Transformation monoids with finite monoidal intervals

MiIkLOS DORMAN

ABSTRACT. In this paper we investigate transformation monoids that are built up from
inverse transformation monoids constructed from finite lattices by adding all the unary
constant transformations. We give a complete description for the corresponding monoidal
intervals in the clone lattice.

Introduction

Let A be a finite set with at least three elements, and let M be an arbitrary
transformation monoid on A. It is well known that the clones whose set of unary
operations coincides with M form an interval in the lattice of all clones on A (see A.
Szendrei [7], Chapter 3). An interval of this form is called a monoidal interval. If
A is finite, then there are only finitely many transformation monoids on A. Hence
the monoidal intervals partition the clone lattice into finitely many blocks. Since
the clone lattice has cardinality 2% if |A| > 3, one might expect that ‘for most
M’ the monoidal interval Int(M) contains uncountably many clones. Nevertheless,
it turns out that for many interesting transformation monoids the corresponding
monoidal intervals are countable. So, studying these intervals may lead to a better
understanding of some parts of the clone lattice.

The problem of classifying transformation monoids according to the cardinalities
of the corresponding monoidal intervals was posed by A. Szendrei in [7]. A large
family of monoids M with finite monoidal intervals is provided by Palfy’s theorem
in [4]: if M consists of all constants and some permutations, then the corresponding
monoidal interval contains at most two elements; moreover, this interval has a single
element unless M coincides with the monoid of all unary polynomial operations of
a finite vector space.

Although, a complete classification of transformation monoids according to the
sizes of the corresponding monoidal intervals seems a very hard problem at present,
for certain classes of monoids we can solve this problem (cf. Palfy’s theorem that
was mentioned in the preceding paragraph). In this paper we will consider trans-
formation monoids that consist of an inverse transformation monoid constructed
from a finite lattice and all the unary constant operations. We will get a description
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that is similar to Pélfy’s theorem. Namely, we will prove that the monoidal interval
corresponding to such a transformation monoid is finite (cf. Theorems 3.1 and 3.2);
moreover, this interval has a single element unless the lattice we start with has only
one atom (cf. Theorem 2.4).

1. Preliminaries

Let X, Y, Y’ and Z be sets for which Y C Y’ holds. By the composition of
the maps t: X = Y and t': Y’ — Z we will mean the map X — Z, x — t'(¢t(z)),
denoted by t' ot. For arbitrary subset W of X the restriction of the map ¢ to the
set W is the map tlw: W =Y, z+— t(x).

For a finite set A we will denote the full transformation semigroup, and the set
of unary constant operations on A by T4, and C4, respectively. For an arbitrary
element a of A we will use the notation ¢, for the unary constant operation on A
with value a, and a tuple whose all components are a will be denoted by a.

For the set of positive integers we will use the notation N, and we will refer to
them as natural numbers.

Let A be a set and n be a positive integer. An /-ary operation on A is a
function f: A® — A. An operation is called finitary if it is f-ary for a natural
number ¢. The set of all finitary operations on A will be denoted by O 4. An f-ary
operation f € Oy is said to depend on its i-th variable (1 < i < ¢) if there are
elements ay,...,a;,-1,a;,a;,a;t+1,...,a¢ of A such that

f(al,...,ai_l,ai,ai+1,...,a5) 7é f(al,...,ai_l,a;,ai_,_l,...,ag).

We call the operation f essentially k-ary (k € N, k > 2) if it depends on exactly k
of its variables. If f depends on at most one of its variables, we call f essentially
unary. The superposition of an f-ary operation f € O4 by k-ary operations
g1,---,90 € Oy is the k-ary operation f(gi,...,g¢) € Oa defined by the rule

flgr, - vge)(xa, ... ) = f(gl(xl,...,a:k),...,gg(xl,...,xk)).

A set C of finitary operations on a set A is said to be a clone if it contains all
the projections and is closed under superposition of operations. It is obvious that
O 4 and the set P4 of all projections on A are clones. Since the intersection of an
arbitrary family of clones on A is also a clone, the set of all clones on A constitutes
a complete lattice with respect to the set-theoretic inclusion. Furthermore, we can
define the clone generated by a subset F' of O4 as the intersection of all clones
that contain F. This clone will be denoted by (F'). For a natural number ¢, the set
of all f-ary operations of a clone C will be denoted by C(©).

Let M be a transformation monoid on A, and let Int(M) denote the collection
of all clones C on A such that the set of unary operations of C is M. The clone (M)
of essentially unary operations generated by M is a member of Int(M), in fact, it is
the least member of Int(M), so Int(M) is non-empty. Furthermore, it is clear that
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every clone C in Int(M) is contained in the set

Sta(M) = {f(z1,...,¢) € Oa | L €N, and
f(t1,...,te) € M forall ty,...,tp € M},

which is called the stabilizer of the monoid M. It is easy to verify that Sta(M) is
a clone on A, therefore Sta(M) is the largest member of Int(M). So, we see that
a clone C on A belongs to Int(M) if and only if (M) C C C Sta(M). Thus Int(M)
is the interval [(M),Sta(M)] in the lattice of all clones on A. Such an interval is
called a monoidal interval.

The monoid M will be called collapsing if the monoidal interval corresponding
to it contains only one element, that is, there is no essentially at least binary oper-
ation in the stabilizer of M. In fact, it is enough to examine the binary operations
in Sta(M) as the following result of Grabowski [2] states.

Theorem 1.1 (Grabowski [2]). Let M be a transformation monoid on a finite
set A. Then M is collapsing if and only if the stabilizer of M does not contain
essentially binary operations.

Let L = (L;V, A) be a finite lattice. The least and greatest elements of L will
be denoted by Or, and 1y,, respectively. If the lattice is clear from the context then
we omit the subscript, and simply write 0 and 1, respectively. The set of atoms of
L will be denoted by A(L), and we put A¢(L) = A(L) U {0}. If there is no danger
of confusion, we simply write A and Ag, respectively. Two elements b and d of L
will be called similar iff the principal ideals (b] and (d] are isomorphic as lattices.
We write b ~ d to denote that b is similar to d. The relation ~ is an equivalence
relation on L. If the ~-class containing b has only one element then b will be called
isolated. For every element b € L we define a unary operation ¢, by the rule
wp(z) =2 Ab (x € L). In particular, pg = ¢ is the unary constant operation with
range {0}. For similar elements b,d € L the symbol Iso(b, d) will denote the set of
all lattice isomorphism between the principal ideals (b] and (d].

Define the set IS(L) of transformations on L in the following way:

IS(L) = {Bpao s | b,d € L, b~d, and By 4 € Iso(b,d)}.

Then IS(L) is an inverse submonoid of the full transformation semigroup on L (cf.
Saito-Katsura [6], Lemma 3.1).

Let N = IS(L) be the inverse monoid determined by the lattice L. The monoidal
interval corresponding to N was examined in [1]. In Propositions 1.2 and 1.3 we
recall some properties of the transformations in N and of the operations in Sta(N).

Proposition 1.2 (cf. Proposition 2.1 in [1]). Let t be an arbitrary transformation
from N. Then

(a) t is monotone;

(b) there is a unique element b ~ t(1) of L such that t = By 41y © @y for some
isomorphism By 1) € Iso(b,t(1)); furthermore, for any l € L we have t(l) =
t(1) if and only if b < I;
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(c¢) t(Ag) C Ag, and t(0) = 0, moreover, for arbitrary atom a € A we have that
0 < t(a) if and only if a < b;
(d) ift(a) =0 for every atom a of L then t = py.
Proposition 1.3 (cf. Lemma 2.2 in [1]). Suppose L has at least two atoms. If f
is a binary operation in the stabilizer of N then
(a) f(.Ao X AQ) - AO and f(O, 0) = 0,‘
(b) fla, is an essentially unary operation;
(c) if fla, does not depend on its first variable [second variable] then f(1,0) =0
[f(0,1) =0/ for alll € L.

2. Monoidal intervals with a single element

Throughout this section, L will be a finite lattice with underlying set L, and
M will be a transformation monoid on L that is obtained from the monoid IS(L)
associated to L (see Section 1) by adding some constant transformations, that is,
M = IS(L) U ¢’ for some subset C’ of C. Our goal is to present two sufficient
conditions for such a monoid to be collapsing (Corollary 2.2 and Theorem 2.4).
Both proofs rely on Proposition 2.1 below.

Before stating Proposition 2.1, we discuss some basic properties of the monoids
M =IS(L)uC’ (C" C CL). The definition of IS(L) shows that ¢y = ¢ € IS(L) and
t(0) = 0 holds for every transformation ¢ € IS(L) (cf. Proposition 1.2 (c)), hence
it follows from the definition of M that ¢ = ¢; holds with an element [ € L\ {0} if
t € M\ IS(L). The following consequences of these observations will be used later
on without further references:

e for t € M we have t(0) = 0 if and only if ¢ € IS(L);
e if t € M and £(0) # 0 then ¢t = ¢, ().

Proposition 2.1. Let N = IS(L) for a finite lattice L with underlying set L. If
M is a transformation monoid of the form M = IS(L) U C" with C' C Cp, then
Sta(M)®2) \ (M) C Sta(N)®).

PROOF. Suppose that M satisfies the assumption of the proposition. We will show
that every operation in Sta(M)® \ Sta(N)®) is constant, and so, it belongs to
(Sta(M)(V) = (M), which implies the desired conclusion.

Let f € Sta(M)® \ Sta(N)® be an arbitrary operation. Then f ¢ Sta(N)®),
and so, for some ny,ny € N the unary operation ¢t = f(n1,ng) does not belong to
N. However, ny,ny € M and f € Sta(M) provide that ¢t € M. Hence, t € M\ N =
C’'\{co}, that is, t = ¢; for an element | € L\ {0}. We will show that f is the binary
constant operation with value [. To prove this, choose arbitrary elements b and d
in L, and set m = f(¢p,q). Then m € M, because vy, poq € M and f € Sta(M).
Furthermore, the equalities n1(0) = 0 and ny(0) = 0 also hold, because ny,ny € N.
Hence, using the definitions of m and t, we get that

m(0) = f(¢s(0),a(0)) = £(0,0) = f(n1(0),n2(0)) = £(0) =1 # 0.
Thus that m = ¢;, and hence f(b,d) = f(s(1),pa(1)) = m(1) = I. Therefore, f is
the constant operation with value [, as claimed. ([l
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Combining Proposition 2.1 with Theorem 1.1 we get the following corollary.

Corollary 2.2. Let L be a finite lattice with underlying set L. IfIS(L) is collapsing
then so is every transformation monoid M on L that has the form IS(L) U C’ for
some C' C Cy,.

The finite lattices for which the transformation monoid IS(L) is collapsing is
characterized in [1, Theorem 3.1]. The characterization shows, among others, that
for IS(L) to be collapsing it is necessary that L has at least two atoms [1, Theo-
rem 3.1], and sufficient that L is an atomistic lattice with at least three elements
[1, Corollary 3.12].

Example 2.3. Let L be the 4-element lattice that can be seen in Figure 1. Let
Bay,a, be the (unique) isomorphism between (ai1] and (as] with inverse f,, q,, fur-
thermore, let 511 be the (unique) automorphism of the lattice L with 8; 1(a1) = as.

1

ai az

0
Figure 1: The lattice L.

It is easy to see that

IS(L) = {QOOa @ala/@al,ag O Pay;Pass /Bag,Cu O Paqyy P1, ﬂl,l o 801} .

By Theorem 3.1 in [1], the monoid IS(L) is collapsing. Thus, Corollary 2.2 implies
that the monoids IS(L) U {co, ¢a,, Ca, } and IS(L) U Cy, are also collapsing.

From now on, we will assume that M is the transformation monoid IS(L) U Cy, for
a finite lattice L = (L; A, V).

Theorem 2.4. If L contains at least two atoms then the monoid M = IS(L)U Cp,
is collapsing.

PROOF. Let N denote the transformation monoid IS(L) < T. By Grabowski’s
result in [2], it is enough to prove that the stabilizer of M contains no essentially
binary operations. Let f € Sta(M) be an essentially binary operation. Then
Proposition 2.1 implies that f belongs to Sta(/N). Therefore, f] 4, is an essentially
unary operation by Proposition 1.3 (b). We may assume, without loss of generality,
that f] 4, does not depend on its second variable. Then by Proposition 1.3 (c) we
get that f(0,1) = 0 holds for all I € L, that is, f(co,ids) = co.

Suppose that f(idp,co) = co. Let b and d be arbitrary elements of L\ {0}, and
set t = f(pp, @q). Then for all atoms a € A we get that

t(a) = f(pp(a), pa(a)) = flanb,and) = flanb,0)=0,
where the third equality holds, because a Ab,a Ad € Ay and f[ 4, does not depend
on its second variable. Therefore, the operation ¢ belongs to NV, and so, t = @y = ¢
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by Proposition 1.2 (d). Thus,
f(b,d) = fep(1),04(1)) = t(1) = 0.

Hence, f is an essentially unary operation contradicting our assumption on f.
Therefore, the unary operation f(idp,co) is in N \ {co}. From the facts that
f(ca,idr) € M holds for every element a € A and f]4, does not depend on its
second variable we get that f(c,,idr) € Cp for all atoms a in L.

Since f depends on its second variable there is an element | € L such that
f(er,idy) € M is not a unary constant operation. Then f(c¢;,idg) € N\ {co}, and
there is an atom ag € A for which f(¢,idr)(ag) # 0. Define the following unary
operations:

= fleidy),
f@dg, o),
fAdy, cqaq)-

Then n,mi,mg € M, because f € Sta(M). In fact, we just proved that n € N.
We also have that my,ms € N since m1(0) = m2(0) = 0, and so, there are similar

elements b;,d; € L and By, 4, € Iso(b;,d;) such that m; = B, 4, © b, (¢ € {1,2}).
Furthermore,

n
mi
ma

0 7& f(claidL)<a0) = f(la ao) = mQ(l) = Bbz,dz (l A b2)
implies that [ A by > 0. Then there is an atom a; € A such that a1 <1 Aby <1, bs.
As mi(l) = f(1,0) = n(0) = 0 and by Proposition 1.2 (a) we get that
mi(a1) <mi(l) =0,

that is, mj(a;) = 0. Recalling that f[, does not depend on its second variable
and using that for the atom a; the inequality a1 < bs holds, we obtain the following
series of equalities:

0=mi(a1) = f(a1,0) = f(a1,a0) = ma(a1) = Bb,,d, (a1 A b2) = Bp, 4, (a1) € A,

which is a contradiction. The proof of the theorem is complete. (I

3. Finite monoidal intervals with more than one elements

Let L = (L; A, V) be a finite lattice that contains exactly one atom. Then there
is a largest element z € L\ {0} such that
e [0, 2] is a chain,
o L=[0,2]U]z1].
Let T and H be the sublattices of L with universes T" = [0,2] and H = [z, 1],
respectively (see Figure 2). We note that the set H has either exactly one element

or more than three elements, and the former case occurs if and only if z = 1.
Let N and M be the transformation monoids IS(L) and IS(L) U Cf,, respectively.
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Furthermore, let Mp and My be the transformation monoids IS(T)UC7 on T and
IS(H) U Cy on H, respectively. It is easy to see that

Mr={mlr|meNom=c¢ (€T},
Mg ={mlg|meN, m(z) =z, orm=c¢ (l€ H)}.

The unique upper cover of 0 and the unique lower cover of z will be denoted by a
and s, respectively.

1
H
z
s
: T
Ia
0

Figure 2: The structure of lattice L.
Define the binary operations M; (I € L, I # 0) and U on L in the following way:

bryd=gbAd) (bde L),
bUd=g,(bVd) (bdeL).

We remark that the operation My coincides with A.

The main results of the article are the following two theorems. The first one
deals with the general case leading the statement back to second one, which deals
with the case when the lattice is a chain.

Theorem 3.1. Let L be a finite lattice that contains exactly one atom. Then the
monoidal interval Int(IS(L)UCL) is isomorphic to Int(IS(T)UCr), where T is the
sublattice of L with universe [0, z] with z the largest element in L\ {0} such that
[0,2] is a chain and L = [0,z] U [z,1]. Hence, it is isomorphic to the lattice that
can be seen in Figure 3.

Theorem 3.2. Let L be a finite chain with at least two elements in which O, < a
and s < z = 1y, hold, furthermore, let M be the transformation monoid IS(L)UCY, .
Then the monoidal interval Int(M) consists of the clones

(M), (MU{u}), (MU{m}), and (MU{M;,U}) (€L, 1#£0).

These clones are pairwise distinct, and the monoidal interval Int(M) is the lattice
in Figure 3.
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(Mu{n.,u})
(MU {,,U})
(Mu{n.})
(MU {Ma,U})
(Mu{ng})
(Mu{u}) (M U{r})
(M)

Figure 3: The monoidal interval Int(M).

We continue the section with some basic properties of the operations in Sta(M).

Proposition 3.3. Every operation in Sta(M) is monotone with respect to the lattice
order.

PROOF. Let f be an ¢-ary operation in Sta(M), and let (by,...,by), (d1,...,ds) be
{-tuples in L! such that b; < d; holds for every ¢ (1 <4 < ¢). From the monotonicity
of the transformations

f(idL,CbQ,...,Cbe),...,f<cd17...,CdiilidL,Cle,...,Cbz),...,f(cdl,...,cdgil,id[,)
in M we obtain that
f(b1,bay ... be) < f(dy,ba, ... bp)

fldy, ..o dim1,bi,bigr, .o be) < f(dyy oo dim1,di bivt, .., bg)

f(dla .. '7d€—17bf) < f(dlad27 s 7df)7
hence, f(b1,b2,...,be) < f(d1,da,...,ds) holds by the transitivity of <. O
Let u be an arbitrary element in 7'\ {0}, and set U = [0,u] and V' = [u, 1]. Let

My be the transformation monoid
{mly|meNorm=c¢ (l€U)}
on U.

Proposition 3.4. Let f € Sta(M) be an L-ary operation (¢ € N). If f is not a
constant operation then

(a) f(0)=0,
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(b) f(U) CU,
(c) flu € Sta(My).

PROOF. (a) Suppose that f(0) = b # 0. We will prove that f is the constant
operation with value b. Let by,...,b; be arbitrary elements of L, and set ¢t =

f(obys---yp,). Then
t(0) = f (0, (0),- -, 6,(0)) = f(0) =b#0

implies that ¢ = ¢, hence,

fby,...,bp) = f(gabl(l),..wcpbe(l)) =t(1) =b.
Therefore, the operation f is a constant operation with value b.
(b) Assume f to be a nonconstant operation. Then f(0) = 0 holds by (a). Let

b1,...,bs be arbitrary elements of U = [0,u], and set t = f(@p,,...,%p,). Then
t € N since

£(0) = £(06,(0), -+ 3,(0)) = f(0) =0,
and so, there are simlar elements b,d € L and 5 4 € Iso(b, d) such that t = 8 gogy.
Since by, ...,by < u we get that

t(u):f(b1 /\u,...,bg/\’u,):f(bl,...,bg):t(l),

hence by Proposition 1.2 (b), b < « holds. Then d < u follows from d ~ b and the
fact that u is an isolated element, and we get that

f(blvabf):t(l):dgua
that is, f(b1,...,be) € U.

(c) Let t1,...,t¢ be arbitrary elements of My. Then there are transformations
th,...,t; € M such that t/[y = t; holds for every i (1 < i < ¢). Moreover,
f(ty,...,t) €{a |l €V, I #u} follows from (b). Then

flo(t,... te) = flu(tilu,... tlo)
= f(t/haté)rU € My
implies that f]y € Sta(My).

This completes the proof of Proposition 3.4. (]

We consider the following subsets of Sta(M) that have a role in the rest of the sec-
tion. For the subset U = [0, u] of L let Stay, /(M) be the set of all operations from
Sta(M) whose ranges are contained in U, and let StalVl(M) = (M) U Stag, i (M).
It is clear that StalVl(M) is a clone on L.

For an arbitrary f-ary operation g € Sta(My) (¢ € N) let f, be the operation

fg: LY = L, §4(b1,...,be) = g(by Au, ... by Au),

and for arbitrary operation f € Sta(M) let g be the operation (¢, o f)[y. Define
maps f and g as follows

f: Sta’(MU) — OLa g fga
g: Sta(M) — Oy, [~ gy.
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Proposition 3.5. The map f preserves superposition, has range in Stap, (M),
and satisfies f4lu = g for all g € Sta(My).

To prove the proposition we need some more properties of the connection between
U and the transformations in M. It is straightforward to check that the following
statements are true.

Lemma 3.6. (a) If m € M and m(U) C U then m(v) Au = m(u) A u holds
for every element v € V and m[y = fmy -
(b) If me M and m(U) € U thenm € {c, |v €V, v # u}.
(¢) If m is a transformation on L such that m[y € My and m(v) = m(u) holds
for every element v € V then m € M.

Proof of Proposition 3.5. To prove that f preserves superposition, choose oper-
ations go,g1,...,9¢ be in Sta(My), where gy is ¢-ary and g¢q,...,g¢ are k-ary
(¢,k € N). We note that for arbitrary k-tuples b = (by,...,b;) € L*¥ we have
that

Foo (1,900 (B) = (90(g1, - 90)) (b1 Ay b Au)
:go(gl(bl Aty ..., b Au), ..., ge(by /\u,...,bk/\u))
:go(gl(bl/\u,...,bk/\u)/\u,...,gg(bl/\u,...,bk/\u)/\u)
= fgo(fglv e vfge)(b)»
where the third equality is true, because the ranges of go, g1, ..., g¢ are contained
in U = [0, u], that is,
fgo (Fars -+ Fae) = Fao(g1,eng0)s

which proves the required property of f.

Let g be an arbitrary ¢-ary operation in Sta(My) (¢ € N). It is obvious that
folu = g, furthermore, f,(L*) C g(U*) C U, that is, the range of f, is contained in U.
Let mq,...,me be arbitrary transformations in M, and set m = f,(ma,...,my).
For every j (1 < j < £) let m} be the transformation m; if m;(U) C U and
¢y if mj(U) € U, that is, m; is a constant operation with value in V' \ {u} by
Lemma 3.6 (b). As

N CTOLY R
(b) Au = {Cu(b)/\u:u:mJ‘(b)/\“ if m;(U) £ U

hold for arbitrary elements j € {1,...,¢} and b € L, we obtain that

m(b) = fq(m1(b),...,me(b))
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that is, m = f4(m4,...,m}). Then
mly = fg(mi,...,my)lu = fo(milu, ..., mylu)
= Fg(Fmirps s Fmipo) Pl fa(mitu,.comyio)
=g(milu,...,mylv)lv, (2)
and for every v € V
m(v) = g(my(v) Au,...,m(v) Au)
= g(mi(u) A, ..., my(u) Au)

= m(u), 3)

where in the first and third equalities we used (1), while the second equality follows
from Lemma 3.6 (a). Then (2) and (3), via Lemma 3.6 (c), ensure that m is in
M, hence f, is in Sta(M). Since the range of f, is contained in U, we get that the
range of f is a subset of Star i (M).

The proof of Proposition 3.5 is complete. (I

We will consider f as a map Sta(My) — Sta(M) or Sta(My) — StalV)(M) or
Sta(My) — Stap,u (M), as the context requires.

Proposition 3.7. The map g: Sta(M) — Oy, f — gy preserves superposition,
has range in Sta(My ), and satisfies the following conditions: g,,0f = gy for every
feSta(M), and g5 = flu for every f € Stap y(M).

PROOF. First, we prove the second statement of the proposition. To prove it,
let f € Sta(M) be an arbitrary f-ary operation (¢ € N) and choose arbitrary
transformations ti,...,t, € My. Then there exist transformations t},...,t, € M
such that /[y =¢; (1 <14 < £). Therefore,

gf(t17 atf) = (@u Of)fU(t“Uv,tler)
= ((puo HtL,- - ) lu
= (puo f(ty,.... 1)) lv € My,

since f(t},...,t;) € M. This proves that gy € Sta(My ), hence, the range of g is
contained in Sta(My ).
For the truth of the first part of the third statement, we note that

Gpuof = (@uo (‘Puof))rU = (‘Puof)TU =0

for every operation f € Sta(M). The second part of the third statement is obvious.
To verify that g preserves superposition, let the operations fy, f1,..., f¢ be in
Sta(M), where fy is -ary and f1,..., f; are k-ary (¢, k € N). Since

Ofo(fr,nfe) = B(puofo)(fr,m-rfe) and gy, (gfw cee agfe) = Bpuofo (gflv e 7gfl)7

follows from the equality g,,.f = gf, we may assume that the range of fj is
contained in U. Let b = (by,...,b;) be an arbitrary k-tuple in U*, and set t =
fO(‘Pfl(b)a .. .,gOfZ(b)). Then t € M and t(l) = fo(fl(b), .. ,fg(b)) e U, together
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with Lemma 3.6 (a), implies that ¢(v) Au = t(u) Au for every element v € V. Thus,
we obtain the following chain of equalities:

9fo(frrte)(®) = (fol 1,5 o)) (B) A
= fo(fl(b), e ,fg(b)) Au
=t(1)Au
=t(u) Au
= fo(uA fi(b),...,uA fe(b)) Au
=05, (0, (), .., 87.(b))
= (040(8s---,95))(b),

for all elements b € U*, which proves that gy, (ay,,--..07) = 8451
is a superposition-preserving map.
This concludes the proof of Proposition 3.7. (|

o), that is, g

.....

We will consider g as a map Sta(M) — Sta(My). The restriction of g to
Stay, (M) will be denoted by g.
We note that the sequence of maps (go, g1,...): Sta(M) — Sta(My ), where
gi: Sta(M)@D — Sta(My)®, frsgr (i € Np),

is a homomorphism between the clones Sta(M) and Sta(Mp) (as multisorted al-
gebras) since g preserves superposition and projections. We will refer to this fact
that the map g is a clone homomorphism.
Proposition 3.8. The superposition-preserving maps

f: Sta(My) — Star y(M) and §: Stap y(M) — Sta(My)
are mutually inverse bijections.
PROOF. Let f € Star, (M) be an l-ary operation (¢ € N). It is straightforward to
check that equality fq, = f holds if f is a constant operation. If f is not constant
then f(0) = 0, by Proposition 3.4 (a). Let b = (b,...,bs) be an arbitrary /-tuple

in L', and set t = f(@p,,...,9p,). Then t € M, furthermore, t(0) = f(0) = 0 and
t(1) = f(b) imply that ¢ = ). Since f(b) < u we obtain that ¢(1) = ¢(u) holds.
From the latter equality we get that
f(b) =1(1)

= t(u)

= f(uAby,...,uNby)

=fuAby,...;,u/Nby) Au

=gs(bi Au,...,bg ANu)

= fgf (b)v
that is,

f="Tos = Tas- (4)
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Let g be an arbitrary ¢-ary operation in Sta(My) (¢ € N). By Proposition 3.5, the
range of f, is contained in U. Hence, g5, = (pu o fy)lu = fylv. Then for every
b= (by,...,b) € U’ we get that

g(b) = g(bl A Uy vy bé A u) = fg(b) = fng(b) = gfg(b)7
that is,
9= gfg = ﬁfg' (5)
Then (4) and (5) prove the statement of the proposition. O

For an arbitrary clone D € Int(My) let §p be the clone (M U {f, | g € D}) C Oy,
and for an arbitrary clone C € Int(M) let ¢ be the clone g(C) = {gs | f € C}; it
is a clone because g is a clone homomorphism.

By Proposition 3.5, §p C Stalll (M), while the inclusion M C Fp is obvious.
That is, Fp € Int(M). Furthermore, for every operation f € §p \ (M) the range
of f is contained in U.

By Proposition 3.7, ¢ C Sta(My ), so &¢ belongs to Int(My).

In the next proposition we summarize these results.

Proposition 3.9. (a) If D € Int(My ) then §p € Int(M), moreover, the ranges of
operations in Fp \ (M) are contained in U.
(b) If C € Int(M) then &¢ € Int(My).

Now, we are ready to define maps § and & in the following way:
§: Int(My) — [(M),Stal”}(M)], D — Fp,
&: (M), StalVl(M)] — Int(My), C — &¢.

By Proposition 3.9, these maps are well-defined. The monotonicity of §F and & with
respect to set-theoretic inclusion is an immediate consequence of their definitions.
Our aim is to prove that maps § and & are mutually inverse isomorphisms between
the lattices Int(My) and [(M) , StalVl(a1)].

Theorem 3.10. Let L be a finite lattice that contains exactly one atom. If u € L
is an element such that L = [Op,u] U [u, 1] and U = [Or,u] is a chain. Then the
lattices Int(My) and [(M) ,Stal”l(M)] are isomorphic. In particular, the maps §
and & are mutually inverse lattice isomorphisms.

PROOF. As § and & are monotone maps with respect to set-theoretic inclusion, if
we prove that they are mutually inverse bijections, the assertion follows.

Let D be an arbitrary clone in Int(My). Then &z, = {g; | f € §p}. For any
operation g in D we have that g = g5,, by Proposition 3.8, hence, g € &3, since
fq € §p. This implies that D C &5,. The reverse inclusion follows from the fact
that the set of generators of the clone §p, namely, the set M U {f, | g € D} is
mapped into D by the clone homomorphism g, by Proposition 3.8. Then by the
preceding argument,

65, =D. (6)
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Let C be an arbitrary clone in [(M),Stal’!(M)]. Then the equality fo = f
holds for all f € C\ (M), by Proposition 3.8. Thus, C C §s.. To prove the reverse
inclusion it is enough to verify that

{fglge®c\ (My)} CC.

Let g be an arbitrary element of &¢ \ (My). Then g = gr = (py 0 f)ly for a
suitable operation f € C\ (M), hence,

fg:fgf:f

holds by Proposition 3.8, since by our assumption on C, the range of f is contained
in U. This proves that

C=3Fe.- (7)

To finish the proof, we note that equalities (6) and (7) imply that the composi-
tions § o ® and & o § are the identity automorphisms of the lattices Sta(My) and
(M), StalVI(M)], respectively. Hence, they are bijective maps that are mutually
inverses lattice isomorphisms. From this, the assertion of the theorem follows. []

We will use Theorem 3.10 to prove both of the Theorems 3.1 and 3.2.

Before we start the proofs of our main theorems, we recall some definitions from
the beginning of the this section. The lattice L = (L; A, V) is finite with at least two
elements that contains exactly one atom a. Furthermore, z is the largest element in
L\ {0} such that [0, 2] is a chain and L = [0, 2] U [z, 1]. The element s is the unique
under cover of z. The sublattices of L with universes 7' = [0, 2] and H = [z,1]
are T and H, respectively. The transformation monoids N and M are IS(L) and
IS(L) U Oy, respectively.

When the lattice L is a chain

In this part, we will assume that z = 1 holds in L. Then L is a chain, H is a
1-element set that contains only 1 and T = L. Let S be the sublattice of L with
universe S = [0, s], and let Mg be the transformation monoid IS(S) UCg on S. Tt
is straightforward to check that

M ={p |le LUy,
Ms ={@ls |l € S}UCs.

Assume that the chain L has at least three elements, that is, assume that
a < s.

In a series of propositions we will examine the operations in Sta(M). For any
positive integer £ let h}‘ be the mapping

hE: LY — P(N), (by,...,b)) = {i e N|1<i<¥ bj=1},
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and for the (-ary operation f € Sta(M) let WF and w} be defined as follows:
Wr={belL"| f(b)=1},
ot = min{|h%(b)| Ibe WfL} it Wk £ 0,
00 if W}‘ = .
It follows from the definition of wJIc‘ and in (8) by Proposition 3.4 (a), that

w}‘ = 0 if and only if f is a constant operation with value 1, (8)
w}‘ = ( if and only if W}‘ = {1}, (9)
wJI; = oo if and only if f(L*) C S. (10)

If the lattice L is clear from the context then we will omit the superscript, that is,
we will write hy, Wy, and wy instead of hg;‘, W}‘, and w}‘, respectively.

For a subset I of {1,...,¢} and for an element b = (by,...,b,) € L’ let by denote
the ¢-tuple (b, ...,b}) for which

b,:{bi ifiecl,

¢ 0 otherwise
holds for every ¢ (1 <i < ¥).

Proposition 3.11. Let f be an arbitrary £-ary operation in Sta(M) (£ € N).
(i) If J is an arbitrary subset of {1,... ¢}, then for every element b € L* if
f(by) # 0 then f(b) = f(bs).
(ii) If d € L* is an €-tuple for which f(d) = 1 holds and I = hy(d), then
fldr)=f1)=1

PROOF. Let b = (by,...,bs) be an arbitrary (-tuple in L¢. For every i € {1,...,¢}
let ¢; be the transformation ¢, if i € J and ¢, otherwise, and set t = f(t1,...,%) €
M. Clearly t(0) = f(bs) and (1) = f(b). Hence, if f(b;) # 0 then t = cs(,), and
so, f(b) =t(1) = f(by). This proves (i).

To prove (ii), let d = (di,...,ds) € L* be an (-tuple for which f(d) = 1 holds
and let I = hy(d). By the monotonicity of f, we obtain that 1 = f(d) < f(1) < 1,
that is, f(1) = 1. Applying the same construction as in the proof of (i) in the case
when b=4d and J = I, we get that t(0) = f(d;) and (1) = f(d) = 1. Moreover,

ti(s) cq;(s) = d; ifiel,
i(s) =
wa,(s)=dins=d; ifi &l

holds for every i (1 < i < {), since if ¢ € I then d; < s. Hence, t(s) = f(d) =
1, which implies that ¢ = ¢;. Therefore, f(d;) = t(0) = 1. The proof of the
proposition is complete. (Il

Proposition 3.12. Let f be an arbitrary £-ary operation in Sta(M) (¢ € N).
Suppose that 0 < wy < £ holds for the operation f, and let d = (d1,...,d;) be an
element in Wy such that |hy(d)| = wg. Then for arbitrary element b € L* we have
that b € Wy if and only if he(d) C he(b).
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PROOF. Suppose that b = (b1,...,be) € Wy. Set I = hy(d) and J = he(b). By
Lemma 3.11 (ii), we may assume that d; = 0if s € {1,...,£} \ I and b; = O if
je{l,...,£}\ J. Let g be the binary operation f(gi,...,g¢) on L, where for
i € {1,...,¢} the binary operation g; is defined to be projection onto the first
variable if ¢ € I\ J, projection onto the second variable if ¢ € J \ I, constant 1
if i € TN J, and constant 0 in all the other cases. Then g € Sta(M), because
fig1,--.,9¢ € Sta(M). Furthermore, g(1,0) = f(d) = 1 and ¢(0,1) = f(b) = 1
imply that g(c¢1,idy) = g(idp,c1) = ¢1, hence, ¢g(0,0) = 1. And so, the ¢-tuple
(91(0,0),...,9¢(0,0)) € Wy and h¢(91(0,0),...,,(0,0)) = I'nJ C I. By the
minimality of wy = |I|, we get that I N J = I, that is, he(d) = I C J = he(b).

Suppose that hy(d) C he(b). Then d = d; < b, hence, the monotonicity of f
implies that 1 = f(d) < f(b), that is, b € W;.

This completes the proof of the proposition. [

By the preceding proposition, for every operation f € Sta(M), say f is f-ary,
there is a unique set in {he(b) | b € Wy} of size wy.

In the next statement we will describe the essentially binary operations in the
stabilizer of M.

Proposition 3.13. If f is an essentially binary operation in Sta(M), then f co-
incides with either U or M; for somel € L\ {0}.

PROOF. Let f be an essentially binary operation in Sta(M). Then f(0,0) = 0 and
f(S x S8) C S hold by Proposition 3.4 (a) and (b), respectively.

The proof splits according to the value of wy. We note that w; = 0 is impossible
because this equality would imply that f is the constant operation with value 1.

In the following we will use some simple facts concerning the unary operations
in M. Let m be an arbitrary element in M. Since all the elements of L are isolated,
we get that for arbitrary elements b,d € L the relation b ~ d holds if and only if
b = d, furthermore, Iso(b,d) = {id(b]}. Then by Proposition 3.4 (b) we have that

() either m = ¢, (1) or m = (1),

in particular,

(f.) if m(1) = 0 then m = co, and if m(0) > 0 then m = cp,(0),

(f,) if m(0) =0 then m = p,,1).

Case 1: wy = oo, that is the range of f is contained in S. Let b* denote the
element f(1,1) € L\ {0,1}; b* # 0, because f is a monotone and essentially binary
operation, and b* # 1, because of (10). Then the unary operations f(c1,idy) and
fdr, c1) are in {cp-, o+ } by (1), since f(e1,idr)(1) = f(idr, e1)(1) = f(1,1) = b*.
If f(c1,idp) = ey~ then f(idr, co) = ¢@p+ by (1), since
f(dr, c0)(0) = f(0,0) =0,
f(idr, co)(1) = f(1,0) = f(e1,idz)(0) = b7,

and so,

flenidr) = cgp. 1y (11)
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for every element | € L\ {0} by (), since
fle,idp)(0) = £(1,0) = f(idL, co)(l) = pp- (1) =LAD" > 0.
If b* > a, where a is the unique atom in the chain L, then for all [ € L we have

that

by (11)

fdr,a)(a) = fa,l) = f(ca,idL)(1) ep-(a) =anb" =a,
by (11)

fGdp, e)(07) = f(0,1) = flep,1dL)(T) 7 =" ¢ (b7) = b" > a,
which show that f(idg,¢) is not a unary constant operation, hence f(0,1) =
f@dr, ¢)(0) = 0 holds for all [ € L. Thus, it follows that

f(Co,idL) = cp. (12)

Hence, combining (11) and (12), we get that f does not depend on its second
variable, which contradicts the assumption on f.
If b* = a then for all elements [,1’ € L with | > a we get that

FAY) = flenid)®) L e ) = vall) =anl =a. (13)

Since f(cp,idr)(0) = f(0,0) = 0 and f(co,id)(1) = £(0,1) < f(1,1) = a, we see
that
f(co,idL) € {co, ¢a}

by (t,). The equality f(co,idz) = ¢o can be excluded, because in this case (11) and
(12) would imply that f is not an essentially binary operation. Hence, f(cg,idr) =
©q, and this with (13) show that f = L.

As the assumption f(idy,c1) = ¢+ leads to similar results, we may suppose that
the equalities

fler,id) = f(idr, c1) = @p-
hold for f. Applying these equalities we get that
fleo,idr)(1) = f(0,1) = f(idL, e1)(0) = @3- (0)
fGdp,c0)(1) = f(1,0) = f(e1,idL)(0) = @p-(0)
which imply that

)

0
0

)

f(eo,idr) = f(idr, co) = co,
by (t.). By the above, we have for all elements [ € L that
fle,idp)(0) = f(1,0) = f(id, co)(l) = co(l) =0,
fleidn)(1) = f(1,1) = f(d, e1)(l) = pp- (1),
hence,
flenidr) = ¢g,. )

for every element I € L, by (f,). Then for arbitrary elements [, " € L we obtain
that

FULT) = Flenidn)(l) = g @) = U A (UAD) = (I AD) AL =10 1,
that is, f =My« = M)
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Case 2: wy = 1. Let d € W; be an element such that |he(d)] = 1. We may
assume, without loss of generality, that ho(d) = {1}. Then f(1,0) = 1, and so,
fler,idp)(0) = f(1,0) = 1 and f(idg,c0)(1) = f(1,0) = 1 imply that f(eq,idy) =
c1 and f(idg, co) = ¢1 = idr by (f.) and (f,,), respectively. Hence,
f(Cl, ldL) = (] (14)

for every element [ € L\ {0} by (,), since f(c;,id)(0) = f(1,0) = f(idL, co)(l) =
I > 0. Using this, we get for arbitrary element I’ € L\ {0}

flde,e)(V') = f(I',1) = f(ev,idL)(1) = e () =1/,
which yields that f(idy,¢;) = idy, holds for all I (I € L), hence,

£(0,1") = f(idL, ¢p)(0) = idL(0) = 0

hold for all elements {” € L. This implies that f(cg,idr) = cp, which with (14)
forces f not to depend on its second variable. This contradiction shows that there
is no essentially binary operation f with wy = 1.

Case 3: wy = 2. Then f(c1,idz)(1) = f(1,1) =1 and f(c1,idz)(0) = f(1,0) # 1
imply that f(c1,idr) = ¢1 =idg, by (). In a similar way, we get that f(idz,c;) =
idg,. Therefore, f(co,idy) = ¢o and f(idr,cp) = ¢ hold by (7,), since

f(CO7idL)(1) = f(07 1) = f(ldL7 Cl)(o) = Oa
fdr,c0)(1) = f(1,0) = f(c1,idL)(0) = 0.
Hence, for every element [ € L we have that
f(e,idp)(0) = £(1,0) = f(idL, co)(l) = co(l) = 0,
fle,id)(1) = f(1,1) = f(idp, 1) (1) = idL(l) =,
which yields that f(c;,idz) = ¢ (I € L), by (). Therefore,
FU) = fle,id) () ="y =1AU =1, 1
holds for arbitrary elements [,1’ € L, that is, f = M.

This concludes the proof of Proposition 3.13. O

Proposition 3.14. If f is an {-ary operation in Sta(M) \ (M) with wy = £ then
f(bl,...,bg) =0byMy---Ty by for allby,..., by € L.

PROOF. Let us remark that if f is an operation in Sta(M) \ (M), then the arity
of f is at least 2. We will proceed by induction on the arity of f. Proposition 3.13
ensures that the assertion is true for £ = 2. Assume the statement is true for
operations in Sta(M) \ (M) with arity less than ¢, and let f € Sta(M)\ (M) be an
l-ary operation (¢ > 3) such that wy = £. Define the operations fi,..., f¢ in the
following way

,fi: Lz_l — L, fi(bla-~-7bi—17bi+17~-- ,bg) = f(bl,. ..,bi_l,l,bi+1,...,bg)
(1 <i <L) It is obvious that for every i (1 < i < )
fi(bl,...7bi_1,bi+1,...,bg):1<:>b1:"':bi_lzbi_i_l:"':bg:l
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holds, which ensures that wy, = £ — 1 and f; depends on all of its variables. The
operations f1, ..., f¢ belong to Sta(M) since for every i (1 < i < ¥)

fi = f(ﬂ%eil), .. ,ngzl), c1 0 71'5571), 71_2(571), . ,ﬁéé:ll)) € Sta(M),

where 77;-271): L1 — L is the (£ — 1)-ary j*" projection (1 < j < ¢ —1). Hence,

Sy, fe € Sta(M) \ (M) and we can apply the inductive hypothesis to the oper-
ations f1,..., fe

fi(bh e 7bi—17bi+17 A ,bg) = bl My -y bi—l My bi+1 My bg (15)
holds for every (¢ — 1)-tuple (b1, ...,b;—1,bis1,...,be) € L*~1 and for every i (1 <

i < /). Let b= (by,...,bs) be an arbitrary element in L*, and set by = by My - - -y by.
Our aim is to prove that f(b) = by. Let j € {1,...,£} be an index such that

bj = b1 V--- Vb holds in L, and set t = f(cp,,...,cp,_,,idr, ¢y, 5Cp,) € M.
Then
t(l) = f(bl7' . '7bj—1717bj+17~ . -;bf)
= fi(b1,- ., bj-1,b541,.. ., be)
=by My My bj_1 My bjpr My -+ My be
=by My Ty b
implies that ¢ is equal to either ¢, or ¢p,. However,
b if t =
t(b;) = bo T e
j/\bo—bo lft—(pbm
that is, in both cases we get that t(b;) = by, hence, f(b) = ¢(b;) = bo.
With this the statement of the proposition is proved. ([

Proposition 3.15. If f is an {-ary operation in Sta(M)\ (M) such that 0 < wy < £
then (f) = ().

PROOF. Let f be an l-ary operation in Sta(M)\ (M) such that 0 < wy < £ (¢ € N).
Let d € Wy be an element for which |h¢(d)| = wy holds, and set I = hy(d). We may
suppose, without loss of generality, that I = {1,...,ws}. Let g be the operation

g: LY — L, (I, lwy) = f(l1, .ol 0,.00,0).
Then wy, = wy, by Lemma 3.11 (ii), hence by Lemma 3.14, we have that
gb1, - by ) = by My - Ty by,

for all by,...,by, € L. By Lemma 3.11 (i), for every element b = (by,...,b) € Lf
if f(br) # 0 then

f(b):f(bf):g(bhabwf):bl r|1"'|11 bwf~

Now we will prove that the equality f(b) = f(bs) also holds when f(b;) = 0.
Suppose that, on the contrary, there is an /-tuple b € L’ for which f(b;) = 0
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and f(b) # 0 hold. For every element i € {1,...,¢} let t; € M be the following
transformation:

. id; if¢ €I and b; =0,
o cp, otherwise,

and set t = f(t1,...,t¢). Then t € M and t(0) = f(b) # 0, which implies that
t=cspp) by (t.). Let bo =My {b; | i € I,b; # 0}. Since a is the unique atom in the
lattice L, we see that by > a. Moreover, if d € L\ {0} then d > a and for every

1€l
L :{1dL(d):d> if b; = 0,

a
Cbi(d)zbi 2& 1fb17é0

holds, and so,

F((0@, el @), ) = g(t(d), . b, (d)
=t1(d) My -+ My tw, (d)
=d My bO = a,
where in the third equality we used that d occurs among the elements ¢;(d) (i € I)
since 0 € {b; | i € I}, which follows from
b1 My« bwf = g(bl,. .. 7bwf) = f(b]) =0.
Therefore by Lemma 3.11 (i),

td) = f(ta(d), ... te(d)) = f((tl(d), . ,tg(d))l) —dM by >a
for all d € L\ {0}. Hence, as a consequence of the equalities ¢ = cf) and
t(a) =ally by = a,
t(1) = 1111 bo = bo,
we get that f(b) = by = a hold. Furthermore, the equality of by and a implies that

the set J = {i € I | b; = a} is not empty. Define transformations ¢ for i = 1,...,¢
in the following way:

idy ifi €I and b; =0,
t; =4C ifi € J7
cp, otherwise,

and set t' = f(t},...,t)). Then all the transformations t/,...,t),t" are in M. In
particular, for ¢ € I we have that

a ifielandb; =0,

t;(a): 1 ified,
b; ifiEIandbi>a,
1 ifielandb; =0,
t(1)=<1 ifiedJ,
b; ifiEIandbi>a,



TRANSFORMATION MONOIDS WITH FINITE MONOIDAL INTERVALS 21

hold. Using again that 0 € {b; | ¢ € I}, we obtain that

f((tll(a)a e 7t2(a))1) = g(t’l(a), s 7t2u]c(a)) = tll(a) My~ t;}f(a) =a,
), (D)) = g(t1 (1), - by, (1) = (1) My -+ My &y, (1) > a.

Hence, by Lemma 3.11 (i), it follows that

o~
~
—
S
=
|

F(ti(a), ..., ty(a)) = f((t’l(a),...7t’£(a))1) —a,
{(1) = FE ), (1) = (B, (D)) > a,

which means that ¢ € M is not a unary constant operation, and so, t'(0) = 0 by (}).
This is impossible by the assumption on the choice of b for the following reason:
since b; < t}(0) holds for every ¢ (i € {1,...,¢}), the monotonicity of f implies that

0# f(b) = f(b1,...,be) < f(£1(0), ..., (0)) = ¢'(0) = 0.

This contradiction shows that, f(b) = f(br) holds for all /-tuples b € L, that is,
f(b) = f(bf) :g(b17"-abwf) :bl My« bwf-

Thus, the operation f is in (7). Since f & (M), it depends on at least two of its
variables, which ensures that w; > 2. Hence, the inclusion My € (f) also holds.
Therefore, (f) = (M1). O

As a corollary of Proposition 3.15 we obtain the following statement.

Corollary 3.16. If f € Sta(M) \ (M) is an operation that depends on all of its
variables then wy equals either oo or the arity of f.

PROOF OF THEOREM 3.1. By the results of E. L. Post in [5], the statement is true
for |L| = 2.

Assume that the theorem is valid for all chains L’ with 2 < |L'| < |L|. We
proceed to prove the statement for the chain L.

We will apply the inductive hypothesis for the sublattice L’ = S of L that was
introduced at the beginning of this subsection. The universe of S is [0, s], where
s < 1p. In particular, S is a chain with |L| — 1 elements. The transformation
monoid Mg is

IS(S)UCs ={@ils |l € S}UCs.

By the inductive hypothesis for the chain S we obtain that Int(Mg) is the lattice
that can be seen in Figure 4,
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(Mg U {M,,0})

(Ms U {1, 0}) g/ (M U {F1,})

(Ms U {0}) i
(Ms U{a})

(Ms)

Figure 4: The monoidal interval Int(Mg).

where M, = Mg (I € S, 1 #0) and U = Ulg. By Theorem 3.10, the lattices Int(Mg)
and [(M),Stal®l (M)] are isomorphic, the map §: Int(My) — [(M), Stal*(M1)] is
a lattice isomorphism. Hence, Stal®l(M) = S (MsU{A,,0}) -

Claim 3.17. Let G be an arbitrary subset of Sta(Mg). Then
Sy = (MU{fy|geGl).

Then (G) C Sta(Ms) and § gy = (M U {f, | g € (G)}), which contains the clone
(M U{fy | g € G}). Since § is a superposition-preserving map, the set {f, | g € (G)}
is contained in ({f, | g € G}), hence MU{f, | g € (G)} C (M U{f, | g € G}), which
proves the reverse inclusion §qy € (M U {f, | g € G}). This completes the proof
of the claim.

We recall that the operations M; (I € S, b # 0) and U were defined by the rule
M = Mg and U = UJg. Using the previous claim and the facts that

fr, = frds = Ms,
fo = furs = Us,
we get that
Stall (M) = Farguqm,,ap = (M U{N,,U}).
Let C € Int(M) be a clone such that C ¢ Stal*!(M). Choose an operation f from

C\ Stal’!(M). Then 0 < w; < oo by (8) and (10), and so, by Lemma 3.15 the
operation My belongs to C. Hence, we get the following statement.

Claim 3.18. Every clone in Int(M) that is not contained in Stal’!(M) contains
the operation M.

Claim 3.19. If C is a clone in Int(M), which contains an operation f with 0 <
wy < oo that depends on at least two of its variables, then C = Fe. V (Mh). Hence,
C is equal to either (M U{My,U}) or (M U{M}).



TRANSFORMATION MONOIDS WITH FINITE MONOIDAL INTERVALS 23

Let C be a clone in Int(M), which contains an operation f with 0 < w; < oo
that depends on at least two of its variables. Then f does not belong to (M).
Thus, Lemma 3.15 implies that f is in (My) \ (M). Therefore, the operation My is
in (f) CC.

Let g be an arbitrary operation in Sta(M)\ (M), say g is f-ary. If the range of g
is contained is S then g = f,, € §., by Proposition 3.8. Otherwise, if 0 < w, < /¢
then g € (M), by Lemma 3.15. Therefore, C C Fg, V (M1). Since My € C and
Se. C C, we obtain that

C =T, V (M). (16)

The clone ¢ is in Int(Mg) and it contains the operation gn, = MMy, hence by the
inductive hypothesis, &¢ is equal to either (Mg U {y,U}) or (Mg U {M;}). Since
fm, = M, and 7 = U, we have by Claim 3.17 that
S msugm,,op = (M U{Ms, U},
Ssugmyy = (M U{Ms}) .
Hence, by (16), C coincides with one of the clones
(M U{ns, U}) V(M) = (M U{, U},
(MUA{N:}) V(M) = (MU{m}),
as required. This completes the proof of Claim 3.19. g

Now we return to the remaining case.
When the lattice L is not a chain

From now on we assume that z # 1. We recall that z is the largest element in
L\ {0} such that [0, 2] is a chain and L = [0, 2] U [#, 1], furthermore, T and H are
the sublattices of L with universes T = [0, 2] and H = [z, 1], respectively. Then
Mt and Mg are the transformation monoids

IS(TYUCr={mlr|meNorm=c¢, (beT)} and
ISH)UCg ={m[g |meN, m(z) =2, or- m=c, (b€ H)},

respectively, where N = IS(L). Since z # 1, the lattice H contains at least two
atoms, and so, |H| > 4.

Our aim is to prove that the monoidal interval corresponding to M = IS(L) is
isomorphic to Int(My). To prove this we will use Theorem 2.4 and Theorem 3.1.
Before we state and give the proof of Theorem 3.2, in Proposition 3.20 and Propo-
sition 3.21 we will examine the operations in Sta(M). Recall that, by Proposi-
tion 3.4 (b), if f € Sta(M) is not a constant operation then f(2) < z holds.

Proposition 3.20. Let f be an £-ary operation from Sta(M) that is not a constant
operation (£ € N). If f(2) < z then for every {-tuple (b, ..., bs) € L* we have that

(a) F(bi,...,b) < 2,
(b) f(by,....be) = f(by Az, ... by Az).
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PROOF. Suppose that f(£) < z holds for f. First we prove that the inequality
f(b) < z holds for every element b € L‘. Suppose for a contradiction that there is
an element b = (by,...,b) € L’ such that f(b) > 2.

It cannot be that b € T, since that would imply that b < 2, from which it
follows that f(b) < f(2) < z holds, by the monotonicity of f. Hence, the ¢-tuple
b belongs to L\ T*. Let t be the transformation t = f(idy,...,idy) € M. The
operation t cannot be a constant operation, since

t(z) = f(2) < 2 < f(b) < f(1) = (1)
holds, by the assumptions on f and b, and by the monotonicity of f. Hence
t € N\ {co}, and so, there are similar elements d,d’ € L and 84,4 € Iso(d,d’) such
that ¢t = 84,4 © ¢q. Then d’ = (1) > z implies that d > z. However, from these we
get that
f(2) =t(z) = Baa (2 Ad) = Baa(2) = z,

since z is an isolated element. This contradicts our assumption on f. Therefore,
the inequality f(b) < z holds for every element b € L. This is what was to be
proved in part (a).

To prove (b) let b = (by,...,b;) be an arbitrary element of L’, and set t =
@by, 9p,). Then t(0) = £(0) = 0 follows from Proposition 3.4 (a), which
implies that ¢t € N, and so, there are similar elements d,d’ € L and B4 4 € Iso(d,d’)
such that t = 84,4 © p4. Since d ~ d' = t(1) = f(b) < z and all the elements in T'
are isolated, we obtain that d = d’ and 844 = idg. Hence t = @), and so,

F(b) = t(1) = t(2) = f(z Aby,...,z Abg)

holds for arbitrary element b € L’. This proves part (b).
With this we finished the proof of the Proposition 3.20. O

Proposition 3.21. Let f be an (-ary (¢ € N) operation from Sta(M) for which
f(2) = z holds. Then

(a) f(H) C H and flg € Sta(Mp),
(b) if f depends on at least two of its variables than for arbitrary elements
dy,...,dy € L we have that
f(dl,...,dg) = f(dl/\z,...,dg/\z)
holds.

PROOF. (a) Let b be an arbitrary element in H*. Then, by the monotonicity of f,
Z < b implies that z = f(2) < f(b), that is, f(b) € H. This proves the first part of
statement (a).

Let ¢t be an arbitrary element of My. If ¢(2) > z then ¢ is constant since z is an
isolated element, and ¢’ = ¢,y € M is an extension of ¢. Furthermore, if ¢(2) = 2
then let ¢’ be the following transformation of L:

if b e H
VLot =4 ) b
b ifbeT.

Then t’ € M, and it is an extension of t.
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Let t1,...,t, be arbitrary elements in My, and let ¢/, ...,t, be their extensions
to L, described in the preceding paragraph. Then

fla(t, . te) = fla@la, . tlm) = (), t) a,

fth,...,t)) € M and f(t),...,t,)(2) = f(2) = z imply that f(t|,...,t))ng € Mpy.
This completes the proof of part (a).

(b) We may assume without loss of generality that f depends on all of its vari-
ables. From part (a) we obtain that f[y € Sta(Mpy), and flg is an essentially
unary operation, by Theorem 2.1, since H contains at least two atoms. Then there
is an index ip € {1,...,¢} and a transformation m € My such that

frH(b137bf) :m(blo) (17)

holds for every (-tuple (b, ..., bs) in HY. Moreover, it follows from f(0) = 0 and
f(2) = z that m(z) = z, which ensures that m € IS(H).

Furthermore, f|r belongs to Sta(Mr) by Proposition 3.4 (c). As T is a chain
with largest element z and f(2) = z we get that 0 < waFT < 00.

If w;ﬂT = 0 then f[r is the constant operation with value z, and by Propo-
sition 3.4 (a), f is constant. This contradicts our assumption on f, hence, 0 <
w}}T < £. Then Corollary 3.16 implies that

flr(b1, ..o b)) = b1 My T by = by Ao+ Abg
for all by,...,by € T, that is,
fby,y.oybe) =by A= Ny (18)

for all by,...,by € T. Let d = (dy,...,d;) be an arbitrary element in L*, fur-
thermore, set dy = dy A--- Ady and t = f(@a,,...,9a,). Since t(0) = f(0) = 0,
by Proposition 3.4 (a), the transformation ¢ is in N. Thus, there are similar ele-
ments d,d’ € L and 84,4 € Iso(d,d) such that ¢ = 84,4’ © pg4. The argument splits
according to whether dy < z or z < dy holds.

Case 1: dy < z. For any element | € T we get that (I Ady,...,l Ady) € T,
hence by (18), t(I) = f(IAdy, ..., I Ndy) = (I ANdi)AN--- AN Ady) =1 Adp, that is,

t(l) =1 Ado (19)

for all I € T. The assumption z < d would imply that ¢(I) = [ holds for every
element | € T, since all the elements of T' are isolated. However, t(z) = z A dy =
dp < z holds in this case by (19). Thus, we get that d < z, and so, d' = d
and t = p4. Then d = pg(d) = t(d) = do A d implies that d < dp, moreover,
do = t(dp) < t(1) = d follows from the monotonicity of ¢. Hence, d = dy and
we can produce the following series of equalities in which we use that t = ¢4 and
t(1) =d=dy=t(z):

f(dl, .. .,dz) = f(Lpdl(l), .. ~790dg(1)) = t(l) = t(Z) = f(dl Nz, ..,d¢ A Z)
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Case 2: 2z < dy. Then z < dy,...,dy, and so, dy,...,d; € H and by (17), we
get that

ffH(dl,...,dg) = f(dl,...,dg) = m(dm) € H.

We will show that f(d) = z. Suppose for a contradiction that z < f(d). Then by
Proposition 1.2 (d), there is an atom a* in H such that m(a*) > 2. Let n be the
unary operation n = f(idy,...,idr,cqt,idg,...,idr) € M, where c,s occurs in the
ith argument of f. Then n(0) = f(0,...,0,a%,0,...,0) = OA---AOAa*AO---A0 =0
by Case 1, and the following holds by (17):

n(z) = f(z,...,z,a" z,...,2) = m(a®) > z,

which is a contradiction, since z is an isolated element in L and n is not a constant
operation. Thus,

fld)y=z=f(diNz,...,di N\ 2).
This concludes the proof of Proposition 3.21. O

PROOF OF THEOREM 3.2. Let f be an arbitrary operation in Sta(M)\ (M). Then
f depends on at least two of its variables, and f(%) < z by Proposition 3.4 (b).
The range of f is contained in T if f(Z) < z then it is a consequence of Proposi-
tion 3.20 (a), while if f(2) = =z then it follows from Proposition 3.21 (b). Hence,
the stabilizer Sta(M) of M coincides with Stal”! (M), and so,

(M), Sta(M)] = [(M), Stal) (01)).

By Theorem 3.10, the intervals [(M) , Sta”)(M)] and Int(Myz) are isomorphic. As
T is a chain they are isomorphic to the lattice that can be seen in Figure 3.
The statement of the theorem is proved. ]

We close the article with some examples.

Example 3.22. Let L be the 2-element lattice on the set L = {0,1} with 0 < 1.
Then IS(L) = {co,idr} and Int(IS(L)) has cardinality No, while for the monoid
IS(L) U Cr, = {idp,co,c1} the corresponding monoidal interval is a four-element
interval of the clone lattice on L (cf. Post [5]).

Example 3.23. Let L be the 3-element lattice on the set L = {0,a,1} with
0 < a < 1. In the interval [IS(L),IS(L) U CL] of the submonoid lattice of T(L)
there are three monoids: IS(L), IS(L) U {c.}, and IS(L) U CL. The monoidal in-
terval corresponding to IS(L) = {co, ¢q,idr} has continuum many elements (cf.
Dormdn [1], Theorem 4.2). The monoidal interval Int(IS(LYUCY,) has siz elements
(cf. Theorem 3.1). The cardinality of IS(L) U {c,} is unknown.
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