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CHARACTERIZATION OF BIRKHOFF’S CONDITIONS
BY MEANS OF COVER-PRESERVING AND PARTIALLY
COVER-PRESERVING SUBLATTICES

Abstract

In the paper we investigate Birkhoff’s conditions (Bi) and (Bi*). We prove that
a discrete lattice L satisfies the condition (Bi) (the condition (Bi*)) if and only
if L is a 4-cell lattice not containing a cover-preserving sublattice isomorphic to
the lattice S7 (the lattice S7). As a corollary we obtain a well known result of
J. Jakubik from [6].

Furthermore, lattices S7 and S7 are considered as so-called partially cover-
preserving sublattices of a given lattice L, S; < L and S7 < L, in symbols. It is
shown that an upper continuous lattice L satisfies (Bi*) if and only if L is a 4-cell
lattice such that Sy &« L. The final corollary is a generalization of Jakubik’s
theorem for upper continuous and strongly atomic lattices.

Keywords: Birkhoff’s conditions, semimodularity conditions, modular lat-
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1. Preliminaries

Standard lattice-theoretic notions can be found in [4]. For the reader’s
convenience we will recall basic notions and facts. Let L be an arbitrary
lattice. If z,y € L such that = < y, then the set [z,y], = {z € L : 2z <
z < y} is called an interval in L. If L is fixed, we write [x,y] instead
of [x,y]r. Clearly, any interval in L is a sublattice of L. Moreover, let
(z,y) = [z,y] ~ {x,y}. If (z,y) = 0 we then write x < y (z is covered

by y).
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A lattice C is called a cell (see [9, 8]) if and only if there are two
different points v, u € C' and chains C,Cy C C such that:
(a) C1NCy ={v,u}, C=C1UCy # {v,u},
(b) Ve Cy ~A{v,u})(Vy € Co~{v,u})(xVy=u & zANy=n).
Finite cells are denoted by C, . (see Figure 1). Obviously C,, , and
Cp,m are isomorphic. The lattice Cs 3, usually denoted by By, is the four-
element Boolean lattice. We call it an improper cell; the remaining cells

are said to be proper. The proper cell Cs 4 is called the pentagon and it is
denoted by Ns.

T = Yn T3 = Y4 u v
Tm—1 /\,yn_1 Y3 a b d e
T :\/yz 2 y2  d e a b

1 =Y 1= v u

Fig. 1. From left to right: lattices Cy, , Cs34 (i.e. N3), S7 and S%.

We say that C is a cell sublattice of a lattice L if

(¢) C is a sublattice of L,
(d) Cis a cell as a lattice,
(e) chains Cy, C5 are maximal in the interval [v, u]r.

If a lattice L has the following property:
every cell of L is isomorphic to B, (4-cell)

we then say that L is a 4-cell lattice (see [5]). The examples of 4-cell lattices
are: By, S7, S%, the first and the second lattice presented in Figure 6.

We write M < L if M is a sublattice of L. A sublattice M of a lattice
L is called cover-preserving (see [3]), M < L in symbols, if 2 < y in M
implies * < y in L, for all z,y € M. For instance, N5 is a sublattice,
but it is not a cover-preserving sublattice of S7. It is also clear that cell
sublattices are cover-preserving sublattices.

For purposes of our research we consider lattices S7 and S as “partially
cover-preserving sublattices”: we write S7 < Lif a < w and b < w in L
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(see the second picture in Figure 2, where double lines denote the covering
relation), and dually, S < Lif v <a and w < b in L.

Fig. 2. From left to right: S; < L, S; < L and S7 < L.

A lattice L is said to be modular if < z implies 2V (yAz) = (zVy) Az,
for all z,y,z € L. Modularity is one of the most important concepts in
lattice theory. It was introduced by R. Dedekind in 1900 as a property
of the structure of all normal subgroups of a given group (see [1, §9.6]).
The famous characterization given by Dedekind states that a lattice L is
modular if and only if L does not contain a sublattice isomorphic to Ns.

A number of conditions weaker than modularity are considered in the
literature (see [11, 10]). In this paper we are focused on so-called Birkhoff’s
conditions

(Ve,y e L) (x ANy <x,y = x,y <z VYy), (Bi)
(Ve,y e L)(x,y<azVy=axAy<z9), (Bi*)

and closely related to them semimodularity conditions

(Vz,ye L)z Ay <z = y<zVy), (Sm)
(Ve,y e L)(y<xVy = zAy<zx). (Sm*)

It is a trivial fact that modularity implies all preceding conditions, and
moreover, (Sm) implies (Bi), and (Sm*) implies (Bi*). The converses of
these implications are not true in general: the second lattice presented in
Figure 6 satisfies (Bi) but violates (Sm). Moreover, if L satisfies (Bi), then
S% « L, and all the more S% A L, but not necessarily S £ L (see Figure
3). Dually, if L satisfies (Bi*), then S; <« L, but not necessarily Sy £ L.
It is also clear that proper cells Cy, ,, violate both Birkhoff’s conditions.
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For finite lattices we have the following classical result:

PropoSITION 1. If L is a finite lattice, then:
(i) (Sm) is equivalent to (Bi), and (Sm*) is equivalent to (Bi*),
(ii) modularity is equivalent to the conjunction of (Sm) and (Sm*),
(iii) modularity is equivalent to the conjunction of (Bi) and (Bi*).

For the proof see [4, Chapter IV.2] or [12, Chapter 19]. Since the proof
of Proposition 1 is inductive, the analogous theorem is true for lattices of
finite length (i.e. there is a natural number n such that every chain has at
most n elements) and discrete! ones (i.e. every bounded chain is finite).

v

u

Fig. 3. The 4-cell lattice which satisfies (Bi) and contains a sublattice S5.

An important extension of Proposition 1 requires further notions. A lat-
tice L is called upper continuous if L is complete and for every element
x € L and every chain C C L holds

x/\\/C:\/{x/\c:ceC}. (UC)
A lattice L is called strongly atomic if
(Vz,yeL)(z<y= (FzeL)(z<2<y). (SA)

Lattices of finite length are strongly atomic and upper continuous. On
the other hand, discrete lattices are strongly atomic, and complete discrete
lattices are upper continuous. Moreover, (UC) is a generalization of the

1Some authors use the term “a lattice of locally finite length”, see [11, p. 60] or [6].
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ascending chain condition, ACC (i.e. there is no infinite ascending chain),
and (SA) is a generalization of the descending chain condition, DCC (i.e.
there is no infinite descending chain).

PROPOSITION 2. If L is an upper continuous and strongly atomic lattice,
then:

(i) ([2, Theorem 3.7]) (Sm) is equivalent to (Bi),
(ii) ([2, Theorem 3.6]) modularity is equivalent to the conjunction of (Sm)
and (Sm*),
(iii) ([7, Proposition 4]) modularity is equivalent to the conjunction of (Bi)
and (Bi*).

Although the preceding theorems (i) and (ii) are originally formulated
for compactly generated (i.e. algebraic) and strongly atomic lattices, their
proofs use upper continuity and strong atomicity only (see [11, p. 39]). Note
also that upper continuity and strong atomicity do not imply algebraicity
(see [10, p. 338]).

PROBLEM 1. Do (UC), (SA) and (Bi*) imply (Sm*)?

2. Birkhoff’s conditions in discrete lattices

THEOREM 1. If L is a discrete lattice, then the following conditions are
equivalent:

(i) L satisfies (Bi),

(ii) L is a 4-cell lattice and S5 A L.

PRrOOF: (i) = (ii). The implication is trivial.

(ii) = (i). Assume that L is a 4-cell lattice such that S¥ A L, and
suppose to the contrary that there are a,b € L which violate the condition
(Bi). Since L is discrete, the induction principle allows us to assume that
every proper interval of [a A b, a V b] satisfies (Bi). Put u = aAb, v =a Vb,
and without loss of generality assume that a £ v. Then there is d € L such
that a < d < v, and clearly

dNb=u. (2.1)

Now observe that b 4 v. Indeed, if b < v, then taking arbitrary chain
C maximal in [a,d], by (2.1), we achieve a proper cell {u,a,b,d,v} U C;
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a contradiction. Therefore, there exists e € L such that b < e < v, and
similarly as before:

eNa=u. (2.2)

Put ¢ = d A e and note that ¢ > u (see the first picure in Figure 4).

Fig. 4. The illustration of the proof of Theorem 1.

By our general assumption, the interval [u, ¢] contains only finite chains.
Fix a maximal one such that:

U=uy < U U2 < ... < U < Ukt1 = C,

and moreover define a; = a V u; for i =0,...,k 4+ 1. By induction on i we
will show that:

Ui = A N Ui41 < Ay Uit q- (23)

For ¢ = 0 we have ug = u, ag = a, so we easily get ug = ag A uy < ag, u1.

As the induction hypothesis, assume (2.3) (see the second picture in
Figure 4). Since the interval [u, d] is properly contained in [u, v], it satisfies
(Bi), therefore we obtain a;,u;y1 < a; V u;+1 = a;4+1. In particular, since
Ujr1 < Ajp1 WE achieve Qit1 N\ Ujp2 = Ujy1, SO ﬁnally

Uip1 = Qi1 N Uip2 < Qjp1, Uig2,

and the proof of (2.3) is complete.
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By (2.3), for i = k, we have up, = ax A ¢ < ag, ¢, therefore once again

by (Bi) we get
ap,c < a V. (2.4)

Similarly defining b; = b V u; and using the parallel argument we achieve
up = by Nc<bg,c and bg,c<bg Ve (2.5)

Now, by (4-cell) it follows that a; V ¢ = d and by, V ¢ = e (see the third
picture in Figure 4), and therefore, S& = {uy,a,c, by, d,e,v} < L. This
contradiction completes the proof. O

The proof of Theorem 1 can be easily dualized, therefore we get:

THEOREM 2. If L is a discrete lattice, then the following conditions are
equivalent:

(i) L satisfies (Bi*),

(ii) L is a 4-cell lattice and S7 4 L.

Modularity

Proposition 1 (ii)
(Sm) (Sm), (Sm*) (Sm*)
Proposition 1 (i) Proposition 1 (iii) Proposition 1 (i)
[ B) f——{ B, 1) (Bi")
Theorem 1 Corollary 1 Theorem 2

| (4-cell), Sf A Lj«—(4-cell), 87,85 A L|—= (4-cell), S; £ L|

Fig. 5. The considered conditions in the class of discrete lattices.

As a corollary of Theorems 1 and 2 we achieve a result of J. Jakubik:

COROLLARY 1 ([6]). If L is a discrete lattice, then the following conditions
are equivalent:
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(i) L is a modular lattice,
(ii) L is a 4-cell lattice and S; # L and S% 4 L.?

The interrelationships between considered conditions in the class of
discrete lattices are visualized in Figure 5.

3. Birkhoff’s conditions in upper continuous
and strongly atomic lattices

In this section we are interested in a generalization of results from Section 2.
Unfortunately, even in the “well behaved” class of upper continuous and
strongly atomic lattices the implication (ii) = (i) of Theorem 1 is false—the
first lattice presented in Figure 6 is an appropriate counterexample.

<o o

Fig. 6. From left to right: (a) The 4-cell lattice satisfying (UC), (SA),
and S¥ A L but violating (Bi). (b) The 4-cell lattice satistying S £« L but
violating (Sm). (c¢) The lattice which satisfies (Bi) and (UC) but violates
(4-cell).

However, replacing the assumption S% A L by S% £« L, we obtain the
following general theorem:
THEOREM 3. If L is a 4-cell lattice and S5 4 L, then L satisfies (Bi).

PROOF: Suppose to the contrary that L does not satisfy (Bi), so there are
a,b € L which violate (Bi). Put u = a A b and v = a V b; without loss of
generality we assume that (a,v) # 0 (see Figure 7).

2There is a misprint in the original formulation of the theorem in [6]: instead of
“sublattice” should be “c-sublattice” (i.e. “cover-preserving sublattice”).
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By the Axiom of Choice, there exists a maximal chain C7 in the interval
(a,v). Since u < b we easily show that:

(Ve e Cy)(x Ab=u). (3.1)

Supposing b < v by (3.1) we obtain a proper cell {u, a,b, v} UC, which
contradicts the assumption of the theorem. Hence (b, v) # 0, and therefore
the Axiom of Choice provides that there exists a maximal and non-empty
chain Cs contained in (b, v). Clearly there are d € C; and e € Cs such that
d A e > u (otherwise, {u,a,b,v} UCy U Cy would be a proper cell).

Putc=dAe, di =aVe and eg =bVe Clearly a < dp < v and
b < e; < wv. Now observe that

diNet=c and c¢<d; and c<e;. (3.2)

Indeed, ¢ < d; A e since ¢ < dy and ¢ < e;. On the other hand d; < d and

e1 < e, therefore dy Ae; < d AN e = c. Now supposing for instance ¢ = dy

we have c=a Vecie a<c soaVb<cVb< v whichis impossible.
Finally, we obtain S% 2 {u,a,b,c,dy, e1,v} < L—a contradiction. [J

(%

dq €1

u

Fig. 7. The illustration of the proof of Theorem 3

Let us notice that the premises of Theorem 3 do not imply the condition
(Sm) (see the second lattice in Figure 6). Furthermore, there arises a prob-
lem under which assumptions the converse of Theorem 3 is true. Obviously,
if L satisfies (Bi), then S% « L. On the other hand, the implication

(Bi) = (4-cell)
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which was trivially valid for discrete lattices, it turns out a difficult problem
for “properly infinite” lattices.

REMARK 1.

(i) (Bi) and (UC) do not imply (4-cell).
(ii) (Bi) and (SA) do not imply (4-cell).

PROOF: Ad (i). The third lattice in Figure 6 is a suitable counterexample.

Ad (ii). Let Z* = Z~ {0}, Z+ = {1,2,3,...}, Z= = {—1,-2,-3,...}
and Fin(Z*) = {X C Z* : X is finite}. Consider the set L defined as
follows:

L=PZ")YUPZ )UFin(Z*)U{Z*},
and operations:

XUY it XuY el

XAY=XnNnY, and XVY = )
/e otherwise

for all X, Y € L (see Figure 8). It is easy to see that the algebra (L, V,A) is
a lattice which satisfies (Bi) and (SA). However it is not a 4-cell lattice. In-
deed, put C, =27~ {1,2,3,...,n}and D, =Z~ ~{-1,-2,-3,...,—n},
for every n > 1. Then it is easy to verify that

C={C1,C5,Cs,...}, D={Dy,Dy,Ds,...}.

are maximal chains in (@, Z") and (,Z~), respectively. Hence C UD U
{0,Z*} is an infinite cell in L. O

PROBLEM 2. Do (Bi), (UC) and (SA) imply (4-cell)?

COROLLARY 2. If L is a 4-cell lattice, then the following conditions are
equivalent:

(i) L satisfies (Bi),
(ii) S £ L.
Now, let us consider the condition (Bi*). Clearly, the proof of Theo-
rem 3 can be dualized, therefore we get:
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Z*

Fig. 8. A lattice which satisfies (Bi) and (SA) but violates (4-cell).

THEOREM 4. If L is a 4-cell lattice and S; & L, then L satisfies (Bi*).

Similarly as before, if L satisfies (Bi*), then S7 &« L. It is also obvious
that (Bi*) does not imply (4-cell): as a counterexample consider the lattice
which is dual to the third lattice presented in Figure 6. However we have:

THEOREM 5. (Bi*) and (UC) imply (4-cell).

PROOF: Suppose that C = C; U Cy is a proper cell of L with the least
element v and the greatest element u. Consider the two following cases:

Case 1. Tf C; ~ {u} and Cy \ {u} contain maximal elements, m;
and mgy respectively, then my,ms < u, so (Bi*) provides v = my A mg <
m1, ms, which means that C' is isomorphic to Bo—a contradiction with the
hypothesis.

Case 2. Assumig that C; ~ {u} has no maximal element, we easily
prove \/(Ci ~ {u}) = u (the lattice is complete since it is upper continu-
ous). Now choosing arbitrary a € Cy ~ {v,u} and applying (UC) we get a
contradiction:

a=alAu=aA\(Ci~{u})=V{anz:zeC~{u}}=v. O
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COROLLARY 3. If L is an upper continuous lattice, then the following con-
ditions are equivalent:

(i) L satisfies (Bi*),
(ii) L is a 4-cell lattice and S; & L.

COROLLARY 4. If L is an upper continuous and strongly atomic lattice,
then the following conditions are equivalent:

(i) L is modular,
(ii) L is a 4-cell lattice and S; £ L and S3 £« L.

PRrROOF: (i) = (ii). The implication is trivial.
(ii) = (i). By assumptions and Theorems 3 and 4, the lattice L satisfies
(Bi) and (Bi*), therefore by Proposition 2 (iii) L is modular. O

The interrelationships between considered conditions in the class of
upper continuous and strongly atomic lattices are visualized in Figure 9.

Modularity

Proposition 2 (ii)

(Sm)

Proposition 2 (i)

Problem 2 { Theorem 3 Corollary 4 Corollary 3

| (4—cel?), Si & L (4-cell), Sz, S7 & L|—= (4-cell), Sz £ L|

Fig. 9. The considered conditions in the class of upper continuous and
stronly atomic lattices.
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