ultimately periodic sequence is the sequence of the iterations { f* }; of an
endofunction f of a finite set. Whenever infinitary data are involved, ultimate periodicity comes
often as a surprise.

Ruitenburg’s Theorem is in fact a surprising result of this kind. Let us write A(x, y) to mean
that the only propositional letters occurring in the formula A are among x, y — with y being, say,
the tuple y1, . . ., y,. Moreover, the slash symbol is used for substitution: e.g. A(B/x, y) means the
formula obtained by replacing all occurrences of the variable x in A by the formula B.

Ruitenburg’s Theorem states the following: take a formula A(x, y) of intuitionistic propositional

calculus (IPC) and consider the sequence { A'(x, y) }i>1 so defined:

Ali=A,. AT = AA 3, y), @)

then, taking equivalence classes under provable bi-implication in (IPC), the sequence { [Al(x, )_/)] bis1
is ultimately periodic with period 2. The latter means that there is N such that

e ANTZ o AN, 2)

An interesting consequence of this result is that least (and greatest) fixpoints of monotonic for-
mulae are definable in (IPC) (Ghilardi et al. 2016, 2019; Mardaev 2007, 1993): this is because
the sequence (1) becomes increasing when evaluated on _L/x (if A is monotonic in x), so that
the period is decreased to 1. Thus, the index of the sequence becomes a finite upper bound
for the fixpoint approximations convergence: in fact, we have -pc AN(L/x) — ANT1(1/x) and
Fipc ANFI(L/x) — ANF2(1/x) by the monotonicity of A, yielding Fipc AN (L /x) <> ANF1(1/x)
by (2).

Ruitenburg’s Theorem was shown in Ruitenburg (1984) via a rather involved purely syntactic
proof. The proof has been recently formalized inside the proof assistant COQ by T. Litak, see
https://git8.cs.fau.de/redmine/projects/ruitenburg1984. In this paper, we supply a semantic proof,
using duality and bounded bisimulation machinery.

Bounded bisimulations are a standard tool in nonclassical logics (Fine 1985) used to characterize
satisfiability of bounded depth formulae and hence definable classes of models: examples of the
use of bounded bisimulations include for instance (Ghilardi 2000; Ghilardi and Zawadowski 2002;
Shavrukov 1993; Visser 1996).

Duality has a long tradition in algebraic logic, see e.g. Esakia (1974) for the case of Heyting
algebras. Indeed, many phenomena look more transparent whenever they are analyzed in the
dual categories. This especially happens when dualities can convert coproducts and colimits con-
structions into more familiar honest (i.e. set-theoretic) products and limits constructions. The
duality we use to tackle Ruitenburg’s Theorem, firstly described in Ghilardi and Zawadowski
(1997), see also Ghilardi and Zawadowski (2002), realizes this conversion. It has a mixed geo-
metric/combinatorial nature. In fact, the geometric environment shows how to find relevant
mathematical structures (products, equalizers, images,...) using their standard definitions in

https://doi.org/10.1017/50960129519000203 Published online by Cambridge University Press


https://git8.cs.fau.de/redmine/projects/ruitenburg1984
https://doi.org/10.1017/S0960129519000203

574 S. Ghilardi and L. Santocanale

sheaves and presheaves; on the other hand, the combinatorial aspects show that such construc-
tions are definable, thus meaningful from the logical side. In this sense, notice that we work with
finitely presented algebras, and our combinatorial ingredients (Ehrenfeucht-Fraissé games, etc.)
replace the topological ingredients which are common in the algebraic logic literature (working
with arbitrary algebras instead). Duality, although not always in an explicitly mentioned form, is
also at the heart of the finitarity results for E-unification theory in Ghilardi (1999, 2000, 2004).

The paper is organized as follows. In Section 2, we show how to formulate Ruitenburg’s
Theorem in algebraic terms and how to prove it via duality in the easy case of classical logic (where
index is always 1). This section supplies the methodology we shall follow in the whole paper. We
introduce in Section 3 the required duality ingredients for finitely presented Heyting algebras,
leading to the statement of the duality Theorem. The full proof of this theorem appears in the
following Section 4. We show then, in Section 5, how to extend the basic argument of Section 2
to finite Kripke models of intuitionistic logic. This extension does not directly give Ruitenburg’s
Theorem, because it supplies a bound for the indexes of our sequences which is dependent on the
poset a given model is based on. Using the ranks machinery introduced in Section 6, this bound
is made uniform in Section 7, thus finally reaching our first goal. Having established Ruitenburg’s
Theorem, we wonder how general this ultimately periodic behavior is among the finitely gener-
ated free Heyting algebra endomorphisms and, in Section 8, we supply a counterexample showing
that this behavior fails whenever at least two free generators are moved by the endomorphism. In
the final Section 9, we prove that, whenever an endomorphism is ultimately periodic, its period
can be bound as a function of the number of the free generators only. This observation is used
to provide bounds of periods of free algebra endomorphisms in locally finite varieties of Heyting
algebras. We present concluding remarks and some open problems in the last section.

Most of the material of this paper was presented at the conference AiML 18 (see Ghilardi and
Santocanale 2018); the content of the last two sections as well as a strengthening of the duality
theorem of Ghilardi and Zawadowski (1997), however, are novel.

2. The Case of Classical Logic

We explain our methodology in the much easier case of classical logic. In classical propositional
calculus (CPC), Ruitenburg’s Theorem holds with index 1 and period 2, namely given a formula
Alx, Z)’ we prove that

Fepc A® < A 3)
holds, where A3 is defined as in (1).

2.1 The algebraic reformulation

First, we transform the above statement (3) into an algebraic statement concerning free Boolean
algebras. We let Fp(z) be the free Boolean algebra over the finite set z. Recall that Fp(z) is the
Lindenbaum-Tarski algebra of classical propositional calculus restricted to a language having just
the z as propositional variables.

Similarly, morphisms p : Fp(x1, . . ., x4) —> Fp(2) bijectively correspond to n-tuples of equiv-
alence classes of formulae A;(2),...,An(z) in Fp(z): the map u corresponding to the tuple
A1(2),...,An(2z) associates with the equivalence class of B(xj,...,x,) in Fg(x1,...,x,) the
equivalence class of B(A1/x1, . . ., Ay/%x,) in Fp(2).

Composition is substitution, in the sense that if u: Fp(xy,...,x,) — Fp(z) is induced,
as above, by A;(2),...,Au(z) and if v:Fp(y1,...,¥m) — Fp(x1,...,x,) is induced by
Ci(x15. . %n)s -« o> Cu(x1, . . ., xp), thenthemap o v : Fa(y1, . . ., Ym) —> Fp(2) is induced by
the m-tuple C1(A1/x1,. .., An/Xn)s - - o> C(AL /X1, - . o, An/Xn).
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How to translate the statement (3) in this setting? Let y be y1, . . ., y4; we can consider the map
ma F(y1, ..o ¥n) — F(X, ¥15 - . . ¥n) induced by the n + 1-tuple of formulae A, y1, . . ., ¥u»
then, taking in mind that in Lindenbaum algebras identity is modulo provable equivalence, the
statement (3) is equivalent to

) = LA (4)
This raises the question: which endomorphisms of Fp(x, y) are of the kind p4 for some A(x, y)?
The answer is simple: consider the “inclusion” map ¢ of Fa(y) into Fp(x,y) (this is the m_ap
induced by the n-tuple y1,. .., y,): the maps w : Fp(x, y) —> Fp(x, ) that are of the kind j4
are precisely the maps  such that y o t =1, i.e. those for which the triangle

Fa(y)
2 2

Fp(x,y) Fp(x,y)

commutes.

It is worth making a little step further: since the free algebra functor preserves coproducts, we
have that Fp(x, y) is the coproduct of Fp(y) with Fp(x) - the latter being the free algebra on one
generator. In general, let us denote by .A[x] the coproduct of the Boolean algebra A with the free
algebra on one generator (let us call A[x] the algebra of polynomials over A).

Recall that an algebra is finitely presented, if it is isomorphic to the quotient of a finitely
generated free algebra by a finitely generated congruence. For Boolean algebras, being “finitely
presented” is equivalent to being “finite.” Yet, we should keep in mind in the following sections
that this equivalence fails for Heyting algebras - so the two notions are in general distinct. A slight
generalization of statement (4) now reads as follows:

— let A be a finitely presented Boolean algebra and let the map w : A[x] — A[x] commute
with the coproduct injection ¢ : A —> A[x]

A
N
m Alx]

Alx]

Then, we have

W= . (5)

2.2 Duality
The gain we achieved with statement (5) is that the latter is a purely categorical statement, so that
we can reinterpret it in dual categories. In fact, a good duality may turn coproducts into products
and make our statement easier — if not trivial at all.

Finitely presented Boolean algebras are dual to finite sets; the duality functor maps coproducts
into products and the free Boolean algebra on one generator to the two-element set 2=1{0,1 }
(which, by chance is also a subobject classifier for finite sets). Thus, statement (5) now becomes

— let T be a finite set and let the function f: T x 2 — T x 2 commute with the product
projectionmp: T x2— T
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o

Tx24f>Tx2
o
T

Then, we have
f=f (6)

In this final form, statement (6) is now just a trivial exercise, which is solved as follows. Notice
first that f can be decomposed as (7, xs) (incidentally, xs is the characteristic function of some
SC T x 2).Now, if f(a, b) = (a, b), we trivially have alsof3(a, b) = f(a, b); suppose then f(a, b) =
(a, V') # (a, b). If f(a, b') = (a, V'), then f3(a, b) = f(a, b) = (a, V'), otherwise f(a, ') = (a, b), since
there are only two values for b, and even in this case f>(a, b) = f(a, b).

Let us illustrate these cases by thinking of f as an action of the monoid of natural numbers on
the set A x 2, i.e. as a one-letter deterministic automaton:

(1 — Q
(a, b) (a, b) (a, V) (a,b) —— (a, V).
Y~ ~—
On each connected component of the automaton, the pair index/period is among (0, 1), (0, 2),
(1,1). We can compute the global index/period of f by means of a max /lem formula: (1,2) =
(max{0,0,1},lcm{1,2}).

3. Duality for Heyting Algebras

In this section, we supply definitions, notation, and statements from Ghilardi and Zawadowski
(2002) concerning duality for finitely presented Heyting algebras.

A partially ordered set (poset, for short) is a set endowed with a reflexive, transitive, antisym-
metric relation (to be always denoted with <). A poset P is rooted if it has a greatest element, that
we shall denote by p(P). If a finite poset L is fixed, we call an L-evaluation or simply an evaluation
a pair (P, u), where P is a rooted finite poset and u : P — L is an order-preserving map.

Evaluation restrictions are introduced as follows. If (P, u) is an L-evaluation and if p € P, then
we shall denote by u, the L-evaluation ( |p, u o i), where |p={p'€P|p'<p}andi: |pCSPis
the inclusion map; briefly, u, is the restriction of u to the downset generated by p.

Evaluations have a strict relationship with finite Kripke models, let us illustrate in detail this
connection. If (L, <) is (P(x), 2) (where x =Xy, . . ., X, is a finite list of propositional letters), then
an L-evaluation u: P — L is called a Kripke model for the propositional intuitionistic language
built up from x.! Given such a Kripke model u and an IPC formula A(x), the forcing relation
u = A is inductively defined as follows:

U= Xx; iff x; € u(p(P))

uleLl

uEA NA, iff(u=Arandu l=A5)

uEA VA iff(uEAiorul=Aj)

uEA — A, iff Vp € P (up = A1 = up = Az).

We define for every n € w and for every pair of L-evaluations u and v, the notions of being n-
equivalent, written u ~, v. We also define, for two L-evaluations u, v, the notion of being infinitely
equivalent, written u ~oo V.
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Let u: P— L and v: Q — L be two L-evaluations. The game we are interested in has two
players, Player 1 and Player 2. Player 1 can choose either a point in P or a point in Q and
Player 2 must answer by choosing a point in the other poset. The only rule of the game is that, if
(p € P, q € Q) is the last move played so far, then in the successive move the two players can only
choose points (p/, ¢') such that p’ <pand q' <q.If (p1,q1), ..., (Pi»qi), . . . are the points chosen
in the game, Player 2 wins iff for everyi=1, 2, . . ., we have that u(p;) = v(g;). We say that

- U~ viff Player 2 has a winning strategy in the above game with infinitely many moves;

- u~y v (for n > 0) iff Player 2 has a winning strategy in the above game with n moves, i.e. he
has a winning strategy provided, we stipulate that the game terminates after n moves;

- u~g viff u(p(P)) = v(p(Q)), where we recall that p(P), p(Q) denote the roots of P, Q.

Notice that u ~, v always implies u ~¢ v, by the fact that L-evaluations are order-preserving.
We shall use the notation [v], for the equivalence class of an L-valuation v via the equivalence
relation ~,,.

The following proposition provides an elementary recursive characterization of the relations
~u, 1 > 1. Keeping the above definition for ~ as base case for recursion, the proposition supplies
an alternative recursive definition for these relations.

Proposition 1. Given two L-evaluationsu:P —> L,v: Q—> L, and n > 0, we have that u ~ 1 v
iff Vp € P3q € Q (up ~y vq) and vice versa.

When L ="P(xy,. .., xy,), the relations ~, are related to the implicational degree of the formu-
las in the language built up from the propositional variables x, . . ., x,. For such an IPC formula
A(x), the implicational degree d(A) is defined as follows:

(1) d(L)=d(x;) =0, for x; € x;
(ii) d(A7 * Ay) =max[d(A;), d(Ay)], for x = A, V;
(iii) d(A; — Ay) = max[d(A1),d(Ay)] + 1.

One can prove (Visser 1996) that: (1) u ~ v holds precisely when (u |=A < v = A) holds for all
formulae A(x); (2) for all n, u ~,, v holds precisely when (4 = A < v = A) holds for all formulae
A(x) with d(A) < n. That is, two evaluations are ~-equivalent iff they force the same formulas
and they are ~,-equivalent iff they force the same formulas up to implicational degree n. Let us
remark that, for (1) to be true, it is essential that our evaluations are defined over finite posets.

The above discussion motivates a sort of identification of formulae with sets of evaluations
closed under restrictions and under ~,, for some n. Thus, bounded bisimulations (this is the way
the relations ~,, are sometimes called) supply the combinatorial ingredients for our duality. For
the picture to be complete, we also need a geometric environment, which we introduce using
presheaves.

Recall that a poset can be viewed as a topological space whose open subsets are the down-
ward closed subsets. A map between posets is said to be open if it is continuous and open in the
topological sense. Thus, f : Q — P is open iff it is order-preserving and, for allg € Qand p € P,

p=f(@) = 3¢ €Q(qd =q&f(g) =p).
Let us recall that open surjective maps are called p-morphisms in the standard nonclassical logics
terminology.
Let Py be the category of finite rooted posets and open maps between them; a presheaf over Py is
a contravariant functor from Py to the category of sets and functions, i.e. a functor H : ng —> Set.
Let us recall what this means: a functor H : ng —> Set associates with each finite rooted poset P
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aset H(P);if f : Q —> Pis an open map, then we are also given a function H( f) : H(P) — H(Q);
moreover, identities are sent to identities, while composition is reversed, H(g o f) = H(f) o H(g).

Our presheaves form a category whose objects are presheaves over Py and whose maps are
natural transformations. Recall that a natural transformation ¥ : H —> H’ is a collection of maps
Yp: H(P) — H'(P), indexed by the objects of Py, such that for every map f : Q —> P in Py, we
have H'( f) o ¥p = ¥ o H(f). Throughout the paper, we shall usually omit the subscript P when
referring to the P-component vp of a natural transformation .

The basic example of presheaf we need in the paper is described as follows. Let L be a finite
poset and let /i1, be the contravariant functor so defined:

— for a finite poset P, hy (P) is the set of all L-evaluations;
- foranopenmap f: Q —> P, hy(f) takesv:P—> Ltovof:Q —> L.

The presheaf hy is actually a sheaf for the canonical Grothendieck topology over Py. We will not
need this fact,” nevertheless we call iy the sheaf of L-evaluations (presheaves of the kind hy, for
some L, are called evaluation sheaves).

Notice that if ¥ : hy — hy/ is a natural transformation, v € h (P), and p € P, then ¥ (v,) =
(¥ (v))p. This is due to the fact that the inclusion | p C P is an open map, hence an arrow in Py.
Therefore, we shall feel free to use the unambiguous v (v), to denote ¥ (v,) = (¥ (v)),.

The notion of bounded bisimulation index (b-index, for short)® takes together structural and
combinatorial aspects. We say that a natural transformation  : hy — hy/ has b-index n if, for
everyv:P—> Land v : P —> L, we have that v ~, v/ implies ¢ (v) ~¢ ¥ (V).

The following proposition lists basic facts about b-indexes. In particular, it ensures that natural
transformations having a b-index compose.

Proposition 2. Let y : hy —> hy/ have b-index n, then it has also b-index m for every m > n.
Moreover, for every k>0, for every v:P—> L and v : P —> L, we have that v ~, vV implies

()~ Y (V).
Proof. Suppose that ¥ has b-index #; we prove by induction on k that

Vv,V if v~k Vo then Y (v) ~ (V) ()

For k=0, ((*)x) is just the definition of ¢ having b-index #. Suppose that ((*)x) holds for some k.
Let v, v be such that v ~,,, ;1 v/. We shall prove that

VpePap P y(v)p~ y(V)y
(the converse statement is similar). Fix p € P. Since v~ 4141 v/, there is p’ € P’ such that v, ~, ¢
v‘;,. Using the inductive assumption and the naturality of v/, we obtain
V(W)= () ~ Y (V) =¥ (V)

as wanted. O

We are now ready to state duality theorems. As it is evident from the discussion in Section 2, it
is sufficient to state a duality for the category of finitely generated free Heyting algebras. Although
it would not be difficult to give a duality for finitely presented Heyting algebras, we state here only
a duality for the intermediate category of Heyting algebras freely generated by a finite bounded
distributive lattice. This is indeed sufficient for proving Ruitenburg’s Theorem and keeps our
argumentation simpler and accessible.

https://doi.org/10.1017/50960129519000203 Published online by Cambridge University Press


https://doi.org/10.1017/S0960129519000203

Mathematical Structures in Computer Science 579

Theorem 3. The category of Heyting algebras freely generated by a finite bounded distributive lattice
is dual to the subcategory of presheaves over Py having as objects the evaluations sheaves and as
arrows the natural transformations having a b-index.

We present a full proof of the above theorem in the next section, where we shall also extend the
theorem to all finitely approximable varieties of Heyting algebras.

It is important to notice that in the subcategory mentioned in the above theorem, products
are computed as in the category of presheaves. This means that they are computed pointwise,
like in the category of sets: in other words, we have that (hr x hy)(P) = hr(P) x h/(P) and
(hy x h)(f) =hr(f) x hp(f), for all finite posets P and all open maps f. Notice moreover that
hix1/(P) > h(P) x hy/(P), so we have hy ./ >~ hy X hy; in addition, the two product projections
have b-index 0. The situation strongly contrasts with other kind of dualities, see for example Esakia
(1974), where products are difficult to compute. The ease by which products are computed might
be seen as the principal reason for tackling a proof of Ruitenburg’s Theorem by means of sheaf
duality.

Asa final information, we need to identify the dual of the free Heyting algebra on one generator:

Proposition 4. The dual of the free Heyting algebra on one generator is hy, where 2 is the two-
element poset { 0,1} with 1 <0.

Indeed, we shall see in the next section that h; is dual to the Heyting algebra freely generated by
the distributive lattice D(2), the lattice of downsets of the chain 2. Since D(2) — which is a three-
element chain - is the free distributive (bounded) lattice on one generator, a standard argument
proves that the Heyting algebra freely generated by the distributive lattice D(2) is itself free on one
generator.

4. Proof of the Duality Theorem

We present in this section a proof of Theorem 3. The reader interested in Ruitenburg’s Theorem
might wish to proceed directly to Section 5.

The material in this section is adapted from Ghilardi and Zawadowski (1997) and the proof of
the Duality Theorem follows the same paths. However, a technical improvement in the proof —
avoiding the “grafting construction” by means of a smart use of the intermediate relations <,, -
yields an important widening of the duality theory developed in Ghilardi and Zawadowski (1997).
Theorem 17 states a generalized duality that applies to all the subvarieties of Heyting algebras with
the “finite model property.” This theorem is new.

With each L-evaluation u: P — L and each n € w, we associate the set Type,(u) of ~,-
equivalence classes, Type,(u) :={[upl,|p € P} - where we recall that [u,], denotes the ~-
equivalence class of u,. An important, although simple, fact is given by the following proposition:

Proposition 5. For a finite poset L and n € w, there are only finitely many equivalence classes of
L-evaluations with respect to ~,.

Proof. This is evident for n=0. For n > 0, we argue by induction as follows. By Proposition 1,

we have that u ~, v iff Type,_1(u) = Type,—1(v), hence there cannot be more non ~,-equivalent
L-evaluations than sets of ~,_; equivalence classes. O

Let S(hr) be the set of subpresheaves S of /i, satisfying the following condition for some n > 0

Yu:P— L, Vv:Q— L(ucSp&u~,v = veSg). (7)
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When the condition above holds, we say that n is a b-index for S. Notice that the choice of the
naming b-index is consistent with the one used in the previous section. Indeed, for S C Ay, let x :
hy — hy be defined by xp(u)(p) = lifand onlyifu, € S| ,. If nis a b-index for S, then x is a natural
transformation and # is a b-index for . Indeed, h; is a subobject classifier for subpresheaves that
are sheaves for the canonical topology, see page 95 of Ghilardi and Zawadowski (2002).

The definition of S(hz) can be given in a slightly different way by introducing the relations <,.
We put, for u € hr(P) and v € hr(Q),

(1) v <o uiff v(p(Q)) < u(p(P));
(i) v<pr1uiff Ve QIp e P (vqg ~n up).

Lemma 6. Suppose that v ~, v2. Then, we have that vi <, v,; moreovet, for every w, vi <, w holds
iff va <, w holds.

Proof. The first claim is immediate, by applying the definitions (distinguish the case # = 0 and the
case n > 0). The second claim follows from the first one and the fact that <, is trivially seen to be
transitive. 0

Lemma 7. S(hr) can be equivalently defined as the set of subpresheaves S of hy satisfying the
following condition for some n >0

Yu:P— L, Vv:Q— L(ucSp&v<,u = veSg). (8)

Proof. Let us call S'(hg) the set of subpresheaves S of hy satisfying condition (8). Clearly,
8'(hy) € S(hy) since condition (8) implies condition (7): in fact, according to Lemma 6, the
relation ~, is included in the relation <,. For the converse, take S € S(hr) having b-index n;
in order to show that S € &'(hr), we show that it satisfies (8) for n+ 1. Let in fact u, v be such
that u € Sp and v <,41 u. Then, considering the root of the domain of v, we know that there is
p € P such that v ~; u,. Since S is a subpresheaf of &y, u, € S|, and finally v € Sg because 7 is a
b-index for S. O

Whenever a subpresheaf S satisfies condition (8) relative to n, we say that S has b=-index n.
Notice that Lemma 7 does not precisely say that condition (8) is equivalent to condition (7). The
above proof shows only that if S has b=-index #, then it also has b-index 7, and that if S has
b-index #, then it has b=-index n + 1. Nevertheless, it can be shown that S has a b-index n iff it
has b=-index n; however, we will not use this result, since it depends on the “grafting construction,”
see page 77 of Ghilardi and Zawadowski (1997), which is not available if we move from the variety
of Heyting algebras to one of its subvarieties. Depending on the context, we shall make use or not
of the equivalent definition for S(hr) supplied by Lemma 7.

Let, foreveryu:P — Land n € w,

(Jnwq={v:Q—L|v=,u}.

The next lemma is an immediate consequence of Lemma 7.

Lemma 8. |, u is the least subpresheaf F of hy having b=-index n such that u € F(P). A subpresheaf
of S of hy, has b=-index n if and only if, for each u: P —> L withu € Sp, |, u CS.

In particular |, u € S(hr), for each u: P — L. Notice that the map

(ulpy — lnu
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is well defined (actually, it is also injective) and so, by Proposition 5 and for fixed n € w, there
exists only a finite number of presheaves of the form |, u. Since

s=J tnu,

MGSP

when S € S(h) has b=-index n, it follows that:

Lemma 9. Every S € S(hy) of b=-index n is a finite union of elements of the form |, u.
Recall that Sub(hr) denotes the Heyting algebra of subpresheaves of hy.

Proposition 10. S(hy) is a sub-Heyting algebra of Sub(hy).

Proof. 1t is easily seen that if S and T have b-index 7, then both SN T and SU T have b-index n.
Next, consider the standard characterization of implication in subpresheaves:

(S—=Tp={uech)p|Vh:Q—P(uoheSq = uoheTqg)}.

Notice that, for any h: Q —> P and u € (h)p, we have that u o h ~o up, where p is h(p(Q)); as
a consequence, since every U € S(hr) has a b-index, we have u o h € Uq iff u, € Uy, for every
U € S(hy). Thus, the following is an equivalent description of the implication

S—Tp={uec(h)p|VpeP(upeSpy = uy Ty} 9)

From this description, it easily follows that if S, T € Sub(hr) have b-index #n, then S — T has b-
index n + 1. O

Let D(L) denote the distributive lattice of downward closed subsets of L and recall that D(L) is
the Birkhoff dual of the poset L, see Birkhoff (1937) and Davey and Priestley (2002). Notice that
there is a lattice embedding (7 : D(L) — S(hy) associating with a downward closed subset d of L,
the subpresheaf

tr(d)p:={u:P—> L|u(p(P))ed}.

Thus, for p € Pand u € hy(P), we have u, € 11(d)  iff u(p) € d.
We shall prove that S(hy) is the free Heyting algebra generated by the finite distributive lattice
D(L) with ¢, as the canonical embedding.

Lemma 11. The image of i; generates S(hy) as a Heyting algebra.

Proof. Clearly, the elements of S(h1) having b=-index 0 are exactly the elements of the image of
t1. Now consider an element having b=-index n + 1; by Lemma 9, it is a finite union of elements of
the kind | 41 u. We can express such elements in terms of elements having b=-index # as follows:

(Jnr1u) = N (= [ (e (10)

pedom(u), vi-nup vEaw

Notice that all intersections and unions involved in the above formula are finite. Indeed, we have
already observed that there are only finitely many elements of the kind |, w. Moreover, if v; ~,
vy, then |, v =], v2 and also v; <, w if and only if v, <, w, see Lemma 6. As a consequence,
Chrv1) = Uy, 2,0 Chn ) equals (L v2) = Uz ().

Let us verify equation (10). Suppose that z<,;; u and let v: Q —> L be arbitrary with
the property that v 7, u,, for every point p in the domain of u. We show that ze (|, v) —
U{w\vg”w} ({n w) using (9). Let q be a point in the domain of z such that z; <, v. From z <41 u,
we conclude that there exists p such that z; ~, u,. Consequently, v £, z;, otherwise z; ~,, v and
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SOV~ Up, contradicting the choice of v. Therefore, Zg€1nzg C Uwéw (4n w). Vice versa, sup-
pose that z £,41 u. It follows that there is a point g in the domain of z such, that for every point
p in the domain of u, z; %, up. We check that z ¢ (|, z5) — Uzqfnw $n (w). This is clear as

zg€(Inzg) and z4 & Uzqznw (dnw).
This proves equation (10) and ends the proof of the Lemma. O

The following statement is an immediate consequence of the finite model property:

Lemma 12. Every finitely presented Heyting algebra embeds into a product of finite Heyting
algebras.

Recall that, by Birkhoff duality, monotone maps f: M — L between finite posets M, L
bijectively (and naturally) correspond to bound-preserving lattice homomorphism f~! = D(f) :
D(L) — D(M). Therefore, for f : M — L, we define a map

evy: S(hy) — D(M)

by putting, for X € S(hr),

evi(X):={peM|freX,p}. (11)
Proposition 13. The map evy is a Heyting algebra morphism and makes the following diagram
commute:
D(L) - S(hr)
D(f) evf
D(M)

Consequently, S(hr), together with t; as the canonical embedding, is a free Heyting algebra
generated by the finite distributive lattice D(L).

Proof. Let us verify first that the above diagram commutes. For each d € D(L),
eve(iL(d)) ={peM|fp €irL(d)p}
={peMlfpy(p)ed}
={peM|f(p) ed}=D(f)4).
To see that evy is a Heyting algebra homomorphism, we have, e.g.
evi(S—>T)={peM|fpe(S—>T)}
={peM|Vqelp(fya€Sig=fra€Tig)}
={peM|Va=p(fyeSiq=/f4€T)}
= evy(S) — evp(T).

Notice also that, in view of Lemma 11, evy is the unique Heyting algebra morphism g: S(hr) —
D(M) with the property that g o i = D( f). Therefore, we have argued that every bounded lattice
morphism g = D(f) : D(L) —> D(M), where M is a finite poset, extends uniquely to the Heyting
algebra morphism evy : S(hy) —> D(M). By a standard argument, the same universal property
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holds with respect to the bound-preserving lattice homomorphisms g: D(L) — H, where now
H is a sub-Heyting algebra of a product of finite Heyting algebras of the form D(M). In particular,
using Lemma 12, we can take (g, H) to be (1, F), the free Heyting algebra generated by the dis-
tributive lattice D(M). Then, by combining the universal properties of (11, S(hr)) and of (5, F), it
follows that S(h) and F are isomorphic. O

Let HD be the category of Heyting algebras freely generated by a finite distributive lattice
and let My be the subcategory of presheaves over Py having as objects the evaluations sheaves
and as arrows the natural transformations having a b-index. We want to show that HD is
dual to Mg.

We define the following functor Ty:

Tu

My s HD
hL S(hL)
ot > | =Ta)
hyt S(hm)

where S(hy) is as in Lemma 11 and f ! is the inverse image function.

Lemma 14.

(i) Ty is a well-defined functor.

(ii) Ty is essentially surjective.

Proof. By Proposition 13, S(hy) is a Heyting algebra freely generated by a finite distributive lattice
and every such Heyting algebra is isomorphic to one of that form. Hence, Ty is well defined
on objects and essentially surjective. Clearly, Ty preserves compositions and identities. We need
to show that for any subpresheaf D of hy; with a b-index, f~}(D) has a b-index and that f~!
is a Heyting algebra morphism. The latter follows from the fact that f —1. Sub(hy) —> Sub(hy)
is a Heyting algebra morphism and that S(hr), S(hy) are sub-Heyting algebras of the Heyting
algebras of subpresheaves Sub(hy), Sub(hy), respectively.

Let n be a b-index of D and m a b-index of f. We shall show that f ! (D) has b-index n + m. Let
v € f~1(D) and V' be such that v ~, 1, v'. By Proposition 2, f(v) ~, f(+/'). Since f(v) € D and D
is ~,-closed, it follows that f(+/) € D and then v/ € f~}(D). O

Recall from Proposition 13 that, for u: P — L, ev, is the unique Heyting algebra mor-
phism S(hy) —> D(P) such that D(u) = ev,, o (1. Conversely, given a Heyting algebra morphism
o : S(hy) —> D(P), we define an L-evaluation

a:P— L

as the dual of the distributive lattice morphism « o (1. By the definition of o, the diagram

D(L) —2—— S(hy)

e I

D(L)
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commutes and therefore, by the universal property of ev, we deduce the following relation:
evg=u . (12)
The two maps
ar>o U evy

yield a bijective correspondence between the Heyting algebra morphisms « : S(hy) — D(P) and
the L-evaluations u € hy(P) which is natural in P. This immediately follows from the chain of
natural isomorphisms

POS(P, L) ~ DLATT(D(L), D(P)) ~ HA(S(hr), D(P)),

where the first natural isomorphism is Birkhoff duality between the category of finite posets and
the category of finite distributive lattices, and the second is by freeness of S(h ), Proposition 13.

Let hy, hy be objects of HD, w1 : S(hy) —> S(hpr) be a morphism of Heyting algebras. For each
P € Py, we define

wp: hy(P) — hr(P)
as follows:

up(u):=ev,om, foreachu e hy(P).

Note that by the above correspondence, it is immediate that u}(u) € hr(P) and that u* : hyy —
h; is a natural transformation. Moreover,

Proposition 15. With the notation as above, we have

(i) up(u) € Xpiffu e u(X)p, for X € S(hy) and u € hp(P);
(if) pu* : hyy —> hy is a morphism in My;
(i) = (u*) " =Tu(p);
(iv) f=(f~1*, for any morphism f : hyy —> h, in Mp.

Proof. Ad (i). Observe that, for any v € hy(Q) and Y € S(hy), ev,(Y) = Qiiff, forall g€ Q, v; €
Yyg iff vy € Yyp(q) iff v € Yq. Recall now - see equation (12) - that, for any a : S(hy) —>
D(M), evg = « and so, in particular, V() = €V evgom = €V O U Therefore, for X € S(hy) and u :
P — M, we have evM;(u)(X) = ev,(u(X)) and therefore, according to the previous observation,
we have uj(u) € X iff eV (u) (X)=Piffev,(u(X)) =Piff u € u(X)p.

Ad (ii). We need to show that the transformation ©* has a b-index. Let n € @ be the maximum
of the b-indexes of sets of (+(X) where X is of the kind ¢; (d) for some d € D(L). Notice that there
are only finitely many such X’s and, moreover, for w, w' € hy, we have w ~¢ w' iff w, w’ belong to
the same such X’s. For any u € hy(P) and v € hy(Q) such that u ~, v and for X = ¢1(d), we have

M by (i)
ve uX)q
uepXp
wp(u) € Xp
where the horizontal lines above stand for logical equivalences. Thus, ,u”é(v) ~o ip(u) and p* has

b-index n.
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Ad (iii). Using (i), we have, for any X € S(hr) and v € hy(P),
ve (up )
ve uX)p

ie. = (u")L
Ad (iv). Let v € hpy(P), p € P and d € D(L). Then, we have

s ed

by the definition of ¢,
(F7,vp) € wld)yp using (i),
vp € (f (e (d))yp
Sip(vp) €rld)yp
feW)(p)ed
Since P, v, p, and d were arbitrary f = (f~1)*. O

Thus, we have
Theorem 16. (Duality Theorem). The functor Ty : My —> HD is an equivalence of categories.

Proof. Lemma 14 shows that Ty is a functor which is essentially surjective and by Lemma 15(ii)-
(iv) Ty is full and faithful, i.e. Ty is an equivalence of categories. O

For some applications in Section 9, we shall need a duality theorem for some subvarieties. Call
a variety V of Heyting algebras finitely approximable, if every finitely generated free V-algebra
embeds into a product of finite V-algebras.

We can extend the above Dualitz Theorem to finitely approximable subvarieties as follows.
Take one such subvariety V and let P(j be the category of finite rooted posets P such that D(P) € V.
Let HDV be the category of V-algebras freely generated by a finite distributive lattice and let Myg¥
be the subcategory of presheaves over Py having as objects the evaluations sheaves and as arrows
the natural transformations having a b-index. We have

Theorem 17. (Duality Theorem for Finitely Approximable Subvarieties). For every finitely
approximable variety V of Heyting algebras, HDV is dual to My" .

Proof. By reading back the proof of Theorem 16, it is immediately realized that Lemma 12
is the only specific fact on Heyting algebras we used. When this Lemma is replaced by the
assumption that V is finitely approximable, the same chain of arguments yields a proof of
Theorem 17. O

5. Indexes and Periods Over Finite Models

Taking into consideration the algebraic reformulation from Section 2 and the information from
Section 4, we can prove Ruitenburg’s Theorem for (IPC) by showing that all natural transforma-
tions from hr X hy into itself, commuting over the first projection wy and having a b-index, are
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ultimately periodic with period 2. Spelling this out, this means the following. Fix a finite poset L
and a natural transformation v : iy x hp —> h X hy having a b-index such that the diagram

thh24>hLXh2

=\,

commutes; we have to find an N such that 3N +2 = ¢V, according to the dual reformulation of (2).
From the commutativity of the above triangle, we can decompose ¥ as ¥ = (7, x ), were both
7o 1 hy X hy —> hr and x : hy X hy —> hy have a b-index (actually, 7y has b-index 0, being a
projection); we assume that n > 1 is a b-index for both of them. We let such v = (7o, x) and n be
fixed for the remaining part of this and next two sections.
Notice that for (v, u) € hy(P) x hy(P), we have

Yru) = (v, ),
where we put
up:=u and ugyq = x (v, ug). (13)

Since P and L are finite, it is clear that the sequence { vk(v,u) |k>0} (and obviously also the
sequence { uy | k > 0 }) must become ultimately periodic.

We show in this section that, for each finite poset P and for each (v,u) € hy(P) x ha(P),
the period of the sequence { ¥*(v,u) |k> 0} has 2 as an upper bound, whereas the index of
{¥*(v,u) |k >0} can be bounded by the maximum length of the chains in the finite poset P.
In the next section, we shall bound such an index independently of P, thus proving Ruitenburg’s
Theorem.

Call (v, u) € h(P) x ha(P) 2-periodic (or just periodic*) if ¥2(v,u) = (v, u); a point q € P is
similarly said periodic in (v, ) iff (v, u), is periodic. We shall only say that p is periodic if an
evaluation is given and understood from the context. We call a point non-periodic if it is not
periodic (w.r.t. a given evaluation).

Lemma 18. Let (v, u) € hy(P) x ha(P) and p € P be such that all q € P, q < p, are periodic. Then
either (v, u), is periodic or Y (v, u), is periodic. Moreover, if (v,u), is non-periodic and uy(p) =

u(p) =1, then ui(p) = x (u, v)(p) =

Proof. Let ||p:={q € P|q<p}. Weshall represent (1), as a pair (ax, xx), where a; = uy(p) and
Xy is the restriction of (1), to || p. Notice that, by assumption, x;» = xi, for k > 0. To emphasize

. a . .
that (ay, xx) represents a colored poset, we use the notation k \ for this pair.
Xk

Let us start by considering a first repeat (4, j) of the sequence { ax }x>¢ — i.e. i > 0 is the smallest
i such that there is j > 0 such that a;; = a; and j is the smallest such j. Since the a,, can only take
value 0 or 1, we must have i +j < 2. We show that the sequence { (ux)p }x=0 has first repeat taken
from

(0,1),(0,2),(1,1),(1,2).

This shall imply in the first two cases that (v, u)p is periodic or, in the last two cases, that (v, u)p
is periodic. To our goal, let x = xg, y = x1, and recall that we do now know whether x = y.
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Notice that, if j=2, then i=0 and a first repeat for { (ux)p }k>0, is (0,2), as in the diagram

AVAVA

Therefore, let us assume j =1, s0 i € { 0,1 }. Consider firstly i = 0:

AVAVAVA

If x = y, then we have a repeat at (0, 1). Also, if a =1, then the mappings x and y are uniformly 1
(since evaluations are order-preserving maps and we have 1 <0 in 2): again, x =y and (0,1) isa
repeat.
Solet us assume x # y and a = 0. If c = g, then we have the repeat (0, 2) as above. Otherwise, c =
1, so x =1. We cannot have d = 1, otherwise 1 = x = y. Thus, d = 0 = g, and the repeat is (1, 2).
Finally, consider i=1 (soa# band j=1):

YA

We have two subcases: b=1 and b=0. If b=1, then a=0 and x=1=y: we have a repeat
at (1,1).

In the last subcase, we have b =0, a = 1 and now if d = 0 we have a repeat at (1,2) and ifd=1
we have a repeat (1, 1) (because d =a =1 impliesy=1and x =1).

The last statement of the lemma is also obvious in view of the fact thatifa=b =1, then x =
y=1, so p is periodic. O

Corollary 19. Let Np be the height of P, then YNP (v, u) is periodic for all (v, u) € hr(P) x ha(P).

Proof. An easy induction on Np, based on the previous Lemma. O

6. Ranks

Ranks, already introduced in Fine (1985), are a powerful tool that goes hand in hand with bounded
bisimulations; in our context, the useful notion of rank is given below. Recall that ¥y = (7o, x) and
that n > 1 is a b-index for ¢ and y.

Let (v, u) € hy(P) x ha(P) be given. The type of a periodic point p € P is the pair of equivalence
classes

([(Vp:up)]n—h [w(Vp,up)]n—l)- (14)

The rank of a point p (that we shall denote by rk(p)) is the cardinality of the set of distinct types
of the periodic points g < p. Since ~,_; is an equivalence relation with finitely many equiva-
lence classes, the rank cannot exceed a positive number R(L, ) (that can be computed in function
of L, n).

Clearly, we have rk(p) > rk(g) in case p > q. Notice that an application of ¢ does not decrease
the rank of a point: this is because the pairs (14) coming from a periodic point just get swapped
after applying ¥. A nonperiodic point p € P has minimal rank iff we have rk(p) = rk(g) for all
non-periodic g < p.
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Lemma 20. Let p € P be a non-periodic point of minimal rank in (v, u) € hp(P) x ha(P); suppose
also that (v, u) is constant on the set of all non-periodic points in |, p. Then we have Y™ (v, u) 5 ~n
Y"(v, u)g, for all m = 0 and for all non-periodic points qo, g1 < p.

Proof. We let IT be the set of periodic points of (v, u) that arein | p and let I1¢ be (| p) \ IT . Let
us first observe that for every r € I1¢, we have

{{[(vs, u)lu—1, [¥ (vs, us)]n—1) | s <7, sis periodic}
= {[(Vs> ts)]n—1, [ (s, us)]u—1) | s < p, sis periodic}

(indeed the inclusion C is because r < p and the inclusion 2 is by the minimality of the rank of p).
Saying this in words, we have that “for every periodic s < p there is a periodic s’ < r such that
(Vs Us) ~n—1 (vy, ug) and ¥ (v, us) ~n—1 ¥ (vy, uy)”; also (by the definition of 2-periodicity), “for
all m > 0, for every periodic s < p there is a periodic s’ < r such that ¥ (vs, us) ~p—1 Y™ (vy, uy).”
By letting both qo, q1 playing the role of r, we get
Fact. For every m > 0, for every qo, q1 € I1¢, for every periodic s < qq there is a periodic s' < qq such
that Y™ (vs, us) ~n—1 v (vy, uy) (and vice versa).

We now prove the statement of the lemma by induction on m; take two points gq, q; € I1°.

Form=0, (v, u) @ ~n (v, u) 0 is established as follows: as long as Player 1 plays in I1¢, we know
(v, u) is constant so that Player 2 can answer with an identical move still staying within I1¢; as
soon as he plays in I, Player 2 uses the above Fact to win the game.

The inductive case ¥ 1(v, u)q0 ~p L (v, u)q1 is proved in the same way, using the Fact

(which holds for the integer m + 1) and observing that ¥/ is constant on IT°. The latter state-
ment can be verified as follows: by the induction hypothesis we have ¢ (v, u) qn v (v, u) g 5O

we derive from Proposition 2 wm'H (v, u)q ~0 1,0'”"'1(1/, u)q/, forall g, q' € TI, ie. wm'H is constant
on IT¢. O

7. Ruitenburg’s Theorem
We can finally prove:

Theorem 21. (Ruitenburg’s Theorem for IPC). There is N > 1 such that we have YN 12 = y/N,

Proof. Let L be a finite poset and let R := R(L, n) be the maximum rank for #, L (see the previous
section). Below, for e € L, we let |e| be the height of e in L, i.e. the maximum size of chains in
L whose maximum element is e; we let also |L| be the maximum size of a chain in L. We make
an induction on natural numbers / > 1 and show the following: for each /> 1, there is N(J) such
that, for every (v, u) and p € dom(v, u) with I > |v(p)|, le(l)(vp, up) is periodic. It will turn out
that N(I) is 2R(I — 1) + 1. Once this is proved, the statement of the theorem shall be proved with
N = N(|L]).

If I =1, it is easily seen that we can put N(I) = 1 (this case is essentially the classical logic case).

Pick a p with |[v(p)| = > 1;let Ny be the maximum of the values N(Iy) for [y < I:*> we show that
we can take N(I) to be Ny + 2R.

Firstly, let (v, ug) := ¥ (v, u) so all g with |v(q)| <[ are periodic in (v, ug). After such itera-
tions, suppose that p is not yet periodic in (v, up). We let r be the minimum rank of points g < p
which are not periodic (all such points g must be such that v(q) = v(p)).

We show that after two iterations of i, all points py < p having rank r become periodic or
increase their rank, thus causing the overall minimum rank below p to increase. This implies that
after at most 2(R — r) < 2R iterations of v, all points below p, p itself included, become periodic.
Otherwise said, we take R — r as the secondary parameter of our double induction.
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Po Po Po
P P
= o
B Ej., Ej.,
Eper

Figure 1. Iterating twice ¥ to make pg periodic.

Pick pg < p having minimal rank r; thus, we have that all g < pg in (v, up) are now either peri-
odic or have the same rank and the same v-value as py (by the choice of Ny above). Let us divide
the points of | pg into four subsets:

Eper :={q| qis periodic }

By =1{q| q&Eper &4 <q(q &Eper = t1o(q) =0)}
Ei ={q| q&Eper &Vq <q(q &Eper = tio(q)=1)}
En ={ql| qd €Epy UELUEy }.

Let us define a frontier point to be a non-periodic point f < p such that all g < f are periodic.
Clearly, a frontier point f belongs to Eg U Ej, since f itself is the only nonperiodic ¢’ <f. By
Lemma 18, all frontier points become periodic after applying . Take a point q € E; and a fron-
tier point f below it; since g also has minimal rank and the hypotheses of Lemma 20 are satisfied
for (v, u)q, we have in particular that ¥ (v, ug)y = %™ (v, ug)s for all m > 0 and all non-periodic
q' < g, and hence ¥ (v, ug), is periodic too.

Thus, if we apply v, we have that in (v, u1) := ¥/ (v, uo) all points in Epe, U Eg U E; become
periodic, together with possibly some points in Ey;. The latter points get in any case u;-value
equal to 0. This can be seen as follows. If any such point gets u;-value equal to 1, then all points
below it get the same u;-value. Yet, by definition, these points are above some frontier point in E;
and frontier points in E; get u;-value 0 by the second statement of Lemma 18.

If py € Ep has become periodic, we are done; we are also done if the rank of py increases, because
this is precisely what we want. If py has not become periodic and its rank has not increased, then
now all the non-periodic points below pg in (v, u;) have u; -value 0 (by the previous remark) and
have the same rank as pg. Thus, they are the set Ey computed in (v, u1) (instead of in (v, 4p)) and
we know by the same considerations as above that it is sufficient to apply ¥ once more to make
them periodic. O

Figure 1 illustrates the main step of the proof, the double iteration of i to turn py into a periodic
point. Notice that some crucial arguments used in the above proof, starting from the induction on
|e| itself, make essential use of the fact that evaluations are order-preserving, so such arguments
are not suitable for modal logics.

8. A Non-ultimately Periodic Endomorphism

Ruitenburg’s Theorem, interpreted over finitely generated free Heyting algebras, says that any
endomorphism of such algebras

M:fH(xl,...,Xn)_)]:H(XI,...,Xn)

is ultimately periodic with period 2, in case it fixes all free generators but one. One may ask
whether this is a peculiar property of the endomorphisms fixing all free generators but one or
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7 16— (13V]4)

6
5
4
3 ((b—a)—b—b
(b—a)—b 2
1 b—a
b 0
a -1 Figure 2. The modified Rieger-Nishimura ladder.

whether this can be extended to all endomorphism: we show by a counterexample that there exist
endomorphisms of the free algebra over two generators which are not periodic.

To describe our counterexample, we first introduce a variant (R, <) of the Rieger-Nishimura
ladder. This is the poset so described:

-R=neZ|n=-1}
- n<miffeithern=—1or (n>0and either n <m — 2 or n =m).

It is not difficult to see that < is a reflexive, transitive, antisymmetric relation (actually, (R, <)
differs from Rieger—Nishimura only for the presence of the bottom element —1, see Figure 2).

Let us consider the Heyting algebra D(R) of downsets of (R, < ). We show that this is generated
by the two downsets a = {—1} and b = {0, —1}. To see this, we show that, for all n € R, the downset
1 n belongs to the subalgebra generated by g, b. In fact, we have that:

-l —-1=a
-l0=b
-ll=b—a

-l2=((b—a)—b;
-$3=({(b—>a)—> b)— b;
-ln+4=n+3)>nv]n+1),forn=>0.

Remark 22. Let d € D(R) be such that d # @ and d # R. Then either d = | n, for some n > —1, or
d has two maximal elements nand n + 1,so d = {n U | (n + 1). In the latter case, both #n + 3 and
n+ 4 are upper bounds of d, but n + 3 is such that card({ (n 4 3)) = card(d) + 1, while card({
(n+4)) = card(d) + 2. We let therefore:

VW ({n):=n, W{nUln+1):=n+3.

Lemma 23. Let F be the free Heyting algebra over two generators a, b divided by the congruence
generated by

=—-—aA (a—b). (15)
The Heyting algebra D(R) is isomorphic to F.

Proof. Since, within D(R), the downset {—1} is a least nontrivial element (so ={—1} =§) and
{—1} € {0, —1}, it is clear that D(R) satisfies the equality (15) for a := {—1} and b := {0, —1}. Also,
D(R) is generated by the two elements {0, —1} and {—1}; as a consequence, the function q: F —
D(R) mapping the equivalence class of the free generator b to {0, —1} and the equivalence class of
the free generator a to {—1} is a Heyting algebras quotient. To show that this quotient map is also
injective, we use the same technique we adopted for showing that S(hy) is the free algebra over the
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distributive lattice D(L): since F embeds into a product of finite Heyting algebras (like any finitely
presented Heyting algebra, see Lemma 12), it is sufficient to show that any morphism h: F —
D(P), for a finite poset (P, <), factors through g. This follows from the following statement on
finite Kripke models:

(*) for every finite Kripke model over P validating ——a A (a — b), there is an open map f :
(P, <) —> (R, <) preserving the evaluation of a, b.

Property (*) is easily checked by defining f(p), for p € P, by induction on the height of p. In detail:

(i) f(p):=—1if p forces both a, b;
(ii) f(p) := 0 if p forces only b;

If p forces neither a nor b, then

(iii) ifall p’ < p force both a and b, then f(p) :=1;
(iv) ifall p’ < p force b and there is p’ < p forcing only b, then f(p) := 2;
(v) in all remaining cases, f(p) := \/{f (") |p' <p}.

Notice that the above analysis is exhaustive: since a — b is true everywhere, there cannot be points
forcing only a and not b. Similarly, since =—a is true everywhere, for every p there must be p’ <p
forcing a: this fact is used when checking that f as defined above is open. O

Remark 24. Alternatively, Lemma 23 can be proved by observing that R is the set of points in the
canonical/universal model on the variables a and b which make the formula —=—a A (a — b) true
(we thank an anonymous referee for this observation). For background information on universal
models, see Bellissima (1986).

Lemma 25. There is an endomorphism of D(R) which is not ultimately periodic.

Proof. The endomorphism is the inverse image f~! along the open map f : (R, <) — (R, <) so
defined:

f(n):=—1, forn<2, f(n):=n—-2,forn>2.
It is evident that f~! is not ultimately periodic: this comes from the fact that we have f(n) = n — 2
forall n > 2. O

To lift the endomorphism of Lemma 25 to the level of the free algebra on two generators, we
first show that D(R) is a projective algebra:

Lemma 26. D(R) is a projective Heyting algebra.

Proof. We might use for the proof of this Lemma the general results from Ghilardi (1999); how-
ever, we prefer to supply a direct proof. Let Fr(a, b) be the free Heyting algebra on two generators
and let g : Fg(a, b) — D(R) be the homomorphism mapping the free generator b to {0, —1} and
the free generator a to {—1}: what we have to produce is a section of g, namely a morphism s in
the opposite direction such that g o s = id. Taking into consideration Lemma 23 and turning the
existence of s into logical terms, what we need is a substitution o such that the formulae

o(—=—an (a— b))
——aA(a—b)— (a<o(a))
—=a A (a— b) — (b< o(b))
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are provable in intuitionistic logic (here o (a), o(b) must be formulae over the propositional
variables a, b). The required substitution in fact exists and can be taken to be

ar— ——a— a, b— (mma—>a)—b)—b

as it can be easily checked. O

Theorem 27. There is an endomorphism of the free Heyting algebra on two generators which is not
ultimately periodic.

Proof. Let f : D(R) —> D(R) be the morphism defined in Lemma 25, so f**? # fi for no i > 0
and p>1. Let q: Fy(a, b) — D(R) and s: D(R) —> Fy(a, b) as in the proof of Lemma 26,
so gos=id. Let g:=sof oq and suppose that g'*? =g¢’. Then sof*? og=s0f' 0q and, by
precomposing with s and postcomposing with g, {77 = f*, contradiction. O

9. Bounds for Periods

Theorem 27 shows that Ruitenburg’s Theorem cannot be generalized to many variables substitu-
tions. Yet, there are many substitutions whose associated endomorphisms are ultimately periodic:
in particular, if we take into considerations subvarieties, it is clear that in a locally finite subva-
riety of Heyting algebras, all free algebra endomorphisms are ultimately periodic. So, a natural
question arises: what can we say about the index and the period of the free algebra endomorphisms
which happen to be ultimately periodic? Finding bounds for index and period (depending on the
subvariety under consideration and on the number of the free generators) is a rather natural and
challenging question from a mathematical point of view. It is analogous to problems largely inves-
tigated in the current literature on the modal p-calculus (Afshari and Leigh, 2013; Czarnecki,
2010; Ghilardi et al. 2016, 2019; Gouveia and Santocanale, 2019; Milanese and Venema, 2019).
Here, closure ordinals for fixpoint convergence of monotonic functions are studied, in the various
classes of models. If a function is not monotonic but inflationary, one can still investigate closure
ordinals of the inflationary fixpoints. If a function is not monotonic but still ultimately periodic,
then the question bears on the index and the period, and on bounding them. We shall supply few
initial results for this problem below.

We fix, in this section, a finite poset L and a natural transformation v : hf, —> hr. We shall pay
a particular attention to the case where 1 is the dual of an endomorphism of a finitely generated
free algebras. This happens exactly when ¢ has a b-index and when L is of the form (P(x), D) for
a finite set x (so D(L) is a free distributive lattice).

As we saw, ¥ might not be ultimately periodic but, on the other hand, all components ¥p of
Y are such (because the P are finite posets). We show that the period of ¥p can be uniformly
bounded depending on the sole cardinality of L (and not on the cardinality of P). More precisely,
we have the following statement:

Proposition 28. Let ¢ be the cardinality of L. For each finite set P and each v € hy (P), the period of
the sequence { wg(v) | k> 0} has £! as an upper bound.

The proposition is an immediate consequence of Lemma 29 below, for which we need to define a
few concepts.

For a point p € P, we let the view set of p (w.r.t. v, ¥) be the set { lpk(v)(p) | k> 0} and, for
S C P, we let the view set of S (w.r.t. v, ) be the union of the view sets of the p € S.
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Our claim follows from the following:

Lemma 29. For v € hy(P), the period of the sequence { Yk(v) |k >0} has as an upper bound K/,
where K is the cardinality of the view set of P.

Proof. We argue by induction on the height of P. If such an height is 1, then P contains only the
root and the period is bounded by K < K!.

Suppose that the height of P is greater than 1 and let p be the root of P. Then, let {|p:=
{geP|q<p} and let M be the cardinality of the view set of [} p. By the induction hypothesis,
for any g €| p, M! is an upper bound for the period of the sequence { 1//k(vq) | k> 0}. Since the
lem of many copies of M! is M, the restriction of { vk() | k>0} to dp has period M!.

Thus, for s large enough, we have I//5+M!(Vq) =Y*(vy) for all g €} p. Let a be maximal (w.r.t.
the partial order of L) in the view set of || p (w.r.t. v, ¥*). Without loss of generality (i.e. up to
increasing s a bit), we can suppose that there is go €} p such that ¥*(v)(qo) = a.

Consider now the set { w$+k'M!(v)(p) |k>0} and let N be its cardinality. If, for some
k, ¢S+k'M!(v)(p) belongs to the view set of ||p, then, for all gellp, ws"’k‘M!(v)(q) <
ws"'k'M!(v)(p), and in particular a = ¥*(v)(qo) = 1/f5+k'M!(v)(q0) < ws"’k‘M!(v)(p). It follows that
a= 1//5+k‘M '(v) (p), by the maximality of a. Therefore, the set { ¢5+k'M ") (p) | k > 0} intersects the
view set of || p at most in the singleton { a } and, consequently, we have M + N — 1 < K, where K is
the cardinality of the view set of the whole P. We clearly have that ¢* becomes periodic in at most
N - (M!) steps (with period bounded by this number) and the claim follows from the inequality
N - (M!) < K! below. O

Lemma 30. For M,N > 1, wehave N- (M!) < (M + N —1)!.

Proof. The case N =1 is obvious, so we suppose that N > 1. Since M > 1, N<M + N — 1 and

therefore,
N-M'<(M+N —-1)M!
<MM+1)(M+2).. M+N—-1)=M+N-1)!,
where for the last equality we have used that M + N — 1 > M. O
For a subvariety V of the variety of Heyting algebras, we use the notation Fv(x1,...,x,) for
the free V-algebra on the generators x1, . . ., x,. The following result is an immediate consequence

of Proposition 28:

Theorem 31. Let V be a finitely approximable variety of Heyting algebras and let
wFv(xg, ... x,) — Fy(xr, ..., %)

be an ultimately periodic endomorphism, then its period is bounded by 2"\.

The interesting point is that the above bound is uniform with respect to all varieties V.
However, it is not in general tight, as we shall remark in the final section by considering as V
the variety of Boolean algebras.

Remark 32. Let us point out that the bound given in Proposition 28 strictly depends on hr(P)
being a set of monotone functions. Observe that, when the bound has been constructed in
the proof of Lemma 29, the function ¥p : hy(P) —> hr(P) has been decomposed as ¥p(y, x) =

(g(»), f(y,x)), where y is a vector of elements of L indexed by |}p and x € L; moreover, v is

applied to pairs (y, x) such that y < x for each y € y. If we give away the latter constraint on the
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order, it is easy to see that the bound does not hold anymore. This happens, even when v is recur-
sively defined on the height of P (so that all of its restrictions ¥, are of the form (g o 7y, f) for
some g :}}p —> || p and for some f : LW x L — L). Consider the following example. Let P be the
chain{1,...,n}andlet L ={0, 1}, so we can identify arbitrary functions from P to L with words
on the alphabet { 0,1} of length n. For x € { 0, 1}, let ¥;(x) := 1 — x. Suppose that, for i < n, we
have defined v;: {0,1} — { 0,1} so that ¥; is a bijection of period/order 2. We can list then

{0, 1Y ={wp,...,wy_; }withwjzwf(o,...,0),j=0,...,2i— 1. Define then
(Yi(w)), ), j<2-1,
(K/fz(W]), 1 - x)a ]: 21 — ].

This recursive construction yields ¥, of period 2" and, in particular, the factorial bound 2! for the
period does not apply.

Vip1(w), x) 1= {

A subvariety V of Heyting algebras is said to be locally finite if the finitely generated free
V-algebras are all finite. Such varieties are obviously finitely approximable and the endomor-
phisms between finitely generated free V-algebras are ultimately periodic, by the finiteness of these
algebras. Hence, we obtain

Corollary 33. Let V be a locally finite variety of Heyting algebras. Every endomorphism
Fv(x1, ... s xn) —> Fv(x1, . .., xy,) is ultimately periodic and its period is bounded by 2"!.

Theorem 31 is, in principle, much stronger than Corollary 33, since many are the finitely
approximable varieties of Heyting algebras that are not locally finite. As an example, one can take
the bounded branching varieties Ty, (for n > 1) of Theorem 5.53 of Chagrov and Zakharyaschev
(1997). Notice that since all points of the modified Rieger-Nishimura ladder of Figure 2 have at
most two successors (i.e. they have branching at most 2), the counterexample of Section 8 applies
to these varieties Ty, so they have non-ultimately periodic free algebras endomorphisms too. It is
object of future research to characterize nontrivial periodic free algebra endomorphisms in finitely
approximable varieties — where for nontrivial we mean that they move more than one generator.

On the other hand, if Corollary 33 has to be considered by its own, a proof of it might be
devised by relying on some more common duality — we thank the anonymous referee for pointing
this to us.

10. Conclusions and Open Problems

Ruitenburg’s Theorem exhibits a particular finitistic behavior of one-variable substitutions in IPC.
Willing to provide a semantical proof of this theorem, we have studied more general substitutions,
which, algebraically, can be identified with endomorphisms of finitely generated free Heyting
algebras. The proof of Ruitenburg’s Theorem as well as some additional remarks on periods
of iterated substitutions have been achieved using the semantical apparatus given by the sheaf
theoretic duality for finitely presented Heyting algebras (Ghilardi and Zawadowski 2002).

Using these semantical tools, sheaf duality, and bounded bisimulations, we found upper bounds
for the index and the period of sequences of iterated substitutions. The bounds so found are
not optimal. For example, the proof of Theorem 21 yields a bound for the index which is
nonelementary as a function of the implication degree of an IPC formula. On the other hand, the
bound that can be extracted from the syntactic computations in Ruitenburg (1984) is linear w.r.t.
the implicational degree and the number of propositional variables of a formula. The syntactic
computations in Ghilardi et al. (2016, 2019) for fixpoints convergence also yield tighter bounds.

While the semantical approach has been successful for providing a proof of Ruitenburg’s
Theorem, it remains open whether similar approaches can yield finer bounds.
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Other open problems arise from inspecting the results presented in this paper. Firstly, although
we were able to show that periodicity fails for two-variable substitutions, it is still an open prob-
lem to characterize or to decide periodicity for arbitrary substitutions in IPC (the only sufficient
condition known is the one supplied by Ruitenburg’s Theorem, namely the fact that all-but-one
variables are fixed).

Secondly, concerning the upper bounds we found, notice that Corollary 33 provides bounds for
periods of free Heyting algebra endomorphisms in locally finite subvarieties; being able to bound
their indexes might also be interesting. In particular, it is not clear whether indexes are sensitive to
the number of generators of a free algebra or, similarly to what happen for fixpoint approximants
in some lattice varieties, see Frittella and Santocanale (2014), they are uniform in a fixed variety.
Corollary 19 can be used to argue that this is the case in varieties of Heyting algebras of bounded
height - see e.g. the varieties bd, in Chagrov and Zakharyaschev (1997, Prop. 2.38) - yet there
are locally finite varieties of Heyting algebras — notably, the variety of Godel-Dummett algebras -
whose Kripke models might be of unbounded height.

Coming back to the period, let us also notice that the upper bound provided by
Corollary 33 is not in general tight. To see why, consider free Boolean algebras: a morphism
[ Fp(x1,...,x4) —> Fp(x1,...,%,) corresponds, via duality, to a function f : 2" — 2". Now,
estimating an upper bound for the periods of functions from the set [k] :={1,...,k} (where
in our case k=2") to itself can be reduced to estimating an upper bound for the period (or
order) of permutations of [k]. Indeed, if i and p are such that f*? = f’, then the restriction of
f to fi([k]) is a permutation of fi([k]) which can be extended to a full permutation of the set
[k] of equal period p. Now, an upper bound for all these periods is lem(1, . . ., k) for which we
have 2K=1 <lem(1, . . ., k) < 3% (Farhi 2009) and, asymptotically, lem(1, . . ., k) ~ e (by the prime
number theorem). On the other hand, using Stirling’s approximation, k!~ \/ZJTk(é)k. It is an
open problem whether the bound 2”! can be made tighter by considering locally finite varieties of
Heyting algebras other than Boolean algebras; it is not clear either how the bound can vary below
2"! depending on the locally finite subvariety V.

Finally, most of the techniques used here for Heyting algebras are also the tools for studying
modal logics in Ghilardi and Zawadowski (2002). While we can expect that periodicity phenom-
ena of substitutions do not arise for the basic modal logic K, they surely do for locally tabular
modal logics. Considering also the numerous results on definability of fixpoints, see e.g. Sambin
(1976) and Alberucci and Facchini (2009), these phenomena are likely to appear in other sub-
systems of modal logics. As far as we know, investigation of periodicity phenomena in modal
logics is a research direction which has not yet been explored and where the bounded bisimulation
methods might prove their strength once more.

Acknowledgements. The authors are thankful to the anonymous referees for the careful reading and their insightful
comments, by which an improved version of this manuscript was possible.

Notes

1 However, let us notice that, according to our convention, a (P(x), 2)-evaluation is such that, for p,q € P if p <gq then
u(p) 2 u(q); in standard logical literature, see e.g. Chagrov and Zakharyaschev (1997), the opposite order on P is used, namely
an evaluation is such that u(g) C u(p), for g < p.

2 The sheaf structure becomes essential for instance when one has to compute images — images are the categorical
counterparts of second-order quantifiers, see Ghilardi and Zawadowski (2002).

3 This is called “index” tout court in Ghilardi and Zawadowski (2002); here we used the word “index” for a different notion,
since Section 1.

4 From now on, “periodic” will mean “2-periodic,” i.e. “periodic with period 2.”

5 It is easily seen that we indeed have Ny = N(I — 1).
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