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ABSTRACT. Let L be a lattice with the greatest element 1. In a manner
analogous to a module over a ring, we introduce (amply) supplemented fil-
ters of L. The basic properties and possible structures of such filters are
investigated.

1. Introduction. The notion of an order plays an important role not
only throughout mathematics but also in adjacent such as logic, computer science
and engineering. They are also useful in other disciplines of mathematics such
as combinatorics, number theory and group theory and, hence, ought to be in
the literature. Moreover, growing interest in developing the algebraic theory
of lattices can be found in several papers and books (see for example [2, 3, 4,
5,6, 7, 8, 9]). Recently, the study of the supplemented property in the rings,
modules, and lattices has become quite popular. Wisbauer calls a module M
supplemented if, for every submodule N of M, there is a submodule K of M
such that M = N + K and N N K is a small submodule of K. In [10], the basic
properties of supplemented modules are given.
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Let L be a distributive lattice with 1. In the present paper, we are
interested in investigating (amply) supplemented filters to use other notions of
supplemented, and associate which exist in the literature as laid forth in [10].
Here is a brief outline of the article. If H is a subset of a lattice L, then the
filter generated by H, denoted by T(H), is the intersection of all filters that
is containing H. Among many results in this paper, in Section 2, it is defined
(Definition 2.3) that a subfilter G of a filter F' of L is called small in F, written
G < F, if, for every subfilter H of F, the equality T(GUH) = F implies H = F..
Properties of small filters are given in the Lemma 2.4. It is shown (Theorem
2.6) that if F' is a filter of L, then rad(F) = T(Ug«rG). Some basic properties
of supplemented filters are given in the Theorem 2.9. It is proved (Theorem
2.11) that if F = T(F} U Fy) with F; and Fb supplemented filters, then F' is
also supplemented. Moreover, Let F' be a supplemented filter of L. Then there
exist a semisimple subfilter K and a subfilter G with essential radical such that
F = G ® K (Theorem 2.17). In Section 3, we investigate some properties of
amply supplemented filters of L. It is shown (Theorem 3.7) that for a filter F' of
L the following assertions are equivalent:

(1) F is amply supplemented and every supplement subfilter of F' is a
direct summand;

(2) If G is a subfilter of F, then there are subfilters X, X’ of F' such that
F=X@X with X CGand X'NG < X';

(3) (i) Every non-small subfilter of F' contains a direct summand U # {1},
and

(ii) every subfilter of F' contains a maximal direct summand of F.

Let us recall some notions and notations of lattice theory from [5]. By a
lattice we mean a poset (L, <) in which every couple elements z,y has a g.l.b.
(called the meet of x and y, and written x A y) and a Lu.b. (called the join of
x and y, and written = V y). A lattice L is complete when each of its subsets X
has a Lu.b. and a g.l.b. in L. Setting X = L, we see that any nonvoid complete
lattice contains a least element 0 and greatest element 1 (in this case, we say
that L is a lattice with 0 and 1). A lattice L is called a distributive lattice if
(avb)ANec=(aNc)V (bAc) for all a,b,cin L (equivalently, L is distributive if
(anb)Ve=(aVe)A(bVe) for all a,b,cin L). A non-empty subset F' of a lattice
L is called a filter, if fora € F, b€ L, a < bimplies b € F', and x Ay € F for all
xz,y € F (soif L is a lattice with 1, then 1 € F' and {1} is a filter of L). A proper
filter P of L is said to be maximal if F is a filter in L with P ; E, then F = L.
If F is a filter of a lattice L, then the radical of F', denoted by rad(F'), is the
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intersection of all maximal subfilters of F'. Let H be subset of a lattice L. Then
the filter generated by H, denoted by T'(H), is the intersection of all filters that
is containing H. A filter I is called finitely generated if there is a finite subset
H of F such that F' =T(H).

Lemma 1.1. A non-empty subset F of L is a filter of L if and only if
xVzeF andx Ny € F forallz,y € F, z€ L. Moreover, since x =z V (x \y),
y=yV(xAy) and F is a filter, x Ny € F gives x,y € F for all x,y € L [8, 9].

2. Some basic properties of supplemented filters. Throughout
this paper, we shall assume unless otherwise stated, that L is a distributive lattice
with 1. Our starting point is the following proposition:

Proposition 2.1. (1) Let H be an arbitrary non-empty subset of L. Then
TH)={x€L: aghNaaN---Na, <z for somea; € H (1 <i<mn)}. Moreover,
if Fis a filter and H is a subset of L with H C F, then T(H) C F, T(F) =F
and T(T(H)) =T(H)

(2) If F1, F> and G are subfilters of a filter F of L, then T(T(Fy U Fy) U
G) CT(FAUT(F, UQ)). In particular, if F = T(T(Fy1 U F>) UG), then F =
T(T(G U Fg) U Fl) = T(T(Fl U G) U Fg)

(3) (Modular law) If Fy, Fs, Fy are filters of L with F» C Fy, then Fi N
T(F, U F3) =T(F, U (Fy N F3)).

Proof. (1) It is straightforward.

(2) Let z € T(T(Fy UF3)UG). Then aAb < z, where a € T'(Fy U F,) and
b € G. Therefore dNe < a for some d € F; and e € 5. Then dAeANb<aAb<z
gives z € T(F1 UT(F, UG)). The in particular statement is clear.

(3) Since F2 U (Fl N Fg) - T(FQ U Fg), T(F2 U (Fl N Fg)) - T(F2 U Fg)
and T(FQ U (Fl N Fg)) C F) gives T(F2 U (F1 N F3)) C N T(F2 U F3) For
the reverse inclusion, assume that © € Fy NT(Fy U F3). Then z € F; and
x=(faoNfs)Vae=(zV fo) ANz V f3) < x for some fo € Fy and f3 € F3; so
x € T(F,U(F1NF3))since foVa € Fy and zV f3 € Fy; N F3. This completes the
proof. O

Proposition 2.2. Any finitely generated filter F' contains a maximal sub-
filter.

Proof. If {zy,---,x,} with z; € F' is any minimal generating set of F
with n as small as possible, then the subfilter G = T'({z1,--- ,x,—1}) is a proper.
By Zorn’s Lemma there exists a subfilter H of F' maximal with respect to the
two properties that (1) G C H, but (2) x, ¢ H. Suppose that U is a subfilter of
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F containing H properly. By the maximality of H with respect to (2), =, € U.
But then FF C U, and U = F. Hence H is a maximal subfilter of F'. O

Definition 2.3. A subfilter G of a filter F' of L is called small in F,
written G < F, if, for every subfilter H of F', the equality T(GU H) = F implies
H=F

Clearly, if F' is a filter of L, then {1} < F.

Lemma 2.4. Let F be a filter of L. Then the following hold:

(1) If A F and C C A, then C < F.

(2) If A, B are subfilters of F with A < B, then A < F.

(3) If F1, Fs,--- , F,, are small subfilters of F', then T(Fy UFyU---UF,)
15 also small in F.

(4) If A,B,C and D are subfilters of F with A < B and C < D, then
T(AUC) < T(BUD).

Proof. (1) Let T(C U H) = F for subfilter H of F. Then F =
T(CUH)CT(AUH)C F gives T(AUH) = F;so H=F. Thus C < F.

(2) Let T(AUG) = F for subfilter G of F. Since AC B, B=BNF =
BN(T(AUG)) = T(AU(BNG)) by Proposition 2.1. Now A < B gives B = BNG;
s0o ACBCG. Hence F =T(AUG) =T(G) =G. Thus ALK F.

(3) It is enough to show that T'(F; U Fy) < F. Let G be a subfilter of F
such that T(T(Fy U F;) UG) = F. By Proposition 2.1, F =T(T(FLUF,)UG) C
T(FLUT(F, UG)) C F; s0 F = T(Fy UT(F, UG)). Now Fi < F gives
F =T(Fy,UG); hence G = F since F» < F. Thus T(Fy U Fy) < F.

(4) By (2), AC BCT(BUD,)gives A < T(BUD,). Similarly, C <
T(B U D). Now the assertion follows from (3). O

Lemma 2.5. Let G be a proper subfilter of a filter F' # {1} of L, and let
x€ F\G. If F =T(GUT({z}), then F has a mazimal subfilter K with G C K
and x ¢ K.

Proof. At first we show that F' has a subfilter K maximal with respect
to G C K and x ¢ K. Consider the set 2 of all subfilters H of F' such that
G C H and = ¢ H. This set is not empty since G € Q. Clearly, Q is closed under
taking unions of chains and so the result follows by Zorn’s Lemma. Let K be the
maximal element of ). Let U be a subfilter of F' such that K ; U C F. Then
x € U by maximality of K, and so F' =T(GUT({z}) C U, hence F' = U. Thus
K is maximal subfilter of F' with G C K and z ¢ K. O

Theorem 2.6. Let F' be a filter of L. Then the following hold:
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(1) rad(F) = T(Ug<rG).

(2) Every finitely generated subfilter of rad(F') is small in rad(F).

(3) rad(F') = F holds if and only if all finitely generated subfilters of F
are small in F.

Proof. (1) Let G < F. If K is a maximal subfilter of F' and G ¢ K,
then T(G U K) = F; but since G < F, we have K = F, a contradiction. We
infer that every small subfilter of F' is contained in rad(F'); hence T'(Ug«rG) C
rad(F'). On the other hand, let z € F. If H C F with T(H UT({z})) = F, then
by Lemma 2.5, either H = F or there is a maximal subfilter K of F' with H C K
and x ¢ K. If € rad(F), then the latter cannot occur; thus = € rad(F') forces
T({z}) < F, and we have equality.

(2) Let G be a finitely generated subfilter of rad(F'). Then G = T(A),
where A = {a1,--- ,ap} € G. As a1 € rad(F), zj, ANxjy A - Ny, < a,
where z;, € F;, < F,--- ,x;, € F;, < F. By Lemma 2.4 (3), T({a1}) C
T(F;,U---UF,) < F; so T{a1}) < rad(F) by Lemma 2.4 (1). Similarly,
T({a;}) < rad(F) for 2 < i < n which implies that G < rad(F') by Lemma 2.4
(3).

(3) If F = rad(F), then by (2), all finitely generated subfilters of F
are small in F'. Conversely, assume that + € F. Then T'{z}) < F gives
x € T({z}) Crad(F) by (1); so F' C rad(F'), as required. O

Definition 2.7. Let G be a subfilter of a filter F' of L. A subfilter H C F
is called a supplement of G in I if H is a minimal element in the set of subfilters
U C F with T(GUU) = F. A filter F of L is called supplemented if every
subfilter of F' has a supplemented in F'.

Lemma 2.8. Let G be a subfilter of a filter F' of L. H is a supplement
of G in F if and only if T(GUH)=F and GNH < H.

Proof. Let H be a supplement of G in F (so T(GU H) = F). Let
X C H with T(X U(GN H)) = H. Then by Proposition 2.1, we have

F=T(HUG)=T(T(GNH)UX)UG) = T(T(GU(GNH)UX) =

T(T(G)U X) =T(GU X) which implies that H = X by minimality of H. Thus
GNH < H. Conversely, assume that T(GUH) = Fand GNH < H. For Y C H
with T(YUG) =F,wehave H=HNF=HNT(YUG)=T(Y U(HNG)) by
Proposition 2.1. Now G N H < H gives Y = H, as needed. O

Theorem 2.9. Let G, H be subfilters of the filter F' of L. Assume H to
be a supplement of G. Then the following hold:



78 S. Ebrahimi Atani, M. Chenari

(1) If TWUUH) =F for some U C G, then H is a supplement of U.
(2) If K < F, then H is a supplement of T(G U K).
(3) rad(H) = H Nrad(F).
(4) If G is a mazimal subfilter of F', then H is cyclic, and GNH = rad(H)
is a (the unique) mazximal subfilter of H.
(5) If F is finitely generated, then H also is finitely generated.

Proof. (1) By Lemma 2.8, it is enough to show that U N H <« H.
Assume that X C H such that T(XU(UNH)) =H. Now H =T(XU(UNH)) C
T(XU(GNH)) C Hgives H=T(XU(GNH)); hence X = H since GNH < H.
Thus H is a supplement of U.

(2) By Proposition 2.1, F=T(GUH) CT(T(GUK)UH) =

T(T(GUH)UK) =T(FUK)=T(F) = F;

so T(T(GUK)UH) = F. Assume that Y is a subfilter of H such that T(7'(G U
K)UY') = F; we show that Y = H. By Proposition 2.1, F = T(T(GUK)UY) C
T(T(GUY)UK) C F which implies that F = T(T(GUY)UK). Now K < F
gives T(GUY') = F; hence Y = H by minimality of H. Thus H is a supplement
of T(GUK).

(3) At first we show that if K < F, then K N H < H. Assume that
K < F and let X be a subfilter of H such that T(X U (K N H)) = H. Then by
Proposition 2.1, F=T(GUH)=T(GUT(X U (KNH))) C

T(GUT(XUK)) CT(KUT(GUX)) C F;

so T(IKUT(GU X)) =F. Now K <« F gives T(GU X) = F; hence X = H
by minimality of H. Clearly, rad(H) C H Nrad(F). For the reverse inclusion,
assume that © € HNrad(F"). Then by Theorem 2.6, z;, Az, A---Ax;, < x, where
ry, € F < F,---,x;, € F;, <F. By Lemma 2.4 (3), T(Fil U'--UFZ‘k) < F;
soT(F;, U---UF;,)NH < H. Now x € T(F;, U---UF;, )N H C rad(H), and
so we have equality.

(4) There is an element a € F such that a ¢ G,s0 G G T(GUT({a})) C F
gives T(GUT' ({a})) = F which implies that H = T'({a}) since H is a supplement
of GG. Let K be a subfilter of H such that G N H g K C H. There exists
x € K C H such that x ¢ G. Now G is maximal gives T(GUT ({z})) = F’; hence
F = T(GUK) which implies that K = H. Thus GN H is a maximal subfilter of
H,sorad(H) CGNH. AsGNH <« H, GNH Crad(H). Thus GNH = rad(H).

(5) There is a finite subset A = {z1, 22, - ,z,} of F such that F =
T(A) = T(GUH). Without loss of generality, we can assume that B = {x1,--- , 2}
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C H and C = {z441, - ,xn} € G. Set H = T(B) and G' = T(C). Let
x € F. Then x = (zj;, AN xiy A --- N x,) Vx for some x;,--- ,x;, € A. So
xeT(BUC)CT(T(B)UT(C)) CT(H'UG); hence F =T(GUH'). Now H is
a supplement of G gives H = H' = T'(B). This completes the proof. O

Proposition 2.10. Let Fy and G be subfilters of a filter F' of L with Fy
supplemented. If there is a supplement for T(Fy UG) in F, then the same is true
for G.

Proof. Let X beasupplement of T(F;UG) in F; so T(XUT (F1UG)) =
Fand X NT(Fy UG) < X. Since Fj is supplemented, B = T(X UG) N F} C
T(X UG) has a supplement in Fy, say Y(so T(Y U B) = F;). Now we show
that T'(X UY) is a supplement of G in F. By Proposition 2.1, we have F =
T(XUT(F,UG)) C T(F, UT(X UG)) =

T(T(BUY)UT(XUG)) CT(Y UT(BUT(XUQ))) =

T(YUT(XUG)) C T(GUT(XUY)) C F; hence F' = T(GUT(XUY)). Tt is enough
to show that T(XUY)NG < T(XUY). As Y is a supplement of T(X UG)N Fy
in A, YNT(XUG) =Y N(T(XUG)NF) < Y. Since T(GUY) C T(F, UG)
and F=T(GUT(XUY))=T(XUT(GUY)), Theorem 2.9 (1) gives X also is
a supplement of T(GUY') in F' which implies that T(GUY)NX < X. Now by
Lemma 2.4 (4), T(XUY)NG CT(XNT(GUY)U(YNT(XUQG)) < T(XUY);
hence T(XUY)NG < T(X UY) by Lemma 2.4 (1). O

Theorem 2.11. Let F = T(Fy U F,). If Fy and Fy are supplemented
filters, then I is a supplemented filter.

Proof. If G is any subfilter of F, then T(Fo, UG U F}) = F. Let H be
a supplement of D =T(Fob UG)NF, CT(F», UG) in Fy; so T(H U D) = Fy and
DNH < H. Moreover, D, FbUG C T(FoUG) gives T(DU(FoUG)) C T(FoUG).
Now by Proposition 2.1, we have F = T(Fhb UG U F}) =
T(F,bUGUT(HUD))CT(HUT(F,UG)UD)) C

T(HUT(F,UQG)) C F; hence F'=T(H UT(F>UQG)) which implies that H is a
supplement of T'(F» UG) in F since HNT(F,UG) =HNT(F,UG)NF < H.
Now the assertion follows from Proposition 3.10. O

Corollary 2.12. If Fy,--- , F,, are supplemented filters of L, then T'(U", F;)
is a supplemented filter.

A lattice L is called semisimple, if for each proper filter F' of L, there
exists a filter G of L such that L = T(FUG) and FNG = {1}). In this case, we
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say that F' is a direct summand of L, and we write L = FF & G. A filter F of L is
called a semisimple filter, if every subfilter of F' is a direct summand. A simple
filter is a filter that has no filters besides the {1} and itself

Proposition 2.13. FEvery direct summand of a supplemented filter is a
supplemented filter.

Proof. Let X be a direct summand of a supplemented filter F'. Then
there is a subfilter X’ of F' such that FF = T(X U X’) and X N X' = {1}. Let
G C X. Then there is a subfilter H of F' with F = T(GUH) and GNH <« H.
By Proposition 2.1, X = XNT(GUH) =T(GU(XNH)). Let K C XNH be a
subfilter of X such that X = T(GUK) which implies that F' = T(T(GUK)UX") C
T(GUT(KUX')) C Fyso F =T(GUT(KUX')). Now H is a supplement of G in
F gives H = T(KUX"). Hence, HNX = XNT(KUX') = T(KU(XNX')) = K.
This completes the proof. O

Proposition 2.14. Let F' be a supplemented filter of L. If H is a subfilter
of F with HNrad(F') = {1}, then H is semisimple. In particular, ifrad(F') = {1},
then F' is semisimple.

Proof. Let H' be any subfilter of H. By assumption, there is a
subfilter K of F with F =T(H'UK) and H N K < K (so H N K C rad(K)).
By Proposition 2.1, H=HNT(H' UK)=T(H'UHNK)). As(HNK)NH' =
KnNH C Hnrad(K) C HNrad(F) = {1}, we get (HNK)N H' = {1} and
H =T(H' U (HNK)). Thus H is semisimple. The in particular statement is
clear. O

A subfilter G of F is called essential in F' (notation G <. F') if GNH # {1}
for any subfilter H # {1} of F. G is called essential radical if rad(G) <. G. Let
G be a subfilter of a filter F' of L. If subfilter H of F' is maximal with respect to
G N H = {1}, then we say that H is a F-complement of G. Using the maximal
principle we readily see that if GG is a subfilter of F', then the set of those subfilters
of F whose intersection with G is {1} contains a maximal element H. Thus every
subfilter G of F' has a F-complement.

Lemma 2.15. Let F' be a filter of L. Then the following hold:

(1) A subfilter G of F is essential if and only if for each 1 # x € F there
erists an element a € L such that 1 #aV x € G.

(2) Assume that Gy, F1,Go and Fy are subfilters of F' and let Gy C Fy,
G2 Q F2 and F' = T(F1UF2) with FlmFQ = {1} Then T(Gl UGQ) Se T(Fl UFQ)
if and only if G1 <. F1 and Gy <. F5.

(3) If H is a F-complement of G, then T(GUH) <. F.
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Proof. (1) If G <. F and1l# z € F, then T({z}) NG # {1}; so there
is an element 1 # y € G with y = y vV € G. Conversely, if the condition holds
and 1 £2x € H C F, thereisan a € L such that 1 #aVax € GNH.

(2) Suppose, say G; is not essential in F1; so Gy N H; = {1} for some
subfilter H; # {1} of F1. Let y € T(Gy UG2) N Hy. Then y € Hy and y =
(1 ANg2)Vy = (yV g1) Ay V go) for some g € Gy and g2 € Go. Since H;
and G, are filters, y V g1 € H; N G1 = {1}; hence go < y which implies that
y € Go. Therefore y € Fy N Fy = {1}. Thus T(G; U G2) N Hy = {1} which is
impossible. Thus G <. F; and Gs <. F5. Conversely, assume that 1 # z =
(fiNfo)Va € T(Fy UF,) for some f; € F;. Then by (1), there is an ay € L such
that 1 a1V f1 € G1. If a1 V fo € Go, then 1 # a3 Ve =a1 V (fi A fo) Ve =
xV (a1 V fi)A(a1V f2)) € T(G1 UG3). If a1 V fo ¢ Go, then again by (1), there
is ag € L with 1 # a2 Va1 V fa € G2, and we have 1 # a1 Vas Vz € T(G U Gs).
Thus T(Gl U Gg) <e T(Fl U FQ)

(3) If {1} # K C F and T(GU H) N K = {1}, then we show that
GNT(HUK)={1}. Let e GNT(HUK). Thenz € Gand z = (aAb) V2 =
(xVa)A(xVb) for somea € Hand b€ K. AsaVae € GNH = {1}, we get
b<uz;hence z € K. Thusz € KNT(GUH) = {1}, contrary to the maximality
of H. O

Proposition 2.16. Let F' be a filter of L. Then the following hold:
(1) If F=G® H, then rad(F) = rad(G) ® rad(H)).
(2) If F is semisimple, then rad(F') = {1}.

Proof. (1) By assumption, rad(G) Nrad(H) € GN H = {1} and
G, H are mutual supplements since G N H = {1} < H,G which implies that
rad(G) = G Nrad(F) and rad(H) = H Nrad(F') by Theorem 2.3 (3). Since the
inclusion T'((rad(F) N G) U (rad(F) N H)) C rad(F) is clear, we will prove the
reverse inclusion. Let « € rad(F'). By Theorem 2.6, x = (zj; Axi, A---Axj,) Vv,
where z;, € F;, C rad(F),---,2;, € F;, C rad(F). Then F = T(H UG)
gives for each 1 < j < k, either z;; € rad(F) NG or z;; € rad(F) N H; hence
x € T((rad(F)NG)U (rad(F) N H)), and so we have equality.

(2) Since every proper subfilter of F' is a direct summand, the only proper
small subfilter of F' can only be {1}. Thus rad(F) = {1}. O

Theorem 2.17. Let F' be a supplemented filter of L. Then there exist
a semisimple subfilter K and a subfilter G with essential radical such that F =
G K.

Proof. By Lemma 2.15 (3), for rad(F'), there exists subfilter K of F'
such that K Nrad(F) = {1} and T(K Urad(F')) <. F. Since F' is supplemented,
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there is a subfilter G of F' such that FF = T(K UG) and K N G < G (so
KNG Crad(G)). Since KNG = KN(KNG) € KNrad(G) € KNrad(F) = {1};
hence F' = T(G U K) with K NG = {1|. By Proposition 2.14, K is semisimple.
By Proposition 2.16, rad(F') = T'(rad(G) Urad(K)) = T'(rad(G) U{1}) = rad(G).
Since T(K Urad(G)) <. F = T(K UG), rad(G) <. G by Lemma 2.15 (2), as
required. O

Definition 2.18. Let F' be a filter of a lattice L.

(1) F is called hollow if F # {1} and every proper subfilter G of F is
small in F.

(2) F is called indecomposable if F' # {1} and F = T(GUH) with HNH =
{1}, then either G = {1} or H = {1}.

(3) F is called local if it has exactly one mazimal subfilter that contains
all proper subfilters.

Remark 2.19. (1) Assume that F is a hollow filter and let ' = T(GUH)
with H NG = {1} for some subfilters H,G of F. If F # G, then F is a hollow
filter gives H = F'; hence G = {1}. Thus every hollow filter is indecomposable.

(2) Assume that F' is a local filter with unique maximal subfilter of P and
let G be a proper subfilter of F' with T'(G U H) = F for some subfilter H of F.
If H# F, then F CT(PUG) =T(P) = P, a contradiction. Thus F' = H. So
every local filter is hollow.

(3) A filter F' is uniserial if the set of all of its subfilters is linearly ordered
by set inclusion. Not that any proper subfilter G C F' of any uniserial filter F'
is small in F. Thus every uniserial filter is hollow, and either rad(F') # F' is the
unique maximal subfilter or F' contains no maximal subfilters. Moreover, simple
filters are hollow.

(4) Assume that F is a hollow filter and let G be a proper subfilter of F'.
Then T(GUF) = F and GNF = G < F. So hollow (resp. local) filters are
supplemented.

(5) By Theorem 2.9 (4), the supplement of a maximal subfilter in a filter
of L is a local filter.

(6) A filter F' of L is called f-supplemented if every finitely generated
subfilter of F' has a supplemented in F'. By Theorem 2.6 (3), rad(F) = F holds
if and only if all finitely generated subfilters of F' are small in F. This implies F’
to be f-supplemented but need not imply F' to be hollow.

Proposition 2.20. Assume that F is a filter of L and let Q be family of
all hollow subfilters of F. If every proper subfilter of F is contained in a maximal
one, and every mazximal subfilter has a supplement in F, then F =T (UgeaG).
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Proof. Let H=T(UgenG) and assume H # F. Then by assumption,
there exist a maximal subfilter H' of F with H C H' and a supplement K of H’
in F. By Remark 2.19 (5), K is local; hence K is hollow by Remark 2.19 (2)
which implies that K C H C H’, a contradiction. Thus H = F. O

Theorem 2.21. Let F # {1} be a filter of a lattice L. Then the following
assertions are equivalent:

(1) F is hollow and rad(F) # F.

(2) F is hollow and F = T({a}) for some a € F.

(3) F is local.

Proof. (1) = (2) Since rad(F') # F and F is hollow, rad(F) < F. We
claim that rad(F') is a maximal subfilter of F'. Otherwise, there exists a subfilter
H of F such that rad(F) G H G F; hence there is a maximal subfilter M of F
such that H ¢ M which implies that there is an element € H such that x ¢ M.
Then M G T(MU{z}) C F gives T(MU{z}) = F;so T(HUM) = F. Now F'is a
hollow filter gives H = F, a contradiction. Thus rad(F’) is a maximal subfilter of
F'. There is an element a € F such that a ¢ rad(F); so T'(rad(F)UT({a})) = F
which implies that F = T'({a}) since rad(F) < F, as required.

(2) = (3) By Proposition 2.2, F' has a maximal subfilter H. Let H' be a
maximal subfilter of F' with H # H'. Now T(H U H') = F gives H = F which is
a contradiction. Thus F' is local.

(3) = (1) By Remark 2.19 (2), F is hollow. Moreover, rad(F') # F' since
F is local. O

3. Amply supplemented filters. In this section, we define the con-
cept of an amply supplemented filters of a lattice and we prove some basic prop-
erties concerning such filters. We begin with the key definition of this section.

Definition 3.1. A subfilter G of a filter F' of L has ample supplements
in F if, for every subfilter H of F with F = T(H UG), there is a supplement H'
of G with H" C H. If every subfilter of a filter F' has ample supplements in F,
then we call F' amply supplemented.

Theorem 3.2. Let F be an amply supplemented filter of L. Then the
following hold:

(1) Every supplement of a subfilter of F is an amply supplemented filter.

(2) Every direct summand of F is amply supplemented.

(3) Every subfilter G of F is of the form G = T(X UY) with X supple-
mented and Y < F'.
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(4) If H is a hollow subfilter of F' that is not small in F', then H is amply
supplemented.

Proof. (1) Let H be a supplement G C F in F,so F'=T(G U H) and
GNH < H. Now we show that H is amply supplemented. Let X be a subfilter
of H such that H =T(X UY). By Proposition 2.1,

F=T(GUH)=T(GUT(XUY)) CT(Y UT(GUX)) C F;

so F =T(YUT(GUX)). By assumption, there is a supplement Y’ of T(GUX) in
Fsuch that Y/ C Y. Hence FF = T(Y/UT(GUX)) and XNY’' C T(GUX)NY' <
Y’ which implies that X NY’ < Y’ by Lemma 2.4 (1). As F =T(GUT(XUY"))
(since F =T(Y'UT(GUX))), we get T(X UY’) = H since H is a supplement
of G. Thus Y’ is a supplement of X in H.

(2) Let G be a direct summand of F', so there exists a subfilter H of F
such that F =T(GUH) and GNH = {1} < G. So G is a supplement of H in
F. Now the assertion follows from (1).

(3) Let H be a supplement of G, so T(GUH) =F and GN H < H; so
GNH < F by Lemma 2.4 (2). Set GNH =Y. Since F is amply supplemented
and T(GU H) = F, there is a supplement X of H in F' with X C G (so X is
supplemented by (1)); hence T(X U H) = F. By Proposition 2.1, G =GN F =
GNT(XUH)=T(XU(GNH))=T(XUY), as needed.

(4) By assumption, there exists a proper subfilter G of F' with T(GUH ) =
F. So H is hollow gives H NG <« H. Thus H is a supplement of G in F. Now
the assertion follows from (1). O

Theorem 3.3. Let F be a filter of L and F = T(F1UFy). If the subfilters
Fy, Fs have ample supplements in F', then F1 N Fy also has ample supplements in
F.

Proof. Let H be a subfilter of F such that F' = T(H U (Fy N Fy)). By
Proposition 2.1, F} N Fy, C F gives

Fi=FNT(HU(F NF)) =T((F N F)U(FNH)
which implies that F' = T(Fl U FQ) = T(T((Fl N Fg) U (F1 N H)) U FQ) -
T((Fl N H) U T((Fl N Fg) U Fg)) = T(F2 U (F1 N H)) CF;

so F =T(F,U(Fy N H)). Similarly, F = T(Fy U (F> N H)). Therefore there is
a supplement H) of Fy in F with H) C F5, N H and a supplement H{ of F, in
F with H, C Fy N H which implies that T(H! U H)) C T(H N (F U F)) C H.
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So T(HYUF) = F, HynF, < Hy, T(H,UF,) = F and H N F, < H.
By Proposition 2.1, F; = Fy N T(H{ U F») = T(H{ U (F1 N Fy)); hence F =
T(FyUHY) = T(H,UT(H| U(F,NF)) C T(T(H| UHL) U(FiNF)) C F which
implies that F' = T(T(H} U H)) U (F1 N F»)). By Proposition 2.1 and Lemma 2.4
(4), T(H{UH)N(FINFy) =T(H{UH,NF))NFy, = T((H,NF)U(FaNHY)) <
T(H{ U H)). This completes the proof. O

Proposition 3.4. Let G be a subfilter of a filter F' of L. Then the fol-
lowing are equivalent:

(1) There is a decomposition F = X & X" with X C G and X' NG <« X';

(2) There is a direct summand X of F with X CG, G=T(XUY) and
Y < F;

(3) G has a supplement H in F such that G0 H is a direct summand in
G.

Proof. (1) = (2) Let F=T(XUX'), XNnX = {1}, X C G and
X' NG < X'. By Proposition 2.1, G = GNT(X UX') = T(X U(X'NG)). Set
GNX' =Y. Then G =T(X UY) with X NY = {1}. Moreover, Y <« X’ gives
Y < F by Lemma 2.4 (2). This completes the proof.

(2) = (1) Let there is a direct summand X of F with X C G, G =
T(XUY)and Y < F;so F=T(X UX’) with X N X" = {1} for some subfilter
X" of F. Then X’ is a supplement of X in F. By Theorem 2.9 (2), y < F
gives X' is a supplement of T(X UY); hence T(XUY)NX' =GN X' <« X', as
required.

(1)= (3) Let F=T(XUX'), XN X' ={1}, X CG and X' NG < X".
By Lemma 2.4 (2), X' NG <« X’ gives X’ NG < F; hence X' is a supplement
of T(XU(X'NG)) =GNT(X UX')) =G by Proposition 2.1 and Theorem 2.9
(2). Now since G =T(X U (X'NG)) and X' N(X'NG) = {1}, we get GN X' is
a direct summand in G.

(3) = (1) Let X’ be a supplement of G in F with G =T(X U(X'NG))
and X N (X' NG) = {1} for some subfilter X of G. So T(GU X') = F and
X'NG <« X'. Then by Proposition 2.1, F=T(GU X') =

TGUTXUX' N@) CT(XUTX'U(GNX")=T(XUX')CF;
so F=T(XUX'). Also, XNX' = XNGNX = {1}. This completes the

proof. O

Definition 3.5. Let F' be a filter of L.
(1) For subfilters G C H of F', we say H lies above G in F if T(GUK) = F
holds for all K C F with T(K UH) = F.
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(2) A subfilter G of F is called coclosed in F' if G has no proper subfilter
K such that G lies above K.

Proposition 3.6. Let H be a subfilter of a filter F' of L. If H is a
supplement in F, then for all K C H, K < F implies K < H.

Proof. Assume that H is a supplement of G C F' (so T(HUG) = F).
For all subfilters K C H such that H lies above K, we have that T(HUG) = F
implies T(G U K) = F. By the minimality of H with respect to this property
we get K = H. Hence H is coclosed. Now let K <« F' and K C H. Assume
H =T(KUX) for X C H; then for every Y C F with FF = T(HUY) =
T(YUT(KUX)) CT(KUT(XUY)) C F we get F=T(XUY) since K < F;
hence H lies above X. As H is coclosed, we get H = X and thus K < H. O

Theorem 3.7. For a filter F' of L the following assertions are equivalent:

(1) F is amply supplemented and every supplement subfilter of F is a
direct summand;

(2) If G is a subfilter of F, then there are subfilters X, X' of F such that
F=XoX with XCGand X' NG < X';

(3) (i) Every non-small subfilter of F' contains a direct summand U # {1},
and

(ii) every subfilter of F' contains a mazximal direct summand of F.

Proof. (1) = (2) Let H be a supplement of G in F, so F =T(GU H)
and GNH < H (so GNH < F by Lemma 2.4 (2)). By assumption, there is
a supplement X of H with X C G. By (1), there is a subfilter X’ of F such
that (X UX') = F and X N X' = {1}. Since X’ is a supplement of X and
GNH < F, X"is asupplement of (X U(GNH))=GNT(XNH)) =G by
Theorem 2.9 (2) and Proposition 2.1; hence G N X’ < X', as needed.

(2) = (1) If (2) holds, then F' is supplemented by Proposition 3.4, and
every subfilter G of F' is of the form G =T(X UY), with X a direct summand
F and Y < F. Since X is again supplemented (see Proposition 2.13) it follows,
from Proposition 3.4, that F' is amply supplemented. Now we see, from the proof
of (3) = (1) Proposition 3.4, that supplements are direct summands.

(2) = (3) Assume that G is a subfilter of F and let F = T'(X U X’) and
XNX = {1}, with X C G and X'NG <« X'. If G is not small in F, then
X' # F; hence X # {1}. Now we show that X is a maximal direct summand of
F such that X C G. Let X; be a direct summand of F' with X C X; C G, so
F=T(X;UH) and X; N H = {1} for some subfilter H of F'. By Lemma 2.4.
X1NX' C X1NG < X' gives X1NX' < F. By Proposition 2.1, X; = X;NT(XU
X)=T(XU(X;NX'). Then F = T(X; UH) = T(T(X U(X; N X)) UH) C
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T((X,NX"UT(XUH)) C F; so F = T((X;nX")UT(XUH)). Now X;NX' < F
gives F = T(XUH). Hence X; = X;NT(XUH) = T(XU(HNX})) = T(X) = X,
as needed.

(3) = (2) Let G be a subfilter of F' and assume X to be a maximal direct
summand of F with X C G, F=T(XUX')and X NX' = {1}. T GNX'is
not small in X’ (so G N X’ is not small in F' by Proposition 3.6), then by (3)
(i), there is a direct summand H of F' with H # {1} and H C G N X’. Since
HNX CGNnXnX ={1}, we get HN X = {1}. There is a subfilter H' of F'
with F =T(H U H') and H N H' = {1}. By Proposition 2.1,

FCT(T(XUH)YUH)CT(XUT(HUH') =T(XUF) =F;

soT(I(XUH)YUH)=F. Leeye T(XUH')NH. Theny = (x ARM)Vy=
(xVy A(yVHh) e H for some x € X and b’ € H'. Since H, H' are filters,
yV R € Hn H' = {1} which implies that 2 Vy = y; hence z < y. Now X is a
filter givesy € HNX = {1}; so T(XUH')NH = {1}. Then T(X UH’) is a direct
summand of F', contradicting to choice of X. Thus we have GN X' < X'. O

Proposition 3.8. Let F' be a filter of L. If every subfilter of F is a
supplemented filter, then F is an amply supplemented filter.

Proof. Let G and H be subfilters of F' such that F = T(GU H). By
assumption, There exists a subfilter H' of H such that H = T(H'U(H NG)) and
(GNH)NH' = H'NG < H'. Then H = T(H' U(HNG)) C T(H' UG) gives
F=T(GUH)CT(GUT(H'UG))=T(H'UG) C F; hence F =T(H'UG), as
required. O

Corollary 3.9. The following statements are equivalent for a lattice L.
(1) Ewery filter is amply supplemented.
(2) Every filter is supplemented.
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