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Abstract We introduce four extension properties (CEP, QEP, SCEP and SQEP) for ordered
algebras, similar to the congruence extension property (CEP) and the strong congruence
extension property of usual (unordered) algebras. All four properties turn out to have a
description in terms of commutative squares or pullback diagrams. We then use these cat-
egorical descriptions to prove an ordered analogue of the well-known relation TP = AP +
CEP, namely that a variety of ordered algebras has the ordered transferability property if and
only if it has the ordered amalgamation property and QEP.
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1 Preliminaries

As usual in universal algebra, a type is a (possibly empty) set 2 of operation symbols which
is a disjoint union of sets Q, k € N U {0}.
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On congruence extension properties for ordered algebras 93

Definition 1.1 (Cf.[1]) Let 2beatype. Anordered Q2-algebra (or simply ordered algebra) is
atriple A = (A, Q4, <4) comprising a poset (A, <4) and a set 24 of monotone operations
on A, where wgq € Q4 has arity k if @ € Q and where the monotonicity of w4 means
that

ar <A dy A NG <aap = walal, ..., ax) <a walaj, ..., a)
forallay,...,a, aj,...,a; € A.
An ordered algebra B = (B, Qp, <p) is called a subalgebra of A = (A, Qa, <a) if

(i) BCA,
(ii) for every k and for every w € Q, wp = wa ’Bk ,
(iii) <p = <4 N(B x B).

The order and operations on the direct product of ordered algebras are defined compo-
nentwise.

A homomorphism f: A — B of ordered algebras is a monotone operation-preserving
map from an ordered Q2-algebra A to an ordered Q2-algebra B. We call a homomorphism f
an order-embedding if additionally

fla) <p fla@)=a<asd

for all @, a’ € A. Note that every order-embedding is necessarily injective.

An inequality of type Q is a sequence of symbols ¢ < ¢’ with 7 and ' being Q-terms.
We say that A satisfies inequality 1 < ¢ if 14 < t:4, where 7 4, 114: A" — A are the
term functions induced on A by ¢ and ¢/, and 14 < tlA is defined pointwise. A class KC of
ordered 2-algebras is called a variety if it consists precisely of all the algebras satisfying
some set of inequalities; we refer to [1] for further details. Every variety of ordered algebras
and their homomorphisms forms a category. Because the pointwise order is compatible with
the composition of homomorphisms, considering the set of homomorphisms from A to B
(for each pair of algebras A and B) as a poset with respect to the pointwise order one may in
fact regard these categories as Pos-categories (categories enriched over the category Pos of
posets and monotone mappings). We recall from [8] that monomorphisms in the categories
of ordered algebras are precisely injective homomorphisms.

Given a quasiorder 6 on a poset (A, <) and a, a’ € A, we write

a<d & @GneN)@a,....,ap e Aa<a1fay <azf ...0a, <d).
6
An order-congruence on an ordered algebra A = (A, 24, <4) is a congruence 6 of the
algebra (A, €24) such that the following condition (cf. [3]) is satisfied:

(Va,d' € A) (afa’sa:>a9a’).
9 0

We call aquasiorder o on an ordered algebra A a compatible quasiorder if itis compatible with
operations and extends the order of A. In [1] such relations are called admissible preorders.
Both order-congruences and compatible quasiorders play an important role in the theory of
ordered algebras. Let us denote the sets of all order-congruences and compatible quasiorders
of A by Con(A) and Cqu(A), respectively.

For every subset H C A x A there exists the smallest order-congruence ® on A containing
H, which is the intersection of all order-congruences containing H. This ® is called the
order-congruence generated by H. We will need the following result about ©®.
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94 V. Laan et al.

Lemma 1.2 Let A be an ordered algebra, H C A x A and © be the order-congruence on
A generated by H. Then for any ¢, ¢’ € A, ¢ < ¢’ ifand only if ¢ < ¢’ or there exist unary
R)

polynomial functions p1, ..., pp on A and pairs (a1,a’l), oo, (an,a)) € HU H! such
that
c < pia) p2ay) < p3(az) pnlay) < c.
p1(a)) < pa(az) oo Pn—1(ay_y) < pp(ap)

There are two natural ways of forming quotients of ordered algebras. If 6 is an order-
congruence on an ordered algebra A = (A, Q4, <4) then one can define an order relation
=< on the quotient set A/6 by

la] 2 [d'] <= a <d
0
a,a’ € A. With the usual definitions of operations we obtain an ordered Q2-algebra A/0 :=
(A/6, a0, <). As in [8], we call such an algebra the regular quotient algebra of A by an
order-congruence 6. Such quotients were introduced in [3].

On the other hand, if o is a compatible quasiorder on A then # = o N o~ is an order-
congruence, and one can define an order relation T on the quotient set A /6 by

[a] C [d'] &= aocd’,

a,a’ € A. Again, with the usual operations we obtain an ordered algebra A/o =
(A/(0 No™), Q4 )ono-1). E); let us call it the quotient algebra of A by a compatible
quasiorder o. Such quotients have appeared in [1] and [4]. We note that every variety is
closed both under quotient algebras and regular quotient algebras.

If o is a compatible quasiorder then we may consider both the regular quotient algebra
A/(o No~!) and the (non-regular) quotient algebra A /o . They have the same elements and
operations, but the order may be different: < is contained in C.

Given a homomorphism f: .4 —> B of ordered algebras, the directed kernel ker fof f,
defined as

kerf = {(a.d) e Ax A| f(@) < f(@)}
(see [4]) is clearly a compatible quasiorder on .A. Hence
ker f = (ker f) N (ker /)"
is an order-congruence on .A. So we have the quotient algebras
—_
A/ker f = (A/ker f, Qajkerf. =), Afkerf = (A/ker f, Qa/ker £ E)

with order relations

[a] C [d] &= f(a) < f(d) < (a,d’) € kerf.

A homomorphism g: A —> B of ordered algebras is called a Q-homomorphism (cf. [4])
if, for all b, b’ € B, b <p b’ implies that there exist a, a’ € A such that

b=g(a), a < d, ga) ="

ker g
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On congruence extension properties for ordered algebras 95

A morphism in a category of ordered algebras is called a regular epimorphism if it is the
coequalizer of some pair of morphisms. It was shown in [8] that surjective epimorphisms of
ordered algebras are not necessarily regular. We, however, have the following remark as an
immediate consequence of Corollary 28 and Theorem 32 of [8].

Remark 1.3 Every regular epimorphism in a category of ordered algebras is surjective.

Theorem 1.4 ([8]) Regular epimorphisms in a variety of ordered algebras are precisely
Q-homomorphisms.

Theorem 1.5 ([8]) For any homomorphism f: A —> B of ordered algebras the diagram
A ! B
b4 J{ T‘
—

A/ker f ——— A/kerf

LA ker f

commutes, where the mappings 7w and , defined by

m(a) ;= [a],

(a]) = f(a),
are homomorphisms of ordered algebras. Moreover,

(1) m is a Q-homomorphism;
(2) lajker s is injective;

(3) tis an order-embedding;
(4) 1a/ker f o 70 is surjective;
(5) tolayker f is injective.

We will also need the following result, the proof of which is routine.

Theorem 1.6 For any homomorphism f: A —> B and a surjective homomorphism g:
A — C of ordered algebras with lg)rg - lg}f, the mapping h: C — B, given by
h(c) = f(a), where ¢ = g(a), is the unique homomorphism of ordered algebras such that
hog = f. Moreover,

(1) h is injective if and only ifker f = ker g;

= —
(2) h is an order-embedding if and only if ker f = ker g;
(3) h is surjective if and only if f is surjective.

2 Congruence and quasiorder extension properties

Congruence extension properties have been investigated in the context of various algebras (see
[7] and the references contained therein). The aim of this section is to introduce congruence
and quasiorder extension properties for ordered algebras. We shall see that the latter imply
the former, but the converse is not necessarily true.

Definition 2.1 We say that an ordered algebra A has the congruence extension property
(CEP) if every order-congruence 6 on any subalgebra B of A is the restriction of some
order-congruence ® on A, i.e. ® N (B x B) = 0.
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96 V. Laan et al.

Definition 2.2 We say that an ordered algebra A has the quasiorder extension property
(QEP) if every compatible quasiorder o on any subalgebra B of A is the restriction of some
compatible quasiorder X on A, i.e. XN (B x B) =o0.

Proposition 2.3 If an ordered algebra has QEP then it has CEP.

Proof Let A be an ordered algebra having QEP. Let B be a subalgebra of A and 8 € Con(B).
Then < € Cqu(B). By QEP there exists ¥ € Cqu(.A) such that ¥ N (B x B) = <. Now
0 0

© :=¥NX~! € Con(A). To complete the proof we need to show that @ N (B x B) = 6. To

this end, first take (b, b’) € ® with b, b’ € B. Then b ¥ b’ £ b and hence b < b’ < b. Since
0 0

0 is an order-congruence, we have b 0 b’. Now, let b 0 b’, where b, b’ € B. Then, because 0

is symmetric, we also have b’ 8 b. Now b < b’ and b’ < b imply b X b’ and b’ T b. Hence
7 0

b®b’, as needed. O

The following example shows that there exist ordered algebras which have CEP but not
QEP.

Example 2.4 Let S be the pomonoid given by the following Cayley table and Hasse diagram
(cf. Example 2 of [2]):

‘abel a
ala a a a yau
b|b b b b, e 1
el|la b e e /

l|la b e 1 b

(This S is obtained from a left zero semigroup {a, b} by adjoining the external identities e
and 1, one after the other.)

We first show that S has CEP. The proper subpomonoids of S are U; = {b, e, 1}, Uy =
{a,e, 1}, U3 ={a, b, 1}, Us = {a, 1}, Us = {e, 1}, Us = {b, 1} and U7 = {1}.

Because the smallest and the largest order-congruences (denoted respectively by A and
V) on any of these subpomonoids are respectively the restrictions of the smallest and the
largest order-congruences of S, there is nothing to prove for these order-congruences. We
therefore leave out Us, Us and Ug which only admit A and V. We can also omit U7 which
has only one order-congruence A = V.

Besides A and V, the order-congruences on U, represented by their congruence classes,
are:

011 = {{b, e}, {1}},
012 = {{1, e}, {b}}.

Those of U, (which is algebraically isomorphic to Uy) are:

621 = {{a, e}, {1},
02 = {{e, 1}, {a}}.

And that of Uj is:

631 = {{a, b}, {1}}.
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On congruence extension properties for ordered algebras 97

We next consider the following order-congruences on S:
O1 = {{a, b, e}, {1},
02 = {{e, 1}, {b}, {a}}.

Now one can easily check that 611 = ®; N (U; x Uy), 012 = ©2 N (Uy x Uy), 621 =
O N Uz x Us), 00 =0OrN(Uy x Up) and 031 = ©1 N (Us x U3). Thus S has CEP.
To show that S does not have QEP we consider the compatible quasiorder

011 ={(b, e), (e, D), (b, b), (e, e), (1, 1)}

on Uj. (Note that an order-congruence that contains the order is a compatible quasiorder.)
Now any compatible quasiorder ¥ on S extending 611 must contain (a, b) = (ea, ba).
Moreover, since ¥ extends the order of S, it should also contain the pair (1, a). But then,
using transitivity, we have (1, b) € ¥ from (1, a), (a, b) € 2. Thus ¥ N (U; x U;y) # 011
because (1, b) ¢ 011 and QEP fails for S.

There also exist ordered algebras which do not have CEP.

Example 2.5 There exist semigroups which do not have the congruence extension property,
see for instance Example 1.2 in [5]. Consider such a semigroup S with discrete order. Then
its congruences and order-congruences coincide and it does not have the order-congruence
extension property.

It turns out that if an algebra has only nullary or unary operations then it always has QEP.
Theorem 2.6 Let Q2 = Qo U Q1. Then every ordered Q-algebra has QEP (and hence CEP).

Proof Let B be a subalgebra of an ordered algebra A = (A, Q4, <), where 2 = Qp U Q.
Let 0 € Cqu(B). Define a relation = on A by

Y :={(a,d)eA’|la<d ora<bob <d forsomeb,b € B).

Clearly X is reflexive and extends <. If (a,a’) € Z, thatis,a < a’ ora < bob' < d
for some b, b’ € B, and w € 1, then w(a) < w(a’) or w(a) < w(b)o w(’) < w(a’)
with @ (b), w(b’) € B. Hence X is compatible (note that this argument works because
Q = Qp U Q). To prove transitivity, suppose that a X a’ and @’ X a”. If a < byo by <
a’ < byo by < a” then by transitivity of < we have b, < b3. This implies by o b3, and
by o by o b3 o by implies by o by. Hence a < by o by < a’ and (a, a”’) € T. The other three
cases can be checked in a similar fashion. So ¥ € Cqu(A).

Finally we show that ¥ N (B x B) = o. Obviously,c € ¥ N (B x B). For the converse,
assume that (b, b') € XN (B x B). Thenb < b’ orb < by o by < b’ for some by, by € B.
In the first case b o b’ because o extends the order of B. In the second case bo by o by o b’
for the same reason and the transitivity of o yields bo b'. O

=
=<

Corollary 2.7 Every poset has QEP.
Corollary 2.8 If S is a posemigroup or a pomonoid then every S-poset has QEP.

3 CEP, QEP and diagrams

In this section we describe CEP and QEP in the language of commutative diagrams. For
analogous results in the unordered context the reader is referred to [7]. We begin with a
couple of short lemmas.
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98 V. Laan et al.

Lemma 3.1 Let f: A —> B be an order-embedding between ordered Q2-algebras and
o € Cqu(A). Then

o' ={(f(@a), f(@)) | (a1, a2) € o} € Cqu(f(A)).

Proof Clearly o’ is reflexive and compatible with operations. Transitivity of o’ follows from
injectivity of f. Let us show that <) € o’. Indeed, if f(a1) < f(az) in f(A) then
f(a1) < f(ap) in Band hence a; < ay in A. Now (ay, ay) € o, giving (f(ay), f(az)) € o/,
as needed. O

The following lemma can be proved similarly.

Lemma 3.2 Let f: A —> B be an order-embedding between ordered Q2-algebras and
0 € Con(A). Then

0" ={(f(a1), f(@)) | (a1, a2) € B} € Con(f(A)).

Theorem 3.3 An algebra A in a variety V of ordered Q2-algebras has CEP if and only if
each diagram

f A

|

B
/|
e

where f is an order-embedding and g is a regular epimorphism, can be completed to a
commutative square

B%f>A
ol
C——7D
f/

in'V, where f’ is an injective homomorphism. In this case, g’ is a regular epimorphism.

Proof Necessity Let A have CEP. Consider an order-embedding f: B —> A and a regular
epimorphism g: B —> C. Let 6 := ker g € Con(B3). Then by Lemma 3.2 we have,

0" :={(f(b1), f(b2)) | (b1, b2) € 6} € Con(f(B)).
Using CEP of A we obtain ® € Con(A) such that
ON(f(B)x f(B) =40" (3.1

Consider the diagram

e . (3.2)
- —>=A/0
f /

x>
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On congruence extension properties for ordered algebras 99

where the natural surjection ®7 is a regular epimorphism by Theorem 1.5(1) and Theorem 1.4.
— —> —

Let us prove that ker g C ker(®7 f). Suppose that (x, x") € ker g, i.e. g(x) < g(x’). Because

g is a Q-homomorphism, there exist b, b’ € B such that g(x) = g(b), g(x’) = g(b’) and

b < D'. And since ker g = 0, we can write a sequence
ker g

X0b<b1Oby<b30...0b,<b Ox
for some by, ..., b, € B. Applying f to this sequence one obtains
F)O fb) < fF(b1)O f(b2) < f(b3)0" ... 0" f(by) < f(B)O f(x).
Condition (3.1) implies that f(x) < f(x'), thatis, [f(x)] < [f(x))]in A/® and (x, x’) €
. E)
ker(©7f).

Now from Theorem 1.6 it follows that there exists a unique homomorphism f”:
C — A/© such that f'g = ©"f. To prove that f’ is injective, we have to check that
ker(©7f) = kerg = 6. Since lg)rg - lg}(é)uf), we also have 8 C ker(®”f). For the
converse we suppose that [ f(b1)] = [f(b2)]in A/O, by, by € B,i.e. (f(b1), f(b2)) € O.
By (3.1), (f(b1), f(b2)) € 0. Hence there exist b3, by € B such that (b3, bs) € 6 and
(f(b1), f(b2)) = (f(b3), f(bs)). Since f is injective, we have b; = b3 and by = b4. Thus
also (b1, by) € 6, and we have shown that ker(@tf) co.

Sufficiency Let 3 be a subalgebra of A, let6 € Con(B) and let f: B —> A be the inclusion
mapping (which is, of course, an order-embedding). Consider the diagram

B—L>a

B/6
where the natural surjection 6 is a regular epimorphism by Theorem 1.5(1) and Theorem 1.4.

By assumption there exists a commutative diagram

P

B———A

e

B/QT)D

where f’ is an injective homomorphism. Take ® := kerg’ € Con(A). We prove that
ON(BxB)=6.
Suppose first that (a1, az) € ® N (B x B). Thenay, ap € B and g'(a;) = g'(a2). Now

g'(a) =g (f(a) = (¢ Nia) = (f'6) (@) = f'(ai])

for i = 1,2. Hence f'([a1]) = g'(a1) = g'(az) = f'([az]). Since f’ is injective, we
conclude that [a;] = [a2] in B/6. This means that (a;, ap) € 6. Conversely, let (b1, by) € 6.
Then [b1] = [b2] in B/6. Hence

& N1 = (f109B1) = ') = £/ (b)) = (f'0)(b2) = (&' ) (b2),
which implies that (b, by) = (f(b1), f(b2)) € ker g’ = ©. O
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100 V. Laan et al.

Our next result characterizes QEP in terms of commutative diagrams.

Theorem 3.4 An algebra A in a variety V of ordered Q2-algebras has QEP if and only if
each diagram
B
gl
C

where f is an order-embedding and g is a surjective homomorphism, can be completed to a
commutative square

L

l

B*f>_A
'
f/

inV, where ' is an order-embedding. In this case, g’ is a surjective homomorphism.

Proof Necessity Let . A have QEP. Consider an order-embedding f: 5 — A and a surjec-
—>
tive homomorphism g: B — C. Let o := ker g € Cqu(8). By Lemma 3.1,

o' = {(f (b)), f(b2)) | (b1,b2) € o} € Cqu(f(B)).
Using QEP of A we obtain ¥ € Cqu(A) such that

N (f(B)x f(B) =0 (3.3)

B
|
c

Suppose that (b1, by) € lg}g = o. Then (f(b1), f(b2)) € o/ € X. Consequently,
—
[f(b1)] < [f(b2)] in the quotient algebra A/ ¥ and (by, by) € ker(Euf). Thus we have

established the inclusion ker g € lg)r(Eu .
Now, by Theorem 1.6, there is a unige homomorphism f': ¢ —> A/ of ordered
algebras, which makes the diagram (3.4) commute.

Consider the diagram

!

A
izﬂ . (3.4)
/%

- — >
f/

To prove that f is an order-embedding it remains to check thatlg)r( 2if) C lg} g.Suppose
— . .
that (b, by) € ker(SFf). Then [f(b1)] < [f(b2)]in A/, ie. (f(b1). f(b2)) iE- By
(3.3), (f(b1), f(b2)) € o’. Hence there exist b3, by € B such that (b3, by) € 0 = ker g and
(f(b1), f(b2)) = (f(b3), f(bs)). Since f is injective, we have by = b3 and by = b4, and
—
hence (b1, by) € ker g.

Sufficiency Let BB be a subalgebra of A, let 0 € Cqu(B) and let f: B —> A be the inclusion
mapping. Consider the diagram
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On congruence extension properties for ordered algebras 101

B—L> A

]

B/o

By assumption there exists a commutative diagram

B—L 4
U”l lg’,
B/U ?'D

where f is an order-embedding. Take ¥ := lg} g € Cqu(A). We prove that XN (B x B) =
0.
Suppose that (aj, az) € ¥ N (B x B). Then ay, ap € B with g'(a1) < g’(a2). Now

g'(a) =g (fa) = (& Na) = (f'oN (@) = f'(ail)

fori = 1,2.Hence f'([a1]) = g'(a1) < g'(az) = f'([az]). Since f’ is an order-embedding,
we conclude that [a;] < [az] in B/o. This means that (a1, a2) € o.
Conversely, let (b1, by) € 0. Then [b1] < [by] in B/o. Hence

&' N)b1) = (f'oh)b1) = [/ (Ib1]) < f'([b2]) = (f'o")(b2) = (&' f)(b2),

which implies that (b1, b2) = (f(b1), f(b2)) € lg}g’ =3. O

4 Strong extension properites

An unordered algebra A is said to have the strong congruence extension property, see for
instance [6], if any congruence 6 on any subalgebra B of A can be extended to a congruence ©
on A such that each ®-class is either contained in B or disjoint from B;i.e. ®N (B x A) = 6.
In this section we define similar properties for ordered algebras.

Definition 4.1 We say that an ordered algebra .4 has the strong congruence extension prop-
erty (SCEP) if any order congruence 6 on any subalgebra B of A can be extended to an order
congruence ® on A in such a way that ® N (B x A) = 6.

From the definitions it is clear that SCEP implies CEP. It turns out that SCEP can also be
described in terms of diagrams.

Theorem 4.2 An algebra A in a variety V of ordered Q2-algebras has SCEP if and only if
each diagram
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102 V. Laan et al.

where f is an order-embedding and g is a regular epimorphism, can be completed to a
pullback diagram

A

lg/

D

in'V, where f’ is an injective homomorphism. In this case, g’ is a regular epimorphism.

7

_—>

o
QA=<—T

—_—
fr

Proof Necessity Let . A have SCEP. Consider an order-embedding f: 5 —> A and a regular
epimorphism g: B —> C. Let 6 := ker g € Con(5). By Lemma 3.2, we have:

0" :={(f(b1), f(b2)) | (b1,b2) € 0} € Con(f(B)).
Using SCEP of A we obtain ® € Con(A) such that
ON(f(B)x A =6

Consider the diagram

l@ﬁ. (4.1)
/

Again, by Theorem 1.6, the mapping f': C —> A/®, given by
) :=[f)]eA/oO,

where g(b) = ¢, is a homomorphism of ordered algebras, which makes the square (4.1)
commute. As in the proof of Theorem 3.3, we see that f” is injective.
We prove that (4.1) is a pullback square. For this, consider a diagram

AN
{
B——A

f
-
¢ /

— A/©
f/

4.2)

in which the outer square also commutes. Let us first show that
(Vx € B)(3lby € B)(I(x) = g(bx) ANk(x) = f(bx)).

If x € B/, then, by the surjectivity of g (see Remark 1.3), there exists b € B such that
[(x) = g(b). We may therefore calculate

[f®)] = f'(g)) = fUx) = (fDx) = [k(x)]
in A/®. In particular (f (b), k(x)) € ®N(f(B) x A) = 6’. This means that (f(b), k(x)) =
(f(b1), f(b2)) forsome (b, by) € 6.Sowehave f(b) = f(b1),k(x) = f(by)and g(by) =
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On congruence extension properties for ordered algebras 103

g(b2). Now, because f isinjective, one has b = by, and hencel(x) = g(b) = g(by) = g(b2).
So by is the required element. It is unique by the injectivity of f.
We next define a mapping h: B —> B by

h(x) :=b,.

This & makes both triangles in (4.2) commutative and it is unique as such because f is an
order-embedding. If x < x’ in B’ then f(h(x)) = k(x) < k(x") = f(h(x")). Since f is an
order-embedding, we have i (x) < h(x’) in B. So h is monotone.

To show that /4 is a homomorphism, take an n-ary operation @ and elements x, ..., x, €
B’. Then

fh(w(xy, ..., x)) = k(w(x, ..., X))
=wk(xy),...,k(xp))

o(f(h(x1)), ..., f(h(xn)))

floh(x1), ..., h(xp))).

Since f is injective, we have h(w(x1, ..., x,)) = w(h(xy), ..., h(x,)), as needed.

Sufficiency Let B be a subalgebra of A, let & € Con(B) and let f : B —> A be the
inclusion mapping. Consider the diagram

B—L>a

]

B/o

By assumption there exists a pullback diagram

BT oA
I
B/@T>D

where f’ is an injective homomorphism. Take ® := kerg’ € Con(A). We prove that
ON(B x A) =6.
Suppose that (b, a) € ©® where b € B and a € A. Then
g'(@) =g'(b) = (g' f)b) = (f'0%)(b) = f'([b]).

which means that the pair (a, [b]) belongs to the subalgebra K = {(x, [y]) | £ (x) = f/([y]}
of A x B/6. Clearly the outer square in the diagram

B/ > 4/
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where pp and p, are the projections, commutes. Hence there is a unique morphism /: K —>
B such that the triangles commute. Since (a, [b]) € K, we have

a = pi(a, [b]) = (fh)(a, [b]) = h(a, [b]),

whence, in particular, @ € B. This implies f/([b]) = g'(a) = (f'0%)(a) = f'([a]). Using
injectivity of f” we obtain (b, a) € 0. This proves the inclusion ® N (B x A) C 6.

For the converse, if (b, ') € 0 then g'(b) = (f'05)((b) = (f'8H) = g 1), ie.
(b, b’) € ©. This completes the proof. O

Definition 4.3 We say that an ordered algebra A has the strong quasiorder extension property
(SQEP) if for any compatible quasiorder o on any subalgebra B of A there exists a compatible
quasiorder ¥ on 4 such that

(1) XN(B xB)=o,

@ =N 'nBxA)=cno L.

Lemma 4.4 [f an ordered algebra has SQEP then it has SCEP and QEP.

Proof Clearly, SQEP implies QEP. Suppose that an ordered algebra A has SQEP and 6
is an order-congruence on its subalgebra /5. Then < € Cqu(B). Using SQEP one can find
9

6 6
Putting ® := ¥ N >~ e Con(A) we have ® N (B x A) = 6. Thus A has SCEP. ]

-1
Zquu(A)suchthatEﬂ(BxB):fandEﬂEilﬂ(BxA):gﬂ(f) = 0.
0

Theorem 4.5 An algebra A in a variety V of ordered Q2-algebras has SQEP if and only if
each diagram
B
gl
¢

where f is an order-embedding and g is a surjective homomorphism, can be completed to a
pullback diagram
B
gl
C

in'V, where [’ is an order-embedding. In this case, g’ is a surjective homomorphism.

A

l\

b

f
_—

-~
%\

>

—_—
f/

Proof Necessity Let A have SQEP. Consider an order-embedding f: B — A and a
—
surjective homomorphism g: B — C. Let o := kerg € Cqu(B). By Lemma 3.1, we have:

o' = {(f(b1), f(b2)) | (b1, b2) € o} € Cqu(f(B)).
Using SQEP of A we obtain ¥ € Cqu(.A) such that
SN(fB)x f(B)=0¢'" and TNEZ'N(fB)xA)=0c"N()"
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Consider the diagram

H

A
l . 4.3)

B

C— - >A/Z

Once more, Theorem 1.6 implies that the mapping f': C — A/(X N £~1), given by
f'e) = 1f®)],

where b € B is such that g(b) = c, is a homomorphism of ordered algebras which makes the
square (4.3) commute. As in the proof of Theorem 3.4 we see that f” is an order-embedding.
We prove that (4.3) is a pullback square. For this, consider a diagram

T—f> l 4.4)
c

—>A/E

in which the outer square also commutes. Let us first show that
(Vx € B)3!by € B)(I(x) = g(bx) Ak(x) = f(b)).

If x € B’, then, by the surjectivity of g, there exists b € B such that /(x) = g(b). We may
therefore calculate

[f®)]= f(g®) = f'Ux) = (fDx)=[kx)]
in A/ ¥, which means that (f(b), k(x)) € ¥ N »~!. Now
(FB),kx)) e=NEZ'N(fB)x A)=0c"N (")

implies that (f(b), k(x)) = (f(b1), f(b2)) for some (b1, by) € 0 No~' = kerg. So we
have f(b) = f(b1), k(x) = f(by) and g(b1) = g(b>2). Because f is injective, one has
b = by, and hence [ (x) = g(b) = g(b1) = g(b2). So b is the required element. It is unique
by the injectivity of f.

Next, we define a mapping h: B — B by

h(x) := by.

This 7 makes both the triangles in (4.4) commutative and it is unique as such because f is an
order-embedding (hence a monomorphism). The proof that / is a monotone homomorphism
is exactly the same as in the proof of Theorem 4.2.

Sufficiency Let B be a subalgebra of A, let 0 € Cqu(B), let f: B —> A be the inclusion
mapping, and let o': B —> B/o be the natural surjection. By assumption there exists a
pullback diagram
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A
2
D

where f’ is an order-embedding. Take X := lg)rg/ € Cqu(A). In the proof of Theorem 3.4
we saw that ¥ N (B x B) = o. We prove that ¥ N > 'N(B x A) =0 nNo!, whichis
equivalent to the equality ker g’ N (B x A) = o No L.

Suppose that (b, a) € ker g’ where b € B and a € A. Then

g'@ =g = Hb) = (flaHb) = f(bD,

which means that the pair (a, [b]) belongs to the subalgebra K = {(x, [y]) | &' (x) = f/([y]}
of A x B/o. Clearly the outer square in the diagram

f

B
of

Blo —
f/

Bjo 1> A)%

where pj and p; are the projections, commutes. Hence there is a unique morphism#4 : K —
BB such that the triangles commute. Since (a, [b]) € K, we have

a = pi(a, [b]) = (fh)(a, [D]) = h(a,[D]),
whence, in particular, a € B. This implies f'([b]) = ¢'(a) = (f'o")(a) = f’([a]). Using
injectivity of f” we obtain [b] = [a], which yields (b, a) € oNo L. This proves the inclusion
kerg’ N(Bx A) CoNnol.
For the converse, if (b, b') € 0 No~! then g’ (b) = (f'a®)(b) = f/([b]) = f/(b']) =
(fla@) = g'(b),ie. (b,b') € kerg’ = £ N L™, This completes the proof. o

We point out one rather strong consequence of SCEP and SQEP.

Proposition 4.6 If an ordered algebra A has SQEP or SCEP then all its subalgebras are
convex.

Proof Since SQEP implies SCEP, it suffices to consider only A having SCEP. Let B be any
subalgebra of A. Then 6 := B x B is an order-congruence on 3. Using SCEP we can find an
order-congruence ® on A such that @ N (B x A) = 0. Itis easy to see that the last equality
is equivalent to the fact that [b]e = [b]y for every b € B. Hence [b]e = [b]p = B for every
b € B. Since every equivalence class of an order-congruence is a convex subset, B is also
convex in A. O

The following examples show that QEP and CEP do not imply SQEP or SCEP.

Example 4.7 Let I = (I, <) be a chain of any cardinality and consider the posemigroup
Z = (I, min, <). Observe that any quasiorder o that contains < is a compatible quasiorder
of Z. Indeed, since multiplication is commutative we only need to check the implication

Vi, j,k € D[(i, j) € 0 = (min(i, k), min(j, k)) € o].
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Because I is totally ordered, we have three cases: k > max(i, j), k < min(i, j) and
min(i, j) < k < max(i, j). The first case reduces to the tautology (i, j) € 0 = (i, j) € 0,
and the second case to the reflexivity for k. Consider the third case. If i < k < j then
(min(i, k), min(j, k)) = (i, k) € o because o contains the order. If j <k <iand (i, j) € o
then (min(i, k), min(j, k)) = (k, j) € o because (k, i) € o and o is transitive.

Therefore Cqu(Z) = Cqu(I). Since any subposet of I is a subposemigroup of Z, QEP for
7 coincides with QEP for I and, since I has QEP due to Theorem 2.6, Z has both QEP and
CEP.

On the other hand, no chain with at least three elements has either SQEP or SCEP. To
see this, consider the three-element chain 2 = {0 < 1 < 2} with a non-convex subalgebra
B = {0 < 2}, and apply Proposition 4.6.

Example 4.8 The reasoning from Example 4.7 can be duplicated for any partially ordered
left (or right) zero semigroup S = (S, -, <). The relevant implication in this case is

Vs, t,u € S)[(s,t) € 0 = (su,tu) € o A (us, ut) € o].

Since (su, tu) = (s,t) € o and (us, ut) = (u,u) € o (or vice versa in the case of a right
zero semigroup), this holds for any quasiorder o of (S, <). Furthermore, all subsets of S are
still subalgebras in this case.

5 Connections with amalgamation and transferability

Using the arrows < and — respectively to denote order-embeddings and surjective homo-
morphisms, we can represent QEP by the diagram:

BC—f>_A

|
gi lg .
\

cC“—-—>D
f

Analogously we can define the amalgamation and transferability properties, abbreviated
AP and TP (cf. [7]), with the help of the following diagrams:

B(—f>f(l\ B(—f>.A
|
AP zg£ 1¢g, TP = gl lg'.
\ \
cC<“-—»>D cC<“—-»>D
f f

Proposition 5.1 (Cf. [7], Prop. 1.6) The following assertions hold in any class IC of ordered
algebras.

(1) If K is closed under quotients then QEP and AP imply TP.
(2) TP implies QEP.
(3) If K has binary products then TP implies AP.

Proof (1) Let K have QEP and AP. Consider an order-embedding f : B —> A and a
morphism g : B —> C. By Theorem 1.5 we have the following diagram, in which (ker g)*
is surjective and ¢ is an order-embedding:
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BC—f>A

N
(ker g)* <
N

s BiheagC-L_-p- (5.1)

cC - -'"——»>¢

Then using QEP and AP, respectively, we obtain the upper and lower commutative squares.
It is straightforward to see that the outer square also commutes.

(2) This is immediate.

(3) Assume that K has TP and consider two order-embeddings f: B — A and g:
B — C. Using TP (‘horizontally’ and ‘vertically’) we get commutative squares

Next, considering the morphisms g’: A —> D, g”: A —> &, there exists, by the universal
property of the product D x &, a unique morphism m: A —> D x £ such that pym = g/,
pam = g”; where py and p; are the projections of D x £. By a similar token there exists
a unique morphism n: C —> D x &€ such that pin = f’, pon = f”. One can now easily
observe that

png = f"g=g"f=pumf and ping = f'g =g f = pimf.

This gives ng = mf, whence the square
B ——A
C — Dx &

commutes. Finally, if m(a;) < m(ay) for aj, a; € A then (pym)(a1) < (pim)(az), that is,
g'(a1) < g'(ay). And since g’ is an order-embedding, we conclude that a; < ay. Thus we
have shown that m is an order-embedding. In a similar manner one can show that n is an
order-embedding. O

Since every variety is closed under quotients and products, we have the following result.
Corollary 5.2 A variety V of ordered Q2-algebras has TP iff it has QEP and AP.

Next, we consider certain classes of ordered algebras that have AP and TP.
Let IC be a class of ordered 2-algebras where 2 = Qg U 1. Take two algebras A and C
in K. Define a partial order on the set

AuC=({1} x A)U({2} xC)
by
(i, x)<(j,y)<=i=j and x <yinAorC (depending on k).
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For each w € Q1 put
wauc(l, a) := (1, wa(a)),
wauc(2,¢) == (2, wc(0))
and for each w € Q put
wauc = (1, wa).

These operations are clearly monotone, so A LIC is an ordered $2-algebra. Next, consider the
following relation on A L C:

H ={((1,w4), 2, 0c)) | © € Q0}. (5.2)

Let 6 be the order-congruence on A LIC generated by H. Denote the regular quotient algebra
(AUuC)/6 by A xC. We note that

waxc = [(1, w4)] = [(2, oc)]

for every w € Q.
The following lemma is easy to prove.

Lemma 5.3 If Q = Qo U Q then the algebra A C is the coproduct of ordered algebras A
and C in the category of all ordered Q2-algebras.

Proposition 5.4 Let Q@ = Qo U Qy. Then every class K of ordered Q2-algebras, which is
closed under finite coproducts and regular epimorphic images, has AP.

Proof Consider order-embeddings f: B — Aand g: B — C in K. As above, we construct
the Q-algebras ALIC and AxC = (AUC)/6. By assumption and Lemma 5.3, A * C belongs
to K.

Now let ® be the order-congruence on .A LI C generated by the set

K ={((1, f(b)), (2,8(P))) | b € B}

and form the quotient algebra D := (A U C)/®. We note that H C K (see (5.2)) and hence
6 C ©. Define a mapping 7 : (AUC)/0 — (AUC)/O by

h([x]p) == [x]e.

This mapping is clearly a surjective homomorphism of 2-algebras. Let us prove that / is
a regular epimorphism. Suppose, for this purpose, that [x]e < [x']e in (A U C)/®. Then
x < x/, that is,
o)
X<x10x <x30...0x, <x
for some x1, ..., x, € AU C.But then we may write

[x]o < [x1lo(ker h)[x2lg < [x3lp(kerh) ... (ker h)[x,lp < [x'lo,

or shortly [x]y < [x']g. We have shown that / is a Q-homomorphism and hence it is a
kerh

er
regular epimorphism in the variety of all ordered (2-algebras by Theorem 1.4. Therefore also
(AU C)/O belongs to the class K.
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We define mappings f': C — (AUC)/®and g’: A — (AU C)/O by
f(e) =120,
g =[1,a)]

Clearly these mappings are monotone, make the diagram

—>A

Lk

— > (Au0)/®

commutative and preserve the operations. So f’ and g’ are homomorphisms of Q-algebras.

To complete the proof, we show that f’ is an order-embedding (for g’ the proof is anal-

ogous). Suppose that we have ¢,¢’ € C and f'(c) < f/(¢),ie. (2,¢) < (2,¢'). Using
®

Lemma 1.2, either (2, ¢) < (2, ¢’), in which case ¢ < ¢/, or we have a sequence

(2,0) < pfHCx)  pHC(yy) < pfC(x3)  pAYC(y,) < (2,¢)
oy < pauC (x,)

where p1(x),...,p,,(x) are unary 2-polynomials that depend on x and (xi,y1),...,
(xn, yn) € HUH™!. Now pA“C()q) € {2} x C by the definition of order and x| € {2} x C
because of the definition of unary operations. Hence x; = (2, g(b1)) and y; = (1, f(b1))
for some b; € B. Thus we can write

pHC (1) = pPUC 2, g(b1) = 2, pE(g(b1))).

Now the inequality (2, ¢) < (2, pj (g(bl))) implies ¢ < p] (g(bl))
Next, because p; '-'C(xg) € {1} x A, there exists b, € B such that x, = (1, f(b2)) and
y2 = (2, g(b2)). And again we may write:

(1 PR @) = PO = P = (1 P2 (FB2)) .
So
FE®D) = pi(FB1) < P2 (f(b2)) = f(pE (b2)).
But then p(b1) < p2(b,), because f is an order-embedding. We have therefore obtained

c < pS(gb) = g(pE b)) < g(PF (b)) = p§ (g(h2)),

where pA“C (n) = (2 p2 (g(bz))) Continuing in this manner we get that ¢ < p; (g(b ),
where pAtC(y,) = (2, p§ (g(bn))) and b, € B.Hence ¢ < pS(g(by)) <. O

From Theorem 2.6, Proposition 5.4 and Proposition 5.1 we arrive at the following result.

Corollary 5.5 Let Q2 = QoUS2). Then every variety of ordered 2-algebras, which is closed
under finite coproducts, has TP.

Example 5.6 Let S be a pomonoid. Then 2 = 1 and clearly the class of all right S-posets
has TP by Corollary 5.5. Also, the class of all finitely generated right S-posets has TP by
Theorem 2.6, Proposition 5.4 and Proposition 5.1.

@ Springer



On congruence extension properties for ordered algebras 111

Acknowledgments We are very grateful to Professor George Janelidze for pointing out the idea behind
Theorem 4.2. We also wish to thank the referee for useful suggestions. This research was supported by
Estonian Institutional Research Project IUT20-57. The second named author is a recepient of the Estonian
Science Foundation’s MOBILITAS research grant MJD 198.

References

—

S.L. Bloom, Varieties of ordered algebras. J. Comput. Syst. Sci. 13, 200-212 (1976)

S. Bulman-Fleming, N. Sohail, Examples concerning absolute flatness and amalgamation in pomonoids.
Semigroup Forum 80, 272-292 (2010)

G. Cz&dli, A. Lenkehegyi, On congruence n-distributivity of ordered algebras, Acta Math. Hung. 41, 17-26
(1983)

G. Cz&dli, A. Lenkehegyi, On classes of ordered algebras and quasiorder distributivity, Acta Sci. Math.
46, 41-54 (1983)

J.I. Garcia, The congruence extension propery for algebraic semigroups. Semigroup Forum 43, 1-18 (1991)
V. Gould, M. Wild, Every Hamiltonian variety has the congruence extension property—a short proof.
Algebra Univers 26, 187-188 (1989)

E.W. Kiss, L. Marki, P. Prohle, W. Tholen, Categorical algebraic properties. A compendium on amalga-
mation, congruence extension, epimorphisms, residual smallness, and injectivity. Stud. Sci. Math. Hung.
18, 79-141 (1983)

V. Laan, N. Sohail, On mono- and epimorphisms in varieties of ordered algebras, to appear

@ Springer



	On congruence extension properties for ordered algebras
	Abstract
	1 Preliminaries
	2 Congruence and quasiorder extension properties
	3 CEP, QEP and diagrams
	4 Strong extension properites
	5 Connections with amalgamation and transferability
	Acknowledgments
	References




