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THE STRONG INDEPENDENCE THEOREM FOR
AUTOMORPHISM GROUPS AND CONGRUENCE LATTICES
OF ARBITRARY LATTICES

G. GRATZER AND F. WEHRUNG

ABSTRACT. In the book, General Lattice Theory, the first author raised the
following problem (Problem II.18):

Let L be a montrivial lattice and let G be a group. Does there exist a
lattice K such that K and L have isomorphic congruence lattices and the
automorphism group of K is isomorphic to G?

The finite case was solved, in the affirmative, by V.A. Baranskii and A. Urqu-
hart in 1978, independently.

In 1995, the first author and E.T. Schmidt proved a much stronger result,
the strong independence of the automorphism group and the congruence lattice
in the finite case.

In this paper, we provide a full affirmative solution of the above problem. In
fact, we prove much stronger results, verifying strong independence for general
lattices and also for lattices with zero.

1. INTRODUCTION

1.1. The original problem. In this paper, we are concerned with the interdepen-
dence of the congruence lattice and the automorphism group of a lattice. For the
universal algebraic background see Appendix 7 by G. Griatzer and W.A. Lampe in
G. Grétzer [10].

In [9], the first author raised the following question:

Problem I1.18. Let L be a nontrivial lattice, and let G be a group. Does there exist
a lattice K such that the congruence lattice of K is isomorphic to the congruence
lattice of L and the automorphism group of K is isomorphic to G? If L and G are
finite, can K chosen to be finite?

We refer to a theorem stating an affirmative solution to this problem as an
Independence Theorem.

By E.T. Schmidt [23], the analogous problem for universal algebras has an affir-
mative solution.

1.2. The finite case. In the finite case, congruence lattices and the automorphism
groups have been characterized. Congruence lattices of finite lattices were charac-
terized by R.P. Dilworth (unpublished) as finite distributive lattices (see G. Grétzer
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and E.T. Schmidt [13]). Automorphism groups of finite lattices were characterized
as finite groups by G. Birkhoff [4].

Problem I1.18 of [9] was solved for finite lattices by V.A. Baranskil [2], [3] and
A. Urquhart [24]:

Theorem 1 (The Independence Theorem). Let D be a nontrivial finite distribu-
tive lattice and let G be a finite group. Then there exists a finite lattice K such that
the congruence lattice of K is isomorphic to D and the automorphism group of K
is isomorphic to G.

Both proofs ([3] and [24]) utilize the characterization theorems stated above.

1.3. Strong independence for the finite case. In G. Grétzer and E.T. Schmidt
[14], a new and strong form of independence was introduced based on the following
two definitions:

Definition 1.1. Let K be a lattice. The lattice L is a congruence-preserving exten-
sion of K, if L is an extension and every congruence of K has exactly one extension
to L.

G. Grétzer and E.T. Schmidt argue in [14] that while the congruence lattice of K
is isomorphic to the congruence lattice of L, more is true: a congruence-preserving
extension preserves the algebraic reasons why the congruence lattice is what it is.

Definition 1.2. Let L be a lattice. We say that L is an automorphism-preserving
extension of K, provided that

(i) every automorphism of K extends to a unique automorphism of L;
(ii) K is closed under all automorphisms of L.

Again, the same comment applies. The automorphism group of K is isomorphic
to the automorphism group of L; and more is true: an automorphism-preserving
extension preserves the algebraic reasons why the automorphism group is what it is.

Now we are ready to state the main result of G. Grétzer and E.T. Schmidt [14]:

Theorem 2 (The Strong Independence Theorem for finite lattices).
Let Le and La be finite lattices with more than one element satisfying LcNLa = @.
Then there exists a finite lattice K such that the following conditions hold:

(i) K is a congruence-preserving extension of L¢.
(ii) K is an automorphism-preserving extension of L.

1.4. (Strong) Independence theorems for general lattices. For general lat-
tices we do not seem to have much choice. Since there is no known characterization
theorem for congruence lattices of lattices, we can only attempt to prove strong
independence.

In G. Grétzer and E.T. Schmidt [14], the following three problems were proposed:

Problem 1. Let L¢c and La be disjoint lattices with more than one element. Does
there exist a lattice K that is a congruence-preserving extension of Lo and an
automorphism-preserving extension of La ?

Problem 2. Let Lo and Ly be lattices with zero and with more than one element
satisfying Lc N La = {0}. Does there exist a lattice K that is a congruence-
preserving {0}-extension of Lc and an automorphism-preserving {0}-extension of
Lp?
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Problem 3. Is it true that every lattice with more than one element has a proper
congruence-preserving extension?

The last problem was proposed to illustrate the level of ignorance about con-
gruence-preserving extensions. How to construct a congruence-preserving extension
with a given automorphism group, if one does not even know how to construct a
proper congruence-preserving extension?

In our paper [17], we introduced the lattice of Boolean triples, M3(L), of a
lattice L; this new construct is a proper congruence-preserving extension of L. This
solved Problem 3. The construction M3(L) is related to the classical construction
Ms[L] of E.T. Schmidt [22] (for a distributive lattice L), which, in turn, is related
to tensor products, see J. Anderson and N. Kimura [1], G.A. Fraser [6], G. Gritzer,
H. Lakser, and R.W. Quackenbush [12], and our paper [18].

The crucial step was taken in our paper [19], in which we introduced another
lattice construction, the boz product that relates to tensor product just as the M3 (L)
relates to M3[L]. The box product of two lattices is always a lattice (which is not
true for tensor products). A lattice tensor product is an ideal of the box product.
The main result of [19] describes the congruence lattice of a lattice tensor product.

In this paper, using these tools, we completely solve Problem I1.18 of [9]. Here
are the main results:

Theorem 3 (The Strong Independence Theorem for Lattices with Zero).

Let Lp and L¢ be lattices with zero, let Lo have more than one element. Then
there exists a lattice K that is a {0}-preserving extension of both L and L¢, an
automorphism-preserving extension of La, and a congruence-preserving exrtension
of Lc. Moreover, L is an ideal of K. If La and L¢ are countable, then K can be
constructed as a countable lattice.

Theorem 4 (The Strong Independence Theorem for Lattices).

Let La and L¢ be lattices, let Lo have more than one element. Then there exists
a lattice K that is an automorphism-preserving extension of Lo and a congruence-
preserving extension of Lc. If La and L are countable, then K can be constructed
as a countable lattice.

Although Theorem 3 seems to be the stronger result, Theorem 4 is the harder
one to prove since box products of lattices with zero are easier to handle.

1.5. The three step approach. As in all three previous papers on such construc-
tions (V.A. Baranskil [3], A. Urquhart [24], and G. Grétzer and E.T. Schmidt [14]),
the construction of the lattice K of the Strong Independence Theorem(s) is done
in three steps.

Step 1 is the construction of a rigid congruence-preserving extension L¢ of L.

Step 2 is the construction of a simple automorphism-preserving extension L
of LA.

Step 3 joins Lx and L¢ to obtain K.

1.6. Outline. In Section 2, we introduce the basic product constructions, namely,
box product and lattice tensor product, as presented in our paper [18].

Section 3 continues our M5(L) paper [17]: we introduce a variant, denoted by
M| L|. While M3(L) is a congruence-preserving extension of L, in Ms|L| only the
zero-separating congruences extend.
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Sections 4 and 5 prepare for Step 1 of the construction. In Section 4, we con-
struct simple, bounded lattices with a certain denseness condition. In Section 5,
we introduce and investigate some semilattice concepts.

The goal of Sections 6-8 is to prove the deepest result of this paper: under some
special conditions, there exists an automorphism-preserving embedding from .S into
S X L, the lattice tensor product of S and L.

Section 9 proves one more extension theorem.

Now everything is ready to accomplish Step 1 in Section 10.

Section 11 does Step 2 of the proof, the construction of a simple automorphism-
preserving extension La of La. This turns out to be almost the same as the finite
case in G. Grétzer and E.T. Schmidt [14].

The proof of the Main Theorem (Step 3) is now easy; it is presented in Section 12.

Finally, the last section presents some open problems.

1.7. Notation and terminology. Without any reference, we use the notation
and terminology of [11].

Let X and Y be sets and Z C X. For a map f: X — Y, we denote by f[Z] the
image of Z under f. The identity map on X is idx.

If X and Y are sets, we write X C Y for strict containment of X in Y.

Let P be a poset. For a € P, we use the notation

(alp={zeP|z<a}l,
[a)p={zePla<ux}.

If there is no danger of confusion, the subscript P will be dropped.

Let L be a lattice. We call L trivial, if L has only one element; otherwise, L is
nontrivial. The zero (least element) of L is 0y, (or 0), the unit is 17, (or 1).

We denote by L~ the lattice L with the zero dropped, that is, L~ = L, if L has
no zero and L~ = L — {0}, otherwise. Similarly, L= is the lattice L with the unit
dropped, that is, L= = L, if L has no unit and L= = L — {1}, otherwise.

The lattice L is bounded, if it has zero and unit; it is unbounded, if it has neither
Z€ero nor unit.

For z, y € L, we denote by Or(x,y) (or O(z,y)) the principal congruence of L
generated by the pair (z,y).

If L has a zero element, then an atom of L is a minimal element of L~. We say
that L is atomistic, if every element of L is a finite join of atoms.

We denote by Aut L the group (under composition) of lattice automorphisms
of L. We say that L is rigid, if Aut L = {id}.

We denote by Con L the lattice (under containment) of all congruences of L.
We say that L is simple, if Con L has exactly two elements; that is, L is nontrivial
and Con L = {wr, 1}, where wy, (resp., ¢) denotes the zero congruence (resp., the
identity congruence) of L.

We denote by Cone L the {V,0}-semilattice of compact (that is, finitely gener-
ated) congruences of L. The elements of Con, L are the finite joins of principal
congruences of L.

Of course, (i) implies that Aut K and Aut L are isomorphic and (ii) implies that
Con K and Con L are isomorphic.

2. BOX PRODUCT AND LATTICE TENSOR PRODUCT

In this section, we recall some notation and results from our paper [19].
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alb

FiGURE 1. The pure box a0 b

Let A and B be lattices. We define two “products” of A and B whose elements
are certain subsets of A x B. To facilitate their introduction, we introduce notation
for some types of subsets of A x B.

2.1. Boxes and tensors.
Definition 2.1. Let (a,b) € A x B.
(i) The pure boz of a and b (see Figure 1):
aO0b={(z,y) e AxB|lx<aory<b}
(ii) The pure tensor of a and b (see Figure 2):
aob={{(z,yy e AxBlz<aandy<b}.
(iii) The bottom of a direct product A x B:
(Ax {0g})U ({04} x B), if A and B have zero;

N B {04} x B, if A has zero and B does not have zero;
AP A x{0g}, if A does not have zero and B has zero;
, if neither A nor B has zero.

(iv) The pure lattice tensor of a and b (see Figure 3):

akb=(aob)U_Lyp.

The following result (Lemma 2.4 of [19]) summarizes some of the arithmetics of
these subsets of A x B:

Lemma 2.2. Leta, o’ € A and b, b/ € B.

(i) aobCa' OV iff a®bCd OV iff a<d orb<lV.

(ii) (aob)N(a’ ob')=(aNnd)o(bAY).

(iii) (aOb)N(a' 0ot)=((ana’)ob)U(a o(bAV)).

(iv) (eOb)N(@OV)=((ana)OBAY))U(aol)U (a' ob).

(v) aOb=AxB iff A= (a] or B=(].

(vi) If o’ OV C Ax B, thenaObC 'OV iff a<a andb<¥.
n

In clause (v), A = (a] is equivalent to the statement that A has a unit and
a = 14, and similarly for b and B.
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aob

FIGURE 2. The pure tensor aob

FI1GURE 3. The pure lattice tensor a X b

2.2. Box product. Now we define the first product construction:

Definition 2.3. Let A and B be lattices. The bozx product A B of A and B
consists of all subsets of A x B of the form

((a;: Ob; i <m), (2.1)
where m > 0 and (a;,b;) € A x B, for all i < m, partially ordered by containment.

By Lemma 2.2(iv), the intersection of two pure boxes is the union of a pure box
and of two pure tensors. Similarly, any element H of A B can be represented in
the form

H=|J(a;Ob; | i <m)U| J(¢jod;|j<n), (2.2)

where m > 0, n > 0 (that is, there is at least one pure box and some-maybe none—
pure tensors), (a;,b;) € A x B, for all i < m, (¢;,d;) € A x B, for all j < n. Of
course, a subset of A x B of this form need not be in A B.

The representation (2.2) immediately implies the following statement:

Proposition 2.4. FEvery element of AQ B contains a pure bozx.

In terms of pure boxes, we can define a closure relation on subsets of A x B:
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Definition 2.5. Let A and B be lattices. For X C A x B, we define the bozx closure
of X:

Box(X) =()(aOb| (a,b) € Ax B, X Calb).

All subsets of A x B of the form (2.2) form a sublattice A B of the powerset
lattice P(A x B).

Proposition 2.6. Let A and B be lattices. If H € AL B, then Box(H) € AO B.
It follows that A B is a lattice.

For H, K € A0 B, the meet in AO B is given by H A K = H N K, while the
join in A B is the box closure of H U K.
Box closures are easy to compute for sets in A [ B. For instance,

Box((aOb)U(cod))=((ave)Ob)N(aO(bVd)), (2.3)
Box ((aOb) U (a' OY)) = (aVad)O (V). (2.4)

It is useful to consider elements of A ] B as “ideals” of A x B, in the following
sense.

Definition 2.7. Let A and B be lattices. A bi-ideal of A x B is a subset H of
A x B satisfying the following properties:
(i) La,p is contained in H;
(ii) (ao,b) € H and (a1,b) € H imply that {(agV a1,b) € H, for all ap, a1 € A and
be B;
(i) {a,bo) € H and (a,by) € H imply that {(a,bo V b1) € H, for all a € A and by,
b, € B.

This definition of a bi-ideal generalizes the definition given in our paper [18] for
lattices with zero. The verification of the following lemma is trivial.

Lemma 2.8. Let A and B be lattices. The elements of AOB are bi-ideals of AX B.

2.3. Lattice tensor product. We say that a subset H of A x B is confined, if it
is contained in a pure lattice tensor, that is, H C a X b, for some (a,b) € A X B.
In other words, if (z,y) € H,x € A=, and y € B, then x < a and y < b.

In general, there need not be a confined element in A [J B; this is the case, for
instance, if both A and B are unbounded. Indeed, if H € A B is confined, then
by (2.2), there is a pure box udv C aX®b=aob, so (u,y) €Eaob for all y € B,
which is impossible since B has no unit.

Definition 2.9. Let A and B be lattices. Let AX B denote the set of all confined
elements of ALDB. If AKX B # @, then AX B is an ideal of A[J B, hence it is also
a lattice; in this case, we shall say that AKX B is defined and call AX B the lattice
tensor product of A and B.

We can completely characterize when A X B is defined:
Lemma 2.10. Let A and B be lattices. Then AKX B is defined iff one of the

following conditions hold:

(i) A and B are lattices with zero;
(ii) A and B are lattices with unit;
(iii) A or B is bounded.
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The next lemma gives a description of the elements of the lattice tensor product
AKX B in the case where A and B are lattices with zero:

Lemma 2.11. Let A and B be lattices with zero. Then the elements of AKX B are
exactly the finite intersections of the form

H=()(a;0b; | i<n), (2.5)

satisfying

N(ai[i<n)=04,
A\(bi|i<n)=0g,

where n > 0, {(a;,b;) € A X B, for all i < n. Furthermore, every element of AX B
can be written as a finite union of pure lattice tensors:

H=|J(a;®b; | i<n), (2.6)

where x € B, n >0, and (a;,b;) € A X B, for all i < n.
Conversely, the box closure of any element of the form (2.6) belongs to AX B.

It follows, in particular, that the elements of A X B are exactly the elements of
the form \/(a;®b; | i <n), wheren >0, ag, ..., an—1 € A, and by, ... , by_1 € B,
that is, the pure lattice tensors form a join-basis of A X B.

The next lemma is the analogue of Lemma 2.11 for the case where A is bounded
and B is arbitrary:

Lemma 2.12. Let A and B be lattices. If A is bounded, then the elements of AKB
are exactly the finite intersections of the form

H=()(a;0b; | i<n), (2.7)

subject to the condition

N(ai[i<n)=04,

where n > 0, {(a;,b;) € A X B, for all i < n. Furthermore, every element of AX B
can be written as a finite union

H=(0402)U J(a;®b; |i<n) (2.8)
:(OADx)UU(aiObi|i<n),

where x € B, n >0, and {a;,b;) € A x B, for all i < n.
Conversely, the box closure of any element of the form (2.8) belongs to AX B.

The box closures of elements of the form (04 O z) U (a K b) form a join-basis of
AX B.

Note that the two forms shown in (2.8) are obviously equivalent since
(0402z)U(a®b)=(040z)U (aob).
In case A is bounded, we shall abuse the notation slightly, by writing
H=(0402)v\/(a;®b; |i<n)
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for the box closure of the element (04 0z)UJ(a;Xb; | i < n) of AL B, although the
elements a;Xb; may not belong to AKB. So the elements of the form (040z)V (aXb)
form a join-basis of AKX B.

The most interesting property of lattice tensor products is the main result of [19]:

Theorem 5. Let A and B be lattices such that either both A and B have a zero,
or A is bounded. Then there exists an isomorphism p from Con. A ® Cone B onto
Con.(AX B). Furthermore, this isomorphism can be computed as follows. Let ag <
ay in A and by < by in B.

Case 1. If both A and B have a zero, then
w(©a(ag,a1) @ Op(bo,b1)) = Oamp((ao X by) V (a1 Kbgy),a; X by).
Case 2. If A is bounded, then
1w(©a(ag,a1) @ ©p(bo,b1)) = Oaxp((ao Oby) N (04 Ob1), (a1 Oby) N (04 Oby)).

In this theorem, for the {V,0}-semilattices S and T, we denote by S ® T
the {V,0}-semilattice tensor product of S and T, see R.W. Quackenbush [21],
G. Griétzer, H. Lakser, and R.W. Quackenbush [12], and our paper [18].

Note that

(ao X b1> \Y (a1 X b()) = (ao X bl) @] (a1 X bo),
(a1 X bl) — ((ao X bl) \Y (CL1 X bo))
= ((a1 Obo) N (040 b1)) — ((ao U bo) N (04 D b1)),

where — denotes, as usual, the set-theoretical difference. It follows easily that if A
is bounded and B has a zero, then joining

[(ao X bl) V ((11 X bo), ay X bl] (29)
with (ao O b()) N (OA O bl) yields
[(CLQDbQ)m(OADbl),(Ctho)ﬂ(OADbl)] (2.10)

and, conversely, meeting (2.10) with a; X by yields (2.9), so the two principal con-
gruences of AKX B defined in the two cases are, in fact, equal.
The following statements will be used in Sections 7 and 8.

Lemma 2.13. Let A be a nontrivial, bounded lattice, let B be a lattice, and let
He AX B.
(i) There exists a largest element b of B such that 0, Ob C H, and there exists
a least element V' of B such that H C 04 V.
(ii) Let a € A~. Then there exists a largest element b of B such that (a,b) € H.

Proof. Since H belongs to AX B, by Lemma 2.12, it can be written as
H=(0a00)U|J(¢jod;|j<n),

where n > 0, v € B, (¢;,d;) € A x B, for all j <n.

First, let a € A~. Then, for all z € B, (a,2) € H iff either z < v or a < ¢; and
x < dj, for all j < n. In particular, the set I of all such elements z is the union of
finitely many principal ideals of B. Since H is a bi-ideal of A x B, it follows that
I is a principal ideal of B. This proves (ii).
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(1,1,1) a=1(1,0,0)
b=(0,1,0)
¢ =1(0,0,1)
t=(1,z7z2)
a c
u = (0,z,0)
v=1(0,0,y)
MBLLJ uVo={0,zy ({fzAy=0)

uVo<t iff zvy<z

(0,0,0)

FIGURE 4. The lattice M3| L]

Since 04 Oz C H iff (1,z) € H, for all z € B, statement (ii) implies the first
part of (i).

Finally, for all z € B, H C 040z iff v < x and d; < z, for all j such that ¢; > 0.
Hence, we can take b =0V \/(d; | ¢; > 0). O

3. THE M3|L| CONSTRUCTION

In our paper [17], we introduce, for every lattice L, the lattice M3(L) of all
Boolean triples of elements of L:

Ms(L) ={{(vAw,u Aw,uAv) | u, v, w€E€ L}

We prove in [17] that M3(L) is a closure system in L? and M3(L) is a congruence-
preserving extension of L, relative to the lattice embedding z +— (x,z,z) from L
into M3(L).

We shall introduce here a variant of this construction:

Definition 3.1. Let L be a bounded lattice. Define
M| L] = { (,y,2) € My(L) |2 =0orz =1}
and regard it as a subposet of L3 (equivalently, of M3(L)).

Figure 4 illustrates this construction; solid lines with a double crossbar indicate
covering.
We leave to the reader the verification of the following easy lemma:

Lemma 3.2. The elements of M3|L| are the triples of elements of L of the fol-
lowing four types:
(i) (1,2,2), for any z € L (and so (1,u,v) € Ms(L) iff (1,u,v) € M3|L]);
(i) (0,z,0), for any x € L;
(iii) (0,0,y), for anyy € L;
(iv) (0,z,y), for any x, y € L with x Ay = 0.

Here are some easy facts about Ms|L|.

Lemma 3.3. Let L be a bounded lattice. Then M3|L| is a closure system in L3;
in particular, it is a lattice. Furthermore, the maps j, j1, and jo from L into M3|L|



STRONG INDEPENDENCE FOR LATTICES 11

defined by
j(x) = <1’ x’ x))
Jl(x) = <O,$, O>7
‘72(1:) = <07 Oa IE>,
for x € L, are lattice embeddings.

Proof. We already know, see [17], that M3(L) is a closure system in L3. Thus, to
prove that M3z|L] is a closure system in L2, it suffices to prove that M3z|L] is a
closure system in Ms(L). Solet (x,y,z) € M3(L). If z = 0, then (z,y,z) = (0,y, 2)
belongs to M3(L) since y A z = 0, so it is closed. If z > 0, then the closure of
(x,y,2) in M3| L] is the triple (1,y V z,y V z).

It is obvious that j, ji, and jo are lattice embeddings. O

The congruences of M3|L| can easily be computed from the congruences of L
using the following concept:

Definition 3.4. Let L be a lattice, let a € L. A congruence 6 of L isolates a, if
{a} is a congruence class of 6.

In a number of papers, the congruence 6 is said to “separate a”; “isolate” may
be a more descriptive term.

Notation. For a lattice L with zero, we define Isog L as the set of congruences that
isolate 0, and we put Iso L = Isog L U {¢}. It is a universal algebraic triviality that
Iso L is a complete sublattice of Con L.

For a € Con L, we define the equivalence relation Ms(a) as the restriction of
a? to M3(L); we define the equivalence relation M3|«] as the restriction of a® to
M| L|.

Obviously, the restriction of Ms{a) to Ms|L| is Ms|«].
Now we describe the congruences of M3(L) and Ms|L]|:

Proposition 3.5. Let L be a bounded lattice.

(i) The map a — Mjs{«) is an isomorphism from Con L onto Con M3 (L).
(ii) The map oo — Ms|«] is an isomorphism from Iso L onto Con M3|L].

Proof. The first statement is proved in [17].

We prove the second statement in several steps.

Step 1. If o € Iso L, then M3|«] is a congruence of M3|L]|.

Ms| L] is a meet-subsemilattice of M3(L), thus Ms|«a] satisfies the Substitution
Property for meet.

It remains to prove that M3|«| satisfies the Substitution Property for join. This
is trivial if a = ¢z, in which case Mz|a] = g, z). So let us assume that o
isolates 0. Let v = (x,y,2) and u; = (z;,y;,2;), for i < 2, in M3|L], such that
ug = uy (Ms|a]). We prove that u Vug =uVu; (Ms|al).

We can assume without loss of generality that ug < u; and ug < u.

It follows from the first statement that

UEU,\/M3<L> (751 (M3<04>)
Hence

u=uVa, o) u  (Msla))
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provided that w Vg, )y u1 = w Vg, || w1, that is, u Vg py u1 is closed in M3|L].
By Lemma 3.2, this is always the case except if © = ¢ = ;1 = 0. In this case,
u V uy is the closure in M3|L] of (0,y V y1,2 V z1); hence it can take two possible
values:

(a) If (yVuy1)A(z2V 21) =0, then
u Vg L) ur =0,y Vy,zVz).
(b) If (y Vy1) A(2V 2z1) > 0, then
UV o ur = (LyVyr VaeVe,yVyr VeVza).
Since yAz=(yVyo)A(zVz) =(yVyi)A(zV21) (o) and « isolates 0, it follows
that y Az =01iff (y Vy1) A (2 V z1) = 0. If this happens, then
u=(0,yVyo,zV 2)
=(0,yVy,zVz) (Mslal)
=UVp,|L| Ul
Otherwise,
u=(L,yVyoVzVz,yVy VzVz)
=(l,yVy1VzVz,yVyr VzVzy (Mslal)
=UVp,|L]| Ul

Step 2. The map a — M3|a] is an order-embedding from Iso L into Con M3| L ].
This is obvious since the map « +— Msz|«] is order-preserving and

z=y (o) it (@) =jly) (Msla)),

for all z, y € L. Hence, it remains to establish the following step:
Step 3. The map o — M3|a] is surjective.
Let 8 € Con M5|L|. We first note that, for x, y € L, the three conditions

ix) =3(y)  (B),

@) =g1(y)  (B),

j2(x) = ja(y)  (B)
are equivalent. If j(z) = j(y) (8), then, meeting with (0,1,0), we obtain that
jl(x) = ]1(3/) (ﬂ) AISO, if Jl(‘r) = Jl(y) (5)7 then» joining with <17070>7 we con-
clude that j(z) = j(y) (8). A similar equivalence holds for j; and j, thus our claim

follows.
So let a be the congruence of L defined by

z=y (o) i j@)=j) 0B
We prove that o belongs to Iso L and that 3 = Mz|«]. This is obvious if 3 = taz, |1,
in which case o = tz. Thus, suppose that 3 # tyg,1). First, we prove that «
isolates 0. So let € L such that z = 0 («). Let us assume that > 0. By the
claim above, ji(x) = j1(0) (), thus, joining with (0,0, 1), we obtain that
(0,0,1) = (1,1,1) (9). (3.1)

Similarly, we can prove that

(0,1,0) = (1,1,1) (0). (3.2)
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Meeting the two congruences (3.1) and (3.2) gives us

(0,0,0) = (1,1,1) (p),

which contradicts the fact that 3 # iz, 1)

Hence « isolates 0. It remains to prove that § = Msz|a]. So let (z,y,z),
('), 2") € Ms|L].

First, let us assume that

(z,y,2) = («",y,2") (B (3.3)
holds. If x = 0 and 2’ = 1, then, meeting (3.3) with (1,0,0), we obtain that
(0,0,0) = (1,0,0) (B). (3.4)

But the interval [{0,0, 0), (1, 0,0)] of M3|L] projects up to [(0,1,0),(1,1,1)] and to
[(0,0,1),(1,1,1)], thus, by (3.4), we obtain that

<0’ ]"0> = <]‘7 1’ 1> (/3)7

(0,0,1) =(1,1,1) (B).
By meeting these two congruences, we obtain again a contradiction with the as-
sumption that 3 # iy, |1

Since x and 2z’ assume only the values 0 and 1, this proves that x = x’. Next,

meeting (3.3) with (0,1,0) and with (0,0,1) yields that y = ¢’ () and z = 2’ («).
Therefore,

(z,y,2) = (2,y,7) (Mzla)). (3.5)

Conversely, let us assume that (3.5) holds. In particular, x = 2’ («). Since
{z,2'} C{0,1} and « isolates 0, it follows that z = 2/, thus we get

(2,0,0) = (z/,0,0) (). (3.6)
In view of y =y (a), we obtain that

(0,9,0) = (0,5',0) (B) (3.7)
holds. Similarly,

(0,0,2) =(0,0,2") (B). (3.8)
Joining (3.6)—(3.8) yields (3.3). O

We deduce immediately the following consequence:

Corollary 3.6. Let L be a simple, bounded lattice. Then Ms|L]| is a simple,
bounded lattice.

4. EMBEDDINGS

In this section we prove a few embedding theorems. It is our goal to construct
many simple, bounded lattices with a certain denseness condition.
We first state a well-known lemma:

Lemma 4.1. FEvery lattice L embeds into a simple, bounded lattice S. If L is finite,
then we can choose S to be finite. If L is infinite, then we can choose S so as to
satisfy |S| = |L].
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FIGURE 6. The map g: A — AX B

Proof. (Compare this with the proof of Theorem 8.) First, we add bounds to L
to obtain a nontrivial, bounded Lj,. Then for any a € L, we add two distinct
elements p, and ¢, which are relative complements of all x with 0 < z < a in the
interval [0, a]. In particular, p, (resp., ¢o) is comparable with a y € L, iff a <y,
and in this case, p, <y and ¢, < y. Doing this for all @ € L, we obtain a simple,
bounded, atomistic extension S of Ly,. O

The lattices A and B have many natural embeddings into A X B. The proof of
the following lemma is a straightforward application of Lemmas 2.11 and 2.12, and
Theorem 5.

Lemma 4.2. Let A and B be lattices.
(i) If A and B have zero and uw € A~ , then the map f: B — AKX B defined by

flz)=ulz (x € B),

is a {0}-embedding (see Figure 5). Furthermore,
(ii) if A is simple, then f is congruence-preserving (so, AX B is a congruence-
preserving extension of f[B]).

(iil) if u is an atom of A, then f[B] is an ideal of AXK B.
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(iv) If A is bounded and v < w € B, then the map g: A — AX B defined by
g(x) = (04 00v) V (z X w) (x € A),
is an embedding (see Figure 6).

Proof.

(i) is easy since every element of AKX B is a bi-ideal, by Lemma 2.8.

(ii) g(z) € AKX B because it is confined by 1 K w. Since g(x) N {(y,w) |y € A}
has (z,w) as the maximal element, it follows that g is one-to-one. Writing g(z) in
the form L4 g U (1 0v) U (z o w), it follows immediately that g preserves meets.
Since every element of AX B is a bi-ideal, by Lemma 2.8, g preserves joins. O

Let L be a lattice. A lattice D is L-dense, if every nontrivial interval of D
contains an isomorphic copy of L.

For example, if L is the three-element chain, then a lattice D is L-dense iff it
is dense, that is, for all a, b € D such that a < b, there exists x € D such that
a<z<b.

Lemma 4.3. Let L be a lattice. Then there exists a simple, bounded, L-dense
lattice S such that |S| = |L| + No.

Proof. By Lemma 4.1, L has a simple, bounded extension T of cardinality |L|+ Rg.
Define a sequence (S, | n € w) of lattices, by

So = T,
Sn+1 =TRS,, for all n € w.

By Lemma 4.2(i), jn: Sn — Sp+1,  — 1Xx is the canonical lattice embedding.
For m < n in w, denote by f, » the embedding from S, into S,, defined by

fm,n = jnfl O oij
and let S be the direct limit of the direct system ((Sy,, fm.n) | m < n < w), with
the transition maps f,,: S, — S. Note that f, is a lattice embedding, for all n.
Since T is a simple lattice, all the S,, are, by Theorem 5, simple lattices; thus .S is
a simple lattice.
Let a < bin S. So there are n € w and u, v € S, such that u < v, a = f,(u),
and b= f,(v). Let g: T — S, 11 be the lattice embedding defined by

g(x) = (0r Ou) V (z Kv),

for all x € T, see Lemma 4.2(ii).

Note that j, (u) < g(x) < jn(v), for all z € T'. It follows that the map h = f, 1109
is an embedding from T into the interval [a, ] of S. Hence the restriction of h to
L satisfies the required conditions. O

5. STEEP AND SPANNING INDECOMPOSABLE JOIN-SEMILATTICES

In this section, we define some semilattice properties that will play an important
role in the automorphism computations of Section 6.
Now we define the new concepts:

Definition 5.1. Let S be a join-semilattice.

(i) For z, y € S, we say that y can be reached from z, if x < y and y has a
representation of the form y = \/(y; | i <n ), where n > 0 and = £ y;, for all
1< n.
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(ii) S is steep, if for all x € S, there is a y € S such that y > z and y can not be
reached from x.

(iii) Let (S; | @ € I) be a family of ideals of S. We call (S; | i € I) a spanning
family, if

U=\/(UnS;liel)

holds, for every ideal U of S.
(iv) S is spanning indecomposable, if whenever (S; | i € I) is a spanning family of
S, then (S; | i € I) covers S, that is,

S=J(siliel)

Note that (S; | ¢ € I) is a spanning family of S iff every element x of S can be
written in the form = = \/(z; | ¢ € J), where J is a finite, nonempty subset of T
and z; € S;, for ¢ € J.

Proposition 5.2. Let S be a join-semilattice. If S is steep, then S is spanning
indecomposable.

Proof. Let S be a steep join-semilattice. Let (S; | ¢ € I) be a spanning family of
S. Let us assume that that (J(S; |i € T) # S,andlet z € S—J(S;|i€T).
Since S is steep, there is a y > z that cannot be reached from z. Since (5; | i € I)
is a spanning family of S, there is a nonempty finite subset J of I and there are
elements y; of S;, for i € J, such that y = \/(y; | ¢ € J). The element y cannot
be reached from x, therefore, there exists ¢ € J with x < y;. Since y; belongs to .S;
and S; is a hereditary subset of S, x also belongs to S;, a contradiction. O

Lemma 5.3. Let (S; | ¢ € I) be a family of ideals of a join-semilattice S satisfying
the following two conditions:
(i) There exists a proper subset T of S such that S;NS; =T, for all i # j in I.
(i) (S;| i€ I) covers S.
Then there exists a unique i € I such that S; =S and S; =T, for all j #iin 1.

Proof. By (ii), there exists ¢ € I such that T'C S;. Let z € S; —T. To conclude
the proof, it suffices to prove that S; = T, for all j # 4; indeed, this clearly implies
that S; = S.

Let j # 4 in I. Let us assume that T' C S;; then there exists y € S; —T. By (i),
there exists k € I such that  Vy € Sg; thus z € S; NSy and y € S; NSk. By (i),
either S; NSy =T or S; NSy, =T thus either x € T or y € T, a contradiction. So
we have proved that S; =T, for all j # 1. O

6. AUTOMORPHISMS OF LATTICE TENSOR PRODUCTS; THE FUNCTION @ +— o0

The goal of Sections 6-8 is to prove the following theorem:

Theorem 6. Let S and L be lattices satisfying the following conditions:

(i) S is atomistic and bounded.
(ii) L is nontrivial, rigid, and spanning indecomposable.

Then there exists an automorphism-preserving embedding h from S into S X L
that preserves the zero if L has a zero. In particular, Aut(SX L) = Aut S.
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In Sections 68, let S and L be lattices satisfying the assumptions of Theorem 6.
At S will denote the set of all atoms of S, and 0 will denote the zero of S.

It is easy to describe the canonical embedding from Aut S into Aut(SX L) (the
assumptions on S and L are not yet needed). For every a € Aut .S, define the
automorphism & = a X idy, that is, for H € S X L, we define

a(H) = {{a(s),u) | (s,u) € H}.

In fact, the formula defining &(H) can be used for any H C S x L. Observe that
SOL and S X L are closed under this extended a.

Proposition 6.1. The map a — @& is a group embedding from Aut S into Aut(SXL).

Let L be nontrivial, and let v < w in L. By Lemma 2.12, the elements (00 v) V
(s Kw), for s € S, form a join-basis of S& L. The action of & on these elements is

a((00v)V (sBw))=(00v) V (afs) Kw). (6.1)

The difficulty is to prove that all automorphisms of S L are of the form &, where
a € Aut S. Once this is established, it is easy to conclude the proof of Theorem 6.
By Lemma 4.2(ii) and by Proposition 6.1, the map h: S — S X L defined by

h(s) =(00wv) V (s Kw),

for s € S, is an automorphism-preserving embedding from S into SX L. If L has a
zero, then we can take v = 0, so h(s) = s®w, for all s € S; this h is zero-preserving.
Let ¢ be an automorphism of SW L. In Sections 6-8, we shall find an automor-
phism « of S such that ¢ = a.
For all ¢, p € At S and all x € L, we define the subsets A} and A7 , of L as
follows:

Ay ={yeL|{py €e00a)}, (6.2)
Ay, =1y e L|(p,y) € p(H), forsome H e SKL with H CqOz}.  (6.3)
For every o € Aut S, « defines a permutation of AtS. Let o be the inverse of

this permutation. It is trivial to verify that if ¢ = @, then the following holds, for
all p, g € At S and all z € L:

e {L, if ¢ = o(p);

P A% = (z], otherwise.
This motivates the next four lemmas.

Lemma 6.2.
(i) Let p, ¢ € AtS and let x € L. Then A} and Ay, are ideals of L and
AT C AT
(ii) Let p, q, r € At S such that p # q, and let x € L. Then
Ay NAY, = AT

(iii) Isotone Property: If x <y in L, then Ay C AY and Ay, C AY ,, for all q,
pEALS.

Proof. (i) By Proposition 2.4, there is y € L with 00y C (00 x); thus y € A}
and so Ap # 2.

©(00x) is an element of SX L, thus, by Lemma 2.8, it is a bi-ideal of S x L. It
follows easily that A7 is an ideal of L.
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If y € A}, then (p,y) € (00 x) and 002 C ¢Ox; so with H = 00z, we

have (p,y) € p(H), H € SR L, and H C ¢z, verifying that y € Ay ,, that is,
Ay C A7

Again, since ¢ [z is a bi-ideal, it follows that Ay , is an ideal.

(ii) follows immediately from (p O x) N (¢ O x) = 00 2z, which is a consequence
of Lemma 2.2(i) and (iv).

(iii) is trivial. O
Notation. For H € SO L, define | H, an ideal of S X L:

|H={KeSRL|KCH}=(Hso,N(SKL).
By Proposition 2.4, | H contains a pure box a[Jb; since S has a zero, 0006 C alb

and 000b € SX L. Therefore, | H # @.
Using this notation, the definition of A7 , can be rewritten as follows:

Ag = {y eL|(py)eJelllgDu) }
where | J X is the union of (all elements of) X, for every set (of sets) X.
Lemma 6.3. Let x € L. Then ([(¢0x) | ¢ € At S) is a spanning family of SX L.
Proof. By Lemma 2.8, the elements of S X L are bi-ideals; so it is clear that
V(a;lj<n)®Rb=\/(a;®b]|j<n), (6.4)

forn>0,a; €S, for j<n,and be L.
Let H € SX L. Using (6.4), the decomposition (2.8), and the assumption that
S is atomistic, we obtain that

H=(00u)Vv\/(gRuv|j<n)

where u € L, n € w, and (g;,v;) € At.S x L, for j < n. Again, since S is atomistic,
1g is a join of atoms in S, say,

1s=\/(pi i <m),

where m > 0 and p; € At S, for i < m. Utilizing that 00u = 1g®u, 00(uAz) C H,
and (6.4), we can decompose H as follows:

H=00mAz)VH
=00 @wAz)V0Ou)v\/(gBu|j<n)
=00 @Az) v\ (piBuli<m)v\/(gRuv;|j<n)
=\/(H; |i<m)Vv\/(K;|j<n),

where
H; =00 (wAz))V (p; ¥u), for all i < m,
K;=00wAz)) V(g Kv,), for all j < n.

By Lemma 2.2, H; C p; Oz, for all i <m, and K; C ¢; Oz, for all j <n. O

Since ¢ is an automorphism of SX L, we obtain immediately the following result:

Corollary 6.4. Let x € L. Then (¢[l(¢O )] | ¢ € AtS) is a spanning family of
SK L.



STRONG INDEPENDENCE FOR LATTICES 19

Lemma 6.5. Letp € AtSS and v € L. Then L =J(Aj ,|q€ AtS).

Proof. L is spanning indecomposable, by assumption; so it suffices to prove that
(A7, | ¢ € At S) is a spanning family of L. Let y € L; we have to find a finite,

nonempty subset X of AtS and elements y, € A7 ,, for all ¢ € X, such that

y=V(yq | ¢ € X). This is obvious, if L has a zero and y is the zero of L; so we
may assume that y € L.

Since (0 O z) belongs to S X L, it contains an element of the form 0 O ¢, with
t € L. Since y € L, we can assume that t < y (if t Ay < y, then replace ¢ by t A y;
ift Ny=y, then t Ay € L™, so we can replace ¢ by any element less than y), so

OOtV eRy) =00y npEpdt) e SKL.

By Corollary 6.4, there exists a decomposition of the form

03U @ERY) =\/(e(H,) | aeX), (6.5)
for some nonempty, finite subset X of At.S and elements H,; of S X L such that
H, C g0, for all ¢ € X. Since p is an atom of S and ¢(H,) C (00¢) VvV (pKy),
there are K, C00¢ in SX® L and y, <y in L such that

e(Hy) = Kq U (pRyq).
Define y' = \/(yq | ¢ € X). Note that 3 < y. It follows by (6.5) that
0OHu(ERy) (00U PERY)
= (005U (PR (EVY)),
whence (0,y) € (00¢) U (p® (¢ Vy')). Since t < y, it follows that y <tV y'. The
converse inequality is obvious, so we obtain that
y=tvy =\/(tVy,|ge X). (6.6)
However, (p,t) € ¢(00x) and (p,yq) € @(Hy), for all ¢ € X, thus
(Pt Vyg) € p(Hy V(00 2)),
with H, V(00 z) C ¢Ox. Thus tVy, € A, and so (6.6) gives the desired

a.p
decomposition of y. O

Lemma 6.6. There exists a unique map o: AtS — At .S satisfying the following
conditions:

(i) A7y =1L, forallp € AtS and x € L.

(ii) A3, = A3, for all p, ¢ € At S such that q # o(p) and for all x € L.
Proof. Let p € AtS and let € L. Since L is nontrivial, there exists a € L such
that a is not the largest element of L. Since ¢ (00 a) belongs to S X L (thus to

SOL), it contains an element of the form 00, for some b € L, by Proposition 2.4.
Thus, by (6.2),

Ay={yeL|(py €p(00b)}
={yeL|{py) €(00a)},
so AY C (a]. In particular, A} C L.

By Lemmas 6.5 and 6.2(ii), the assumptions of Lemma 5.3 are satisfied by the
family (A7, | ¢ € AtS), for all z < b in L. Tt follows that, for all x < b, there
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exists a unique element o, (p) of At S such that Aix(p)’p = L and A7, = A7, for all
q € At S with g # 0.(p).

It follows easily from the Isotone Property (Lemma 6.2(iii)) that o, (p) = oy(p),
for all z, y < b. Thus, for p € At S, we may denote by o(p) the common value of

all elements o, (p), for x < bin L. So for x < b in L, Ai(p) , =L and Agp, = A7,
for all ¢ € At S such that ¢ # o(p). Forall x € L, Ai(p) » = L holds by the Isotone
Property.

Furthermore, if ¢ # o(p) in At S, then we compute:
Agp =AgpNL
= Agp VA5 ()
= Ay (by Lemma 6.2(ii)).

Finally, the uniqueness statement in the lemma follows from the uniqueness state-
ment in the definition of o, (p), for z < b. O

In this section, we have associated, with every automorphism ¢ of SX L, a map
o: At S — At S satisfying the conclusion of Lemma 6.6. Our goal is to prove that

i) o is a permutation of At S;
p
(ii) o~! extends to an automorphism « of S;

(iii) ¢ = a.
7. BASIC PROPERTIES OF 0; THE MAPS ¢, AND @*

In this section, we continue to consider the lattices S and L satisfying the as-
sumptions of Theorem 6, an automorphism ¢ of S X L, and the associated map
o: AtS — At S. Furthermore, we shall denote by v the inverse automorphism of
¢, and by 7 the associated map from At S to At S.

Lemma 7.1. The map o is onto.

Proof. Let us assume that p € At S does not belong to the range of o.

Since L is nontrivial, there are v, w € L such that v < w. Set H = (00 v) U
(pRw) e SKL. Since 0Ov C H and ¢ is an automorphism, it follows that
w00 v) C p(H), thus there exists (¢,2) € p(H) — (0 Owv). Obviously, ¢ > 0,
S0 ¢ is a finite, nonempty join of atoms of S. Recall that ¢(0 dwv) and ¢(H) are
bi-ideals of S x L, so we may assume that ¢ is an atom of S. Since H C pdv and
(q,2) € p(H), it follows that z € A} .. Now Ay = A} follows from Lemma 6.6,
since p # o(q). Hence z belongs to Ay, that is, (¢, 2) € p(00wv), a contradiction. [

Notation. Let f be a map from a poset A to a poset B. We define
lim f(#) =0

to mean that for all € € B, there exists n € A such that f(z) <e, for all x <7 in
A.

Of course, if A has a zero element, then lim;_o f(¢) = 0 iff B has a zero element
and f(04) = 0p. The difficult part of the proof of Theorem 6 deals with lattices L
without zero.

Notation. For x € L, let ¢.(x) denote the largest element y of L such that 00y C
©(00x), and let ¢*(x) denote the smallest element z of L such that ¢(00z) C 00z.
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The existence of the elements p.(x) and ¢*(x) is ensured by Lemma 2.13(i).

Lemma 7.2.

(i) @« and ©* are isotone maps of L into itself.
(il) p«(x) < @*(x), for all x € L.
(iil) limyo () = lime—o 9*(t) = 0.

Proof. (i) and (ii) are obvious. To verify (iii), it suffices to prove that lim;_,o *(t) =
0. Choose € € L. Since ¢~1(00¢) belongs to S X L (thus to SO L), by Proposi-
tion 2.4, there exists n € L such that 007 C ¢~ 1(00¢). Hence ¢*(z) < ¢, for all
x <nin L. O

Lemma 7.3. Lett, x € L and let p € At S. Then there exists y >t in L such that
(00 px(t)U(pNRz) Cp((00t)U(o(p) My)).

holds.

Remark. Note that (00¢) U (o(p) Ky) € SK L, since ¢ < y.

Proof. By Lemma 6.6, = belongs to Aff(p)’p, that is, there exists H C o(p) Ot in
S X L such that (p,x) € ¢(H). Since H is confined and S is bounded, there exists
y € L such that H C 00 y. Hence, H is contained in (0 0¢) U (o(p) Ky); we may,
of course, assume that y > ¢. So we have obtained that

PRz Cp((00¢) U (o(p) By)).

Since 00 ¢, (t) C (00¢t) C p((00¢) U (o(p) Ky)), the conclusion follows. O
Lemma 7.4. The map o is a permutation of AtS. Furthermore, o is the inverse
of T.

Proof. By Lemma 7.1, both ¢ and 7 are onto, thus it suffices to prove that o(q) = p
implies that ¢ = 7(p), for all p, g € At S.

Since T is onto, there exists p’ € At.S such that 7(p’) = ¢. Since L is nontrivial,
there are t, € L such that ¢t < x. Furthermore, by Lemma 7.2(iii), we can choose
t such that ¥,p.(t) < . By Lemma 7.3 applied to v, there exists y > ¢.(t) in L
such that

(00 %uipu(t)) U (p' M) C((0 0. (t) U (gXy)). (7.1)

Similarly, by applying Lemma 7.3 to ¢, we conclude that there exists z > ¢ in L
such that

00 . (1) U (gWy) C (001 U (pK 2)).
Now (00 ¢.(t)) U (¢Ry) € SK L, since y > . (t); therefore,
P00 . (1) U (gWRy)) C (00U (pK 2). (7.2)
By (7.1) and (7.2), we obtain that
(00 Yapa(t)) U (¢ B2) € (0T1) U (pR 2).

In particular, (p/,z) € (00¢) U (pX z). Since t < z, it follows that (p/,z) € pX z;
whence p’ < p. However, both p and p’ are atoms of S; therefore, p’ < p implies
that p’ = p, so that ¢ = 7(p') = 7(p). O
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8. THE MAPS (t,z) — fi(x)

In this section, we continue to consider the lattices S and L satisfying the as-
sumptions of Theorem 6, an automorphism ¢ of S X L, its inverse v, and the
associated permutations of At S, o and 7, respectively.

Let p be an atom of S, and let ¢ = 7(p). For all ¢, x € L, we shall denote by
fi(x) the largest element y of L such that

(¢, y) € p((001) v (p K x)).
The existence of y is ensured by Lemma 2.13(ii).
Note. (00¢)V (pXRzx)=(00¢)U (pX (¢tV x)) holds; thus fi(x) = fi(tV x).

Note. The map (t,z) — f;(x) has one parameter, the atom p, which we ignore in
the notation.

The proof of the following lemma is straightforward.

Lemma 8.1. Let u, v, x, and y be elements of L. Then

(i) @ <y implies that fu(z) < fu(y).
(il) u < v implies that f,(x) < f,(x).

The following lemma is less trivial:

Lemma 8.2. Forallt, z € L,
e((001) vV (pRz)) =900tV (¢N fi(z))
holds.
Proof. Since (00¢)V (pXx) = (00¢) v (pR(tVx)) and fi(z) = fi(t V), it suffices
to provide a proof for ¢ < . Define
H=00tV(pXa),
K =000 v (g8 fi(2).

Then K C p(H) is obvious. Conversely, since ¢(H) belongs to S X L and since S
is atomistic,

p(H) = (00u)v\/(p;Ra;|i<n)

holds, for some v € L, n > 0, and elements (p;,z;) € AtS x L, for all i < n.
Furthermore, we may assume, without loss of generality, that the map i — p; is
one-to-one. Furthermore, since 1 is a finite join of atoms in S, we may assume,
without loss of generality, that 0 O u C (00 ¢) (see the proof of Lemma 6.3).

Let ¢ < n. Since (p;,z;) € ¢(H) and H € [(pOx) (because t < z), x; belongs
to A3 .. Thus, if p; # ¢, that is, p # o(p;), then, by Lemma 6.6, z; belongs to A7 ,
that is, (pi, ;) € p(00z). In particular, we have obtained that

(ODu)\/\/(piﬁmi|i<n, pi #q) Ce(00). (8.1)

If, on the other hand, p; = ¢, then (q,z;) = (pi,x;) € p(H), thus x; < fi(z).
Therefore, it follows from (8.1) that

p(H) C o(00z)V(¢X fi(z)) = K,
which concludes the proof. O
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With the automorphism 1, we can associate a map (¢, x) — g¢(z), the same way
the map (t,x) — fi(x) was associated with ¢. In particular, by Lemma 8.2, this
new map satisfies

(00t v (gNz)) =v(001) V (p X g(x)),
for all £, z € L. We prove now a crucial lemma:
Lemma 8.3. Let x € L. Then

T = gufv(x)
holds, for all u, v < x A p.(x) in L.

Proof. Let ¢ € L. By Lemma 7.2(iii), there exists n € L such that n < ¢ and
©*(n) <e. By Lemma 8.2,

e((00n) v (pWz)) =00n) Vv (¢K fy(z))
holds, so that, by applying ¢, we obtain that
(p,z) € (00n) VvV (p W)
=¢(p(00n) v (g® f,(x)))
Cy(((00e) V(¢ fe(x)),

because n < ¢ and ¢*(n) < ¢, thus, by the definition of g.(y) for y = f.(z), we
obtain, choosing € < u A v, that

< g:(y) = ge f-(x) < gufo(2). (8:2)
Conversely,
00z=(00z)V (pRaz)

= ¢(p(002) V(¢ fo(2)))
(by Lemma 8.2 applied to )

=9(p(002) V(00 p.(2)) V (¢ K fi()))
(since 00 .. (x) C p(0 0 x))

= (p(002)) V(0D pu(z) V (¢ R fo(x)))
(since 1 is a join-homomorphism)

=002) V(0 Tw(x)) V (p X gy, (2) fo())
(by Lemma 8.2 applied to 1, and because ¢y = idy)

=(00x)V (p X gcp*@)fw(x)),

because ¢(0 O ¢, (x)) € 0O x. In particular, (p, g,, (z)fz(7)) belongs to 0 Oz, so
we obtain that

Gufo(z) < ggp*(z)fw(x) < (8.3)
The conclusion follows from (8.2) and (8.3). O

Corollary 8.4. Let x <y in L. Then fi(z) < fi(y), for all small enough t € L.
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Proof. Let t <x Ay A ps(x) A ps(y). By Lemma 8.3, g fi(x) = z and g f:(y) = y.
In particular, fi(z) # f:(y). However, f; is isotone (by Lemma 8.1), thus the
inequality f:(z) < fi(y) holds. The conclusion follows. O

Corollary 8.5. Let x € L. Then u < v < x A @, (x) implies that fu(x) = f,(x),
for allu, v e L.

Proof. Put y = fu(x) and z = f,(x). Note that y < z. Assume that y < z.
By Corollary 8.4 applied to ¢, for all small enough t € L, g:(y) < g:(z). For all
t <z A (), we get that g:(y) = g+fu(x) = = and, similarly, ¢g:(z) = z; these
imply that < z, a contradiction. O

Corollary 8.6. For allt, x € L and all p € At S,

(00 V (pNRz)) =¢00¢t) Vv (r(p) K 2)
holds.

Proof. By Corollary 8.5 and by Lemma 8.1(ii), for all z € L, the set

{filz)|te L}

has a least element. Denote this element by f(z). So f(z) = fi(z), for all small
enough t € L. Similarly, denote by ¢g(z) the common value of g;(z) for small enough
t € L. By Lemma 8.3, gf = idy. Similarly, fg = idy. Since both f and g are
order-preserving, f and g are automorphisms of L. Since L is rigid, f = g = idy.
The conclusion follows for ¢ small enough (more precisely, for ¢t < z A ¢, (z)) from
Lemma 8.2. In the general case, write that

00OV ERz) =00t Vv0Ou)V(pXa),
for u =t Ax A p.(z), and use the case t < x A . (z). O
Corollary 8.7. For all x,t € L and all p € At S,
p((00x) VvV (pN1)) = (00z)V (r(p) Xt)
holds.

Proof. By the result of Corollary 8.6, it suffices to prove that (00 z) = 00z. For
allp e At S, pXx C 00z, thus

(p) R C p((002) V (pR ) = p(00a).

By Lemma 7.1 (applied to v), 7 is surjective. It follows that ¢ Xz C (0O x), for
all ¢ € At S. Since (00 z) is a bi-ideal of S x L and since 1 is a join of elements
of At S, it follows that 1 Xz C (00 z), that is, 00z C (00 x). A similar result
holds for the inverse 1 of ¢, which implies that 0 Dz = (00 x). O

Corollary 8.8. The map 7T extends to a unique automorphism of S.

Proof. We first prove that 7 extends to an endomorphism of S. It suffices to prove
that if n > 0 and p, pg, ..., pn—1 € At S, then

p< \/(pi |i<mn) implies that 7(p) < \/(T(pz) |i<n). (8.4)
So assume that p < \/(p; | i <n). Let x and y € L with < y. Then compute:
(00 z)V (r(p) My) = (00 2) V (pNy))
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(by Corollary 8.7)

<o (002 v (Vipli<n)By))
e (V((0D2)v (i By) i <n))

(since ¢ is a join-homomorphism)
=\((00x) Vv (r(p;)Ry) | i<n)

(by Corollary 8.7)

=002 v (V(r() i <n)Ry).
Since (7(p), y) belongs to (00 z) V (7(p) Ky), it also belongs to

002) v (Vi) |i<n)®y).

Now z < y implies that 7(p) < \/(7(pi) | i < n).

This proves that 7 extends to an endomorphism of S. Since the same holds for
the inverse permutation o (see Lemma 7.4), 7 extends to an automorphism of S.
The uniqueness statement is obvious, since S is atomistic. O

Now, we can conclude the proof of Theorem 6. Indeed, by Corollaries 8.7 and
8.8,

P((002) v (sRy)) = (00 a) v (v(s) B y) (8.5)

holds for all z, y € L and all s € S, where 7 denotes the unique automorphism of
S extending the original map 7: At S — AtS. Note that (8.5) can be written as

p(H)=7(H), for H=(00z)V (sXy).

Since the elements of the form ¢((00z)V (sWy)), for x, y € L, are join-generators
of SX L, it follows that ¢ = 7. This concludes the proof of Theorem 6.

9. THE ONE-STEP LEMMA FOR THE RIGID EXTENSION

Notation. Let k be a cardinal. We denote by x* the least infinite cardinal such
that for every lattice K of cardinality s, there exists a lattice L of cardinality *
that does not embed into K.

)

of k). By P. Crawley and R.A. Dean [5], there are 2%¢ pairwise nonisomorphic
three-generated lattices; it follows that x* = Ry, for every infinite cardinal number
Kk < 2% in particular, R} = . It is proved in B. Jénsson [20] that if & is a regular
cardinal such that

It is clear that Ny < x* < k™, if & is infinite (k% denotes the successor cardinal

k=sup{2" | u <k},

then x* = k*. Moreover, under the Generalized Continuum Hypothesis, £* = xT
holds, for every uncountable cardinal number &.
In this section, we prove the following lemma:
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Lemma 9.1 (The one-step lemma for the rigid extension). Let L be a lattice and
let a € L=. Then there exist a lattice V with zero and an ideal I of V such that I
is isomorphic to J = [a), and by identifying I and [a), we obtain the gluing W of
L and V satisfying the following properties:
() V] = [ + Ro;
(ii) V is a congruence-preserving extension of I; W is a congruence-preserving
extension of L;
(iii) for anyv eV — 1, (vlw does not embed into L;
(iv) a= AV —=L) in W;
(v) let b e V —1I; then b cannot be reached from a (see Definition 5.1).

Proof. By the definition of |L|*, there exists a lattice N of cardinality |L|* with no
embedding into L. By Lemma 4.3, there exists a simple, bounded, N-dense lattice
S such that |S| = |[N| + Ng. Since N embeds into every nontrivial interval of S, no
nontrivial interval of S embeds into L.

Put T = M;3|S| (see Section 3). Then T is a bounded lattice of cardinality
|L|* + Rg. Furthermore, by Corollary 3.6, T is a simple lattice. Denote by p the
unique atom, (1,0,0), of T' (there are no other atoms since S is N-dense).

Define

V=TKXJ
and
I=pXRJ={pRzx|zeJ}
Since p is an atom of 7', I is an ideal of V. By Lemma 4.2(i),
fre—pRa

is an isomorphism from J onto I. By Theorem 5, since T is a simple lattice, f is a
congruence-preserving lattice embedding from J into V.

It is well-known (and trivial) that a congruence Oy of the glued lattice W can
be described as a congruence O, of L and a congruence Oy of V with the property
that the restriction of O, to J equals the restriction of ©y to I. It follows that W
is a congruence-preserving extension of L.

This verifies (i) and (ii).

To prove (iii), let y € V — I. By Lemma 2.11, y has a decomposition of the form

y:\/(tiﬁxﬂtiGT, x; €J, 1< n).

Since y ¢ I, there is an ¢ < n such that ¢; ¢ {0,p} and z; > a; define t = ¢;. Then
(t]7 embeds into (y]v, via the map u — uXz. So it suffices to prove that (] does
not embed into L. To accomplish this, we only have to prove that N embeds into
(t]r. Since T'= M3|S] and t ¢ {0, p}, there are four cases to consider.

Case 1. t = (1,s,s), for some s € S™.

Since S is N-dense, there exists an embedding fi: N < (s]g. Therefore, there
exists an embedding from N into (¢, defined by z — (1, f1(z), f1(2)).

Case 2. t =(0,s,0), for some s € S™.

As in Case 1, there exists an embedding f;: N < (s]g. Therefore, there exists
an embedding from N into (¢]r, defined by z — (0, f1(2), 0).



STRONG INDEPENDENCE FOR LATTICES 27

Case 3. t = (0,0, s), for some s € S™.
Similar to Case 2.
Case 4. t = (0, so, s1), for some sg, s1 € S~ such that so A s1 = 0.

Then ¢ > (0, sg, 0), and the conclusion follows again by Case 2. This completes
the proof of (iii).

Now we verify (iv). Let « € J — {a} (recall that a € L=). Then (0,s,0) Kz €
V — 1, for all s € 7. Since the meet of S~ in S equals zero, the meet of all the
elements of T'X J of the form (0,s,0) Xz, for s € S, equals the zero of T X J.
This proves (iv).

Finally, (v) is trivial because if b = \/(b; | i < n ), where n > 0 and a £ b;, for
all i < n, then b; € L — J, for all i < n, therefore, b; € L, for all i« < n, implying
that b € L contrary to the assumption that b€ V — I. O

10. THE RIGID, CONGRUENCE-PRESERVING EXTENSION

Notation. For a cardinal number k, we define the cardinal numbers Uc; (k) and
Uc(k) as follows:
(i) Uci(x) is the supremum of { k(¢ | § < &}, where
k) =
K(e4+1) = max{ (k)" + Ro, ke }, for all £ < &;

Ky = sup{ k) | £ <A}, if A < k is a limit ordinal.
(ii) Uc(x) is the supremum of { (™ | n < w}, where
kO = g;
kD = Ucy (M), for all n € w.

Lemma 9.1 is the first step in the construction of our next lemma.

Lemma 10.1. Let L be a lattice. Then there exists a congruence-preserving exten-
sion L' of L satisfying the following properties:
(i) L is an ideal of L';
(ii) for any x € L' — L, (z]r does not embed into L;
(iil) every automorphism @ of L' fizes every element of L, that is, p(x) = x, for
allx € L;
(iv) |L'| = Ucy(|L]).

Proof. Let & = |L| and let £ — a¢ be a surjective map from « onto L=. Inductively,
we define lattices L¢ and Uy, for £ < &, as follows.

We start with Lo = L.

Let us assume that that we have constructed an extension L¢ of L. By the
one-step lemma for the rigid extension (Lemma 9.1), there exists the lattice W¢
satisfying conditions 9.1(i)-9.1(v) that is the gluing of V, with the lattice Ls over
the ideal I¢ of V¢ and the dual ideal J¢ = [a¢) of L¢. Define Ley1 = We. Then Leyy
is a lattice, L¢ is an ideal of L¢i1, and L¢4q is a congruence-preserving extension
of Lg.

If A < k is a limit ordinal, then define

Ly=J(Le [ £ < ).
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Define L' = |J(L¢ | € < k). It is obvious that L is an ideal of L’ and that L' is
a congruence-preserving extension of L. If z € L' — L, let £ < k be the first ordinal
such that z € Lg. So £ = n+ 1 for some ordinal 7, and, by Lemma 9.1(iii), (z]z
does not embed into L), thus, a fortiori, not in L. Furthermore, by construction,
|Le| = ke, for all § < &, thus |L'| = Uci(k).

Finally, we verify (iii). So let ¢ € Aut L. We first prove that ¢(as) = ae, for
all { < k. For all x € Lg, (z]|r is a subset of L, thus it trivially embeds into L.
Conversely, let © € L’ — Le. Then there exists n > & such that © € L,y — L.
By (iii) of Lemma 9.1, (z]r, ., does not embed into L,. Therefore, a fortiori, (x]L:
does not embed into L¢. So we have proved that

Le ={x € L' | (2] embeds into L¢ }
holds, for all £ < k. It follows that ¢[L¢] = L. This also holds for £ + 1, thus
p[Ve — Lel = Ve — Le.

By Lemma 9.1(iv), ag = A(Ve — L¢) in L¢yq and also in L' because L¢4 1 is an ideal
of L'. Thus ¢(a¢) = a¢. This holds for all £ < k, whence ¢ fixes all elements of L=.

It remains to prove that ¢(1) = 1, if L has a unit, 1. We note that 1 is the least
element v of L such that x < u, for all x € L=. Since L is an ideal of L', u is also
the least element of L’ such that x < u, for all z € L=. Since ¢ fixes all elements
of L=, it follows that ¢(1) = 1. O

Note that the lattice L’ of Lemma 10.1 does never have a unit.
Now we can construct the rigid extension, finishing Step 1 of the proof of the
Independence Theorems as outlined in Section 1.5:

Theorem 7. Let L be a lattice. Then there exists a congruence-preserving exten-
sion L of L satisfying the following properties:

(i) L is an ideal of L;

(ii) L is rigid;

(iii) L is steep (see Definition 5.1);
(iv) L] = Uc(|L]).

Proof. Define a sequence (L™ | n < w) by L(® = L and LY = (LM’ where
(LMY is obtained from L™ by Lemma 10.1. Put L = [J(L™ | n < w). It is
obvious that L is a congruence-preserving extension of L, that L is an ideal of E,
and that |L| = Uc(|L]).

To prove that L is rigid, let ¢ € Aut L. By Lemma 10.1(ii),
L™ = {x eL| (z]7 embeds into LM }

holds, for all n < w. Hence, ap[L(”)] = L("). By applying this result at n + 1 and
by using Lemma 10.1(iii), we obtain that the restriction of ¢ to L("™ is the identity
map. This holds for all n, thus ¢ is the identity map.

Finally, we prove that Lis steep. So let x € L. There exists n < w such that z €
LM, Let € — a¢ be the surjective map from k(™ onto (LM)= = L™ with respect
to which the construction of L("+1) is performed, as in the proof of Lemma 10.1.
Let Lg, Ve (for ¢ < k(™) be the intermediate stages of this construction. Then
there exists & < x(™ such that z = ae. By Lemma 9.1(v), no y in Ug — L¢ can be
reached from x. O
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G F

FIGURE 7. The graph G and the lattice '

11. A SIMPLE, AUTOMORPHISM-PRESERVING EXTENSION

In this short section, we accomplish the second (and easy) step, as discussed in
Section 1.5:

Theorem 8. Let L be a lattice. Then L has an automorphism-preserving extension
S such that the following conditions are satisfied:
(i) S is simple;
(ii) S is bounded;
(iil) S is atomistic;
(iv) S has an atom u that is fized under all automorphisms of S;
(v) if L is finite, then so is S; if L is infinite, then |S| = |L|.

Proof. We first adjoin a new unit element to L. Furthermore, if L does not
have a zero, then adjoin a zero to L. These two kinds of extensions are, clearly,
automorphism-preserving. So, we may assume, without loss of generality, that L is
nontrivial and bounded. Next, consider the finite graph G of Figure 7.

As in R. Frucht [7] and [8], consider the atomistic lattice F' of length three whose
atoms are the vertices of GG, whose coatoms are the edges of G, and if p is a vertex
and e an edge, then p < e in F iff p € e in G. The lattice F' is shown in Figure 7.

For every a > 0, a € L, we take a copy F, of the lattice F' with zero 0, and
unit 1,. We form the disjoint union

L=LU|J(F,-{04,1.} |a€L-{0})
and we identify 0, with 0 and 1, with a, for all a > 0.
For x, y € L, we define Ay and z V y as follows:
(i) Let L and all the F,-s be sublattices of K.
(i) feeF,—Lye Fy— L, a#b, thenx Ay=0and xVy=aVb.
(iii) f x € F, — L, y € L — F,, then

A z, ifa<y,
€T =
Y 0, otherwise;

and x Vy = aVy. And symmetrically.
It is an easy computation to show that L is a lattice containing L and all the
F,, a € L™, as sublattices. _
Finally, we adjoin an element u to L to obtain S; u is a common complement to

all the elements of L — {0,1}.
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The rest of the proof proceeds exactly as in G. Grétzer and E.T. Schmidt [14];
the proof there does not utilize the finiteness assumption on L. O

12. THE PROOF OF THE INDEPENDENCE THEOREMS

We can now prove the Independence Theorems. Let Lp and L¢ be lattices, let
L¢ have more than one element.

By Theorem 7, L¢ has a rigid, steep, congruence-preserving extension, R, such
that |R| < Uc(]L¢|). Furthermore, L¢ is an ideal of R.

By Theorem 8, L has a simple, bounded, atomistic, automorphism-preserving
extension, S, such that if Ln has a zero, then S has the same zero, and |S| <
|La|+ No.

Define

K=SKR.

By Theorem 6, K is an automorphism-preserving extension of S. Let p be any
atom of S.

To prove the Strong Independence Theorem for Lattices with Zero (Theorem 3),
let Ly and L¢ be lattices with zero. Then S and R are lattices with zero, so by
Theorem 5, the map z +— pXax from R into K is a congruence-preserving embedding.
Thus the image of R is an ideal of K; since L¢ is an ideal of R, we obtain that L¢
is an ideal of K, proving Theorem 3.

To prove the Strong Independence Theorem for Lattices (Theorem 4), we no
longer assume that La and L have zero. Consequently, R may not have a zero. If
R has no zero, then the map x — 0z from R into K is a congruence-preserving
embedding, completing the proof of Theorem 4.

In this case, the range of this map is, as a rule, not an ideal of K, but its range
is still “coinitial”, in the sense that every element of K contains an element in the
range.

Furthermore, note that |K| < Uc(|L¢l|) 4+ |Lal|- In particular, if Ly and L¢ are
countable, then Uc(|L¢|) = Uc(Rg) = Ng, thus K is countable.

13. SOME OPEN PROBLEMS

Problem 1. Can we make the Strong Independence Theorem for Lattices with
Zero stronger by requiring that both Ly and L be ideals of K and LyNLc = {0k }?

Problem 2. Is there a “Strong Independence Theorem for Bounded Lattices”? In
other words, if Ly and L¢ are bounded lattices, can we find a lattice K satisfying
the conclusions of the Strong Independence Theorem for Lattices with Zero and
also satisfying that Ly N L¢ = {0k, 1x}?

The Independence Theorem for modular lattices was proved for a finite con-
gruence lattice and for a finite group in G. Grétzer and E.T. Schmidt [15] and
[16].

Problem 3. Does the Independence Theorem hold for modular lattices?
Problem 4. Does the Strong Independence Theorem hold for modular lattices?

Note that the class of modular lattices is closed under direct limit and gluing,
but not under box product or lattice tensor product.
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Problem 5. Let « be an infinite cardinal. Does the statement of the Strong Inde-
pendence Theorem hold for lattices of cardinality at most 7

To solve this problem, it would be sufficient to find, for a lattice L¢ of cardinality
at most k, a spanning indecomposable, rigid extension of L¢ of cardinality at most
k. The construction we use in Theorem 7 satisfies this if Uc(k) = &, that is, for
every lattice A of cardinality x, there exists a lattice of cardinality x that does not
embed into A. This is, for example, the case for k < 2%. We do not know the
answer even for Kk = Ny.

Define the ordered automorphism group of L, o-Aut(L), as the automorphism
group of L, partially ordered under the relation

a<p iff ofz)<p(z), forall xz € L.

Problem 6. Which ordered automorphism groups can be represented as o-Aut(L),
for some lattice L7
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