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Abstract

We investigate the possible values of the numbers of congruences of finite lattices of an arbitrary but fixed
cardinality. We first construct finite lattices with small numbers of congruences; then, motivated by a result
of Freese and continuing Czédli‘s recent work, we prove that the third, fourth and fifth largest numbers of
congruences of an n—element lattice are: 5-2"75 if n > 5, respectively 2”72 and 7-2" ¢ if n > 6. We also
determine the structures of the n—element lattices having 5 - 2775, 273 respectively 7-2"~% congruences,
which show the structures of their congruence lattices, as well.

Keywords: (finite) lattice, (principal) congruence, (prime) interval, atom, (ordinal, horizontal) sum.

MSC 2010: primary: 06B10; secondary: 06B05.

1 Introduction

In this paper, we study the smallest, as well as the largest numbers of congruences of lattices of an arbitrary
finite cardinality. The problem of the existence of lattices with certain values for the cardinalities of their sets
of congruences, filters and ideals was raised in Muresgan [25],[26] and further studied in Czédli and Muregan [11].
The idea behind our current article is that, in the finite case (in which the number of filters and that of ideals
equal the number of elements), the above—mentioned problem can be tackled by identifying the smallest and the
largest possible numbers of congruences and then filling the gap between these, for an arbitrary appropriately
large number of elements.

Our main result is Theorem 5.6, on the third, fourth and fifth largest possible numbers of congruences of
a finite lattice, which thus continues the work of Freese [12] and Czédli [8] on the largest and second largest
number of congruences of finite lattices of an arbitrary but fixed cardinality. Our investigation is also motivated
by Czédli‘s independent work on semilattices [9] and further relates to the representation problem for lattices
in the form of congruence lattices of lattices. The investigation of this representation problem goes back to
R. P. Dilworth and was mile-stoned by Grétzer and Schmidt [23], Wehrung [30], Ruzicka [28], Gratzer and
Knapp [20], and Ploscica [27], and surveyed in Gratzer [15] and Schmidt [29]. A lot of results have been
proved on the representation problem of two or more lattices and certain maps among them by (complete)
congruences; for example, see Gratzer and Schmidt [24], Gratzer and Lakser [21], Czédli [1],[6]. Even the posets
and monotone maps among them have been characterized by principal congruences of lattices; for example,
see Grétzer [16],[17],[18],[19], Gréitzer and Lakser [22], and Czédli [3],[2],[4],[5],[7]. Finally, the above-mentioned
trends, focusing on the sizes of congruence lattices, on the structures formed by congruences, and on maps among
these structures, have recently met in Czédli and Muregan [11], enriching the first two trends and even related
to the third one.
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2 Definitions, Notations and Immediate Properties

We shall denote by N the set of the natural numbers and by N* = N\ {0}. II will be the disjoint union of sets. For
any set M, |M| shall be the cardinality of M, Part(M) and Eq(M) will be the bounded lattices of the partitions
and the equivalences on M, respectively, Ay = {(z,2) | x € M}, Vi = M? and eq : Part(M) — Eq(M) shall
be the canonical lattice isomorphism; if 7 = {My,..., M, } for some n € N*, then eq(r) will simply be denoted
by eq(M;, ..., My,).

All lattices shall be non—empty and, unless mentioned otherwise, they shall be designated by their underlying
sets; their operations and order relation will be denoted in the usual way, and < will denote their succession
relation. The trivial lattice shall be the one—element lattice. 22 shall denote the existence of a lattice isomorphism.

For any lattice L, Con(L), Filt(L) and Id(L) shall be the lattices of the congruences, filters and ideals of L,
respectively. Clearly, if L’ is the dual of L, then Con(L) = Con(L'). If L is a bounded lattice, then we shall
denote by Cong(L) = {6 € Con(L) | 0/0 = {0}} and by Cong1(L) = {6 € Con(L) | 0/6 = {0},1/0 = {1}};
note that Cong(L) and Cong; (L) are sublattices of Con(L) and bounded lattices, with smallest element Ay, and
greatest element \/ Cono(L) = eq(Vgecony(r) L/0) and V Cono1 (L) = ed(Vgecon,, (1) L/0), respectively, where
the second join is in the lattice Part(L) [13]. Now let a,b € L, arbitrary. Following [8], we denote by con(a, b) the
principal congruence of L generated by (a,b). For any 6 € Con(L), we know from [14] that every class of 0 is a
convex sublattice of L, thus an interval if L is finite, and, clearly, if S is a sublattice of L, then § N S% € Con(S).
If L has a 0, then At(L) shall be the set of the atoms of L. [a);, and (a]z shall be the principal filter, respectively
ideal of L generated by a, and [a,b]r, = [a)r, N (b] shall be the interval of L bounded by a and b; recall that
[a,b]r, is called a prime interval iff a < b, and it is called a narrows iff it is a prime interval such that a is
meet—irreducible and b is join—irreducible [8],[14]. In the particular case when a,b € N and < is the natural order
on N, [a, b](n,<) shall simply be denoted by [a, b].

+ shall be the ordinal sum and H shall be the horizontal sum. Recall that, for any lattice (L,<p,1r)
with largest element and any lattice (M, <js,0p) with smallest element, the ordinal sum of L with M is
defined by identifying ¢ = 1, = 0py € LN M and letting L+ M = ((L\ {c}) U {c} I (M \ {c}),<p U <um
U{(z,y) | * € L,y € M}); for every @ € Con(L) and every 8 € Con(M), we shall denote by a + 8 =
eq((L/a\{c/a})U{c/aUc/B}U(M/B\{c/B})); note that Con(L+ M) ={a+ 8|« € Con(L),3 € Con(M)} =
Con(L) x Con(M) [26]. Also, for any bounded lattices (L, <p,0r,1y) and (M, <ps,0nr, 1as) with |L|, [M]| > 2,
the horizontal sum of L with M is defined by identifying 0 = 0, = Op,1 = 1, = 1)y € L N M and letting
LEBM=((L\{0,1})I1{0,1} I (M \ {0,1}),<p U <p,0,1); for every @ € Con(L) and every 8 € Con(M), we
shall denote by a B 8 = eq((L/a\ {0/a,1/a})U{0/aU0/5,1/aUl/B} U (M/B\{0/8,1/6})) € Eq(L B M).
Clearly, the ordinal sum of bounded lattices is associative, while the horizontal sum is both associative and
commutative. For any n € N*, we shall denote by £, the n-element chain and by M, = H}_,Ls, so that
M, = L3, My = L3 and Mj is the five—element modular non—distributive lattice (the diamond); we shall also
denote by N5 = L3 H L, the five—element non—modular lattice (the pentagon).

3 The Congruence Lattices of Some Constructions of Lattices

Following [11], we call a triple (x, A, ) of nonzero cardinalities CFI-representable iff there exists a lattice L
such that k = |Con(L)|, A = |Filt(L)| and p = |Id(L)|, case in which we say that L CFI-represents the triple
(k, A, ). Of course, if L is finite, then all its filters and all its ideals are principal, thus L CFI-represents
the triple (|Con(L)|,|L|,|L|), with |Con(L)| € N*. For instance, given any n € N, the Boolean algebra L}
CFI-represents (2",2" 2") and, if n > 2, then the chain £, = —i—?;llﬁg CFI-represents (2771, n,n) since
Con(L,) = Con(Ly)" "t =2 L5~ !. For every lattice K with greatest element and every lattice M with smallest
element, clearly, K + M CFI-represents (|Con(K)| - |Con(M)|, |K|+ |M|—1,|K|+ |M| — 1), hence, for any
n € N*, K + £,, CFl-represents (2"~ ! - |Con(K)|, |K|+n —1,|K|+n — 1).
Most of the times, we shall use the remarks in this paper without referencing them.

Remark 3.1. The only triples which are CFI-represented by lattices of cardinality at most 4 are: (1,1,1),
(2,2,2), (4,3,3), (4,4,4) and (8,4,4).
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Remark 3.2. [26] If L and M are bounded lattices with |L|, |M| > 2, then, clearly, Cong (LEBM) = {aBS | a €
Congy (L), 8 € Congy (M)} = Cong (L) x Cong; (M) and, if we consider the following two conditions:

(OL1M) 0 is meet—irreducible in L and 1 is join—irreducible in M,

(OM1L) 0 is meet—irreducible in M and 1 is join—irreducible in L,
then:

e Con(LEBM) = Cong (LBM)U{V @} = (Cong; (L) x Congy (M))+ Ls, if none of the conditions (0L1M)
and (OM1L) is fulfilled;

o Con(LH M) = Cong1 (LB M) U {eq(L \ {0}, M\ {1}), Viga} if (OL1M) holds and (OM1L) fails, and
Con(L B M) = Cong1 (LB M) U {eq(L\ {1}, M \ {0}),Vrmar} if (OM1L) holds and (OL1M) fails, so
that Con(L B M) = (Cong; (L) x Congy (M)) + L3 if exactly one of the conditions (OL1M) and (0M1L)
is fulfilled:;

o Con(LHBM) = Congy (LEHM)U{eq(L\{0}, M\{1}), eq(L\{1}, M\{0}), V@ } = (Conos (L)x Congy (M))+
L3 if both of the conditions (OL1M) and (OM1L) are fulfilled, that is if 0 is meet—irreducible and 1 is
join—irreducible in both L and M.

Con(N5) :

<)<)O §>C§% N

ANE, Con £4 H £4
By the previous remark if Misa bounded lattice in which 0 is meet—reducible and K = LkEEI M +L2) for some

k € N\{0, 1,2}, as in the picture above, then Con(K) = (Cong(M) x Con(Li—2))+ L3 = (Cong (M) x Ek H+Ls.

Let t € N*, Ly, Lo, ..., L; be bounded lattices and L = H!_;(Ls + L; + L2), as in the previous diagram.
Clearly, for every i € [1,t], Congy (L2 + L; + L£3) = Con(L;) and Lo + L; + Lo has the 0 strictly meet—irreducible
and the 1 strictly join—irreducible, while (L3 + L; + £2) B (L2 + L; + £2) has the 0 meet-reducible and the 1
join—reducible for every j € [1,¢] \ {i}, thus, by the previous remark:

e if t =2, then Con(L) =2 (Con(L;) x Con(Lz)) + £3;

e if t > 3, then Con(L) = ( HCon Ly)) + Lo.

=1

For example, N5 = (L2 + L1 + L£2) B (L2 + L2 + L2) has Con(Ns) = {An,, o, 3,7, VN, } = (L1 x L2) + L3 =
Lo + L3, where a = eq({0,b,c},{a,1}), B = eq({0,a},{b,c,1}) and v = (Ag, + Ve, + Arz,) B (Az, + Ve, +
Ar,) =eq({0},{a},{b,c},{1}), with the elements and congruences of N5 denoted as in the figure above, while
M3 = Bﬂ?:l(ﬁz-i—ﬁl +£2) has Con(M3) = (ﬁl Xﬁl)-i—ﬁz > Lo. Similarly, L3HLs = (£2+£1+£2)E(£2+£3+£2)
and L4 B Ly = (Lo + Lo+ L2) B (Lo + Lo + L2), so that Con(L3 B L5) = Con(Ly B Lg) =2 L2+ L3

Also, in particular, if N is a bounded lattice, J = L3B (Lo 4+ N+ Lo) B L3 and H = (L2 + N+ L2) B L3, as
depicted in the picture above, then, since L3 = Lo + £1 + L2, we have Con(J) = (£1 x Con(N) x L1) + Lo =
Con(N) + L3 and Con(H) = (Con( ) x L£1) + £3 = Con(N) + £3, hence:

e J CFI-represents (|Con(N)| 4+ 1,|N|+4,|N| +4);

e H CFI-represents (|Con(N)| + 3,|N|+ 3, |N| + 3).

Thus, for all k,n € N*, remembering the notation M,, = B ;L3 and noting that £4 = Lo + Lo + Lo:
e if n > 5, then (2,n,n) is CFl-represented by M,,_o;

if n > 6, then (3,n,n) and (4,n,n) are CFI-represented by £4 B M,,_4 and M,,_5 + Lo, respectively;

if n > 7, then (5,n,n) and (6, n,n) are represented by L4BL B M,,_¢ and (L4B M,,_4)+ Lo, respectively;

if (k,m,n) is CFI-representable, then (k+ 1,n+4,n+4) and (k + 3,n 4+ 3,n + 3) are CFI-representable.
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4 Finite Lattices Whose Numbers of Congruences Are Small or Po-
wers of Two

Proposition 4.1. Let n € N such that n > 7. Then:
(i) for any j € [1,n —1], (27,n,n) is CFI-representable;
(ii) if n # 8, then, for any k € [2,n + 1], (k,n,n) is CFI-representable.

Proof. (i) For all n > 8 > 5, (2,n,n) is CFl-representable and, if j € N* is such that a lattice L CFI-represents
(29,n —1,n — 1), then L + L5 CFI-tepresents (2771, n,n). Forn =7, 2"~ = 26 = 64, and: (2,7,7), (4,7,7),
(8,7,7), (16,7,7), (32,7,7) and (64,7,7) are CFl-represented by My, My + Lo, M3+ L3, £3+ L3, £3 + L4 and
L7, respectively. Now an easy induction argument proves (i).

(ii) For any n € N with n > 7, (2,n,n), (3,n,n) and (4,n,n) are CFl-representable, and, if (k,n,n) is CFI-
representable for some k € N* then (k+3,n+3,n+3) is CFI-representable, thus, if (k, n,n) is CFI-representable
for any k € [2,n], then (k,n + 3,n + 3) is CFI-representable for any k € [2,n + 3]. Thus it suffices to prove
that, for any n € {7,9,11} and any k € [2,n + 1], (k,n,n) is CFI-representable; then (ii) follows by induction.
Furthermore, for any n € N with n > 7, (5,n,n) and (6,n,n) are CFI-representable, hence it remains to prove
that, for any n € {7,9,11} and any k € [7,n + 1], (k,n,n) is CFI-representable.

Since £2 CFI-represents (4,4, 4), it follows that L38(Lao+L£3+L,) CFI-represents (4+3,4+3,4+3) = (7,7,7).
(8,7,7) is CFI-represented by M3z + Ls.

Since M3+ Lo CFI-represents (4,6, 6), it follows that L3 (Lo + M3+ Lo+ L2) = L3B (Lo + M3+ L3) CFI-
represents (4 + 3,6 + 3,6 +3) = (7,9,9). Since B}, L3 CFL-represents (2,6, 6) and £2 CFI-represents (4,4,4),
it follows that (B}, L3) + £3 CFI-represents (24,6 +4—1,6+4—1) = (8,9,9). Since £3 + L2 CFI-represents
(8,5,5), it follows that LB (Lo+ L34+ Lo+ L) = L3B(Lo+L3+L3) CFL-represents (8+1,5+4,5+4) = (9,9,9).
(7,6,6) is CFI-represented by L4 B L4 (as well as L3 B L5), hence, for instance, L3 B (L3 + (L4 B L4) + L2)
CFI-represents (7 + 3,6 + 3,6 4+ 3) = (10,9, 9).

Since (6,7,7), (7,7,7) and (8,7, 7) are CFI-representable by the above and (i), it follows that (6+1,7+4,7+
4) = (7,11,11), (74+1,7+4,74+4) = (8,11,11) and (8 +1,7+4,7+4) = (9,11,11) are CFI-representable. Since
My CFI-represents (2,7,7) and N5 CFI-represents (5,5, 5), it follows that M5+ N5 CFI-represents (2-5,7+5—
1,74+5—1)= (10,11, 11). Since N5 CFIl-represents (5,5,5), it follows that L3 (Lo + (L3B (Lo + N5+ L2)) + L2)
CFIL-represents (5+3+3,5+3+3,5+3+3) = (11,11,11). £L,8M, = L,BL3, M3 and Lo CFl-represent (3,6,6),
(2,5,5) and (2,2, 2), respectively, hence (L48 £3)+ M3+ L3 CFIl-represents (3-2:2,6 +5—3+1,6+5—-3+1) =
(12,11,11). O

Note 4.2. Many results can be derived from Proposition 4.1. For instance, using ordinal sums, we get that, for
any n,m, [ € N* such that (I,m,m) is CFI-representable and n > 7: for any j € [1,n—1], (2?1, n+m—1,n+m—1)
is CFI-representable, and, if n # 8, then, for any k € [2,n+1], (k-l,n+m —1,n+m — 1) is CFI-representable.
Thus, for instance, if n € N is such that n > 7 and n # 8, then, for any k € [2,n + 1], (k*,2n — 1,2n — 1) is
CFI-representable and, more generally, (k*,sn — s+ 1,sn — s + 1) is CFI-representable for any s € N*.

These results suggest that, in order to fill in the gap between the numbers of congruences listed above and the
largest possible numbers of congruences of finite lattices, from the next section, it might be useful to represent
the numbers of congruences in base 2; this is why, in our main theorem from the next section, we express the
numbers of congruences in base 2, apart from the fact that it helps clarify the ordering of those numbers.

5 On the Largest Numbers of Congruences of Finite Lattices

Let n € N* and L be a lattice with |L| = n. Since L is finite, its meet—irreducibles are strictly meet—irreducible,
its join—irreducibles are strictly join-irreducible, and, for any u,v € L with u < v, [u,v];, contains at least one
successor of v and one predecessor of v. So, for any a,b € L, [a,b]r, is a narrows iff a < b, b is the unique
successor of a and a is the unique predecessor of b in L.



O©CO~NOOOTA~AWNPE

By [9], the first and second largest possible number of congruences of L, along with the structures of the
n—element lattices L with these numbers of congruences, are represented in the figure below; we will show that
the third, fourth and fifth largest possible number of congruences of L, along with the structures of the n—element
lattices L with these numbers of congruences, are as in the figure below:

|Con(L)| = 27! |Con(L)| =5 - 275 % |Con(L)| = 273 |Con(L)| =7 - 276
1 1 1 : 1 1 1
! ! ! | ! ! !
I . . <> . : .
I I ] ; ] I I
0 0 0 : 0 0 0
|Con(L)|

Lemma 5.1. [8] If L is non—trivial, then:
(i) O # At(Con(L)) C {con(a,b) | a,b € L,a < b};
(ii) for any 6 € At(Con(L)), |Con(L/0)| > |Con(L)|/2;

(i) for any a,b € L such that a < b: [a,b]r is a narrows iff L/con(a,b) = {{a,b}} U{{z} | z € L\ {a,b}} iff
1L/con(a,b)| = |L| - 1;

(iv) for any a,b € L such that a < b and |L/con(a,b)| = |L| — 2, we have one of the following situations:

e a is meet-reducible, case in which a < ¢ for some ¢ € L\ {b} such that b < bV ¢, ¢ < bV c,
[a,bV e = {a,b,c,bV c} = L3 and L/con(a,b) = {{a,b},{c,bVec}}U{{z} | z € L\ {a,b,c,bV c}};

e b is join—reducible, case in which, dually, ¢ < b for some ¢ € L\ {a} such that a Ac < a, a Ac < c,
[a e bl ={aNc,a,c,b}=2L: and L/con(a,b) = {{bAc,c},{a,b}}U{{z} |2z € L\ {bAc,c,a,b}}.

Remark 5.2. Let a,b € L with a # b. Also, let § € Con(L). If a < b and a/6 # b/0, then, clearly, a/0 < b/6. If
a/0 < b/, then there exists no u € [a,b]r \ (a/0Ub/), because otherwise we would have a/6 < u/0 < b/0. Let
us also note that a/0 <b/0iff avbeb/fiff aAb € a/f iff a <z for some x € b/0 iff w < b for some w € a/6.

By Lemma 5.1, (iii), if [a,b] is a narrows, then con(a,b) collapses a single pair of elements, thus, clearly,
con(a,b) € At(Con(L)). Since a/con(a,b) = b/con(a,b), we have |L/con(a,b)] < |L| — 1, hence the second
equivalence in Lemma 5.1, (iii), is clear.

By Lemma 5.1, (iii), if |L/con(a,b)| < |L| — 1, as in Lemma 5.1, (iv), then [a,b], is not a narrows, hence a
is meet-reducible, so that a has a successor different from b, or b is join—reducible, so that b has a predecessor
different from a. With the notations in Lemma 5.1, (iv), if |L| — |L/con(a,b)] = 2 and, for instance, a is
meet-reducible, then, simply, the fact that (a,b), (c,bV c) = (aV ¢, bV c) € con(a, b) implies that L/con(a,b) =
{{a,b},{c,bVv et} U{{z} | z € L\ {a,b,c,bV c}}, with a/con(a,b) # x/con(a,b) # c/con(a,bd) for all z €
L\ {a,b,c,bV ¢} and a/con(a,b) # ¢/con(a,b), which, along with the fact that a < ¢, as above, proves that
a/con(a,b) < ¢/con(a,b) = (bV c)/con(a,b).

Lemma 5.3. For any a,b € L such that a < b and |L| — |L/con(a,b)| = 3, we have one of the following
situations:

e a is meet-reducible, so that a < ¢ for some ¢ € L\ {b}, case in which one of the following is fulfilled:
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(i) b<bVe,c<bVe, [a,bV L = {a,b,e,bVc} = L3 and L/con(a,b) = {{a,b,c,bVct}U{{z} |z €
L\{a,b,c,bV c}};
(ii)) b<bVec, c<bVe and, for somed € L\ {a,b,c,bV e}, d=<a, [d,bV ] ={d,a,b,c,bVec} = Lo+ L3
and L/con(a,b) = {{d,a,b},{c,bVc}}U{{z} | x € L\ {a,b,c,bV c,d}};
(ii) ¢ < bV ¢ and, for some d € L\ {a,b,c,bVc}, b<d<bVe, [a,bV L ={a,b,ec,dbVc} = N5 and
L/con(a,b) = {{a,b,d},{c,bVc}} U{{z} | x € L\{a,b,c,bV c,d}};
(iv) b<bVe, c<bVc and, for somed € L\ {a,b,c,bVc}, bVe<d, a,dp = {a,b,c,bVe,d} = L3+ Lo
and L/con(a,b) = {{a,b},{c,bV c,d}}U{{z} | x € L\ {a,b,c,bV ¢,d}};
(v) b < bVe and, for somed € L\{a,b,c,bVc}, ¢ <d < bVe, L/con(a,b) = {{a,b},{c,d,bvc}}U{{z} |z €
L\ {a,b,c,bV ¢,d}} and [a,bV ], = {a,b,c,d,bV ¢} = Nj;
(vi) b<bVe,c=<bVe, [a,bV L ={a,bc,bVct = LE and, for some d,e € L\ {a,b,c,bV ¢} such that
d < e, L/con(a,b) = {{a,b},{c,bV c},{d,e}} U{{z} | 2 € L\ {a,b,c,bVc,d e}};

e b is join—reducible, so that the dual of the previous situation is fulfilled, as in Lemma 5.1, (iv).

Proof. Let 0 = con(a,b). We have a < b and |L/0| = |L| —3 = n — 3, hence [a, b]1, is not a narrows, according to
Lemma 5.1, (iii), thus a is meet-reducible or b is join—reducible. We analyse the case when a is meet-reducible,
so that a < ¢ for some ¢ € L\ {b}; the case when b is join—reducible is dual to this one. We depict in the
following diagrams the different situations that can appear

(ii) (iii)
< > :f : (iv)

If a/6‘ =b/0 = 0/6‘ so that (bVe)/6 = a/6‘ then, since a/6‘ is a convex sublattice of L and |L| —|L/6| = 3, we
have a/0 = {a,b,c,bVc} = [a, b\/c] =~ [2 sothat b < bVcand c < bVe,and L/0 = {{a,b,c,bVc}}U{{z} |z €
L\ {a,b,c,bV c}}; this is case (i) in the enunciation of the present lemma.

If a/6 # ¢/0, then, since a < ¢, by Remark 5.2 it follows that a/0 < ¢/0 = (bV¢)/0. Since |L|—|L/0] = 3 > 2,

we get that there exists d € L\ {a,b,c,bV ¢} such that {d} C d/6. The fact that |L| — |L/0] = 3 shows that
there are three possible situations:

e d€a/b, case in which a/0 = {a,b,d}, ¢/0 = {c,bV ¢} and /0 = {z} for all x € L\ {a,b,c,bV ¢,d};

bVve . bve

e d € ¢/0, case in which a/0 = {a,b}, ¢/0 = {c,bV ¢,d} and x/0 = {z} for all x € L\ {a,b,c,bV ¢,d};

e d¢a/0Uc/l, case in which a/0 = {a,b}, ¢/0 = {c,bV ¢}, d/0 = {d, e} for some e € L\ {a,b,¢,bV ¢,d}
and /0 = {x} for all zx € L\ {a,b,c,bV ¢,d, e}.

If d € /0, then a/0 is a three—element lattice, thus a/0 = {a,b,d} = L3, so that d < a < bor a < b < d since
a < b. The convexity of a/f ensures us that, if d < a < b, then a/6 = [d, b, so d < a, hence {d,a,b,c,bV c} =
Lo + £3; this is case (i) in the enunciation. If a < b < d, thenc 2b<d<dVce (aVe)/§=c/0={c,bVc},
thus b<d<dVec=bVc+#d, sothat b<d < bV e Therefore {a,b,c,d, bV c} = N5, and, since d/0 < (bV ¢)/0
and any x € L with d < z < bV ¢ would be such that z ¢ d/0 U (bV ¢)/0, Remark 5.2 shows that d < bV ¢; this
is case (iii).

Ifd € ¢/0, then ¢/0 = {c,bVe,d} = L3, sothat d <c < bVcorc<d<bVcore<bVe<d Ife<bVe<d,
then {a,b,c,bVe,d} 2 L3+ Ly and {c,bVe,d} = ¢/0 = [¢,d] 1, so that bV e < d; this is case (iv). If c < d < bV,
then {a,b,¢,d,bV ¢} = N5 and {c,d, bV c} =¢/0 = [c,bV c|L, so that ¢ < d < bV ¢; this is case (v). Finally, if
d<c<bVeg, then {a,b} =a/0=(aNc)/0 =(aNd)/b, hence b >a > aAd € {a,b}, thus a Ad =a # d, so we
obtain a < d < ¢, which contradicts the fact that a < c.

The remaining possibility is that d/0 = e/6 for some e € L\ {a,b,c,bV ¢,d}, so that ¢/0 = {¢,bV ¢} = L,
and d/0 = {d,e} = L, thus ¢ < bV ¢ and either d < e or e < d; this is case (vi). O
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Remark 5.4. Remark 3.1 and the fact that 2!7! =1 =2272 2271 =92 =2372 and 237! = 4 = 2472 give us: if
|Con(L)| < 2771, then n > 4; if |Con(L)| < 2”2, then n > 5.

Theorem 5.5. (i) [12],[8] |Con(L)| < 2"~ ! and: |Con(L)| =2""t iff L= L,.

(ii) [8] if |Con(L)| < 2"~1, then |Con(L)| < 2772 and: |Con(L)| = 2"2 iff L = L}, + L3+ Ln—k—2 for some
kell,n—3|.

Following the line of the proof from [8] of Theorem 5.5, now we prove:
Theorem 5.6. If |Con(L)| < 2"72, then n > 5 and:
(i) |Con(L)| < 5-2"7° = 27342775 qand: |Con(L)| = 5-2"75 iff L = L+ N5+L,_1_3 for some k € [1,n—4];

(ii) if |Con(L)| < 5-2"7°, then |Con(L)| < 2”73, and: |Con(L)| = 2" iff either n > 6 and L = Ly + (L2 x
L3)+Ly——a for somek € [1,n—>5], orn >7 and L = L+ L3+ Lo+ L3+ Lo k—m—a for some k,m € N*
such that k+m < n —5;

(iii) if |Con(L)| < 2773, then |Con(L)| < 72776 = 2n=4 4 275 4 97=6 qpd: |Con(L)| = 7-2"C iffn > 6
and, for some k € [1,n—7], L= Ly + (LsBL5)+ L6 or LE Ly + (L4 B LY+ L——6-

Proof. Assume that [Con(L)| < 2772 < 2"~ ! so that n > 5 by Remark 5.4. We shall prove the statements in
the enunciation by induction on n € N, n > 5. We shall identify the lattices up to isomorphism.

The five—element lattices are: M3, Ny, Lo + £3, £3 4+ L2 and L5, whose numbers of congruences are: 2, 5, 8,
8 and 2% = 16, respectively. The five-element lattices with strictly less than 2°~2 = 8 congruences are Mz and
N5, out of which N5 = L1 + N5 + £5_1_3, is of the form in (i) and has 5 = 5 - 2°75 congruences, while M3 has
2 < 4 = 2573 congruences. From this fact and Remark 5.4, it follows that, if |[Con(L)| = 2773, then n > 6.

The six—element lattices are: My, £4 8 £3, M3 + Lo, Lo + M3, (L3 + L£2) B L3, (L2 + L£3) B L3, L3 8 Ls,
L4B Ly, Lo X L3, N5+ Lo, Lo+ N5, L3+ L3, L3+ L2, Lo+ L3+ L2 and Lg, whose numbers of congruences
are: 2,3,4,4,6,6,7,7,8, 10, 10, 16, 16, 16 = 2672 and 32 = 261, respectively. So, the third largest number
of congruences of a six—element lattice is 10 = 5 - 267% the fourth largest is 8 = 2673 and the fifth largest is
7 =17-2576. As above, we notice that N5 + L3 and L3 + N5 are of the form in (i), L2 x L3 is of the first form
in (ii) and £3 B L5 and L4 B L4 are of the forms in (iii).

It is easy to construct, as above, the 7—element lattices, and see that the ones with strictly less than 2772 = 32
congruences are: the ones having 20 = 5 - 2775 congruences, namely N5 + L3, £3 + N5 and Lo + N5 4 Lo, all
of the form in (i); the ones having 16 = 27~3 congruences, namely (L2 x £3) + L2 and Lo + (L2 x £3), which
are of the first form in (ii), as well as £2 4+ £3, which is of the second form in (ii); the ones having 14 = 7. 276
congruences, namely (L3 B8 L5) + Lo, Lo+ (L3 B Ls), (L4 B Ly) + Lo and Lo + (L4 B Ly), all of the forms in
(iii); and the ones having strictly less than 14 congruences.

Now assume that n > 8 and lattices of cardinality at most n— 1 fulfill the statements in the enunciation. Note
that, in the rest of this proof, whenever |Con(L)| = 5275 L is of the form in (i), whenever |Con(L)| = 2"~3,
L is of one of the forms in (ii) and, whenever |Con(L)| = 7-2"75, L is of one of the forms in (iii).

Let 6 € At(Con(L)). By Lemma 5.1, (i), at least one such 6 exists, and 6 = con(a, b) for some a,b € L with
a < b. Then a/0 = b/0, so that |L/0] < n — 1, hence |Con(L/0)| < 2"~2 by Theorem 5.5, (i). By Lemma 5.1,
(i), [Con(L/0)| = [Con(L)]|/2.

(i) By the hypothesis of the theorem, |Con(L)| <
that [Con(L/0)] > 52776 > 4.2776 = on=4 =
|L/6| € {n —1,n— 2}.

Case (i).1: Assume that |L/6| = n — 1, so that, according to Lemma 5.1, (ii), L/0 = {{a,b}} U {{z} | = €
L\ {a,b}} and [a,b]; is a narrows, thus b is the unique successor of a and a is the unique predecessor of
b. Since |Con(L/6)| > 5-2"6 = 5.2""D=5 Theorem 5.5 and the induction hypothesis ensure us that
|Con(L/0)| € {272, 23},

Subcase (i).1.1: Assume that [Con(L/0)| = 272 = 2(»=D~=1 5o that {{a,b}}U {{z} | 2 € L\ {a,b}} =
L/0 2= L,_1 by Theorem 5.5, (i), and thus, for any =,y € L\ {a,b}, either /0 < a/0 or a/0 = b/0 < /0, and

2n=2. Assume by absurdum that |Con(L)| > 5-2"7% so
2(n=3)=1"thus |L/8] > n — 3 by Theorem 5.5, (i), hence
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either /0 < y/6 or y/0 < x/0, so that, by the form of the classes of § and Remark 5.2, either z < a or b < z,
and either # < y or y < x, therefore L = £,,. But then |Con(L)| = 2”1, which contradicts the hypothesis that
|Con(L)| < 2"~2 of the present theorem.

Subcase (i).1.2: Assume that |Con(L/f)| = 273 = 2(»=1=2 5o that, according to Theorem 5.5, (i),
L)L+ L34 L k3= L+ (L3BL3)+ L, x_3 for some k € [1,n —4]. If we denote the elements of L /6 as
in the leftmost diagram below, with z,y, z,u € L, and we also consider the facts that |L| — |L/8] = 1, a has the
unique successor b and b has the unique predecessor a, a/0 = b/0 = {a,b} and v/0 = {v} for all v € L\ {a, b},
then we notice that L is in one of the following situations, represented in the three diagrams to the right of that
of L/6:

e ifa/0=0/0<z/0,then b<wzand L= Ly +L/0 Ls1+ L3+ L3, while, if a/0 = b/6 > u/0, then
a>wand L= L0+ Lo = Ly, + L3+ L2, but in these situations [Con(L)| = 2”2, which contradicts
the hypothesis that |Con(L)| < 2”72 of the theorem;

o if /0 < a/0 =0b/0 < u/f, then x < a < b < u, hence {a,b} N{y,z} # 0, so that L = Ly + (L3 B L4) +
Lp_t—3= Ly+Ns+ Ly 3, thus [Con(L)| = 2F~1.5.277F=4 = 5.27=3 which contradicts the assumption
that |Con(L)| > 5-2"75.

1/6

1 1 1 1/6
L/0: I L when I L when :b L when I L/6 in I
a/0 <zx/0:: a/0>u/0: Ia /0 <a/0 <u/f:: Subcase (ii).1.1: :
u/f U ; u u/f
v/ 2/6 y 2 y<>z b y/0 i//%
x/0 v x x x/0
z 1 s z z
OI/0 0 % % 0/6

Case (i).2: Now assume that |L/6| = n — 2, which means that we are in the situation from Lemma 5.1, (iv),
and assume, for instance, that a is meet-reducible, so that a < ¢ for some ¢ € L\ {b}, and we have b < bV ¢ and
c<bVe,sothat a/f = {a,b} < {c¢,bV c} = c/0 by Remark 5.2, [a,bV c]1, = {a,b,c,bV ¢} = L% and /0 = {z}
for all z € L\ {a,b,c,bV c}; the dual case is analogous to this one. Since |Con(L/6)| > 5-2776 > 4.2776 =
274 = 2(n=2)=2 Theorem 5.5 ensures us that |[Con(L/0)| = 2("=2~1 = 27=3 and {{a, b}, {c,bVc}}U{{z} |z €
LN\ {a,b,c,bVc}} = L/0 =2 L,,_5. So L/6 is a chain, thus, for all z,y € L\ {a,b,¢,bV ¢}, we have either
x/0 < a/ < c/0 or a/f < c/0 = (bVc)/0 < x/0, and either x/0 < y/6 or y/6 < x/0, so that, by the form
of the classes of 8 and Remark 5.2, we have either z < a or bV ¢ < z, and either z < y or y < x, so that
L= L+ L34 Lo for some k € [1,n — 3], with {a,b,c,bV c} being the sublattice of L isomorphic to £3;
but then |Con(L)| = 2"~2, which contradicts the hypothesis that |[Con(L)| < 2"~2 of the theorem.

Therefore, indeed, |Con(L)| < 5-2"7°. Now assume that |[Con(L)| = 5-2"75 so that |Con(L/0)] > 5-2"76 >

42776 = 27~ thus, as above, |L/0] € {n — 1,n — 2}. By Case (i).1, the equality |Con(L)| = 5-2"~° shows
that, if |[L/0] = n — 1, then, for some k € [1,n —4], L/ = Ly + L3+ L, 3 and L = L + N5+ L, _;_3. By
Case (i).2, we can not have |L/6] = n — 2.
(ii) Assume that |Con(L)| < 5- 2775, and assume by absurdum that |Con(L)| > 2773, so that |Con(L/6)| >
274 = 2(n=3)=1 "'hence |L/0| > n — 3 by Theorem 5.5, (i), thus |L/6| € {n — 1,n — 2}. By Cases (i).1 and (i).2
above, in both of these situations we obtain that |Con(L)| > 5 - 2"~°, contradicting the current assumption.
Therefore |Con(L)| < 2773,

Now assume that |Con(L)| = 2”73, so that |Con(L/#)| > 2"~* = 2("=3)~1 hence |L/0| > n — 3 by Theorem
5.5, (i), thus |[L/0| € {n — 1,n — 2,n — 3}.

Case (ii).1: Assume that |L/f| = n — 1. Then, since |Con(L/8)| > 2"~* = 2(*»=1)=3 Theorem 5.5 and the
induction hypothesis ensure us that |Con(L/6)| € {272 2773 5.2n=6 27=4} By Case (i).1, we can not have
|Con(L/0)| € {22 ,2"73}.

Subcase (ii).1.1: Assume that |Con(L/6)| = 5-2"5 which, by the induction hypothesis, means that L/ =
Ly + N5+ L,,_;—4 for some k € [1,n — 5], so that L is in one of the following situations, that we separate as
above, where the elements of L/6 are denoted as in the rightmost diagram above, with z,y, z,t,u € L:
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o ifa/0=0/0<z/0,thena<b<wzand L= Ly+ L/0 = Lyy1+ N5+ Ly—k—4, while, if a/0 =b/0 > u/0,
thenu <a<band L= L/0+ L322 Ly + N5+ L,,—k—3, hence |Con(L)| =2 - |Con(L/0)| =5 -2"~5;

o if /0 < a/0 =b/0 < u/f, then x < a < b < u and: either {a,b} N {z,t} # 0, case in which a,b, z,t
are pairwise comparable, because otherwise a would be meet—reducible or b would be join-reducible, thus
L2Ly+ (L3BLs)+ Ly—k—ua, ory € {a,b}, so that L = L, + (L4 B Ly) + L—k_4, hence |Con(L)| =
2F=1. (22 4 3) . 2n7k=5 = 7.27=6 which contradicts the current assumption.

The following subcases can be treated exactly as above. For brevity, we shall only indicate the shapes of the
lattices in the remaining part of the proof.

Subcase (ii).1.2: Assume that |Con(L/0)| = 2"~* = 2(»=D=3 which, by the induction hypothesis, means
that either L/0 = L, + (L3 x L3) + L,,—,—5 for some r € [I,n —6],0or L/0 = Ly, + L3+ Lo + L3+ Lovms
for some k, m € N* such that £k +m < n — 6, so that L is in one of the following situations:

o L= £r+1 ‘I‘ (;CQ X £3) ‘i‘£n7r75 or L = Er ‘I‘ (EZ X £3) ‘i‘£n7r74 or L = £k+1 +£% +£m +£§ +£n7k7m75
or L/9 >~ L + E% + £m+1 + ﬁ% + Ly _k—m_5 Or L/9 ~ L + ﬁ% + Lo, + ﬁ% + Ly k_m—4, so that
|Con(L)| = 2-|Con(L/8)| = 2"~3;

e L2Ly +Ns+ Ly FLEF Ly gm0t L2 Ly + L2+ L, + N5+ L k—m—s5, case in which |Con(L)| =
5.22. k= ldm=ldn—k-—m=6 _ 5.9n=6 ~7.9n=6 ~ g.9n=6 — 9n=3 contradicting the current assumption;

o L2L . +G+ Ly psor L2L, +G + Ly sor L2L, +H+Ly v sor L2L, +H +L, 15
or L~ L. +K+L, ., s50or L =L.+K + L, ,_5 where G, H and K are the following gluings
of a pentagon with a thombus and G’, H' and K’ are the duals of G, H and K, respectively, so that
|Con(L)| =9.2r—ttn=r=6 —=9.9n=7 < 14.2n=7 = 7.27n76 < 273 contradicting the current assumption,
since |Con(G)| = |Con(H)| = |Con(K)| = 9, which is simple to verify, and thus |Con(G")| = |Con(H’)| =
|Con(K")| = 9, as well; below we are indicating the positions of a and b in these copies of G, H, K, G,
H' and K’ from L:

G:

Case (ii).2: Assume that |L/0] = n — 2. Then, since |Con(L/6)| > 2"~* = 2(»=2=2 Theorem 5.5 ensures
us that |Con(L/8)| € {273,274}, By Case (i).2, we can not have |Con(L /)| = 2"~3, thus |Con(L/6)| = 2"~ 4,
hence L/ & Ly +L3+L,,— k5 for some k € [1,n—6], according to Theorem 5.5, (ii). We are in the situation from
Lemma 5.1, (iv), hence a is meet—reducible or b is join—reducible. We shall assume that a is meet-reducible, so
that a < ¢ for some ¢ € L\ {b}, and we apply Lemma 5.1, (iv), and Remark 5.2; the case when b is join—reducible
shall follow by duality. Since {a,b} =a/0 < ¢/0 = {c,bV ¢} and, for all x € L\ (a/0Uc/0) = L\ {a,b,c,bV c},
x/0 ={x} and = ¢ [a,bV (|, hence L has one of the following forms:

o LL + L3+ L+ L3+ Ly—s—t—4 for some s,t € N* such that s +¢ < n — 5; in this case, one of the two
copies of £3 from L is {a,b,c,bV c}, r € {s,s 4+t + 2}, and, indeed, |Con(L)| = 2"~3;

o L =L, 4+ (Ly x L3)+ Ly_r_4, case in which, indeed, |Con(L)| = 2”3, and a, b, ¢, bV ¢ belong to the
copy of Lo X L3 from L, in which they are situated as in one of the following two leftmost diagrams, since
6 = con(a, b) only collapses a,b and ¢,b V ¢;

o L=L, +(L3B(L3+ L)+ Lpvgor L=EL,+ (L3B (Lo + L3)) + L4, in which a, b, cand bV ¢
would be positioned in the copy of L3 B (L3 + L2), respectively L£3 B (Lo + £3), as in the following two
center diagrams, but then [Con(L)| = (24 22) .27~ 1Hn=r=5 = 6.2776 < 7.2776 < 8.2776 = 2773 which
contradicts the current hypothesis that |Con(L)| = 2"73.
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Case (ii).3: Assume that |L/6‘| =n—3. Then since |Con(L/0)| > 2" % = 2(" 3)=1 by Theorem 5.5,
it follows that |Con(L/0)| = 2"~ *, so that L/0 = L,,_3. We are in the case from Lemma 5.3; assume that a 1s
meet-reducible, so that a < ¢ for some ¢ € L\ {b}; the case when b is join—reducible follows by duality.

In the situation from Lemma 5.3, (i), since L/ is a chain, it follows that, for any =,y € L\ {a,b,¢,bV ¢},
{z} =2/0 <a/0 ={a,b,c,bVc}ora/0=(bVe)/d<z/0,and 2/0 <y/0 ={y} ory/0 < z/0, so that x < y or
y <z,and x < z for every z € {a,b,c,bVc} or z < z for every z € {a,b,c,bVc}. Therefore L = Ly +L3+L, k2
for some k € [1,n — 3], so that |Con(L)| = 2”2, which contradicts the hypothesis that |[Con(L)| < 2"~2 of the
present theorem.

In the same way, in the situations from Lemma 5.3, (ii) and (iv), we obtain that L = £j, + L3 + £,,_,_o for
some k € [1,n — 3], so that |Con(L)| = 2”2, which contradicts both the hypothesis that |Con(L)| < 2"~2 of
the theorem and the fact that 6 = con(a,b). Simlilarly, in the situations from Lemma 5.3, (iii) and (v), we get
that L & £y + N5 + L,,—x_3 for some k € [1,n — 4], so that |Con(L)| = 5- 2", which contradicts the current
assumption that |Con(L)| = 2"73.

Now assume we are in the situation from Lemma 5.3, (vi), with d and e as in the enunciation of the lemma.
Since L/0 is a chain, without loss of generality, we may assume that d/f < a/6 < ¢/, because the other case
is dual to this one. So, in L/6, we will have {d,e} < {a,b} < {¢,bV ¢} and, for all z € L\ {a,b,c,bV ¢,d,e}:
either /6 < a/0 < ¢/0 or a/f < ¢/0 = (bV ¢)/8 < x/0, and either x/0 < d/f or d/0 = e/0 < x/6, therefore,
since z/0 = {z}, Remark 5.2 ensures us that we have either x < a or bV ¢ < z, and either x < d or e < z.

If we had e < a, then L = L;, + £2 + L,,_r_2 for some k € [3,n — 3], because d,e,a,b,c,bV ¢ would be
positioned in L as in the fifth diagram above, thus |Con(L)| = 2”72, which contradicts the hypothesis that
|Con(L)| < 2772 of the theorem, as well as the fact that § = con(a,b). We have {d,e} = d/0 < a/0 = {a,b}.
Since a/6 and d/f = e/6 are convex, we can not have e > a. Hence e and a are incomparable, d < a and e < b.
Sod<aAne<e, thusaAeed/f={d e} by the convexity of d/f, hence a A e = d since e £ a by the above.
Analogously, a Ve = b. Hence {d, e,a,b,c,bV ¢} = Lo X L3.

Recall that d < e, a <b<bVe,a<c<bVeand [a,bV ] = {a,b,c,bVc}. Assume by absurdum that
[d,b], # {d,e,a,b}, so that x € [d,b]; for some x € L\ {d,e,a,b,c,bVec} =L\ (d/8Ua/fUc/0). If x is
comparable to neither e, nor a, then {d,e,z,a,b} = Mj, so that (a,d) € con(a,b) = 6, which contradicts the
fact that a/6 # d/6. If x is comparable to a, then d < z < a, while, if z is comparable to e, then e < = < b,
since d < x < b, d < e and a < b; in each of these cases, {d,e,x,a,b} = N5, so z € a/con(a,b) = a/f in the
first of these two cases, and = € d/con(a,b) = d/0 in the second, and each of these situations contradicts the
fact that ¢ d/6 Ua/0U ¢/f. Therefore [d,b]r, = {d,e,a,b} and thus [d,bV c|r, = {d,e,a,b,c,bV c} = Lg x L3,
so that d, e, a, b, ¢, bV ¢ are positioned in L as in the rightmost diagram above, and, since L/ is a chain, for
all z € L\ {d,e,a,b,c,bV c}, we have {z} = z/0 < d/0 < a/0 < c/0 or d/§ < a/0 < c/0 < /0, so that z < d
or bV c < x by Remark 5.2. Hence L = Ly + (L2 X L3) + L,,_g_4 for some k € [1,n — 5], which, indeed, has
|Con(L)| = 2"73.

(iii) Assume that |Con(L)| < 2773 and assume by absurdum that |Con(L)| > 7-2"7%, so that |Con(L/6)| >
7-2077 > 5.2777 > 49777 = 9n=5 = 2(n=4)~1 by Temma 5.1, (i), hence |L/6] > n — 4 by Theorem 5.5, (i),
thus |L/0] € {n—1,n—2,n— 3}.

Case (iii).1: Assume that |[L/0] = n — 1. Since |Con(L/0)| > 7-2"~7 = 7-2(»=1D=6 }y Theorem 5.5 and
the induction hypothesis it follows that |[Con(L/6)| € {272,273 5.2n=6 2n=4} By Case (i).1, |Con(L/0)| ¢
{2772 2773}, By Subcase (ii).1.1, since |Con(L)| > 72776 it follows that |Con(L/6)| # 5-2"~°. Finally, by
Subcase (ii).1.2, since 2"~3 > |Con(L/0)| > 7- 2777, it follows that |Con(L/0)| # 2"~%.

Case (iii).2: Assume that |L/6] = n — 2. Since |Con(L/0)| > 7-2"~7 > 5.2"~7 by Theorem 5.5 and the
induction hypothesis it follows that |Con(L/6)| € {2"73,2"=1}. By Case (i).2, |Con(L/0)| # 2"~3. By Case
(ii).2, |Con(L/0)| # 2"~
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Case (iii).3: Assume that |L/0] = n — 3. Since |Con(L/6‘)| > 72077 > 4. 27T = 2nmh = 2(n=3)=2 hy
Theorem 5.5 it follows that |[Con(L/#)| = 2"~* = 2(»=3)=1 and hence L/6 = L,_3. By Case (ii).3, it follows
that we can not have 2"~3 > |Con(L)| > 7-2"76.

Therefore |Con(L)| < 72776,

Now assume that [Con(L)| = 7-2"75, so that [Con(L/0)| > 7-2""7 >5.2""7 > 4.2""7 = 27=5 = o(n=4)~1
by Lemma 5.1, (ii), hence |L/6| > n — 4 by Theorem 5.5, (i), thus |L/0| € {n — 1,n — 2,n — 3}.

Case 1: Assume that |[L/0] = n — 1. Since |Con(L/6)| > 7-2""7 = 7.20=D=6 %y Theorem 5.5 and
the induction hypothesis it follows that |Con(L/#)| € {22,273 5.2n=6 on=4 7. 9n=7} By Case (i).1,
(Con(L/0)] ¢ {22,273},

Subcase 1.1: Assume that |Con(L/6)| = 5-2"~°. Since we also have |Con(L)| = 72775, by Subcase (i).1.1
it follows that, for some k € [1,n — 3|, L/ = Ly + N5 + Ly—k—a = Ly + (L3 B L4) + L,,——4 and either
L=L,+ (53 HLs) + Ly_p—gor L =L+ (£4 B L) + Lo k4.

Subcase 1.2: Assume that |Con(L/0)| = 7-2"~7, so that, by the induction hypothesis, for some k € [1,n — 6],
L/0>= L+ (L3sBLs)+Ly—p50r L/ L+ (LsBLy) + Ly—k_5, thus, since [a, b, is a narrows in this Case
1, we have one of the following situations:

o L=Ly +(LsBLs)+ Ly—p—s0or L=Ly +(LsBLs)+ Lr—p—aor L= Ly +(LaBLy)+ Ly—p—5 or
L2Ly+ (L4 BLy) + Lo—p—a;

o L= L+ (L3BLe)FLy—k—50r L= Ly+(LyBLs)+F Ly ks, but in these cases Con(L) = L5 7 x (L3+L3),
so that |Con(L)| = 27 7-(2343) = 11-2"~7 < 14.2"~7 = 7.2"76_which contradicts the current assumption
that |Con(L)| = 7-2"76.

Case 2: Assume that |L/0] = n — 2. Then, by Lemma 5.1, (iv), we can assume that a is meet-reducible, so
that a < ¢ for some ¢ € L\ {b}, since the other case is dual to this one. Since |Con(L/6)| >7-2""7 > 5.27"7 =
5.2("=2)=5 by Theorem 5.5 and the induction hypothesis it follows that |Con(L/6)| € {273,274 5.2""7}. By
Case (i).2, |Con(L/0)| # 2"~3. By Case (ii).2, since |Con(L)| = 7-2"~6 it follows that |Con(L/6)| # 2"~*. Hence
|Con(L/#)| =5-2""7, so that, by the induction hypothesis, for some k € [1,n — 6], L/0 = L}, + N5 + L,,_1_s,
so that L is in one of the following situations, as shown by Lemma 5.1, (iv):

e cither k > 4 and, for some r,s € N* such that r +s+2 <k, L= L, + L3+ L+ N5+ Ly p_5,0rn > k+9
and, for some 7, s € N* such that r +s+2<n—k—5, L = L, + N5 + L, + £3 + L, but in these cases
Con(L) = L35 x (Lo 4 £2), so that [Con(L)| = 5-2%2-2"8 =5.2"6 < 7.276 which contradicts the
current assumption that [Con(L)| = 7-2"~6;

o L+ ((L3+Lo)BLy)+Lpp—50r L L+ ((La+ LB LY) + Ly—k—5, with the positions of a, b, ¢
and bV c in the copy of (L3 + L2) B L4, respectively (Lo + £3) B L4 from L as depicted in the two leftmost
diagrams below, but in these cases Con(L) & L4 x £5~7, so that |Con(L)| = 2"° = 2.2776 < 7.276
which gives us another contradiction to the current assumption;

o L =L +(L3B(Lo+L3+Lo))+FL,— 15, with the positions of a, b, c and bVe in the copy of L3B(Ly+L3+Lo)
from L as depicted in the center diagram below, but in this case Con(L) = (£3 + £2) x £5~", so that
|Con(L)| =7-2""7 < 7-2"5 and we obtain a contradiction again;

o L= L H(L3M(L3+L3))+FLy——5o0r L= L+ (L3B(L3+L3))+L,— k5, with the positions of a, b, c and bVe
in the copy of L3 (L3 +L3), respectlvely L38(L3+L3) from L as depicted in the two rightmost diagrams
below, but in these cases Con(L) = L5~ x (L2 + £3), so that [Con(L)| =5-2""7 < 14.2" 7 =7.276
which gives us another contradiction. bVve

G & <<
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Case 3: Assume that |L/6] = n — 3. Since |Con(L/)| > 7-2""7 > 4.27"7 = 275 = 2(n=3)=2 Theorem

5.5 ensures us that |Con(L/0)| = 2"~* = 2(»=3)=1 5o that L/ = L,,_3. But Case (iii).3 shows us that, in this
case, |Con(L)| # 7-2"7% so we have a contradiction to the current assumption. O

Corollary 5.7. (i) |Con(L)| = 2" ' iff Con(L) = £3 .

(i) |Con(L)| = 2"2 iff n > 4 and Con(L) = L3 2.
(iii) |Con(L)| = 5-2"° iff n > 5 and Con(L) = L3° x (Lo + L£3).
(i) |Con(L)| = 2"~3 iff n > 6 and Con(L) = L5~3.
(v) |Con(L)| =7-2"75 iff n > 6 and Con(L) = L35 x (£3 + L3).

Proof. The converse implications are trivial, and the direct implications follow from Theorems 5.5 and 5.6. [

Acknowledgements

This work was supported by the research grant Proprieta d‘Ordine Nella Semantica Algebrica delle Logiche
Non~—classiche of Universita degli Studi di Cagliari, Regione Autonoma della Sardegna, L. R. 7/2007, n. 7, 2015,
CUP: F72F16002920002, as well as the NFSR of Hungary (OTKA), grant number K 115518.

References

1]

2]

[11]

[12]

G. Czédli, Representing Homomorphisms of Distributive Lattices as Restrictions of Congruences of Rect-
angular Lattices, Algebra Universalis 67 (2012), 313-345.

G. Czédli, Representing a Monotone Map by Principal Lattice Congruences, Acta Mathematica Hungarica,
147 (2015), 12-18.

G. Czédli, The Ordered Set of Principal Congruences of a Countable Lattice, Algebra Universalis 75 (2016),
351-380.

G. Czédli, An Independence Theorem for Ordered Sets of Principal Congruences and Automorphism Groups
of Bounded Lattices, Acta Sci. Math. (Szeged) 82 (2016), 3-18.

G. Czédli, Representing Some Families of Monotone Maps by Principal Lattice Congruences, Algebra Uni-
versalis 77 (2017), 51-77.

G. Czédli, Complete Congruence Lattices of Two Related Modular Lattices, Algebra Universalis 78 (2017),
251-289.

G. Czédli, Cometic Functors and Representing Order—preserving Maps by Principal Lattice Congruences,
Algebra Universalis (to appear).

G. Czédli, A Note on Finite Lattices with Many Congruences, arXiv:1712.06117 [math.RA].
G. Czédli, Finite Semilattices with Many Congruences, arXiv:1801.01482 [math.RA].

G. Czédli, G. Gratzer, Planar Semimodular Lattices and Their Diagrams, In: G. Gréatzer, F. Wehrung
(eds.), Lattice Theory: Special Topics and Applications, pp. 91-130, Birkhiuser Verlag, Basel, 2014.

G. Czédli, C. Muresan, On Principal Congruences and the Number of Congruences of a Lattice with More
Ideals than Filters, arXiv:1711.06394 [math.RA].

R. Freese, Computing Congruence Lattices of Finite Lattices, Proc. Amer. Math. Soc. 125, 3457-3463
(1997).

12



O©CO~NOOOTA~AWNPE

[13]
[14]
[15]

[16]

[17]

18]

[19]

[20]

[21]

[22]

23]
[24]

[25]

[26]

[27]
[28]
[29]

[30]

R. Giuntini, F. Paoli, C. Muresan, Varieties of PBZ*—lattices, submitted.
G. Gratzer, General Lattice Theory, Birkhduser Akademie—Verlag, Basel-Boston—Berlin, 1978.

G. Gratzer, The Congruences of Finite Lattice. A “proof-by-picture “ Approach, Second ed., Birkh&user—
Springer, Cham, 2016.

G. Griétzger, The Order of Principal Congruences of a Bounded Lattice, Algebra Universalis 70 (2013),
95-105.

G. Gratzer, Homomorphisms and Principal Congruences of Bounded Lattices. I. Isotone Maps of Principal
Congruences, Acta Sci. Math. (Szeged) 82 (2016), 353-360.

G. Grétzer, Homomorphisms and Principal Congruences of Bounded Lattices. II. Sketching the Proof for
Sublattices, Algebra Universalis 78 (2017), 291-295.

G. Gratzer, Homomorphisms and Principal Congruences of Bounded Lattices. III. The Independence The-
orem, Algebra Universalis 78 (2017), 297-301.

G. Grétzer, E. Knapp, Notes on Planar Semimodular Lattices. ITI. Rectangular Lattices, Acta Sci. Math.
(Szeged) 75 (2009), 29-48.

G. Gratzer, H. Lakser, Homomorphisms of Distributive Lattices as Restrictions of Congruences, Canad. J.
Math. 38 (1986), 1122-1134.

G. Gratzer, H. Lakser, Notes on the Set of Principal Congruences of a Finite Lattice. I. Some Preliminary
Results, Algebra Universalis, arXiv:1705.05319 [math.RA].

G. Grétzer, E. T. Schmidt, On Congruence Lattices of Lattices, Acta Math. Sci. Hungar. 13 (1962), 179-185.

G. Gréatzer, E. T. Schmidt, A Lattice Construction and Congruence-preserving Extensions, Acta Math.
Hungar. 66 (1995), 275-288.

C. Muresan, On the Cardinalities of the Sets of Congruences, Ideals and Filters of a Lattice, Analele
Universitatii Bucuresti. Seria Informaticd. Proceedings of the Workshop Days of Computer Science (DACS)
2015 LXII, affiliated workshop of the 11th edition of the conference Computability in Furope (2015), 5568,
University of Bucharest, Bucharest, Romania.

C. Muregan, Cancelling Congruences of Lattices;, While Keeping Their Filters and Ideals,
arXiv:1710.10183v2 [math.RA].

M. Ploséica, Uncountable Critical Points for Congruence Lattices, Algebra Universalis 76 (2016), 415-429.
P. Ruzicka, Free Trees and the Optimal Bound in Wehrung‘s Theorem, Fund. Math. 198 (2008), 217-228.

E. T. Schmidt, A Survey on Congruence Lattice Representations, Teubner—Texte zur Mathematik, Leipzig
(1982).

F. Wehrung, A solution to Dilworth‘s Congruence Lattice Problem, Adv. Math. 216 (2007), 610-625.

Claudia MURESAN

cmuresan@fmi.unibuc.ro, c.muresan@yahoo.com
University of Cagliari, University of Bucharest
Julia KULIN

kulin@math.u—szeged.hu

University of Szeged

13



