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Abstract

In 1979, P. Frankl conjectured that in a finite union-closed family F of finite
sets, F # {0}, there has to be an element that belongs to at least half of the sets in
F. We prove this when ||JF| < 11.

1 Introduction

Frankl’s conjecture [9], sometimes also called the union-closed sets conjecture is one of the
most celebrated open problems in combinatorics. In [10] it is referred to as ‘diabolical’,
presumably since it has an elementary, even trivial statement, but seems to be quite
difficult. In its original statement, the conjecture is that in a finite union-closed family
F of finite sets, F # {0} there has to be an element that belongs to at least half of the
sets in F. Several equivalents have been found, in various areas of mathematics, the most
popular of which is probably the lattice-theoretic one (see [10], Chapter 3, Problem 39a).

Recently there have been quite a few new partial results concerning the original version
of the problem, (see for instance [2], [3], [6], [7], [11, 12, 13]). Many of these papers are
using the idea introduced first in [8], Theorem 1. This is a way for rapid verification of
the conjecture for a large class of union-closed families using a weight function. We use a
similar approach, introduced in [6]. The main difference is that Theorem 1 of [8] gives a
necessary and sufficient condition for a subfamily F’ to force that an element of | J F' is
in at least half of the sets of F for any F D F' (such F' are called F'C families in [11]),
while our (easier) Lemma 2.1 gives a necessary and sufficient condition for F to satisfy
Frankl’s Conjecture. We are able to use our approach to prove that any counterexample
F to Frankl’s Conjecture must satisfy | |JF| > 12.

*The second author was supported by the grant no. 144011G of the Ministry of Science and Environ-
ment of Serbia.
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In Section 2 we prove lemmas we will need later on, and which are true in any union-
closed family. Many of these are proved elsewhere, and some were left to the reader
to verify in the papers where they appeared. Our goal was to have every step in our
proof verifiable, so we (re-)proved the lemmas of the second kind. Section 3 consists of
lemmas in the setting | |J F| = 11, culminating with Theorem 3.1, which claims that all
union-closed families F with || JF| = 11 satisfy Frankl’s conjecture. Clearly, if there
was a counterexample with || JF| < 11, we could easily construct a counterexample with
||JF| = 11 by ‘copying’ one element into an appropriate number of ‘copies’ which appear
in sets whenever the ‘original’ one does. Therefore, we prove that all union-closed families
with | |JF| < 11 satisfy Frankl’s conjecture.

2 Initial Results

Throughout this paper F will denote a finite family of finite sets closed under unions and
X will denote the union of F. We will call F Frankl’s if X = |JF contains an element
which is in at least one half of the sets from F.

Definition 2.1. We call any function w : X — {z € R|z > 0}, such that w(a) > 0 for

some a € X, a weight function. The weight w(S), for S C X is equal to ) w(z). The
z€S

number 0.5w(X) will be called the target weight and denoted by ¢(w).

Lemma 2.1. F is Frankl’s if and only if there is a weight function w assigned to elements
of X = F such that

> w(S) = t(w)|F.

SeF

Proof. (=) Let a be an element of at least half of the sets in F. Take the weight function
w such that w(a) = 1 and w(z) = 0 for x # a. Then t(w) = 0.5, and the inequality is
obviously satisfied.

(«<=) Assume that F is not Frankl’s. Let n,(F) be the number of occurrences of the
element a in sets from F. We take an arbitrary weight function w. Then

S w(S) =Y wla)=> wla)n.(F) <

SeF SeF aeS aeX

Zw(a)@ = t(w)|F).
]

Lemma 2.2. If F contains a one-element set, or a two-element set, then it is Frankl’s.

Proof. Easy exercise for the reader, and also found in several of the papers in the bibli-
ography. O
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Definition 2.2. For S, K C X, SN K = () we call any interval in the Boolean lattice
P(X) of the form [K, K US| an S-hypercube. We can partition a hypercube into levels,
where a set is on level k if and only if k is the cardinality of its intersection with S. We
denote level k of a hypercube C by Cg. Also, for x € S we define the auxiliary hypercubes
C® and C™ to be the S\ {z}-hypercubes with bottom sets K U {x} and K, respectively.

Let F be a union-closed family of sets and w a weight function. The deficit of a set
L C X with w(L) < t(w) is d(L) = t(w) — w(L). The surplus of a set L C X with
w(L) > t(w) is s(L) = w(L) — t(w). Let C be an S-hypercube. The deficit of C is defined
tobed(C)= > d(L),whiles(C)= >  s(L) is the surplus of C. Analogously we

LeCnNF LeCnNF
w(L)<t(w) w(L)>t(w)

define d(Cy) and s(Cy).

It is an obvious consequence of Lemma 2.1 that if for some weight function w the
sum of surpluses of the sets in F which have weights greater than ¢(w) is greater than or
equal to the sum of deficits of the sets in F which have weights less than t(w), then F is
Frankl’s. In particular, if for every S-hypercube C, s(C) > d(C), then F is Frankl’s. In
all the S-hypercubes we will consider, we will have S € F. Hence, if the hypercube has
a nonempty intersection with F, then the top set of that hypercube is in F.

Let F be a union-closed family of sets and C an S-hypercube for some S C X. By
pi(C) we will denote the number of sets on level k in the hypercube C which belong to F.
When C is obvious we will just write py.

Lemma 2.3. Let F be a union-closed family of sets and C an S-hypercube for some
SCX,|S|=m. If k <l < m, suppose that for every set from level | of C which is in
F, at most u of its subsets from level k could be in F, and for every set from level I of C
which is not in F, at most v of its subsets from level k could be in F. Then

(32 )< () =m0 )

Proof. Consider a bipartite graph G whose set of vertices is AU B, where A contains all
l-level sets of C, and B contains those k-level sets of C which are in F. Every vertex from
A is connected by an edge to all its subsets from B. Since the degree of every vertex from
B is (T__kk), this graph has (T__kk) pr edges. On the other hand, for all sets from A which
are not in F, their degree is not more than v, and the degree of those A-sets which are in

F is not greater than u. From these facts we conclude
m—k < +of m )
U v —D)-
I—k Pr = upr I b

In the special case when | = k + 1 and the number of level k-subsets in F is not
limited, we have u =k + 1 and v =1, so

(m — k)px < kprrr + (k:T 1). (2)

O

Inequality (2) is equivalent to Lemma 3.4. (b) from [11].
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Proposition 2.1. Assume that F contains three different three-element sets which are
all subsets of the same four-element set. Then F is Frankl’s.

Proof. This was proved in [8], Corollary 4. O

Proposition 2.2. Suppose that F contains three three-element sets which all contain the
same two elements. Then F is Frankl’s.

Proof. See [12], Section 3 and [6], Proposition 2.2. O
The following proposition can be found in [7], with the sketch of a proof.

Proposition 2.3. [7] Let {a,b,c,d,e} C X, {a,b,c}, {a,b,d}, {c,d, e} € F. Then F is
Frankl’s.

Proof. Assume that F is not Frankl’s. As suggested in [7], we choose the weight function
w such that w(a) = w(b) = w(c) = w(d) = 2, w(e) = 1, and w(z) = 0 for all other
x € X. Consider an arbitrary {a,b,c,d,e}-hypercube C with bottom set K. Let us
consider C; UCy. Here K U{a} € F implies K U {a,c,d,e} € F, K U{b} € F implies
KU{b,c,d,e} € F, KU{e} € F implies KU{a,b,c,e} € F and KU{a,b,d,e} € F. This
means that d(Cy) > s(Cy) only if KU{c}, KU{d} € F (and, therefore KU{a,b,c,d} € F),
K U{a,b,c,e}, KU{a,b,d,e} ¢ F, and in this case d(C;) = s(C4) + 1.5. On levels 2 and
3 we have the following situation: If p;(C®) = 3 then py(C®) > 3 and if p;(C¢) = 4
then po(C¢) = 6. This means d(C{) < s(CS) + 3. Also, if K € F, since K U {a,b,c},
K U{a,b,d} € F, and po(C™°) > 4 implies p3(C™¢) > 3, we have d(C;°) < s(C3*¢) — 1.5.
On the other hand, if K ¢ F, then d(C;°¢) < s(C3¢) + 0.5, the equality being achieved
only when K U {c,d} is the only set from Cy° in F, and p3(C™¢) = 0. The levels 0 and 5
of C produce a surplus of 4.5 when K ¢ F and cancel each other when K € F.

The analysis from above guarantees that when K ¢ F, then s(C) < d(C) only if
d(Cy) = s(C4) + 1.5 and d(Cy°) = s(C3°) + 0.5. The first requires K U {c} € F, and the
second requires p3(C™¢) = 0. These two requirements are incompatible in any union-closed
system F which contains {a, b, c}. So we may assume K € F. We will discuss three cases.

1. KU{a,b,c,e}, KU{a,bd e} ¢ F. This means p;(C°) = 0 and we have d(C;) <
s(Cy) + 1.5, d(CS) < s(C§) — 0.5 and d(Cy°) < s(C3°) — 1.5. Finally, this gives
d(C) < s(C)—0.5.

2. KU{a,b,c,e} € F, KU{a,b,d,e} ¢ F. This means p;(C°) < 1 and we have
d(Cy) < s(Cy) — 1, d(CF) < s(CS) + 1 and d(Cy°) < s(C3¢) — 1.5. Finally, this gives
d(C) < s(C) — 1.5.

3. KU{a,b,c,e}, KU{a,b,d,e} € F. If s(C) < d(C), then KU{c}, KU{d}, KU{e}
must be in F. Now we analyze the sets in C in a different way. K U{c}, KU{d} and
K U{e} cancel out with KU{a,b,c,e}, KU{a,b,d,e} and KU{a,b,c,d}. KU{c,e}
and K U {d, e} cancel out with K U {a,b,c} and K U {a,b,d}. As K U {e} € F,
d(Cy¢) < s(C5). Since K U {a} € F implies K U {a,c,d}, K U{a,c,d,e} € F, and
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K U{a,e} € F implies K U{a,c,d,e} € F, sets K U{a} and K U{a,e} cancel out
with K U {a,c,d} and K U{a,c,d,e}. Similarly, K U{b} and K U {b, e} cancel out
with K U {b,¢,d} and K U{b,c,d,e}. This gives d(C) < s(C). 0

Theorem 2.1. [7] Assume that F contains three different three-element sets which are
all subsets of the same five-element set. Then F is Frankl’s.

Proof. There are four possible cases:

1. F contains three three-element subsets of a four-element set. This case is considered
in Proposition 2.1.

2. F contains three three-element sets which all contain the same two elements. The
statement holds by Proposition 2.2.

3. F contains three three-element sets whose union is a five-element set and whose
intersection is a one-element set. This case is solved in [12].

4. The intersection of the three three-element sets is (). This case is investigated in
Proposition 2.3. 0

3 Results for | X| =11

All the proofs in this Section follow a similar pattern: we assume that certain sets are in
F and F is not Frankl’s. Therefore, F contains no one- or two-element sets, and no case
considered in the previous Lemmas occurs. Moreover, when considering the situation in
a certain hypercube C, unless otherwise stated, we are trying to prove that s(C) > d(C)
and assuming the opposite.

Lemma 3.1. If |X| = 11 and F contains two three-element sets with a two-element
intersection, then F is Frankl’s.

Proof. Let {a,b,c} and {a,b,d} be the two sets in F. We consider the weight function
w, with w(a) = w(b) = 8, w(c) = w(d) = 6 and w(zx) = 1 for x € X — {a,b,c,d}. We
have t(w) = 17.5. Let C be an {a, b, ¢, d}-hypercube with bottom set K. We consider the
cases:

1. |K| = 0. Only four sets in this hypercube are in F (according to Proposition 2.1),
so s(C) =d(C) + 2.

2. |K| = 1. In such hypercubes py = p; = 0, so the only sets which might have a deficit
are on level 2. The surplus of the top set K U {a,b,c,d} is 11.5, and d(Cy) > 12
implies po > 4. This means that p; > 3, and s(C) > 24 > d(C).

3. |K| = 2. Here d(C2) < 9.5. If we consider the number of level 1 sets, we have
subcases:
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(a) p1 =0. Then s(C) > 12.5 > 9.5 > d(C).

(b) p1=1. That level 1 set implies that at least one of the sets K U {a,b,c} and
K U{a,b,d} is in F (each has the surplus 6.5). Therefore, as the deficit of a
level 1 set is at most 9.5, s(C) > 19 > d(C).

(¢) p1 = 2. This implies that both of the sets K U {a,b,c} and K U {a,b,d} are in
F,so0 s(C) > 25.5. Here d(Cy) < 19, and this means that s(C) > d(C) provided
that d(Cy) < 6.5. But, d(C2) > 6.5 implies py > 4 which implies p3 > 3, so
s(C) > 30 > 28.5 = 19+ 9.5 > d(C)) + d(Cs) = d(C).

(d) p1 > 3. Then these level 1 sets form three three-element sets with a common
two-element intersection. Then F is Frankl’s by Proposition 2.2.

4. |K| = 3. If K ¢ F, the surplus of the top set is 13.5. The sets producing a deficit
are on level 1 (two with deficit 8.5 and two with deficit 6.5) and on level 2 (four with
deficit 0.5 and one with deficit 2.5). Thus, p; > 2, which implies that K U {a, b, c}
and K U {a,b,d} are both in F. So, s(C) > 28.5, and therefore p; = 4. But then,
C\{K} C F,sos(C)=41>34.5 =d(C).

If K € F we would like to prove that d(C) < s(C) + 8. The equality is achieved
when C C F, which happens exactly when p; = 4. We consider the remaining
cases for p;. The deficit of K is 14.5, while d(C3) < 4.5. On the other hand,
s(Cy)+s(KU{a,b,c})+s(KU{a,b,d}) = 28.5,s0 s(C)+8 > 36.5. This means that
d(Cy) > 18, so py = 3. We have, up to a trivial equivalence, two subcases: Either
KU{a} ¢ F, or KU{c} ¢ F. In the first subcase, p3 > 3 and s(C) + 8 > 42.
Since d(Cy) + d(Cy) = 38, we need d(Cy) = 4.5, so po > 5. But, this would imply
ps = 4 and s(C) +8 > 47.5 > d(C). In the second subcase, we are guaranteed
that K U {a,b} € F, so s(C) +8 > 38. Also, if K U {¢,d} € F, then p3 = 4, and
the desired inequality trivially holds. The remaining case is when d(Cy) < 2, so
d(C) <38 < s(C)+8.

5. |K| = 4. In this case and all others when |K| > 4 we only need to consider the case
K e F (so K,KU{a,b,c}, KU{a,b,d}, KU{a,b,c,d} € F), as otherwise we just
imitate the proof for |K| = 3, and the numbers work even better. We have that
s(C) > 31.5 and d(C) > 13.5. Therefore, d(Cy) +d(Cy) > 18. Hence, p; > 3 and this
means that either K U {a,b} € F, or p3 > 3. So, we now have s(C) > 34 and either
p1 = 4 (in which case C C F and the inequality s(C) > d(C) holds), or the only set
with deficit which is not in F is one of the sets K U {a}, K U {b}. In the second
case, we are forced to have ps > 3 and s(C) > 35.5 = d(C).

6. When |K| =5, K € F, we will prove that s(C) > d(C) + 8.5. We have s(C) > 34.5
and d(C) + 8.5 > 21. Again, the only sets with a deficit are the level 1 sets and
K U{c,d}, and their weights guarantee that p; > 3 (when p; = 2 only s(C) =
d(C) + 8.5 is reachable). p; > 3 means that p, > 3, and s(Cs) > 3, so s(C) > 37.5.
Therefore, K U {c}, K U {d} € F. In this case, we are forced to have p; > 3 and
s(C) > 46 > 43.5 > d(C) + 8.5.

THE ELECTRONIC JOURNAL OF COMBINATORICS 15 (2008), #R88 6



7. 6 <|K| <7and K € F are dealt with analogously to the case |K| =5, K € F. In
both situations we obtain that the ‘worst’ case is when

CNF ={K KU{ct, KU{d}, K U{c,d},
KU{a,b,c}, K U{a,bd}, K U{a,b,c,d}}.

In case |K| = 6 this implies that s(C) > d(C) + 15.5 and in the case |K| = 7 this
implies that s(C) > d(C) + 22.5.

8. |K| =T7and K ¢ F. We know that the top set is in F, and if no other set is in F, we
have s(C) = d(C)+17.5. If p; < 2, then p; < ps, and therefore d(C) = d(C;) < s(C3).
This means that we always have s(C) > d(C) + 17.5.

We have proved that the top and bottom hypercube together have the surplus by at least
19.5 greater than the deficit. Thus, there are at least 3 of the ‘bad” hypercubes with
|K| =3, K € F, in which s(C) > d(C) — 8. Consider the family of bottom sets of these
hypercubes G C F. According to Theorem 2.1, |G is either a 6-set or a 7-set. If |JG is
a 6-set, then there are two of the bottom sets whose union is a 5-set. Therefore we have
a hypercube with |K| = 6 for which s(C) > d(C) + 15.5, and a hypercube with |K| =5
for which s(C) > d(C) + 8.5. The total surplus from the four ‘good’ hypercubes (the top
one, the bottom one and the two we just established) is by at least 43.5 greater than the
deficit. If | JG is a 7-set, then the difference between the total surplus and the total deficit
of ‘good’ hypercubes is greater than 41.5 (we have that K € F in the top hypercube, and
also in at least two other ones with |K| > 5).

This means that |G| > 6. Also, since no 5-set contains more than two 3-sets in F, we
get that any 6-set can contain at most four 3-sets in 7. We now know that the union of
any six 3-sets in G is X — {a, b, ¢, d}, and the surplus of the top and bottom hypercube
must be by at least 24.5 greater than the deficit. An easy pigeon-hole argument shows
that there must be at least four elements in X — {a, b, ¢, d} which are ‘covered’ by at most
three out of any six 3-sets in G, so the union of the remaining three (or more) must be a
6-set. This 6-set is in F, so we get four hypercubes with |K| = 6 and K € F for which
s(C) > d(C) + 15.5. The total surplus of these four hypercubes, and the top and the
bottom one, is by at least 86.5 greater than its total deficit. This means that |G| > 11.
But Theorem 2.1 and our inequality (1) imply |G| < 7. O

Lemma 3.2. If | X| = 11 and F contains three four-element subsets of a five-element set,
then F is Frankl’s.

Proof. We suppose F is not Frankl’s, so we may assume that F contains no one- or two-
element sets. Let {a,b,c,d}, {a,b,c, e}, {a,b,d, e} € F. We consider the weight function
w, with w(a) = w(b) = w(c) = w(d) = w(e) = 4, and w(x) =1 for v € X — {a,b,c,d,e}.
Then t(w) = 13. Let C be an {a,b, ¢, d, e}-hypercube with bottom set K. We consider
several cases, depending on |K|:
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1. |[K| = 0. We know that d()) = 13 and according to Theorem 2.1, p3 < 2, hence
d(C) < 15. On the other hand, s(C) = s(C4) + s(C5) > 16.

2. |K| = 1. In such hypercubes the top set has the surplus 8, d(C) = d(C3), but
according to Lemma 3.1, ps < 2, s0 d(C) < 8.

3. |K| = 2. According to Lemma 3.1, p; < 1, so d(C;) < 7, while the surplus of the top
set is 9. Also, d(C) = d(Cy) + d(Cy), d(Cs) = 3pa, and s(C4) = bps. The inequality
2py > po follows by an easy case analysis. If py < 5, then d(Cy) — s(C4) < 2 which
gives s(C) > d(C). If ps > 6, from inequality (2) we get 3ps < 2p3 + 10 and p3 > 4.
Thus we have s(C) —d(C) = s(Cy) — d(Ca) + s(C5) —d(Cy) +5(C3) > =5 +2+4 = 1.

4. |K| = 3. If K ¢ F, the surplus of the top set is 10, the surplus of a level 4 set
is equal to the deficit of a level 1 set (both 6), and the surplus of a level 3 set is
equal to the deficit of a level 2 set (both 2). If p; > p4, then p; = 4 and py; = 3.
Now we have p3 > 4, which together with (2) gives ps < p3 + 2. Clearly, in this
case s(C) > d(C). If p1 < p4, using po < p3 + 3 (which is a consequence of (2)), we
conclude that s(C) > d(C) + 4 holds.

If K € F, such hypercubes may have a deficit. We can see from the previous case
that d(C) < s(C)+ 10 and there are examples of hypercubes in which equality holds.

5. |K| = 4. The surplus of the top set is 11, the deficit of the bottom set is 9. If there
are at least one set on levels lower than 3, then s(Cy) = Tpy > 5p1 + 1 =d(C2) + 1.
As the deficit of a level 2 set is 1, inequality (2) implies d(C2) < s(C3) + 3. This
implies s(C) > d(C).

6. |K| = 5. We will only examine the case K € F and try to prove s(C) > d(C) + 20.
In this situation, s(Cy) + s(Cs) > 36. K has the deficit 8; levels 1 and 3 have equal

deficit /surplus, and level 2 sets have weight t(w). From p; < ps + 2 follows that
d(Cy) — s(C3) < 8 and s(C) > d(C) + 20.

7. |K| = 6. The surplus of the top set is 13. If K ¢ F, d(C1) = 3p1 < 9ps = s(Cy), so
s(C) > d(C) + 13. If K € F, then using similar arguments as in the case |K| = 5,
we can prove s(C) > d(C) + 28.

We have proved that in the top hypercube s(C) > d(C)+13 holds. Thus, there are at least
two of the ‘bad’ hypercubes with |K| = 3, K € F, in which s(C) > d(C) — 10. Consider
the family of bottom sets of these hypercubes G C F. Lemma 3.1 guarantees |G| < 4. If
|G| = 2 then, according to Lemma 3.1, 5 < |[|JG| < 6 and | JG € F is the bottom set of
a hypercube C. In both cases, s(C) > d(C) + 20. If |G| > 3, then the surplus of the top
hypercube is by at least 28 greater than its deficit, and there will be a hypercube C with
|K| =5 and s(C) > d(C) + 20. Thus F is Frankl’s. O

Lemma 3.3. Let | X| = 11 and F contains three four-element sets which all contain the
same three elements. Then F is Frankl’s.
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Proof. Let {a,b,c,d}, {a,b,c,e,}, {a,b,c, f} € F. The weight function we choose is
w(z) = 3 for © € {a,b,c,d,e, f} and w(z) = 1 for all other x € X. The target weight
is 11.5. We consider an {a, b, ¢, d, e, f }-hypercube C with bottom set K. Again we have
several possible cases depending on |K|.

1. |[K| = 0. Here p; > 3 and p5 > 3, so s(C) > 18.5, while d(f)) = 11.5. Lemma 3.1
implies p3 < 4, so d(C3) < 10. If p3 > 3 then we must have that any two level 3 sets
intersect (according to Lemma 3.1), so p3 = 4 implies p5; = 6 and s(C) > d(C). The
worst case is p3 = 3 when s(C) 4+ 0.5 > d(C).

2. |K| = 1. Then the surplus of the top set of C is 7.5 and py = p; = 0. Since
ps < ps+5 (according to (2)), d(Cs) = 1.5p3 < 1.5p,+ 7.5 = s(C4) +7.5. By Lemma
3.1, the intersection of any two level 2 sets is K, so ps < 3. Hence, ps < p; and
d(Cy) = 4.5p2 < 4.5p5 = 5(Cs), so d(C) < s(C).

3. |K| =2. Then K ¢ F, and by Lemma 3.1, p; < 1. The surplus of the top set is 8.5.
By Lemma 3.2 and Turan’s Theorem, each level k set which is in F can contain at
most ’%f level 2 sets which are in F. From Lemma 2.3 we conclude 3ps < ps+ 15 and
ps < ps+ 5. The second inequality implies d(C3) < s(C4) + 2.5, s0 p1 = 1 or pgs > 2.
Both imply ps > 2, so s(Cs) + s(Cg) > 19.5, d(Cy) 4+ d(Cs) > 17 and d(Cq) > 11.

If ps = 2, then py < 5 (otherwise all three level 5 sets containing {a, b, ¢} would be
in F). Let K U{a,b,c,d, e} ¢ F. Then all level 2 sets in F are in C; , and d(Cy) > 11
implies py = p1(CT) > 4, so p3(C/) > 4. Therefore, py > 4, and p3 < py + 5 implies
d(Cs) < s(C4) — 5.5. Now, d(Cy) + d(Cy) > 25, so ps > 6, which is a contradiction.

If ps > 3, then s(C) — d(C3) > 22.5. Therefore, po > 5 and p; > 1 (at least one of
the level 4 sets containing {a, b, c} must be in F when ps > 3). Let py = 3l + s,
0 < s < 2. Then p3 < 3l + s+ 5, while 3py < py + 15 implies p, < [+ 5. Therefore,
d(Ca)+d(C3)—s(Cq) < 20—2.51—2s < 18. On the other hand, s(C5)+s(Cs) —d(Cy) >
18.5, 50 s(C) > d(C).

4. |K| =3 and K ¢ F. There are four cases depending on p;.

(a) p1 < 3. Then py > p; and d(Cy) — s(Cy) = 5.5p1 — 3.5py < 6. The surplus
of the top set is 9.5, which means that d(Cy) = 2.5ps > 3.5, so ps > 2. This
implies ps > 2, and as s(C5) = 6.5p5 > 13, we have p, > 7. Now ps; > 3, and
d(Cy) > 23. This gives py > 10. From inequality (2) we get 2ps < p3+ 10. Now
we have p3 > 10, and from s(C3) = 0.5p3, we obtain ps < 12. Now it is easy to
verify that ps = 6 and s(C) > d(C).

(b) p1 = 4. From d(Cy) = 22, py > 3 and p5 > 3 we conclude d(Cy) > 17.5 and
p2 > 8. If one considers the level 2 sets which have one-element intersection
with {a, b, c}, and the remaining ones, it is easy to see that at least 4 in any
of those groups produce a level 4 set not containing {a, b, c}, so py > 4. This
gives po > 9 and (by Lemma 2.3) p3 > 8. Now s(C) > 47, which gives py > 11.
Now for at most one = € {a,b,c,d, e, f}, p2(C™*) < 6, and the top set of C™ is
not in F. So, ps > 5 which implies s(C) > d(C).
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(c) p1 =5. Let K U{x} be the level 1 set not in F. Then all five level 4 sets not
containing x are in F and at least one of the sets K U{a,b,c,d}, KU{a,b,c, e},
K U{a,b,c, f} which contains x is in F. So ps > 6, ps > 10 and ps > 3 holds.
This means that s(C) > 55, which gives ps > 12. Now it is easy to verify ps = 6
which implies s(C) > d(C).

(d) p1 = 6. Then all the sets from C except K are in F.
If K € F then, clearly, s(C) + 8.5 > d(C).

5. |K| =4. If K ¢ F, we can imitate the proof for |K|=3. If K € F, 2py < p; + 10
implies d(Cy) — s(C5) < 7.5. s(Cy) + 5(C5) + s(Cg) > 46.5, while d(Cy) +d(Cy) < 34.5,
so s(C) < d(C).

6. |K| = 5. Here 2ps; < p3 + 10 implies d(Cs) — s(C3) < 2.5. If K € F, then s(C4) +
s(Cs) + s(Cg) > 53.5 and d(Cy) + d(C;) < 27.5. This gives s(C) > d(C) + 23.5. If
K ¢ F it is easy to see that if d(C) > 0, then ps > 0, and (quite straightforwardly)
d(C) < s(C5). The ‘worst’ case is d(C) = 0 when s(C) > d(C) + 11.5.

We have proved that, except for the bottom hypercube with possible deficit 0.5, ‘bad’
hypercubes can appear only at level 3 and there d(C) < s(C) + 8.5. According to Lemma
3.1, there can be at most two of them. If there is only one, its extra deficit is covered
by the top hypercube. If there are two of them, according to Lemma 3.1, in the top
hypercube it holds K € F, so the top hypercube satisfies s(C) > d(C) + 23.5 and easily
makes up for all extra deficit. O

Lemma 3.4. Let |X| = 11 and F contains two four-element subsets of a five element
set. Than F s Frankl’s.

Proof. Let {a,b,c,d}, {a,b,c,e} € F. We choose the weight function such that w(a) =
w(b) = w(c) = w(d) = w(e) =4 and w(x) = 1 for all other z € X, so t(w) = 13. Again
we observe an {a, b, ¢, d, e}-hypercube C with bottom set K and consider cases:

1. |[K| = 0. Here d(f)) = 13 and by Lemma 3.1, p3 < 2 and d(C3) < 2. On the other
hand, s(C) > 13, so s(C) +2 > d(C).

2. |K| = 1. Here d(C) = d(Cy) = 4ps. By Lemma 3.1, p, < 2 and d(C) < 8. The
surplus of the top set is 8, so s(C) > d(C).

3. |K| = 2. Lemma 3.1 gives p; < 1. By Lemma 3.3 every element from {a,b,c,d, e}
can appear in at most two level 2 sets from F. This implies ps < 5. Also, from
Lemma 3.2 and Lemma 2.3 we get d(Cy) = 3ps < p3 + 10 = s(C3) + 10. If py > 2,
then s(Cy) + s(Cs5) > 19 > 17 > d(Cy) + d(Ca) — 5(C3). If py = 1 then FNCy C Cf
or FNCy C Cf. Either way, po < 2 because d (or e) can be in at most two level
2 sets, so s(C) > 14 > 13 > d(C). Finally, if py = 0 then p; = 0 and py; < 1, so
s(C)>9>3>d(C).
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4. |K| =3. Let K ¢ F. From Lemma 3.3 it follows p; < 2, and this implies p; < py4
and d(C;) = 6p; < 6py = s(Cy). By inequality (2) we get 3py < 2ps + 10. Therefore,
d(Cs) — s(C3) = 2py — 2p3 < 6, while the surplus of the top set is 10. When K € F
we will prove that d(C) < s(C) + 4. If p; < 2, according to above observations, we
have s(C) > d(C). So we may assume p; = 2. If py > 5 it follows from 3py < 2p3+10
that po < ps + 2. If po = 3 then p; > 1. Finally, when p, = 4, either for an element
x € {a,b,c,d, e}, p1(C*) > 3, and therefore p3 > po(C*) > 3 holds, or for any
element « € {a, b, c,d, e} such that KU{z} € F, po(C™*) > 2, so the unions of these
sets in FNCy* with K U{z} give ps > po(C*) > 2. In all cases for py, the inequality
pa < p3 + 2 holds. Then d(C2) < s(C3) +4 and d(Cy) + d(Cy) < s(C4) + s(Cs), which
gives s(C) +4 > d(C).

5. 4 < |K| <5 (we only consider the ‘harder’ case |K| = 4). From 3py < 2ps + 10 we
conclude py < p3 + 3 and d(C3) = p2 < 3ps + 3 = s(C3) + 3. Since the surplus of the
top set is 11, either K € F, or p; > 2. Either way, py > 2, and s(C4) + s(C5) > 25.
Therefore, d(C;) > 13, so p; > 3. But, in this case, ps > 1, so d(Cy) < s(C3) + 1.
This implies d(Cy) > 15 and p; > 4. Now p3 > 4 and d(Cs) < s(C3) —5. This implies
d(Cy) > 21 and p; = 5, but then C \ {K} C F and s(C) > d(C) + 16.

6. |[K| =6. If K ¢ F, we will prove that s(C) > d(C) 4+ 13. The surplus of the top
set is 13, while d(C) = d(Cy) = 3p;. But, if p; < 2, then p; < py and if p; > 2,
then p, > 2. In both cases, s(C4) = 9ps > 3p1 = d(Cy). If K € F, we will prove
that s(C) > d(C) +19. We have s(C4) + s(Cs) > 31 and d(Cy) + 19 = 26. Therefore,
p1 > 2, and hence ps > 1. Now s(C) > 32 and p; > 3. We have p; < ps + 2, so
d(Cy) — s(C3) = 3p; — Hps < 6 — 2p3 < 4 and the claim follows.

We have the bottom hypercube with d(C) < s(C) + 2 and the top hypercube with
d(C) < s(C) — 13. The only other hypercubes with d(C) > s(C) are those with |K| = 3,
K € F (d(C) < s(C) +4). According to Lemma 3.1, we can have at most four such
hypercubes in F. However, from the extra surplus in the top hypercube we conclude we
have at least three such ‘bad’ hypercubes in 7. By Lemma 3.1, this means that the union
of their bottom sets must be X — {a,b, ¢,d, e}. Therefore, in the top hypercube, K € F
and d(C) < s(C) — 19. This cannot be ‘covered’ by the extra deficits of the bottom and
‘bad’ hypercubes. O

Lemma 3.5. Let | X| = 11 and F contain two intersecting three-element sets. Then F
15 Frankl’s.

Proof. Let {a,b,c}, {a,d,e} € F. The weight function we choose is w(a) = 8, w(b) =
w(c) = w(d) = w(e) = 4 and w(x) = 1 for all other x € X. The target weight ¢(w) = 15.
We consider an {a,b,c,d,e}-hypercube C with bottom set K. As usual, we consider
possible values of |K]|:

1. |K| = 1. Here, py = p1 = 0 and according to Lemma 3.1, po < 2. Also, Lemma
3.4 implies that ps < 2, and if p3 = 2, then po(C*) > 1, so d(C3) < 2. Since
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p2 < 2, po < p3(C*) + po(C*). Therefore, d(Cz) < 6py < 2p3(C%) + 2p2(C*) 4+ 8 <
S(Cg) + S(C4) + 8= S(C) — 2.

2. |K| =2. Then K ¢ F, by Lemma 3.1, p; < 1, while by Lemma 3.4, p, < 2. The
surplus of the top set is 11 and d(Cs) < 4. If d(C;) < 9, then d(Cy) < s(C3). This
means that d(Cq) > 7, so pp = 2 and d(C3) = 10. But, p, = 2 implies p, > 1, and
s(Cy) + s(C5) > 14 > d(Cy) + d(Cs), so s(C) > d(C).

Let us now assume that p; = 1 and d(C;) = 9. This means that py > 1, p3 > 1,
s(Cy) > 7 and s(C3) > 3. Therefore s(C) > 21, so p; = 2 and d(Cy) = 10. But then
K U{b,c,d,e} € F, according to Lemma 3.4. Therefore, s(C) > 24 > d(C).

3. |K| = 3. We have p; < 1, according to Lemma 3.4. The subfamily of C

C'={K,KU{a}, KU{b,c}, KU{d, e}, KU{a,b,c},
K uU{a,d,e}, KU{b,c,d,e}, KU{a,b,c,d,e}}

has s(C'NF) > d(C'NF). Let ga = [ConN (C*\C')NF|. If o = 0, then d((C\
C)NF) =8pi(Cr?) < 8ps(C?) < s((C\C')NF). If g > 0, then ga < p3(C*) — 1
or ¢o = p3(C*) = 4. Hence, d((C\C')NF) <4+ 8 < 8p3(C*) < s((C\C')NF).
Either way, s(C) = s((C\C')NF)+s(C'NF) >d(C\C)NF)+d(C'NF)=d(C).

4. 4 < |K| < 5. We will consider only the case |K| = 4. Analogously to the case
| K| = 3, we define the subfamily C’ C C and see easily that s(C'NF) > d(C'NF)+4.
We have only eight sets with a deficit in C \ C’, and can divide them among four
groups of the form K U {b}, K U {b,d}, K U {a,b,d,e}. The total deficit of such a
group is by at most 1 greater than the surplus. Therefore, s(C) > d(C).

5. |K| = 6 and |K| = 0. For |K| = 0, according to Lemma 3.1, d(C) < s(C) + 4.
But, considering that the weight of a set in the top hypercube is by 2 greater than
of the corresponding set in the hypercube with |K| = 4, if |C N F| > 2 in the top
hypercube, the proof for |K| = 4 implies that s(C) > d(C) + 4 for |[K| = 6. If
|C N F| =1 in the top hypercube, then CNF = {X}, so s(C) > d(C) + 4, again. [

Lemma 3.6. Let | X| =11 and F contain two three-element sets. Then F is Frankl’s.

Proof. Let {a,b,c}, {d,e, f} € F. The weight function we choose is w(x) = 2.5 for
x € {a,b,c,d,e, f} and w(zx) = 1 for all other x € X. The target weight is 10. We
consider an {a, b, c,d, e, f}-hypercube C with bottom set K. We will prove that the only
hypercube with d(C) —s(C) > 0 is the bottom one, and that this difference will be covered
by the extra surplus in the top hypercube.

1. |K|=0. Since p3 =2, d(C) — s(C) < 10+ 2.5p3 — 5 < 10.

2. |K| =1. We have py = p; = ps = 0. According to Lemma 3.4, p3 < 4, and therefore
s(C) > s(Cs) = 6 > 1.5p3 = d(C).
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3. |K| = 2. From Lemma 3.5 we get p; = 0, from Lemma 3.4 we get py < 3, while
d(C3) = 0.5ps3. All sets in C3 U Cs, except K U {a,b,c} and K U {d,e, f}, can
be divided into six groups of the form K U {a,b,d}, K U {a,b,e}, K U{a,b, f},
KU{a,b,d, e, f}. The total deficit of such a group is not greater than the surplus, so
we have d(C3) —s(Cs) < 1. The surplus of the top set is 7. This gives d(C3) = 3py > 6
and p, = 3. By Lemma 3.4 this forces py > 3, which means s(C) > d(C).

4. |[K| = 3. If py +ps = 0, then d(C) < d(K) =7 <8 < s(C). So we may assume
ps + ps > 0. From Lemma 3.4 we conclude p; < 1. Also, we can notice that
s(C3) = 0.5p3 > pg. Let Q ={Y € Cy: |[YN{a,b,c} =1}, R=C\Q, ¢o = |QNF]
and ro = |R N F|. Since ry < ps, s(C5) — 2ry = 5.5p5 — 2ry > 3.5p5. Consider the
bipartite graph G = (V, F) where V' = {a,b,¢,d, e, f} and zy € F iff KU{z,y} € Q.
Let m = [{z € {a,b,c} : dg(x) > 0}| and n = [{z € {d,e, f} : dg(x) > 0}|. Then
@ <mn<m+n+(7)+(5) —1<pi+ps—1. Now s(C) —d(C) > s(Cg) + s(C5) +
3ps+ po — 2qo — 2ry — 4.5p1 — Tpg > 8 +3 — 4.5 — 6pg + 3.5p5 + 3(ps — 1) — 2¢0 >
0.5+ 2(ps +ps—1—q2) > 0.

5. |K| = 4. Here s(C3) = 1.5p3 > 3pg, so s(Cs) + s(C3) — d(Cy) > 9 — 3pp > 6. Since
p1 < pg, $(Cy) —d(Cy) = 4py — 3.5p1 > 0. Since d(Cy) = py, we have py > 7. But
now, using a similar argument with ¢, and r5 as above, we get p; > 2, which implies
15 > pe = d(Cy) > 19, a contradiction.

6. |K|=5. Since p; < ps and s(C3) = 2.5p3 > 5pg, we get s(C) — d(C) > 10 + 7.5ps +
9P4 + dpo — dp1 — dpo = 10. O

Lemma 3.7. Let | X| = 11 and F contain a four-element set and one of its three-element
subsets. Then F is Frankl’s.

Proof. Let {a,b,c}, {a,b,c,d} € F. The weight function will be w(a) = w(b) = w(c) = 3,
w(d) = 2 and w(x) = 1 for all other x € X. The target weight is 9. Let C be an
{a, b, c,d, }-hypercube with bottom set K. We consider the cases:

1. |[K| =1. Here d(C) = 0.
2. |K| =2. By Lemma 3.4 we get ps < 2, which gives s(C) > s(Cy) > 4 > 2py > d(C).

3. |[K| = 3. Here K ¢ F, d(Cy) = d(C{) < 3, and Lemma 3.4 implies p; < 1. The
surplus of the top set is 5, so p; = 1 and p;(C?) > 2. But, this means p; > 1 and
s(C) > 7> d(C).

4. 4 < |K| < 6. We may assume that |K| = 4. Here d(C) = d(Co) + d(Cy). As the
surplus of the top set is 6, and p; > 2 implies K U {a,b,c} € F, we may assume
K € F. We now have s(C) > 10, and d(C;) > 5. Therefore, p; > 3. When
p1=4,C CF, and d(C) < s(C). When p; = 3 and K U {d} ¢ F, then s(Cy) = 3
and s(C) > 13 > d(C). Finally, if p; = 3 and K U {d} € F, then s(C3) > 7 and
s(C) > 13 > d(C).
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5. |K| = 0 and |K| = 7. The total deficit of the two hypercubes is at most d(0) +
d(X\{a,b,¢,d}) = 5(X) + s({a, b, ¢, d}). =
Lemma 3.8. Let |X| = 11 and F contain a three-element set and a four-element set

which do not intersect. Then F is Frankl’s.

Proof. Let {a,b,c}, {d.e, f,g} € F. The weight function will be w(z) = 2 for x €
{a,b,c,d,e, f,g} and w(x) = 1 for all other z € X. The target weight is 9. Let C be an
{a,b,c,d, e, f, g}-hypercube with bottom set K. We will prove that the only hypercube
with d(C) — s(C) > 0 is the bottom one, and that this difference will be covered by the
extra surplus in the top hypercube. The cases are:

1.

|K| = 0. Here we will prove d(C) < s(C) + 8. By Lemmas 3.7 and 3.4, any level
4 set in F different from {d, e, f, g} has a two-element intersection with {d, e, f, g}.
However, by Lemma 3.4 there can be at most one such set of the type {z,y,d, e}
in F, and it implies that {a,b,c,d,e} € F. Therefore, p, < ps+ 1. So d(C) =
d(CO) + d(c;;) + d(C4) =9+3 +p4 S D5 + 13 = S(C5) + S(C7) +8 S S(C) + 8.

|K| = 1. According to Lemmas 3.7 and 3.4, every level 3 set in F has either a
two-element intersection with {a,b,c} (we denote their number by ¢3), or a two-
element intersection with {d, e, f,g} (we denote their number by r3). According to
Lemma 3.4, at most one of the sets K U {a,b,x}, x € {d,e, f,g}, could be in F
(and it implies K U {a,b,d,e, f,g} € F), hence g3 < pg. Similarly, at most one of
the sets KU{d,e,z}, z € {a,b, c}, could be in F, which implies r3 < ps. Therefore,
d(C) = d(Cs) = 2p3 = 2q3 + 2r5 < 4ps + 2ps < s(C).

|K| = 2. We have d(C) = d(Cs) + d(Cs) = 3ps2 + p3. We define g3 and rs similarly
as in the case |K| = 1, while s3 is the number of level 3 sets in F which have no
intersection with {a, b, c}. Similarly as in the previous case, {d, ¢, f, g}, {a,b,c} € F
imply that ¢z +4s3 < 4pg and r3 < 3ps. Therefore, s(C) — s(Cy) — d(C3) > 7+ 5pe +
3ps —q3 —r3— s3 — 1 > 6. Lemma 3.4 implies that the union of any two level 2 sets
is a level 4 set, so d(Cy) > 6 implies py = 3 < py, and d(Cy) — s(Cy) < 6.

|K| = 3. Here d(C) = d(Cy) + d(Cy) = 4p1 + 2ps. Let go, 79, sy denote the
number of level 2 sets in F whose intersection with {a, b, c} has 0, 1 and 2 elements,
respectively. We have ry < 12, while {d, e, f, g}, {a,b,c} € F imply 4qs + ro < 4ps,
ro < 3py and sy < pg. Hence, d(Cy) = 2qs + 215 + 259 < 2py + 4ps + 6pg + %7'2 <
s(Cy) + s(Cs) + s(Cg) + 4. On the other hand, Lemma 3.4 implies p; < 1, so
d(Cl) < 8(67) — 4.

|K| = 4. Note that the sets K, K U{a,b,c}, K U{d,e, f,g}, and X have total
surplus by at least 8 greater that the deficit (when all are in F). We will prove
that the deficit of the remaining sets in C is not greater than the surplus. Denote
by p4 the number of level 3 sets in F different from K U {a,b,c} and by p/ the
number of level 4 sets in F different from K U {d,e, f,g}. Define go, 75 and so
as above, let ¢; be the number of level 1 sets in F which have empty intersection
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with {a,b,c} and 7 = p; — ¢1. Let C, be the {d, e, f, g}-hypercube with bottom
set KU {x}, x € {a,b,c}. Clearly, p;(C.) < p2(C.) + 1, and if C, N F # (), then
d(Cy) = 3po(Cy) + p1(Cy) < 3+ pa(Cy) + 1 < s(C,). Note that the top set of
C, is a level 5 set of C which contains {d,e, f, g}, while in the proof of ¢z < ps
in the previous case we used the level 5 sets which contain {a,b,c}, so we have
3r1 + 1o+ g2 < ph + bps. We also have that ¢; < p) and sy < pg. Therefore,
d(C1) + d(Ca) < pj + 3ply + 5ps + Tps. O

Lemma 3.9. Let |X| =11 and F contain a three-element set. Then F is Frankl’s.

Proof. Let {a,b,c} € F. The weight function will be w(a) = w(b) = w(c) = 4 and
w(x) = 1 for all other x € X. The target weight is 10. Let C be an {a, b, ¢}-hypercube
with bottom set K. There are several possible cases:

1. |[K| =1 or |K| =2. In these hypercubes d(C) = 0.
2. |K| = 3. By Lemmas 3.6 and 3.4, d(C) = 3p; < 3 < s(C3).
3. |K| =4. By Lemma 3.8, d(C) = 2p; <6 = s(C3).

4. 5 < |K| < 7. We will only examine the case |K| = 5. Obviously, p; < ps + 1, so
d(C) = 5po + p1 < 3p2 + Tp3 = s(C).

5. |K| =0 or |[K| = 8. The first hypercube has d(C) = s(C) 4+ 8 and the second one
d(C) = 2py < 10ps — 8 < s(C) — 8. 0

Lemma 3.10. Let |X| = 11 and F contain a five-element set and one of its four-element
subsets. Then F s Frankl’s.

Proof. Let {a,b,c,d}, {a,b,c,d,e} € F. The weight function will be w(a) = w(b) =
w(c) =w(d) = w(e) =2 and w(z) = 1 for all other z € X. The target weight is 8. Let C
be an {a, b, ¢, d, e}-hypercube with bottom set K. We consider the following cases:

1. |K| = 1. According to Lemma 3.4, d(C) = d(C3) = p3s <2 < 3 = s(C5).
)

(C2) = 2p2 < 4 = 5(C5).

S

(
2. |K| = 2. According to Lemma 3.4, d(C
(

3. |K| = 3. According to Lemma 3.4, d(C) (C1) +d(Cq) = 3p1 + p2 < pa + 3. Since
s(C5) = 5, we have d(Cy) > 2 and py > 2. Now, ps = p1(C¢), or K U{a,b,c,d} € F,
either way ps > 1. From inequality (2) we get 3py < 2p3+10, which gives py < p3+3.
Combining the above results, we get d(C) < py + 3 < p3 + 3ps + 5ps = s(C).

4. |K| =4 or |[K| = 5. We will only consider the case |K| = 4. In this hypercube
po < pgand p; < p3+ 2,80 d(C) = 4po + 2p1 < 4dps+2p3s +4 < s(C) — 2.

5. |K| =0 or |K| = 6. The first hypercube has d(C) = s(C) + 8 and the second one
d(C) = 2py < 10ps — 8 < 5(C) — 8. O

THE ELECTRONIC JOURNAL OF COMBINATORICS 15 (2008), #R88 15



Lemma 3.11. Let | X| =11 and F contain a four-element set. Then F is Frankl’s.

Proof. Let {a,b,c,d} € F. The weight function will be w(a) = w(b) = w(c) = w(d) = 2.5
and w(z) = 1 for all other x € X. The target weight is t(w) = 8.5. Let C be an
{a, b, ¢, d}-hypercube with bottom set K. We will consider the following cases:

1. |[K|=1. Here d(C) = 0.
2. |K| = 2. According to Lemma 3.4, d(C) = d(Cs) = 1.5ps < 3 < s(Cy).

3. |K| = 3. Lemma 3.4 implies d(C) — s(C4) = 3p; + 0.5p, — 4.5 < 0.5p — 1.5, so
p2 > 3. Hence, ps > 3 and s(C3) > 6 > d(C) — s(Cy).

4. |K| = 4. Lemma 3.10 implies that p; = 0 or pg = 0. If p; = 0 then d(C) = d(Cp) <
s(Cy). If po = 0, since s(Cy) = 5.5 and d(Cy) = 2py, it must be p; > 3. This implies
pa >3, ps > 1and s(C) > 10 > 6 > d(C).

5. |K| =5 or |K| = 6. We will only consider the case |K| = 5. There s(C4) = 6.5,
which implies d(C) > 6.5 which holds only if K € F and p; = 4. But then C C F
and d(C) < s(C).

6. |K| =0 and |K| = 7. The first hypercube has d(C) = s(C) + 7 and the second one
d(C) = 1.5py < 8.5p; —7<s(C) — 7. O

Theorem 3.1. If | X| = 11 then F is Frankl’s.

Proof. If there are no five element sets in F then for every A € F it holds |A| > %
and F is clearly Frankl’s. Let {a,b,c,d,e} € F. The weight function we choose is
w(a) = w(b) = w(c) = w(d) = w(e) = 2 and w(z) = 1 for all other x € X. The target
weight is 8. Let C be an {a,b, ¢, d, e}-hypercube with bottom set K. There are several
cases we need to consider.

1. |[K|=1or |K|=2. Here d(C) = 0.

2. |K| = 3. Here d(C) — s(C5) = d(Cy) — 5 = py — 5, so po > 6. Hence, p3 > 2 and
ps > 1, which gives s(C) > 10 > py, = d(C).

3. |K| = 4. Here d(C) — s(C5) = d(Cy) — 6 = 2p; — 6, so p; > 4. Hence, p3 > 4 and
ps > 1, which gives s(C) > 18 > d(C).

4. |K| = 5. Here d(C) — s(Cs5) = d(Cy) +d(C,) =7 =34+ p1 — 7, s0 pp = 5. Hence,
C C F, which gives s(C) > d(C).

5. |K| =0 and |K| = 7. The first hypercube has d(C) = s(C) + 6 and the second one
d(C) = 2py < 8p5 — 6 < 5(C) — 6. O
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