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THE SATURATION SPECTRUM FOR ANTICHAINS OF SUBSETS

JERROLD R. GRIGGS!, THOMAS KALINOWSKI?5, UWE LECK?, IAN T. ROBERTS*, AND MICHAEL SCHMITZ3

ABSTRACT. Extending a classical theorem of Sperner, we characterize the integers m such that there exists a
maximal antichain of size m in the Boolean lattice By, that is, the power set of [n] := {1,2,...,n}, ordered by
inclusion. As an important ingredient in the proof, we initiate the study of an extension of the Kruskal-Katona
theorem which is of independent interest. For given positive integers ¢ and k, we ask which integers s have
the property that there exists a family F of k-sets with |F| = ¢ such that the shadow of F has size s, where
the shadow of F is the collection of (k — 1)-sets that are contained in at least one member of F. We provide
a complete answer for ¢ < k + 1. Moreover, we prove that the largest integer which is not the shadow size of
any family of k-sets is v/2k3/2 + V/8k5/4 + O(k).

1. INTRODUCTION

In the Boolean lattice B,, of all subsets of [n] := {1,2,...,n}, ordered by inclusion, an antichain is a family
of subsets such that no one contains any other one. By a classical theorem of Sperner [19], the maximum size

) and ( (] ), where for any

of an antichain in B, is (U;/l? j)’ and it is obtained only by the collections ( (] (/2]

[n/2]
set M we write (A,f ) for the collection of all k-element subsets of M.

Of course there are antichains in B,, of every size s up to (Ln72 J), since any s subsets of size |n/2| will do.
Trotter (pers. comm. 2016) wondered what is the second largest size of a mazimal antichain of subsets in B,,?
Here, an antichain A is maximal if no subset can be added to it without destroying the antichain property.
Looking at examples, a natural candidate for A is obtained by taking the collection (“57/’]20, add in the set
{1,...,[n/2] — 1}, and then remove the sets above it. Using methods in the field, one can show that this is
indeed a maximal antichain with the second largest size, which is ( Ln72 J) — |n/2]. Notice the gap between
the first and second largest sizes of maximal antichains in B,,. What can be said about, say, the third largest
size? Indeed, what can we say in general about the possible sizes of maximal antichains in B, 7 Our group set
out to investigate this natural question, and we found that things get increasingly complicated the closer we
look. We can now describe where the gaps are (intervals of values for which there is no maximal antichain),
and construct antichains for all sizes below the gaps, thus answering the following question.

Question 1. For which integers m with 1 < m < (Ln% J) does there exist a maximal antichain of size m?

In other words, we determine the set
S(n) ={|A| : A is a maximal antichain in B,}.

If A contains only sets of a single size k, then we must take all of them to get a maximal antichain, and this
gives us () € S(n) for k =1,2,...,[n/2]. As a next step we consider maximal antichain sizes obtained from

antichains A that are contained in two consecutive levels of B,,, that is, A C ([Z]) U (k[f]l), for some k. Such

antichains are called flat, and we are also interested in the following more restricted version of Question 1.
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Question 2. For which integers m with 1 < m < (LnT}Q J) does there exist a maximal flat antichain of size m?

In the present paper we make a first step towards answering this question by establishing that the sizes
close to the maximum (Ln72 J) are achieved by flat maximal antichains. This is complemented in [9] by showing

that all the sizes, with some exceptions below (g), can be obtained by flat antichains, thus completing the
answer to Question 2.

These investigations are analogous to the study of the saturation spectrum in graphs: For a family H
of graphs, one is interested in the possible edge numbers of saturated H-free graphs on n vertices, where
saturation means that adding any edge creates a copy of a member of H. Starting with [2], this natural
extension of Turdn type problems (asking for the maximal number of edges in an H-free graph) has been
studied for various families H, see [4, 7] for overviews. More recently, similar saturation problems have been
studied for posets in B,,: For a given poset P, what are the possible sizes of saturated P-free families F C 2[",
that is, such that no subset can be added to F without creating a copy of P? In [6, 13, 17] the focus is on
the lower end of the saturation spectrum, that is, the minimum size of a saturated P-free family, while the
classical Sperner theory looks at the upper end of the spectrum, that is, the maximum size of a P-free family.
A natural next step is to extend this by asking for a characterization of all possible sizes of saturated P-free
families. Our work on maximal antichains can be seen as a first step in this direction by looking at the special
case where P is a chain of length 2. Another related direction is the study of stability questions: What can be
said about the structure of a P-free family whose size is close to the maximum possible? For instance, in [18]
a stability result for P being a chain of length 3 has been used in connection with supersaturation results for
the butterfly poset. Stability results are related to our problem as these structural statements can imply gaps
at the upper end of the spectrum, and our arguments in Section 3 have this flavor.

As an intermediate step towards characterizing the maximal antichain sizes very close to (L"72 J)’ we in-
vestigate a problem related to another classical result, known as the Kruskal-Katona Theorem [12, 14]. This
theorem answers the following question: Given positive integers ¢ and k, how can one select a family F of ¢
k-sets in order to minimize the size of the family AF of (k — 1)-subsets that are each contained in some set
in F? The family AF is called the shadow of F. It is then natural to ask the following question.

Question 3. Given t and k, what is the shadow spectrum
o(t,k) == {|AF]| : F is a family of k-sets with |F| =1t} ?

The Kruskal-Katona Theorem characterizes the smallest element of o(t, k), and the largest element is
obviously tk. Question 2 and Question 3 are closely related, since a maximal flat antichain A which consists
of k-sets and (k — 1)-sets is determined by its collection of k-sets, F := AN ([Z]), namely A = FU (k[f]l) \AF.
However, it is important to note that an antichain of this form is not necessarily maximal, as there can be
k-sets not in F which are not supersets of any (k — 1)-set outside AF. To be more precise, we introduce the
notion of the shade (or upper shadow) of a family G C ([2]) which is defined to be the family VG = {GU{z} :
G e G, x € [n]\G}. Then A = F UG with F C ([Z]) and G C (k[f]l) is a maximal antichain if and only if
G=(")\AF and F = (") \ vg.

Related work. The paper [10] asks for the minimum size of a maximal flat antichain for given n and k. The
case k = 3 is settled by showing that the minimum size of a maximal flat antichain consisting of 2-sets and
3-sets is () — [(n + 1)?/8], and all extremal antichains are determined. A stability version of this result is
proved in [6], together with bounds for general k which depend on the Turdn densities for complete k-uniform
hypergraphs. For k& > 4 these bounds are very far away from the best known constructions, and a lot of work
remains to be done. Further results are given in [11] for the general setting of maximal antichains of subsets,
where set sizes belong to some given set K. The flat case corresponds to K = {k,k — 1}. In [8] the focus
is on (not necessarily maximal) antichains of the form F U (k[f]l) \ AF, where F is a family that minimizes

the shadow size among all families of |F| k-sets. It has been observed several times, for instance in [5], that
the size }.7: u (k[f]l) \ AF ‘ is a rather complicated function of |F|, and [8] studies the structure of (weighted

variants of) this function. The sets o(t, k) were first considered in [15], where certain classes of triples (s, t, k)
with s € o(t, k) were characterized.



THE SATURATION SPECTRUM FOR ANTICHAINS OF SUBSETS 3

Main Results.

Theorem 1. Let n and m be positive integers with m < (M%W)'

2
(i) For m > <[ T/Lﬂ) — [g—‘ , there exists a mazimal antichain of size m if and only if
n

()0 ()

for some integers | € {[n/2], |n/2|},t€{0,...,[n/2]},a>2b>c>0,1<a+b<t. Moreover, every
such m is obtained as the size of a maximal flat antichain.

2
(i) If m < <fn7;21> - {g—‘ {%—‘ , then there is a mazimal antichain of size m in By,.

The last statement in part (i) of this theorem is an initial step towards an answer for Question 2: The sizes
close to the maximum are already obtained by flat maximal antichains, and in [9] we can focus on the case

n n 2
m < (mm) - [5]"
One direction of the equivalence in Theorem 1(i) will be proved by showing that, for any n,l, ¢, a, b, c as in the

theorem and k = [n/2], we can obtain a maximal antichain A C (") U, [47:11) of size |A| = (1) —tl+ (&) +(5) +c
by taking a suitable family F C (11]1) with |F| = ¢ and setting A = F U (([7]) \A.F). To establish this
result, we study the sets o (¢, k). Our proof of part () of Theorem 1 in Section 3 is based on the following
characterization of the sets o(t, k) for t < k + 1, which will be established in Section 2.

Theorem 2. For integers k and t with k> 2 and 1 <t < k+1,

a(t,k){th)<g>c:a>b>c>0,1<a+b<t}. (1)

Moreover, for every s € o(t, k), there exists a family F C ([k;:l]) with |F| =t and |AF| = s.

To get a better idea of the structure of the sets (¢, k), and also as a useful tool in the proof of Theorem 2,
we write the right-hand side of (1) as a union of pairwise disjoint intervals. To state this precisely, set

I(t)z{(;)—l—(g)—i-c:a>b>c>0,1<a+b<t}, 2)

so that Theorem 2 says o(t,k) = {tk —x : = € I(t)}. For a positive integer ¢, we define j*(t) to be the
smallest non-negative integer j with (];3) > t. An easy calculation (see Lemma 3.3 below) shows that
7*(t) = [V2t — 5/2]. We define intervals

Li(t) = [(tQJ) <t]> <]J2r1>} for j =0,1,...,5%(t) — 1,

1

i(t) = [o, (t_ ) (3“)] for j = j* ().

The set I(t) is the union of the intervals I;(¢).

3T ()
Proposition 1. For every positive integer t, I(t) = U I;(t).
j=0
As a consequence, we obtain o(t, k) as a union of intervals, the rightmost of them ending at tk. This is
illustrated in the following example.

Example 1. Figure 1 shows the sets o(¢,50) for t =1,...,14.

In our last result, we investigate the largest integer which is not the shadow size of a k-uniform set family,
that is, the quantity ¢ (k) = maxN \ X(k) where X(k) = (J;, o(t,k). For instance, Figure 1 suggests
¥(50) = 12 x 50 — (12 3) - (3) — 1 =557. In the next theorem, we provide an asymptotic formula for ¢ (k),
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FIGURE 1. The sets o(1,50),0(2,50),...,0(14,50).

and combining this with Theorem 1, we obtain an asymptotic formula for the smallest positive integer which
is not the size of a maximal antichain, that is, for p(n) = min{m € N : m & S(n)}.

Theorem 3.
1) For k — oo, =2 + V8 + .
For k (k) = V2% + V8K + O(k

(ii) Forn — oo, ¢(n) = (Ln72J> - (% + 0(1)> n3/2.

Outline of the paper.

(1) In Section 2, we prove Theorem 2 and Proposition 1. Using a construction based on certain graphs we
show {tk —x : z € I(t)} C o(t, k) (Lemma 2.1), then we prove Proposition 1, and use it to establish
o(t,k) C{thk —xz : x € I(t)} (Lemma 2.3).

(2) The proof of Theorem 1(i) is the content of Section 3. The existence of maximal antichains with the
claimed sizes is derived from Theorem 2 using the construction described just after the statement of
Theorem 1, and this is complemented by showing that all antichains of the relevant sizes necessarily
come from this construction.

(3) Section 4 contains the proof of Theorem 1(ii).

(4) The asymptotic results in Theorem 3 are derived in Section 5, and we conclude by listing a few open
problems in Section 6.

A common theme in Sections 3 and 4 is the construction of families of maximal antichains whose sizes form
intervals, and then establishing that these intervals overlap to yield all the required sizes. Both steps tend to
get easier as n grows: For small n, the general constructions leave a few gaps, and even when there are no
gaps it turns out that the straightforward arguments for the inequalities, which verify the overlaps, sometimes
only work for, say, n > 200. In both situations one can try to optimize the constructions and the proofs to
work for smaller n. As this would lead to a further blow-up of various case distinctions and computations (on
which the present version is already rather heavy), we decided to take the easy way out, and treat the small
cases by ad-hoc constructions and inequality verifications (either by hand or using a computer).

2. THE SHADOW SPECTRUM

The aim of this section is to prove Theorem 2. To this end we will construct families of k-sets by taking
the complements of the edges of certain graphs whose vertex sets are contained in [k + 2]. This class of graphs
is defined as follows.

Definition 1. Let a,b, ¢ be integers with a > b > ¢ > 0 and a > 1. For b = 0 let G(a,b,c) be an a-star,
that is, a complete bipartite graph K o, on the vertex set [a + 1]. For b > 1 let G(a, b, ¢) be the graph on the
ground set [a + b — ¢ + 2] that consists of one a-star and one b-star that share exactly ¢ pendant vertices (see
Figure 2).

The graph G(a, b, c) has a + b edges and (;) + (12’) + ¢ pairs of adjacent edges.
Definition 2. For integers k and a,b,c with a > b > ¢ > 0, let Fi(a, b, c) be the family

Fr(a,b,c) ={[k+2]\ e : eis an edge of G(a,b,c)}.
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FIGURE 2. The graph G(a,b,c).

Remark 1. If b=0and k >a—1orb>1and k > a+ b— c then the vertex set of G(a,b, ¢) is contained in
[k + 2], and consequently, Fi(a, b, c) is a family of k-sets with |Fg(a, b, ¢)| = a +b. Moreover, in this situation,
the size of its shadow equals its own size multiplied by k reduced by the number of pairs of sets that have a
shadow element in common. As the latter equals the number of pairs of adjacent edges of G(a, b, ¢), we obtain

|AFi(a,b,c)| = (a+b)k — (;) - (g) —c

Before we present rigorous proofs for every detail that is needed to obtain Theorem 2, we sketch how the
different expressions in (1) arise and how they are related. A t-family F = {A4,..., A:} of k-sets can be
regarded as built by successively adding its elements Ay, ..., A; in this order. Its shadow size s = |AF]| is the
sum of the marginal shadow sizes (or new-shadow sizes)

S; = |A{A1, .,Ai}| - |A{A1, -;Ai—1}| for i = 1,2,3,. ,t

We let s = (s1, ..., s¢) be the so called marginal shadow vector (or new-shadow vector). By the Kruskal-Katona
Theorem, the shadow size s = 25:1 s; is minimal if F consists of the first ¢ elements of (?i) in squashed order
<g, which is defined by

A<gB < max[(A\ B)U(B\ A)] € B.

For more on squashed order and the Kruskal-Katona Theorem see e.g. [1, pp. 112-124]. For 2 <t < k+1
taking the first ¢ elements in squashed order means choosing only subsets of [k + 1]. The marginal shadow
vector is then s = (k,k —1,...,k — (¢t — 1)) and the shadow size is given by s = tk — Zf;}z =tk —(3).

How can one increase this minimal shadow size by the least possible amount? Clearly, by introducing
exactly one new element, say k + 2, within the last set A;. Then the marginal shadow vector becomes
s=(k,k—1,...,k—(t—2);k—1), where the semicolon indicates at which point we first used a set that is not
a subset of [k +1]. The resulting shadow size is s = tk — (tgl) — (3) By introducing two new elements instead
of one within A; we can get the marginal shadow vector s = (k,k —1,...,k — (t — 2); k) and the shadow size

s=tk— (51,

In orde(r 2to)increause the shadow size again by the least possible amount, we have to introduce a new element
one step earlier, that is within A;_;. From there we proceed in squashed order and obtain the marginal shadow
vector s = (k,k—1,...,k—(t—3);k—1,k—2), and the shadow size s = tk— (t52) - (g) It is easy to see in this
special case and will be shown in general later that we can increase the shadow size from this value in single
steps up to s = tk — (t;2), which corresponds to the marginal shadow vector s = (k,k—1,...,k—(t—3);k, k).

The next increase by the least possible amount is achieved by introducing a new element already within
Ai_9 and results in s = (k,k—1,...,k — (t —4);k — 1,k — 2,k — 3), having the sum s = tk — (tgg) - (3)
Again, we can increase the shadow size from this value in single steps up to s = tk — (tj’), corresponding to
the marginal shadow vector s = (k,k —1,...,k — (t — 4); k, k, k), and so on.

The general scheme is having a marginal shadow vector of length ¢, that is split up into one (longer) part

of length ¢ — j and one (shorter) part of length j, and has the form
s=(kk—1,... . k—(t—j—1);k—1,k—2,...,k—7),

and the sum s = tk — (t;j) — (jgl). From here we can increase the shadow size in single steps up to the

marginal shadow vector s = (k,k—1,...,k— (t —j —1);k,...,k), and thereby we obtain all shadow sizes in



6 J.R. GRIGGS, T. KALINOWSKI, U. LECK, I.T. ROBERTS, AND M. SCHMITZ

tk:—Ij(t)z{tk:—x: (t;j) <z< (t;j)Jr(j;l)}.

Then comes a gap before we get all shadow sizes in tk — I;11(t), and so on. It is easily seen that the gaps
between the intervals I;(t) and I;41(¢) close at some point for relatively small j. This happens exactly when

(7)) ()

and a simple computation yields that this is the case if and only if (j ;3) > t. Therefore, we chose j*(t) to be
the smallest non-negative integer with this property.

How is this related to the graphs G(a, b, ¢)? We have seen that it is crucial to increase the shadow size from
s=tk— (tgj) — (j‘gl) up to s =tk — (tgj) in single steps. Therefore, we rewrite

t—J J+1 t—J J ,
o () (00) - (0)-6)
and this has the form tk — (g) — (g) — b with @ > b > 0. This shadow size corresponds to G(a,b,b), or
more precisely to F(a,b,b) extended by ¢t — (a + b) sets with marginal shadow k, because this graph has
exactly (g) + (g) + b pairs of adjacent edges. To increase the shadow size in single steps we use the graphs
G(a,b,b—1),G(a,b,b—2),...,G(a,b,0) with (§) + (3) +b—1, (5)+ (5) +b—2,...,(3) + (5) pairs of adjacent
edges. These are only b = j single steps, but we can use an inductive argument for the missing steps later.

the interval

Now we turn to the details. We start by using the families Fj(a,b,¢) to prove that the right-hand side
of (1) is contained in the left-hand side.

Lemma 2.1. For integers k and t withk > 2 and 1 <t <k+1, {tk—x : z € I(t)} Co(t, k).

Proof. We fix s =tk — (g) — (g) —cwitha>b>c>0with 1 <a+b<t, and show that there is a t-family

of k-sets with shadow size s.

Case 1: a+b=t=k+1and c=0.
Case 1.1: b > 2. Then we let F = F; U {A}, where F; = Fi(a,b—1,b—1), and is A is a k-set
that is shadow-disjoint to all sets in F;. As the ground set of JFi is [a + 2], which is a subset of
[k + 2], F1 is a family of k-sets of size a + b — 1. Using Remark 1 we obtain

|A]-'|:|A]-'1|+k::(a+b—1)k:—(;)— (bgl)—(b—nw:tk—(;) _(;’)

Case 1.2: b € {0,1}. Note that as ¢ = 0 we are then looking for a set system with shadow size
thk — (‘2’) If b = 0, we have a =t and use F = Fi(a,0,0) with shadow size ak — (‘2’) =tk — (‘2’) If
b=1, we use F = F1 U{A}, where 1 = Fi(a,0,0) and A is shadow disjoint to all members of

F1, and obtain
a a
A = — = — .
|AF| = ak (2)+k tk (2>

Case 2: a+b<tort<korc>1. Then, we have a + b — ¢ < k and we can use F = F; U Fa, where
F1 = Fr(a,b,c), and Fa consists of t — (a+b) pairwise shadow-disjoint sets such that AF; NAF, = (.
By Remark 1 we obtain

|Af|(a+b)k<g><g) e+ (t—a—b)k =tk — (;) - <g>c O

In the proof of the other inclusion in (1) we will use Proposition 1, so we first prove this result.
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Proof of Proposition 1. For every a € {1,2,...,t},

OO e 00000
LG} G- ()

0-0[E) ) ()

We split this union into the intervals for a > t — 5*(¢) + 1 and the ones for a <t — j*(¢). Fora >t — j*(¢t)+ 1,
it follows from 25*(¢) < t 4+ 2 that a > t — a. Hence

(00003 o

For a <t — j*(t) — 1, it follows from j*(¢) = mi n{j (73?%) > t} that

<ta+1) ( > ( > GO +2)=t—jt)—2>a—1.

Together with (“ 1) > a — 1, we obtain that there is no gap between the interval for a and the interval for

a+1: <;> . <min{a,t2— a}+1> > (;) +(a—-1)= (a;1> -

Since the function a — (5) + (min{a’g_a}ﬂ) is non-decreasing, () + (min{a’g_a}ﬂ) < (t_J;(t)) + (j*(g)ﬂ) for
all a, and we obtain

L0 e G I TG R G R R

Combining the ingredients, we conclude the proof as follows:

_|_

and as a consequence,

3T () it (-1 t

o= U Ly (t) = U L) | UL
J=0 J=0 a=t—j*(t)+1

t : t—j" (t) .
(4).(5) a a min{a,t —a} +1 a a min{a,t —a} +1
B U {(2)(2)+( 2 v U o) \2) " 2
a=t—j*(t)+1 a=0
D 1. O

To complete the proof of Theorem 2, we need the following bound.

Lemma 2.2. For positive integers t, I and " with t/2 >1>1' > PTI] andl > 1,

(;) s <12> . <t121’+1) D <[té21) s <u/2g+1>.

Proof. Note that the assumptions imply ¢ > 5. Fix t > 5 and set f(I,I') = (é) + (12/) + (tilgllﬂ) +(@=10). It
l>l'/{2Wthen
FUU A1) = fQ) =1 —(t—1—1)=2"—(t—1) =0

Hence, we can assume [’ = [, and our task is reduced to showing that

2(;) N <t221+ 1> -1 < ((téﬂ) N (Lt/2%+ 1)
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whenever /2 > | > [5L]. Now

FA+1,041) = f(LL) =20 (t—21) — (t—21—1) —1=6]—2t >0,

hence, we can assume [ = [¢/2] — 1, and our task is reduced to verifying

2(&/2; — 1) N (t—2[t2/2] +3) N EJ tig (W;]) N (Lt/Qi—i— 1)-

For even t, this follows from

2<t/22 1> L3t % 1= (té2> N <t/22 1> t5< <té2) N (t/22+ 1),

where we used ¢ > 6. For odd ¢, we conclude by noticing

t=1 fq t41 =1 t41
21 2 1+—+1= 2 2 2<2( 2 ). O
(3) e =(3)+(3) r2=2(3)

Lemma 2.3. For integers k and t with k > 2 and 1 <t < k+1, o(t,k) C{tk—x : x € I(t)}.

Proof. The claim is trivial for ¢ = 1, and we assume ¢ > 1. Let F be a t-family of k-sets. By Proposition 1,
it is sufficient to show that |AF| € {tk —x : = € I;(t)} for some j. Let A C F be a subset of maximum
cardinality subject to |Jyec 4 X| < k+ 1. Further, let | = |A| and B = F \ A, so that [B] =t —1. If | =1,
then |AF| =tk is in {tk — 2 : x € I(t)} because 0 € I;-4)(t) € I(t). We now assume [ > 1. For the shadow
sizes we have the bounds

|AA| = 1k — <;> (6)
(t - 1)k — (tQ’) < |AB| < (t - Dk, (7)
IAANAB| <t—L. (8)

We use induction on ¢ to show the following claim.

Claim 1. Ifl > t/2, then tk — (1) — ("L < |AF| < th — (1), and if | < t/2, then |AF| > th — (")2T) —
(L),

Before proving this claim, we show how it can be used to deduce the statement of the lemma. For [ >
t — j*(t) + 1, the claim implies |AF| € {tk —xz : © € I;_;(¢)}. For I <t — j*(t), we obtain |AF| € {tk —x :

x € Ij-)(t)} as follows. We have I.(t) = [0, f(5*(t))] for the function f : j — (t;j) + (j'gl) which is
non-increasing for j € {0,1,...,[t/2]}. For t/2 <1<t — j*(t),

AF| > th - (;) - (HQ“) ik~ f(t 1) > th— £([1/2))

For I < t/2, |AF| >tk — f(|t/2]) and |AF| > tk — f(5*(t)) follows from j*(t) < [t/2].
It remains to establish Claim 1. The base case t = 1 is trivial, so we assume t > 2. Combining (6), (7)

and (8), we obtain
o (L) (P —(t—1)<|AF| < th — :
2 2 h h 2)

As the left-hand side equals tk — (é) - (t_l2+1) this concludes the argument for [ > t/2. For [ < t/2,1et C C B
be a subset of maximum cardinality subject to ‘UXGCX| < k + 1. Further, let I’ = |C] and D := B\ C, so
that |D| =t — [ —I’. The maximality of A implies I’ <.

Case 1: I > %l Applying the induction hypothesis to I, we obtain

(t =Dk — (g)<t12“1> <|AB|<(tl)k<g>.
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Combining this with (6) and (8),

IAF| > th — <;><12> (tl;/“) —

Case 2: I' < %l By induction,

AB| > (- Dk — (Vgﬂ) _ (l%l%+1),

and together with (6) and (8),

N (TS (15
AF| >tk — — "2y —(tz —(t=1).
sz (o) (15) - (7 ) e
In both cases, the claim follows with Lemma 2.2. O

Combining Lemmas 2.1 and 2.3, we have proved (1). The next lemma provides the final part of Theorem 2.

Lemma 2.4. Letk > 2 and 1 <t < k+ 1 be integers. Then for every s € o(t, k) there exists a set system
FC ([k']:‘l]) such that |F| =t and |AF| = s.

To prove this we need one more lemma which says that for a (¢t — 1)-family of k-sets on the ground set
[k + 4] we can always add a k-set that yields k& new shadow elements.

Lemma 2.5. Let k > 2 and t be integers with 1 <t < k+1, and assume that F C ([k';:l]) satisfies |F| =t—1.
Then there exists a set A € ([k']‘f]) such that F' = F U {A} satisfies |AF'| = |AF| + k.

Proof. We have to show, that for 7 C ([k:‘q) with |F| < k, there exists an A € ([k#]) \VAF (taking the shade
in the ground set [k 4 4]). For k = 2, there are two elements a,b € [k + 4] = [6], which do not appear in any
X € F, and then A = {a, b} does the job. For k = 3, assume for the sake of contradiction, that VAF = ([;}).
Then E = ([;]) \ AF is the edge set of a triangle-free graph on the vertex set [7] with |E| = 21 — |[AF]| > 12.

By Mantel’s theorem, it follows that AF = (’24) U (%) for some partition [7] = AU B with |A| = 4 and |B| = 3.
But then |F| > 3, which is the required contradiction. For k > 4, the claim is immediate from

IVAF| < |F| +4|AF| < k+ 4% < (":4)

where the last inequality holds because k > 4. (|

Proof of Lemma 2.4. We proceed by induction on ¢. The base case ¢t = 1 is trivial, and we assume ¢ > 2. Let
s €ol(tk). By (1), s =tk — (;) — (g) — ¢ for integers a, b, ¢ satisfyinga >b>c>0and 1 <a+b <<t If
a+b<t—1then (1) implies that s —k =5 = (t —1)k— (5) — (12’) —c € o(t—1,k). By induction, there exists
F C ([k#]) with |F'| =t—1 and |AF'| = s—k, and then, by Lemma 2.5, we can add one more k-set to obtain
FC ([k}:‘q) with |F| = ¢ and |AF| = s. Only the case a +b =t remains. If c> 1, thena+b—c <t —1<k,
and Remark 1 ensures that Fi(a,b,c) C ([k‘,:2]) does the job. If ¢ = 0 then we can assume that b > 1 because

(2)=(9). But then s =tk — (%) — () —0 =tk — (3) — (*3") — (b— 1), and we can take Fy(a,b—1,b—1). O

Now we put together the ingredients to prove Theorem 2.

Proof of Theorem 2. From Lemmas 2.1 and 2.3, we obtain (1). The final claim is Lemma 2.4. O
Remark 2. It follows easily from the proofs of Lemmas 2.4 and 2.5 that for ¢ < % even the ground set
[k + 2] is sufficient. For the general statement, the bound k 4 4 cannot be improved, because for k = 2 and
t = 3 the ground set must have at least 6 elements to allow a shadow of size tk = 6.
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3. SIZES OF LARGE MAXIMAL ANTICHAINS

In this section, we establish Theorem 1(i) by proving the following result which, in view of Theorem 2, is
an equivalent reformulation.

Theorem 4. Letn be a positive integer, set k = [n/2] and let m be a positive integer with (’}Z) -2 <m< (Z)

There exists a mazimal antichain of size m in By, if and only if

() mEU (t,k)Uo(t,n —k)).

In order to obtain a maximal antichain A whose size is close to (Z), it is natural to take a small family
F (M), 1€ {kn—k}, say with |F| =t and set A = F U (1) \ AF. Then

=171+ (3) - 1871 = (1) = -0

for some s € o(t,1 + 1), and () —m € o(t,1) follows since (1) implies
o(t,l)=0c(t,l—1)+t forallt,l with1<t<I. 9)
Recall that S(n) denotes the set of sizes of maximal antichains in B,,. In the proof of Theorem 4 we will
see that for m € S(n) with m > (}) — k? there is always an antichain of size m which has this form (except

for some very small values of n which have to be treated separately). We start by proving the easier of the
two directions in Theorem 4.

Lemma 3.1. Let 1 < k < n. For every F C ([Z]) with |F| < k, the antichain A = FU (k[ﬁ]l) \ AF is mazimal.

)

Proof. If A is not maximal, then there exists X € ([Z]) \ F with AX C AF. But |[AX NAA| <1 for every
A € F, hence |AX NAF| < |F| < k= |AX], a contradiction. O

n

Lemma 3.2. Let n be a positive integer, set k = [n/2] and let m be a positive integer with (Z) —k2<m< (k)
Ifm=(}) — s with s € o(t,k) Uo(t,n — k) for some t € {0,...,k} then m € S(n).

In view of the discussion above, this lemma looks almost trivial, but a bit of work is still needed, because
for s € o(t,1), Theorem 2 guarantees the existence of F C (l[:]l) with |F| = t and |AF| = s+t only if
n>(+1)+4.

Proof. (Lemma 3.2) If n > 10, then n > (k + 1) + 4 and, by Theorem 2, there exists a family F C (l[j:]l),
I € {k,n—k} with |F| =t and |AF| = ¢t + s. The antichain A = F U ([7}]) \ AF has size |A] = m and
is maximal by Lemma 3.1, and thus, m € S(n). We now assume n < 9. If m < n then the antichain
A={{i} :i=1,....m—=1}U{{m,m+1,...,n}} has size |A] = m. As the antichain A = ([Z]) has size
(Z), we can assume n < m < (Z) For n < 3, there is no such m, and for n = 4, Theorem 2 implies that
m = 5 does not satisfy the assumption of the lemma. From now on, we specify a maximal flat antichain
AC ([7]) U (l[f]l) by writing down its I-sets. For n = 5, we need the sizes m € {6,7,8}. These are obtained by
the maximal antichain in ([5]) ([5]) with 3-sets {1,2,3} and {1,4,5}, the maximal antichain in ([Z]) U ([g])
with 4-set {1,2,3,4} and the maximal antichain in ([5]) ([ ]) with 3-set {1,2,3}. For n > 6, we use graphs
similar to G(a,b,c), sometimes extended by some additional vertex disjoint edges. More precisely, if G is a
triangle-free graph on the vertex set [l + 2] with ¢ edges and ¢ pairs of adjacent edges, then the maximal flat
antichain on levels [ and | — 1 whose [-sets are the sets [l + 2]\ e, e € E(G), has size (,")) —t(l —1) +c. We
will use the graphs with ¢ edges and c¢ pairs of adjacent edges with the following edge sets Ej.. For brevity,
for an edge {a,b} we just write ab.

Ey = {12},

Es = {12,13}, Ea = {12,34},

Es3 = {12,13,14}, Fs5o = {12,23,34} E3; = {12,13,45}, E5 = {12, 34,56}

Eyy = {12,13,14,25}, Ey3 = {12,13,14,56}, E4o = {12,23,34,56}, Ey = {12,13,45,67}, Ey =
{12, 34,56, 78}
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o Esq={12,13,14,25,67}, Ess = {12,13,14, 56, 78}, sy = {12,23, 34,56, 78}, E5; = {12,13,45, 67,89}
o Egs = {12,13,14,25,56}

n = 6: We need the sizes m € {11,...,15,17}. These are obtained by the maximal flat antichains on
levels 4 and 3, corresponding to the graphs with the edge sets Eig, Fo1, Foo, E32, E31, E30.

n = T: We need the sizes m € {19,...,32}. The antichains on levels 5 and 4 corresponding to the graphs
with edge sets E1g, Fac, ¢ € {0,1}, Es., ¢ € {0,...,3}, Ey., ¢ € {1,2,3} and FEs4 have sizes 31, 28,
27, 26, 25, 24, 23, 22, 21, 20 and 19. The missing sizes 32, 30 and 29 are obtained by the antichains
on levels 4 and 3 corresponding to the graphs with edge sets E19, F21 and FEayg.

n = 8: We need the sizes m € {54,...,63,66}. These are obtained by the maximal antichains on levels
5 and 4 corresponding to the edge sets E1g, Eo1, Fao, Esc, ¢ € {0,...,3}, and FEy., c € {0,...,4}.

n =9: We need the sizes m € {101,...,119,121,122}. The sizes of the maximal antichains on levels 6
and 5, and on levels 5 and 4, respectively, corresponding to the edge sets are indicated in Table 1, and
this concludes the proof. O

TABLE 1. The sizes of the maximal flat antichains corresponding to edge sets for n = 9.

edge sets levels 6 and 5 levels 5 and 4
FEqo 121 122
FEop, Eoy 116, 117 118, 119

Eso,...,Es3 111,...,114  114,...,117
Es,...,Exq 106,...,110  110,...,114
Esi,...,Esy 102,...,105  107,...,110
Egs 101 107

The hard direction in Theorem 4 is the implication
() m¢U kEYUo(t,n—k)) = m & S(n) (10)

for all m with (Z) —k2<mg< (Z) Lemma 3.4 below allows us to assume m > (Z) (k‘H) + 2. In the proof
of Lemma 3.4 we will make use of the following explicit formula for j*(t).

Lemma 3.3. j*(t) = [V2t - 5/2].

Proof. By definition, (j;rg) t, hence (5 + 3)(j + 2) > 2t. This implies j2 + 5j + 6 — 2t > 0, and then

/5 V8E+1-5
—6+2t_+7

From this, we obtain

Jr(t) =

If j*(t) > [v2t — 5/2] then
t _
V2t — g <l< 7”825

for some integer [. But this implies 8¢ < (21 + 5)? < 8t + 1, which is impossible, because the number in the
middle is an odd integer. 0

Lemma 3.4. Let n be a positive integer, set k = [n/2] and let m be a positive integer with (Z) —k2<m< (Z)
n k n
If () —méeU_yo(t k) thenm > () — (k;'l) + 2.
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Proof. The claim follows from the inclusion

k
[(’““)1 kQ] t:LJOJ(t,k). (11)

For 1 < k < 4, we verify this by hand: {0,1} C ¢(0,1)Uc(1,1), [2,4] C o(1,2)Uc(2,2), [5,9] C o(2,3)Uc(3,3
and [9,16] C 0(3 4)Uc(4,4). In order to prove (11) for k > 5, we use o(t,k) D {tk —x : x € L= (1)}

[tk — f(t), tk], where
t—[v2t—5/2 V2t —5/2] +1
fy = (t- VE-S/T (VB2 1)
2 2
and we take the union only over ¢t > [(k + 1)/2]. In other words, we verify the following inequalities:
(i) For t = [EL], tk — f(¢) < (*3') — 1, and
(i) for [EL] <t <k, th— f(t) < (t—1)k+1.

Rearranging these inequalities, we want to verify that

([kﬂrl—‘) 1 if k is odd,

fll—1) =19 e

2 5 +1 if kis even.

and f(t) > k—1 for {ww t < k. For 5 < k < 26, this follows from Table 2 and the fact that f is increasing.
For k > 27 we show that f([k/2]) > k, and this is sufficient by the monotonicity of f. We start with the

TABLE 2. The values f(¢) for 3 < ¢ < 10.

6 7 8 9 10
1

)
7 11 13 18 24 31

bound

2 “2\2 2
Simplifying the inequality % (% — \/E) (% —Vk— 1) > k we find that it is equivalent to

ogk\/ﬁ—4k—6\/E+4=\/E(\/E—2—\/ﬁ) (x/E—2+\/E)+4,

which is true for every k > [(2 + v10)?| = 27. a

F(TR/2]) > (Wﬂ — [V2[k/2] —5/21) - (E —\/E) (E —\/E—1).

From Lemma 3.4 it follows that in order to complete the proof of Theorem 4 by establishing (10), we need
to prove the following lemma.

Lemma 3.5. Let n be a positive integer, set k = [n/2] and let m be a positive integer with (}) — (k;rl) +2<
m < (7). If me S(n) then (1) —m e Ul (o(t, k) Uo(t,n — k).

Before proving Lemma 3.5, we briefly summarize the proof of Theorem 4, assuming the lemmas that have
been stated so far.

Proof of Theorem 4. The “if”-direction of the claimed equivalence is Lemma 3.2. For the “only-if”-direction,
we can assume, by Lemma 3.4, that m > ( ) (]H'l) + 2, and then Lemma 3.5 concludes the argument. 0O

It remains to prove Lemma 3.5, and we obtain this as a consequence of the following result.

Lemma 3.6. Let n be a positive integer, set k = [n/2] and let m be an integer with m € S(n) and (}) —
("I +2 <m < (V). Then there exists a family F C (l[ﬂ) with 1 € {k,n —k} and |F| < k+ 1 such that
m= () +|F| - |AF].

Before proving Lemma 3.6 we explain how Lemma 3.5 follows from it.
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Proof of Lemma 3.5. It follows from Lemma 3.6, that m € S(n) implies the existence of a family F C (l[_fll),
l€{k,n—k} with |F| =¢ < k and

<Z> = |AF| — | Fl e ot i+ 1) —t L ot 1). O

The proof of Lemma 3.6 is a bit involved and uses some auxiliary lemmas. We start with an antichain A
of the required large size, and first establish that this forces A to be contained in three central levels of B,
(Lemmas 3.8 and 3.9). In Lemma 3.10, we show that A is very close to being a complete level. Then we need
a lemma which says that certain sums of shadow sizes are again shadow sizes (Lemma 3.11) to conclude that
we can assume that A is flat, that is, it is contained in two consecutive levels (Lemma 3.12).

Let us recall a well known inequality, the Normalized Matching Property (NMP). If F C (k[i]l) for some
k € [n], then every F € F contains exactly k + 1 sets from AF and every X € AF is contained in at most
n — k sets from F. This implies the NMP, (n — k)|AF| > (k+ 1)|F|. As a consequence, |AF| > |F| whenever
k> nsl n=Ll Similarly, one has |[VF| > |F| for F C () and k < 2. The
latter inequalities were the essential tool in Sperner’s original proof of his famous theorem.

We will also need the following strengthening for k = [n/2].

Lemma 3.7. Let n be a positive integer and k = [n/2].

(i) If F C (1) with |F| > k, then |AF| - |F| = (*§) — 1.
(i) If F C (k[i]z) is nonempty, then |AF| —|F| >k + 1.
Proof. (i) Let F C (k[ill) with |F| > k. If | F| = k, then, by the Kruskal-Katona Theorem, we have |AF|—|F| >

k(k+1) — () —k = (*1"). If |F| = k + 1, then we have |AF| — |F| > (k+1)2 — ("I1) = (k+ 1) = (*1).
Assume that |F| > k+2. Then |F| = (k+1) for some real number x > k+ 2 and, by Lovasz’ [16] continuous
version of the Kruskal-Katona Theorem, |AF| > (7). Hence,

k—1

ar-17 = ()= (1) = e Me-9 = A,

j=0

It is sufficient to show that Py(z) > (]H;) —1for k+ 2 < & < n. The two largest zeros of the polynomial
Py(x) are k—1 and 2k +1 and Pyx(z) > 0for k—1 < x < 2k+1. Asn € {2k — 1,2k}, the minimum of P on
the interval [k 4 2,n] is attained at one of the endpoints. We have P (k +2) = (kjf) —(k+2) = (]H;) -1

Observe that

Pp(2k — 1) = Pp(2k) = k+ o H j.
Jj=k+1
It follows that the unique maximum of P, on [k — 1,2k + 1] is attained between 2k — 1 and 2k. Consequently,
Py (x) is increasing on [k — 1, 2k — 1] and attains its minimum on [k+1,n] at « = k+ 1. This implies the claim.
(7i) Here we consider Pyy; on the interval [k + 2,n]. The two largest zeros of Py are k and 2k + 3.
Moreover, Pyy1(2k +1) = Pr11(2k 4+ 2) and n < 2k + 1. Therefore, Py is increasing on [k + 2,n], and its
minimum on [k + 2,n] is Py41(k+2) =k + 1. O

Lemma 3.8. Let n be a positive integer, set k = [n/2], and let A be an antichain in B, with size |A| >
n k42
(b — (379 +2.

(i) If n =2k then A C (k[ﬁ]l) U ([Z]) U ( (] ).

k+1

(it) If n =2k —1 then A C (k[ﬁlz) U (k[ﬁll) U ([Z]) U (k[i]l)

Proof. We show that all the sets in A have size at most k+ 1. As the family consisting of the complements of
the members of A is also an antichain this implies that all members of A have size at least k — 1 if n is even,
and at least k — 2 if n is odd, and this proves the statement.

For the sake of contradiction, assume that A contains a set of size at least k + 2. As in Sperner’s proof
of his theorem, we can replace AN ( ]) by its shade if ¢ = min{j : AN (["]) # 0} < k and by its shadow
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if i = max{j : AN ([?]) # 0} > k + 2. Repeating this yields an antichain A" C ([Z]) U ( (] )u (k[i]2) with

k+1
|A'| > |Al. Let B=A'n(7,). By Lemma 3.7 (ii), A” = (A’\ B)UAB is an antichain with | A" > |A'|+k+1
and | A" N (k[i]1)| >k+2 Let C=A"nN (k[i]l) Finally, A" = (A” \ C) U AC is an antichain with |A"'| =
|A”| +|AC| - [C| < (}). By Lemma 3.7 (i), |AC| — [C| > (¥') — 1. This implies [A”] < (}) — (*$') + 1 and
A< (7) - (k+2) + 1, a contradiction. O

Lemma 3.9. Let n = 2k — 1, and let A be an antichain in B, with size |A| > (}) — (kgl) + 2. Then
AC () U () U () orAc () u (R u ()

Proof. By Lemma 3.8 we know that A C (" [n] ,) U (k["]l) U ([Z]) U (k[-',-l) Assume that A contains at least one
(k + 1)-set and at least one (k — 2)-set. For ¢ = 1,2,3,4, let A; = AN (k+2] ;). By the Kruskal-Katona
Theorem, without loss of generality, we can assume that A is left-compressed, i.e., that A;, A, = AA; U As,
Ay = AAL U Az, A} = AAL U Ay are initial segments of ( k[ill), (["]), ( (] ), (k[fg), respectively, with respect

k) \k—1
to squashed order. Partition A into A~ = {A € A :n¢ A} and AT ={A e A :necA}. As Ais

left-compressed, we have A~ C (knl) (Z) or AT C (k[fll) U (k[ﬁ]Q)‘ Assume that A+ C (k[’j]l) (["])
the other case is analogous. Then |A¥| < (771) and, by Lemma 3.8 (i), [A7| < (77}) — (*§') + 1. Hence,
Al = JA7 |+ A < () = (731 + 1 -

At this point, without loss of generality, we can assume that A lives on the three levels k — 1, k and &k + 1.
Next we show that A must be almost a complete largest level.

Lemma 3.10. Let n be a positive integer, set k = [n/2], and let A C (k[ﬁll) U ([Z]) U (k[j_]l) be an antichain
with size |A] > (1) — (*3") + 2.

(i) If n =2k, then‘Aﬁ ["] ‘+‘Aﬂ k+1)‘<k+1.

(i) If n =2k —1, then ’Aﬂ k_l ’ ‘Aﬁ (kill)’ <k+1orAC (k[ﬁ]l) U ([Z]) and ‘Aﬁ ([Z])

<k+1.

Proof. (i) Set A1 = AN (k+1) Ay = AN ("), t = | A and t = [As|. Tf t; > k+2, then |[AA;| — |A;| >
(k;—l) -1 by Lemma 37( ), hence

Al < (1) + 00— ia + (- 194 < () +0ad-1aa < ()= (1) 1

Consequently, t; < k+ 1 and similarly, to < k+ 1. Now, by Kruskal-Katona, we have |[AA;| > (k+1)t; — (2)
and |V As| > (k + 1)t> — (). This implies

< 3 (6)+(2)

For fixed t = t1 +to with k4+2 < t < 2(k+1), the expression on right-hand side of the above inequality attains
its maximum if max{t1,t2} = k + 1 and min{¢1,¢2} =¢ —k — 1. Hence, for k + 2 <t < 2(k + 1) we have

s () (1) (47 () (1) desmmnea < (9)-(1)

and this concludes the proof.

(i1) Set A; = AN (kf;]ﬂ) and t; = |A;| for i = 1,2,3. Like in the proof of Lemma 3.9, without loss of

generality, we assume that A is left-compressed, i.e., A;, A, = AA; UAy, A5 = AA,UA; are initial segments
of (k[i]l), ([Z]), (k[f]l), respectively, with respect to squashed order. Furthermore, let A~ ={A € A : n ¢ A}
and At ={AecA:neA}l

Case 1: Assume that t; = 0. We have to show that min{ts,t3} < k + 1. Assume for a contradiction
that ¢t > k+ 2 and t3 > k + 2. We have ¢35 < (";1) or t3 < (";1) because | As| > (";1) implies |A3| <

(") —1AAd < (") - () = (Zj) = (Zj) Without loss of generality, we assume that t5 < (";1) Then
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Az € A~, and by Lemma 3.7 (i), we have [AAz| —[Az| > (*5') — 1. This implies |A] < (") —|AAz|+]A2| <
(’,:) — (kgl) + 1, a contradiction.
Case 2: Assume that t; > 1. For a contradiction, assume further that ¢t = t; +t3 > k + 2. If t; > k, then
by Lemma 3.7 (i) and |V.A3| > | As|, we have
n

n kE+1
Al < (1) = 0aal-1an - (va - e < ()= (F5 1) +1
a contradiction. Therefore, t; < k which implies

DAL= A > k- (3) = k(- DE-4) >k (12)

Case 2.1: Assume that A~ C A; U As. Then A3 C AT, If t3 > k, then by Lemma 3.7 (i), we have
|VAs| — |As| > (5) — 1 which, together with (12), yields |[A] < (}) =k —((5) —1) = () = (*I") +1, a
contradiction. Hence, t3 < k, and a contradiction follows by

AL < Q) —kt+(5) = B =Dts+(3) = (1) =k +ta) + (5) + (%))
< @t ()0 = Q) - () - 36k=1-n k) < () - (3,
where the last equality comes from substituting (k;rl) + %k:(Qt —k—1) for tk, and then rearranging the terms.
Case 2.2: Assume that A~ N Az # 0. Then A* C Ajs, and hence, [AT| < (}75). On the other hand,
by Lemma 3.8 (i), |[A~| < (?Z]) — (*') + 1. Finally, we obtain [A| = |[A~| + AT < () — (*I') + 1, a
contradiction. O

In the final step we want to replace a maximal antichain A on three consecutive levels by another maximal
antichain on two consecutive levels which has the same size as A. To prove that this is always possible we will
use the fact that sums of certain shadow sizes are themselves shadow sizes. Specifically, we need the following
result.

Lemma 3.11.
(i) Ift <k theno(1,k)+o(t,k—1) Co(l+t,k)Uo(l+1t,k—1).
(ZZ) Iftl 2 2 and tl +t2 g k+1 then O'(tl,k)+0'(t2,k7 1) Q O'(tl +t2,l€).

In the proof of Lemma 3.11 we will use graphs obtained by gluing G(a,b,¢) and G(a’,b’, '), as defined in
Section 2, in the following way.

Definition 3. Let a,b,c,d’,b', ¢ be integers with a > b > ¢ > 0,a/ 2V > ¢ > 0, and a,a’ > 1. Set
G = G(a,b,c) and G’ = G(d',V,"). Moreover, assume that G has at least one pendant vertex if ¥ = 0 and
at least two pendant vertices if b’ > 1.
e For b =0, let G & G’ denote a graph that is obtained from G and G’ by identifying one pendant
vertex of G with the center of the a’-star G'.
e For b/ > 1, let G ® G’ denote a graph that is obtained from G and G’ by identifying two pendant
vertices of G with the centers of the two stars forming G’.

The assumption on the number of pendant vertices in G is satisfied whenever any of the following statements
is true:

(i) a+b—2c>2,or (ii) ¥=0,a+b—2c>1, or (iii) b=1,a—2c > 0.

The construction for &’ > 1 and a + b — 2¢ > 2 is illustrated in Figure 3. The given description does not
characterize the graph G @ G’ up to isomorphism, as we do not specify which of the pendant vertices of G
are used for gluing G’. For our purpose this is not important as we will only use the number of edges and the
number of pairs of adjacent edges. The graph G(a,b,c) ® G(a’,b',¢') has a4+ o’ + b — ¢ + 1 vertices if b =0
and a+b—c+ad +b —c + 2 vertices if b > 1. The number of edges is always a + b+ a’ + b’ and there are

a+b++a/+bl+’+’+b’
2) T\2) T 2 ) T

pairs of adjacent edges.
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Definition 4. For integers k and a,b,c,a’,b',¢’ witha>b>c>0anda 20 > >0, let
Gr(a,bye,a’ b)) ={[k+2]\ e : eis an edge of G(a,b,c) ® G(a',b',)}.

[J (]
a b

o N

c /

o b

[ ] (] [ (] L] L]
L™
C/

FIGURE 3. A graph G(a,b,c) ® G(d/, ¥, ).

Remark 3. f b=0and k> a+ad +b —c —lorb>1landk >a+b—c+a +b —c then the vertex
set of G(a,b,c) ® G(a’,b, ') is contained in [k 4 2], and consequently, G (a, b, c,a’,b’, ) is a family of k-sets
with |Gg(a,b,c,a’,b',c')] = a+ b+ o’ + V. Moreover, in this situation, the size of its shadow equals its size
multiplied by k& reduced by the number of pairs of sets that have a shadow element in common. As the latter
equals the number of pairs of adjacent edges of G(a,b,c) ® G(a’,V', '), we obtain

li /
IAGH(a, b, ¢, b, &) = (a+b+d + )k — (;) - (g) —e— (C;) - (g) —d—d V.

We also note that |AGg(a,b,c,a’, V', )| = |AFk(a,b, c)| + |[AFi—1(a’, b, ).

Proof of Lemma 3.11. For (i), assume t < k and let s € o(t,k — 1). By (1), there are integers a > b > ¢ > 0

Withl<a+b<tands:t(k3—1)—(‘2’)—(;)—c. If ¢ > 1, then

s—i—k::(t—i—l)(k—l)—(;) —(g)—(c—l)ea(t—i—l,kz—l).

If c=0and b > 2, then
s+k=0+1)(k—-1)— (;) — (g)Jrl(tJrl)(kl) <g)<b21) —b=-2)eo(t+1,k-1).
If c=0and b <1, then

s+k::t(k:—1)—(;)+k:(t+1)k— (‘2‘) —t:(t+1)kz—(a;1) ~(t—a),

and for
F={k+1\{i} :ie{,2,...;a+1}}U{{2,...;k}U{k+1+i} : i€t —a]}

1
> - (t - a‘) =S,
and this concludes the proof of (i).
For (ii), let s; € o(t1,k) and sy € o(ta,k—1). By (1), there are integersa >b>c>0anda’ >V > >0
withl<a+b<t;,1<a +bV <t

wmtk () (e wi wmuen-(9) - (Y) -

we obtain

o+

AF| = (a+ k- <“;1) k1) = (¢4 (a
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First, we assume a > 3, and argue that without loss of generality a + b —2c > 2. If a + b — 2¢ = 0, then

a =b=c, and from
a a a+1 a—1
= -1
)+ () eo- () (1) r e

it follows that we can use (a+1,a—1,a—1) instead of (a, a,a). Similarly, if a+b—2c=1,thenb=c=a—1,

and from
a a—1 a+1 a—2
_ 1= _
(5)+ (") 1= (137) < (157) +es

it follows that we can use (a +1,a — 2,a — 3) instead of (a,a — 1,a — 1).

So we assume a+ b — 2¢ > 2 and show that there is a (¢1 + t2)-family F of k-sets such that |[AF| = s1 + sa.
Without loss of generality, we assume that b = 0 or ¢ > 1. This is possible, because if b > 1 and ¢ = 0 then
(12’) +c= (bgl) + (b—1), and we can use (a,b —1,b — 1) instead of (a,b,0). If b =0 then a+a + b — ¢ <
ti+ta<k+1l,andifc > 1then (a+b—c)+ (a/ +¥ — ) < (t1 — 1) + t2 < k. In both cases, by Remark 3
there is a family 7' = Gy (a,b,c,a’,b', ") C ([k;f]) with |[F'| =a+b+a' + b and

! /
AF|=(a+b+d +V)k - (;) - (g) —c— (;) — <b2) —cd —d -V.

Adding to F' a (t1 — a — b)-family of k-sets with marginal shadow k, and a (t2 — a’ — b’)-family of k-sets with
marginal shadow k& — 1 we obtain a (t; + t2)-family F of k-sets with
AF| = |AF |+ (t1 —a—bk+ (ta —a’ = b')(k — 1) = 51 + s2.

It remains to consider the case a < 2. Then t1k — 4 < s; < t1k. For the values t1k — 1, 1 = 4,3,2,1, we
use the same construction as above with 7/ = G, (3,1,1,d’,¥,¢'), Gr(3,0,0,d,',¢'), Gp(2,1,1,d',¥,¢'), and
Gr(2,0,0,a,, "), respectively. For s; = t1k we use F' = G;,(1,1,0,a’,V',¢') if ' + V' < ta—1or ¢ > 1 (which
ensures 2+a' +b — ¢ <t1+ta—1<k). If o’ + b =tz and ¢/ =0, then

I b/ ! 1 bl
81+82: (tl +t2)]€7 <a2> — <2> —(a/+b'): (t1+t2)l€7 <a ;_ ) — <2) 7bI€O'(t1 +t2,l€),

where we used @’ +14+0 =t9 +1 <t + to. O

We use Lemma 3.11 to show that the antichains on three levels, which appear in Lemma 3.10, can be
replaced by flat antichains.

Lemma 3.12. Let n be a positive integer, k = [n/2], let A C (k[f]l) U ([Z]) U ( (] ) be a maximal antichain,

k+1
and set t; = ‘Aﬂ (k[:]1) = ‘Aﬁ (k[ﬁ]l)“ If t1 +to < k+2 then there exists F C (k[:]l) or F C ( [] ) with

n—k+1

A= 171+ () - 1a7,

Proof. Let A1 = An (7)) and Ay = AN (")), If t = 0 then A = F U () \ AF for F = Ay, and if t; =0

then A = FU ([Z]) \AF for F = AN ([Z]). So we assume t; > 1 and ¢ > 1, and then

Al =t1 +t2+ ’ ([Z]) \ (AA; UV AR)| = (Z) +t1+t2— |AA] — [V A
Since |A.A1| S O'(tl,k + 1) and |VA2| S O'(tQ,TL —k+ 1), it follows that |AA1| + |V.A2| S O'(tl + tg,k + 1) if
n = 2k, and with Lemma 3.11,

[AA| + |VAs| € o(t1 +t2, k) Uo(ty +ta,k+ 1)

if n = 2k — 1. As a consequence, there exists a (t; + t2)-family F with F C (kJer) or F C (12) and |AF| =

|AA;| + |V Az|. Using the second part of Theorem 2, we can assume that the members of F are subsets of
[k + 4] C [n], as required. O

Now we have all the ingredients to prove Lemma 3.6.
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Proof of Lemma 3.6. As m € S(n), there exists a maximal antichain A in B,, with |4| = m. By Lemmas
3.8 and 3.9, A C (k[f]l) U ([Z]) U (k[ill) orn=2k—1and A C (k[fg) U (k[f]l) U ([Z]). In the latter case, the
family consisting of the complements of the members of A is a maximal antichain in ( k[fll) U ([Z]) U ( k[z]l), ie.,

without loss of generality, we can assume that A C (k[ﬁll) U ([”]) U (k[?_]l) By Lemma 3.10, at most k£ + 1 sets

k
in A are not in ([Z]). Now, by Lemma 3.12, there exists a family F C (l[ﬂ) with [ € {k,n — k} such that
m= (Z) + |F| — |AF|. Finally, we have |F| < k + 1 by Lemma 3.10. 0

4. THE LOWER PART OF THE SPECTRUM

In this section we prove Theorem 1(ii). It will suffice by induction to construct antichains of large sizes m.
More specifically, we set
_ n ny|n+1
o) = () = 1515
and establish the following claim.

Claim 2. Ifn > 7, then [w(n — 1) +2,w(n)] C S(n).

Assuming this claim, the proof of Theorem 1(ii) is easy.

Proof of Theorem 1(ii) (assuming Claim 2). We proceed by induction on n. As we want to use Claim 2 for
the induction step, we have to establish the result for n < 6 as the base case. For 1 < m < n, a maximal
antichain of size m is given by {{1},{2},...,{m—1},{m,...,n}}. For n < 5, this is already sufficient, because
then w(n) < n. As w(6) = 14, we need maximal antichains of sizes m = 7,8, ..., 14 for n = 6. Such are given
by:

: A={{1,2,3},{1,2,4},{1,2,5},{3,4},{3,5},{4,5},{6}},

» A= (L) u{(s) (o1},

: A={{1,2,5},{1,2,6},{3,4,5},{3,4,6},{5,6},{1,3},{1,4},{2,3},{2,4}},

A= {{1,2},{1,3},{1,4},{2,5}, {3,6}} U () \ V{{1,2},{1,3},{1,4},{2,5}, {3,6}},
A= {{1,2},{1,3},{1,4},{2,5}, {3,5}} U (1)) \ V{{1,2},{1,3},{1,4},{2,5}, {3,5}},
: A= {{17 2}a {27 3}a {47 5}} U ([g]) \ V{{lv 2}a {27 3}a {47 5}}7

: A= {{17 2}a {27 3}a {374}} U ([g]) \ V{{lv 2}a {27 3}a {374}}7

m=14: A= {{1,2},{3,4}}U () \ V{{1,2},{3,4}}.

For the induction step, we assume n > 7 and [1,w(n — 1)] € S(n —1). Noting that 1 € S(n) for every n, and
adding the singleton {n} to each of the maximal antichains with sizes m € [1,w(n — 1)] in B,_1, we obtain
[1,w(n — 1)+ 1] € S(n), and we use Claim 2 to conclude [1,w(n)] C S(n) as required. O

o

I
—

333333
|
S)—‘)—‘@OO\]

3
I
3

The rest of the section is devoted to the proof of Claim 2. In Subsection 4.1 we describe a construction for
maximal antichains on three consecutive levels k — 1, k, k 4+ 1, we prove that this yields an interval I(n, k) of
maximal antichain sizes (Lemma 4.4), and we provide bounds for the endpoints of these intervals (Lemma 4.7).
In Section 4.2 we show that for n > 20, the intervals I(n, k) for varying k overlap and taking their union
establishes Claim 2. Finally, in Section 4.3 we use a separate construction to fill the gaps between the intervals
I(n, k) for 7 < n < 19, thus completing the proof of Claim 2.

4.1. The main construction. Before going into the details of the construction we outline the general idea.
An antichain A C ([Z]) U (k[f]l) is a mazimal squashed flat antichain if it has the form A = FU(," )\ AF where

FC ([Z]) is an initial segment in squashed order. From a maximal squashed flat antichain A’ C ([Z]) U (k[f]l)

with ([k‘,:3]) C A’, we can obtain a new maximal antichain A in the following way. We replace ([k;f]) in

A by FU ([k;gg]) \ AF where F C ([Zﬁ’]) contains only few sets (about k/2). Using Theorem 2, we can
vary JF without changing its cardinality to get k consecutive values for the size of AF. For a few small
values of n we only get £ — 1 or k — 2 consecutive shadow sizes, and we close the resulting gaps by extra
constructions. Hence, from every maximal squashed A’ C ([Z]) U (k[f]l), we obtain an interval of k consecutive

sizes of maximal antichains in B,,. We then vary A’. We say that two distinct maximal squashed antichains
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A, As C ([Z]) U (k[f]l) are consecutive if there is no maximal squashed antichain A3z C ([Z]) U (k[f]l) with
|A1 N ([Z])| < A3z N ([Z])| < A2 N ([Z])| (Note that for consecutive Aj, Ay it is still possible that there is a
maximal squashed antichain A3 with size | Ag| between |.A;| and |.Az].) Observing that the sizes of consecutive
maximal squashed flat antichains differ by at most k + 1, we deduce that the maximal antichains on levels
k+1, k and k — 1 obtained from all A’ yield an interval I(n, k) of sizes of maximal antichains.

For an integer k with [n/2] < k < n — 3 we denote by M(n, k) the set of all maximal squashed flat
antichains A with ([k:B]) CAC ([Z]) U (k[f]l) Moreover, we let Y(n, k) = {JA| : A€ M(n,k)} be the set of
their sizes. The following result is proved using the construction outlined above.

Lemma 4.1. Let n, k and t be integers with n > 7, "T_l <k<n-3andl <t < k. Then for every

meY(n, k) and s € o(t, k) there is a mazimal antichain A C ([Zﬁ]) u ([Z]) U (k[f]l) with |A] =m — s.
Proof. Fix m € Y(n,k), s € o(t,k), and A" € M(n,k) with |A'| = m. By Theorem 2 and Remark 2,
s+t € o(t,k+ 1), and there is a family F C ([Zii’]) with |[F| = ¢ and |AF| = s +¢. By Lemma 3.1
F' =FU ([kZS]) \ AF is a maximal antichain in Bj13. As a consequence, A = {A’ \ ([k;gg])} UF’ is a maximal
antichain in B,, with
kE+3 k+3 k+3
|A|:|A’|—( N )+|]—"|:m—( N )+|]—‘|—( 5 )+|A.7:|=m+t—(s+t):m—s. O
By Theorem 2 and Proposition 1, for ¢t < k + 1,

[tk_ (t_;*(t)) B (j*(t;—i— 1), tk} < ot )

where j*(t) = [v/2t — 5/2] is the smallest non-negative integer j with (j ;3) > t. Thus we have the following
consequence of Lemma 4.1.

Corollary 1. Let n > 7 and k be integers with "5t < k < n—3. Let m € Y(n,k) and set t = |&53],

j=j*(t). Then | |
[m—tk, m — th + (tQJ) + (];1)} C S(n).

In the next lemma we bound the lengths of the intervals in Corollary 1.

Lemma 4.2. Letk > 3,1t = L%J, j=17%(@t), and set L = (tgj) + (j'gl).
(i) If k>9 or k € {3,7}, then L > k.
(i) If k € {4,5,8}, then L =k — 1.
(iii) If k =6, then L = 4.
Proof. For 3 < k < 32, the statement can be verified by calculating L. We now assume k > 33. Using
k—JQFQ <t<k—;r3,web0undjby

j{\/ﬂﬂ<\/§<\/m.

2
Then
t—j 1/k+2 k 1/k 2 k21 k43
e ("N (2o ves) (Eoves) s L (Ao vEes) =R oL B2
2 2\ 2 2 2\ 2 8 2 2
and

L—k>k—2—1k\/ﬁ—§=§(k—4m—4)2%@—4@—9)

8 2
:§(<k+3>_4m_1z):§(M+z) (\/m-fi) >0,

where the last inequality follows from k + 3 > 36. 0

To show that the union of the intervals from Corollary 1 is an interval, we need an upper bound for the
gaps between the elements of Y (n, k). This is provided in the next lemma.



20 J.R. GRIGGS, T. KALINOWSKI, U. LECK, I.T. ROBERTS, AND M. SCHMITZ

Lemma 4.3. The sizes of any two consecutive maximal squashed flat antichains on levels k and k — 1 in B,
differ by at most max{k —1,n—k}. In particular, for k > "T'H any two consecutive elements of Y (n, k) differ
by at most k — 1, for k = 5 they differ by at most k, and for k = an they differ by at most k + 1.

Proof. Let A,, be the m-th k-set in squashed order, and let F(k,m) = {A41,..., A} be the collection
of the first m k-sets in squashed order. Let A’A,, denote the marginal shadow of A,,, that is, A’A,, =
AAy \ AF(k,m —1). For m < (}), the collection A(k,m,n) = F(k,m) U (k[f]l) \ AF(k,m) is a maximal
antichain in B,, if and only if A’A,, 1 # 0. Note that A’A,,,11 # 0 if and only if 1 € A,,11 becauseif 1 € A, 11
then Ayq1 \ {1} € A’A,, 11 and if 1 ¢ A, qq1 and x € Aytq, then Ayi \ {2} € A(Apg1 \ {2} U{1}).
Suppose that A = A(k, m,n) is a maximal squashed antichain and let A" = A(k, m’, n) be the next maximal
squashed antichain. We will conclude the proof by verifying that |A] — (k — 1) < |A'] < JA| + (n — k). If
A'Apyo # 0 then m’ = m + 1, and the claim follows from |A'| = |A| +1 — |A’Apga]. I A'Apio = 0,
then 1 € Aerl, 2 ¢ Aerl and Am+2 = Am+1 \ {1} @] {2} It follows that AIAerl = {Aerl \ {1}}
Moreover, with y := min A, we have A+, = A, \ {y} U {i} for i = 1,2,...,m' — m. Hence, 2 <
m-m =y <n—k—1, |AAyq| = 1 and A’Ayye = -+ = A’A, = 0. The claim follows with
A = |Al + (m' —m) — |A' Ay U - UA Ay O

Lemma 4.4. Letn>7, [n/2| <k <n-—3,t= 22| and j = j*(t). Then I(n,k) C S(n), where

I(n,k) = {minY(n,k) — tk, max Y (n, k) — tk + <t; ) <y + 1>]

Proof. f k > 9 or k € {3,7}, then by Lemmas 4.2 and 4.3

tw= | [m_tk,m_tm(t;j%(j;l)],

meY (n,k)

and the claim follows by Corollary 1. For k € {4,5, 8}, the claim follows if n < 2k, and for n = 2k + 1 there is
exactly one gap of length k+ 1 in Y (n, k): the difference between the sizes of the last two maximal squashed
flat antichains which have sizes (Z) —(k+1) and (Z), respectively. As a consequence, the only element of
I(n, k) which is not covered by Corollary 1 is (Z) —tk — 1. For kK = 6, we still need to do something for
n =12 and n = 13. For n = 12, we only need a maximal antichain of size (162) — 25 by the same argument
as above. For n = 13, we need to look for the gaps in Y (13,6) which have length 6 or 7. As before, there
is only one gap of size 7. Writing down the elements of Y'(n, k) in the order in which they appear when we
run through the antichains in M(n, k) ordered by the number of k-sets, then there are a few more differences
of size 6. Fortunately, in most cases these gaps are filled by maximal squashed antichains that occur earlier
or later. Using a computer, we verify that when we write down the elements of Y'(n, k) in increasing order,
the only gaps of size at least six appear between the three largest values, that is, between (163) — 13, (163) -7
and ( ) As a consequence, we only need the sizes (163) — 25, (163) — 26 and (163) — 32. Applying Lemma 4.1
with (7) € Y(n, k), it is sufficient to verify that the missing sizes can be written in the form (}) — s for some

s € o(t’ k) with ¢’ < k. The proof is completed by observing that

) — 13 € 5(9) because 13 € 0(4,4),

151 —-21e€ 5(11) because 21 € o(5,5),

(*2) — 25, (%) — 26, (J) — 32} C S(13) because {25,26} C o(5,6) and 32 € o(6,6),
)

6
'2) — 25 € 5(12) because 25 € o(5,6),

(3
(
{
(

(8) —41 € S(17) because 41 € 0(6,8 O

)
We use results from [8] to bound min Y (n, k). To state these results, let C; be the sum of the first [ Catalan
numbers: C; = 22:1 1%(211)

Lemma 4.5 (Section 4.1 in [8]). For 1 < k < n, the minimum size of a mazimal squashed flat antichain is

. n n
S TR N
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The largest number of k-sets in a maximal squashed flat antichain of minimum size is (akk) 4+ 4 (a;) where

ai:{2¢—2 fori<n—k+1, 13

n—k—14+14 fori>n—Fk+2.

From Lemma 4.5 we obtain the following values for min Y (n, k).

)

Lemma 4.6. If 5 <k <n—4 then minY (n, k) = min { <k: " 1), <Z> } = Cin{k—1,n—k} -

Proof. To deduce this from Lemma 4.5, we verify (“k’“) 4+ (“22) > (k:3), where the a; are given by (13).
Ifk<n-—k+1 then (akk) 4+ -+ (’122) > (a,f) = (le;Q) > (karg), where the inequality follows from k& > 5. If

k > n—k+2, then (“k’“) 4+ (“22) > (“k’“) = (";1) > (k‘,:3), where the inequality follows fromn—1 > k+3. O
We are now ready to express the intervals I(n, k) in terms of n and k.

Lemma 4.7. Let k > 5, assume "T_l <k<n-—4, and set t = L#J, j=7*).
(i) If k > 2L then

o2 [() - ()0 (1) (1) e () (027)

y . n n t—j 41
(i) Ifk:g%lthenl(n,kz):[(k1)—Ck_1—tk, (k)_tk+( 5 )—i—( 5 )}
Moreover, 1(7,3) = [16,29], I(8,4) = [41,61], and 1(9,4) = [69,117].

Proof. For k > 5, by Lemma 4.6,

) ) n n
min /(n, k) = min { (k: B 1), (k)} — Chin{k—1,n—k} — tk,

and this gives the left ends of the intervals in (i) and (ii). For k > 241, the right end of the interval comes

from ([kf’]) U (k[fll) \ ([Zﬁ]) € M(n, k). For k < "T'H, ([Z]) € M(n, k) implies

max I(n, k) = (Z) —tk + <t2j> + (jgl).

This is also valid for k € {3,4}, and gives the right ends of the intervals for (n, k) € {(7,3),(8,4), (9,4)}. For
the left ends of these intervals we do an exhaustive search over M(n, k) and find the following antichains. For
(n, k) = (7,3), the maximal squashed flat antichain with 21 3-sets has size 25. For (n, k) = (8,4), the maximal
squashed flat antichain with 37 4-sets has size 53. For (n,k) = (9,4), the maximal squashed flat antichain
with 37 4-sets has size 81. O

4.2. Proof of Claim 2 for large n. In this section, we prove Claim 2 for n > 20.
Lemma 4.8. Ifn > 20 then [w(n — 1) + 2,w(n)] C S(n).
Proof. For 20 < n < 199, we use Lemmas 4.4 and 4.7 (and a computer) to verify the statement. For n > 200,
we conclude using the following inequalities which are proved below:
e For k= [2], minI(n, k) < w(n — 1) (Lemma 4.9).

e For k= [n/2], maxI(n,k) > w(n) (Lemma 4.10).
e For [2£2] <k < [52], maxI(n, k) > minI(n,k — 1) (Lemma 4.11). O
Lemma 4.9. For n > 200 and k = [$%], minI(n, k) < w(n — 1).

Proof. By Lemma 4.7, we have to show

() -eoee [tz
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We prove the stronger inequality (Z) < (LTE J) —n?. We bound the left-hand side by

n\ n < en "_k< 200e "/1O<14n
k) \n—k) " \n-—k 19 o

For the right-hand side, we start with

2

—

, -1 n
Combining this with n? < 220 < 220 (2200 — 1), we obtain (f"lj) —n? > 210 > 147 O
N

Lemma 4.10. Forn > 200 and k = [n/2], maxI(n,k) > w(n).
Proof. Set t = L%J and j = j*(¢). By Lemma 4.7, we have to show

()= (57) (2= () -+

t—j k+1
We prove the stronger inequality <Z> —tk + ( 9 ]) > <Z> —k [ ;L —‘ or, equivalently,

t—j >k k+3| [k+1 '
2 2 2
If k is even then the right-hand side is 0, and there is nothing to do. For odd k, the right-hand side is equal

to k, and we can show (t;j) > k as in the proof of Lemma 4.2. The assumption k£ > 33 made in this proof
follows from n > 200. U

Lemma 4.11. Forn > 200 and [252] <k < [§2], maxI(n,k) > minI(n, k —1).
Proof. Set t = L%J, t' = L%J and j = j*(¢). By Lemma 4.7, we have to show that

(knl) +(k23) - (k;:?’) —th + (t;j) - (jgl) > minI(n, k —1).

For k = 242 this is

(7 )+ (1) (49 e (57)+ (305 () ~crets

From n® < ("), we obtain
i < l n - n
S k\k-1) k: k—2)

and this can be used to bound the left-hand side:

() ) () <ﬂ“>g )-a()

which is obviously larger than the right-hand side. Now we assume k >

(kn1)+(kz3)_ (ZJF?) —tk+( ;J)+(J;1) > (knl) —Cn—k+1)—-t'(k-1).

The left-hand side is larger than (kL) —n* and the right-hand side is smaller than

(1"3) ~emenn < () ~Clono < (") ~ G (oo )

Therefore, it is sufficient to verify l_%l (2ll) > nt for [ = [n/10]. We use the bound
1

= J and the claim will follow from

41—-1

21 4!
il ) 7 72
(z+1)( 1AL )
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from [3]. From n > 200, it follows that I > 20, and this implies 4' > 25000/*'/2. Bounding the denominator

by 1/2 1/2
(1+1) (wl4l4_l 1> / < 22—?;[ (wlg) / <2032,
we obtain .
73 > 125000 > (110)* > n?,
(1+1) (wzu‘*—_11)
which concludes the proof. O

4.3. Proof of Claim 2 for small n. In this Section, we prove Claim 2 for 7 < n < 19. We need a few
auxiliary results. Let

S(n, k) = {|A| tAC (k:[n]l) u ([Z]) is a maximal antichain in Bn} .

n—1

Lemma 4.12. Fork > 2 andn > k+1, S(n, k) 2 S(nl,k)+<k 9

) and S(n, k) 2 S(n—1,k—1)+ (" . 1) .

Proof. Let A’ C (%Z:H) U (["[;]1]) be a maximal antichain in B,,_;. Then

AzA’U{AU{n} Ae ([Z;])} c (k[n]l) ! ([Z])

is a maximal antichain in B,,, and this implies the first inclusion. For the second one, let A" C (%Z:;]]) U ([[Z:H)

be a maximal antichain in B, _1. Then

A={AU{n}: Ac A}U ([”; 1]) c (k["]l) U ([Z])

is a maximal antichain in B,,. O

Definition 5. A flat antichain A C (k[’j]l) U ([Z]) is called {1, 2}-separated if {1,2} C A for every k-set A € A
|[AN{1,2}| <1 for every (k — 1)-set A € A.

Observation 1. Let A’ C ([Z:i]) U ([”;”) and A" C ([Z:;]) U ([Z:i]) be {1, 2}-separated maximal antichains

in B,_1. Then A=A U{Au{n} : Aec A"} C ([Z:i]) U ([";1]) is a {1,2}-separated maximal antichain
in B,.

This can be used in an induction to establish the following result.
Lemma 4.13. Let n, k and m be integers with k > 2, n > k+ 1, and
(o) <me () =65) - ()

k—1 k-1 k—3 k-5
Then there exists a {1,2}-separated antichain A C (k[f]l) U ([Z]) with |A| = m.
Proof. For k = 2, we have m € {n — 1,n}. Then ([711]) is a {1, 2}-separated maximal antichain of size n, and
{{1,2}}U (([71’]) \ {{1}, {2}}) is a {1, 2}-separated maximal antichain of size n — 1. For k > 3, n =k + 1, we
have k <m <2k —2. Forl € {3,4,...,n},

A=A\ {7} :3<y <} UA{{3,4,...,n}} U {3 U(Bnl\{5}) s ie{l,2},je{l+1,....n}}

is a maximal {1, 2}-separated antichain with |A| =1—-2+2(n—1)+1=2k—1+1. For n > k+ 2, we proceed
by induction, and note that Observation 1 implies that we get all sizes m with

) (o) <me (o) (7)) + (ma) (o) - (o)

and this simplifies to the claimed range. O
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1
Lemma 4.14. For 3 <k < 10 and 2k <n < 20, KZ 1>, <k" 1>] C S(n, k).

Proof. We proceed by induction on k, and for fixed k by induction on n. For the base case (k,n) = (3,6),
we have to verify [10,15] C S(6,3). For m € [10, 14] we can use the maximal antichains on levels 2 and 3 in
Bg that are given in the proof of Theorem 1(ii) just before Section 4.1, and for m = 15 we use the maximal
antichain ([g}). Next, we look at the induction step from (k,n—1) to (k,n) for n > 2k+1. From the induction
hypothesis and Lemma 4.12,

S(n, k) D n—2 n—1 n n—1\ [[(n—2 n n—1 n
= \k-1) k-1 k-2) " [\k—1 k—2) \k-1)]
and the claim follows with Lemma 4.13 and
n n—3 n—4 n—2 n—1
-2 - > +
() 2G2) -G = 6o+ ()
for all (k,n) with 4 < k < 10 and 2k + 1 < n < 20. To complete the induction argument, we check that the

claim for k > 4 and n = 2k is implied by the statement for £ — 1. We need four ingredients:
e By Lemma 4.13,

[(2:—11)’ </€2_kl) - 2<2:_33) - <2:_54)] C (2K, k).

e By Lemmas 4.12 and 4.13,

St = [ (2:—12), (2:—11) - 2(2:—34) - (2:—55” N (2:—21).

e By Lemma 4.12, S(2k,k) D S(2k — 1,k) + (37)) 2 S(2k — 2,k — 1) + (*7%) + (°)7,). and with

induction,
2k —3 2k —2 2k —2 2k —1
D .

e By Lemma 4.12 and induction,

2k — 2 2k —1 2k —1 2k — 2 2k —1 2k
2 D = .
senn 2 [(55) (02)] = () = 1G2) = (5 ) ()
We check that for 4 < k < 10, the union of these four intervals is [(2]5_—11), (,f_kl)], as required. a

We need one more simple construction before we can complete the argument for n < 19.

Lemma 4.15. Let n > 2 be an integer. If m € S(n — 1) and m > ( no2 ) +1, thenm+n—1¢€ S(n).

=52
Proof. Let m € S(n — 1) with m > (LZ;QQJ) + 1, and A be a maximal antichain in B,,_; with size m. Then,

by Sperner’s Theorem, A cannot contain a singleton. Thus, AU {{i,n} : i € [n — 1]} is a maximal antichain
in B, of size m +n — 1. O

Finally, we combine Lemmas 4.4, 4.7, 4.14 and 4.15 to prove Claim 2 for 7 < n < 19.
Lemma 4.16. For alln € {7,...,19}, [w(n — 1) +2,w(n)] C S(n).

Proof. For each value of n we list the sizes coming from the various lemmas.
n = 7: We need the interval [w(6) + 2,w(7)] = [16, 23], and Lemma 4.7 yields I(7,3) = [16, 29].
n = 8: We need [w(7) + 2,w(8)] = [25,58]. From Lemma 4.7 we have I(8,4) = [41,61], and from
Lemma 4.14, [(7), $)] U [(), §)] = [21,28] U[35,56]. Finally, Lemma 4.15 with [22,27] C S(7) yields
[29,34] C S(8
n=9: We need [w(8) + 2,w(9)] = [60,111]. From Lemma 4.7 we have I(9,4) = [69,117], and from
Lemma 4.14, [(3), (3)] = [56, 84].
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n = 10: We need [w(9) + 2, w(10)] = [113,237]. From Lemma 4.7 we have
1(10,5) U I(10,6) = [164, 236],

and from Lemma 4.14, [(3), () ]U[(3), (*))] = [84,120]U[126,210]. From Lemma 4.15 and [112, 116] C
S(9), we deduce [121,125] C S(10), and finally, a maximal antichain of size 237 is given by A =
FU (B \ AF where F = {{1,2,3,4,5,6}, {1,2,3,4,7,8}, {1,2,3,4,9,10}}.

n =11: We need [w(10) + 2,w(11)] = [239,438]. From Lemma 4.7 we have
I(11,5) UI(11,7) = [273, 446],

()] = [210, 330].
1

and from Lemma 4.14, [(140)
w(12)] = [440,900]. From Lemma 4.7 we have

n = 12: We need [w(11) + 2, w(
1(12,6) U I(12,7) = [693,904],

and from Lemma 4.14, [(}}), (")) U [(}). (2)] = [330,792].

n = 13: We need [w(12) + 2,w(13)] = [902 1688]. From Lemma 4.7 we have
1(13,7) U I(13,8) = [1138, 1688],
J

and from Lemma 4.14, [( 52), (5 )} = [792,1287
n = 14: We need [w(13) + 2, w(14)] = [1690, 3404

J-
1(14,7) U I(14,8) = [2767, 3404],

(] U [(%2), (4] = [1287,3003).
15)] = [3406,6395]. From Lemma 4.7 we have

From Lemma 4.7 we have

and from Lemma 4.14, [(153 ,
n = 15: We need [w(14) + 2, w(

5
1(15,8) U I(15,9) = [4755, 6402],

and from Lemma 4.14, [(}), (%7)] = [3003, 5005].
n = 16: We need [w(15) + 2, w(16)] = [6397,12830]. From Lemma 4.7 we have

1(16,8) U 1(16,10) = [7752,12837],
and from Lemma 4.14, [(), ()] = [5005,8008].
w

n = 17: We need [w(16) + 2, w(17)] = [12832,24 265]. From Lemma 4.7 we have
1(17,9) U I(17,10) = [18 763, 24 267,
and from Lemma 4.14, [(*%), (}7)] = [11440, 19 448).
n = 18: We need [w(17) + 2, w(18)] = [24 267,48 575]. From Lemma 4.7 we have
1(18,9) U I(18,10) U I(18,11) = [31 122,48 577,

and from Lemma 4.14, [(}), ()] = [19448, 31 824).
n=19: We need [w(18) + 2, w(19)] = [48577,92318]. From Lemma 4.7 we have
1(19,10) U I(19,11) U I(19,12) = [49 679, 92 329)],

and from Lemma 4.14, (%), ()] = [31824,50388). 0

5. THE LARGEST MISSING VALUE IN THE SHADOW SPECTRUM

In this section, we prove Theorem 3. Recall that j*(¢) is defined as the smallest non-negative integer j with
(73?) > t and that j*(t) = [v/2t — 5/2] by Lemma 3.3.

Next, we make the observation that every integer s > k? is the shadow size for some family of k-sets. Recall
that $(k) = J,o; o(t, k) is the set of all these shadow sizes.

Lemma 5.1. If k > 3 and s are integers with s > k* then s € X(k).
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Proof. Let F be a family of k-sets with |F| = ¢, and let A be a k-set that contains at least two elements not in
any of the members of F. Then F/' = FU{A} is a family of k-sets with |F'| = t+1 and |[AF'| = |[AF|+k. As
a consequence, o(t+1,k) D o(t, k) + k. If we can show that [k? — k, k?] C o(k, k), then it follows by induction
on t that [(t — 1)k, tk] C o(t, k) for all t > k, and this is clearly sufficient for our claim. By Theorem 2 and

Proposition 1,
- (1) ()]

2
and it suffices to verify (k_j;(k)) + (j*(’;)"’l) > k. For k < 7, this can be checked by hand, and for k£ > 8 we
have vk > 2v/2, and with Lemma 3.3,

(k;%»k}%(kV%JG:\QkQk}%ﬁxﬁﬁm>%ﬁm@2¢®>0- O

Combining Theorem 2, Proposition 1 and Lemma 5.1, the value ¢(k) = maxN \ X(k) is the integer
immediately before some set {tk — 2 : x € I« (t)}, and the t must be chosen so that this number is too big
to be the shadow size of a (¢ — 1)-family of k sets In other words, taking ¢ to be maximal with the property
that tk — (tﬂ;(t)) - (j*(;)ﬂ) > (t—1)k+1, we will argue that (for k > 21) (k) = tk— (tﬂ;(t)) - (j*(?H) —1.
Equivalently, we are looking for the smallest t* = ¢*(k) such that there is no gap between {tk —x : = €
Liwey(t*)} and {(t + 1)k — 2 : @ € Ij»4=41)(t* +1)}. To be more precise, we define

fu)(t_g“ﬂ>4<f“;+l),
so that I;- 4 (t) = [0, f(t)], and then
t*=t"(k) =min{t : (t+1)k— f(t+1)<tk+1} =max{t : f(t) <k—2}.
Example 2. For k = 50, we have

(10,50) = [455, 455] U [463, 464] U [469, 500],

o(11,50) = [495,495] U [504, 505] U [511, 514] U [516, 550],
o(12,50) = [534, 534] U [544, 545] U [552, 555] U [558, 600],
o(13,50) = [572,572] U [583, 584] U [592, 595] U [599, 650],
o(14,50) = [609, 609] U [621, 622] U [631,634] U [639, 700].

We see that t*(50) = 12 and 1(50) = 557.

For t = ¢*(k) and j = j*(t), we want to show that (k) = tk — f(t) — 1. One part of the argument is the
verification that tk — f(t) — 1 € o(t + 1, k). For this step we will need the following bound.

I t+1
Lemma 5.2. For k > 374 and t = t*(k), tk — f(t) < (t+ 1)k — ("}').
Proof. Rearranging terms, we need to show k + f(t) > (tgl). Lemma 3.3 implies the bound

=" 2 ge-rme-rw-nzge - Ve (14)

From k > 374 we obtain t > 34 and v/t > 24/2 + 3, which implies
L oyar %t = %t (172 = 2v2-3) (12 ~2v2+3) >0
We rearrange terms, use f(t) < k and (14):
Vat3/? 4 %t < %tQ — V232 (1) <k,
hence k — v/2t3/2 > t/2. Finally, using (14) again,
k+ f(t) > k+%t2—x/§t3/2 > %t2+%t: <t;1),

as required. O
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The next lemma is the precise version of the above description of ¥ (k) in terms of t* = t*(k).
Lemma 5.3. For k > 374 and t* = t*(k), ¥(k) =t*k — f(t*) — 1.

Proof. Let s = t*k — f(t*) — 1. From f(t*) < k — 2 it follows that s > (t* — 1)k, hence s ¢ U’;;_ll o(t, k).
Clearly, s € o(t*, k), and moreover Lemma 5.2 implies s < mino(¢, k) for all ¢t > t* +1. We conclude s & X(k).
From (t + 1)k — f(t+1) <tk + 1 for all t > ¢* it follows that

[t*k_ (t* _J; (t*)) - (j* (t;) + 1)’1{;2} C (k). .

To complete the proof of Theorem 3(i), we need to bound the expression for ¢ (k) provided in Lemma 5.3.
We start with the function f.

1
Lemma 5.4. f(t) = §t2 — V232 £ O(t).

Proof. By Lemma 3.3, v/2t — 5/2 < j*(t) < v/2t — 3/2, hence
<t\/2_;f+3/2> N <\/52 1/2) _ <tj2 (t)) N <g (t;+1) _ <t\/2_2t+5/2> N <\/%23/2),
and this implies

R

We set t*(k) = max {t : f(t) < k — 2}, and look at the asymptotics of this function.
Lemma 5.5. t*(k) = V2k + V8k + O(1).
Proof. From Lemma 5.4 it follows that f(t + 1) = 22 — v/2t3/2 + O(t), and since by definition
fE k) <k—2<f@(k)+1),

we deduce

SR VI (R + 0 (1" (k) = .

This implies t*(k) = v2& + g(k) with g(k) = o (\/E) and

%t*(k)Q V2t (k) =k+0 (\/E) : (15)

The left-hand side is

1

3/2
§t*(k)2 _ \/it*(k,)?;ﬂ —

(\/ﬂ + g(kz))2 -2 (\/ﬁ + g(k))

1
= k+ V2hg(k) + 39(k)* = 27/ + 0 (k3/4) .

1
2

This implies first g(k) = O (k¥/*), and then g(k) = 23/4k'/* + h(k) with h(k) = o (k'/*). Now the left-hand
side of (15) is

lt*(k})Q - ﬁt*(k)g/Q _

2 (VIR 2705100 )" V3 (V3R 40 (1))

— k+2vV2kh(k) + O (klﬂ) .
Now h(k) = O(1) by (15), and the result follows. O

|~

Theorem 3(i) will be proved by combining Lemmas 5.3, 5.4 and 5.5. For the second part, we observe

that for even n, say n = 2k, Theorem 1 implies ¢(n) = (}) — ¥(k), and then with Theorem 3(i), ¢(n) =

(’,:) — %n3/2 — %n5/4 + O(n). For odd n, say n = 2k — 1, we have to work a bit harder, because Theorem 1

implies only ¢(n) = (}) — s, where s is the largest integer less than k2 which is not in (k) U X(k — 1).
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Lemma 5.6. Ift = j*(k—1)+ 1 and s = t(k — 1) — (%) — 1, then s € £(k) US(k — 1). Consequently, for

n e {2k, 2k — 1},
(Z) itk —1)+ (;) +1¢ S(n).

Proof. We prove this by checking that s is in the gap between o(t—1, k) and o(¢, k) and also in the gap between
o(t—1,k—1) and o(t,k —1). It follows from s < t(k — 1) — (1) that all the elements of o(t, k) Uo(t, k — 1) are
larger than s. To conclude the proof it is sufficient to verify the inequality (t — 1)k < s. Fromt—1 = j*(k—1)
and the definition of j*, we obtain (tH) < k —1, hence

(t—l)k:t(k;—l)—i—t—k:<t(k—1)—|—t—(t—gl)—1:5. 0

Proof of Theorem 3. To prove part (i), we combine Lemmas 5.3, 5.4 and 5.5:
W(k) =tk — f(t") — 1= (\/2/<: + \4/8k) k+ O(k) = VaK¥2 4 Bk 1 O(k).

For part (ii), let k = [n/2] and set m1 = (}) — ¢(k) — 1. By part (i),

my = (Z) — (V24 o)k = < > <% ) 32

and by Theorem 1 together with the definition of ¥(k), [1, ml] S(n). For the other direction, let ¢ =
7*(k—1)+1and my = (}) —t(k — 1) + (}) + 1. By Lemma 5.6, ms ¢ S(n), and by Lemma 3.3,

mg = <Z> — (Vak+0(1)) (k= 1) + O(k) = <Z> - <% +0(1)) n3/2, 0

6. OPEN PROBLEMS

As mentioned in the introduction, our main result is a characterization of the possible sizes of families in
B,, which are maximal with respect to the property of not containing a pair of sets, one of which is contained
in the other. In [6], the saturation number sat(n, P) for a poset P has been introduced as the smallest size
of a saturated P-free family in B,,, and these numbers have been studied for various posets P, see [13] for an
overview. For P = Cj41 (a chain of length k + 1), it was shown in [6] that there is a value sat(k) such that
sat(n, Cjy1) = sat(k) for all sufficiently large n, and it is known [17, Theorem 4] that sat(k) = 2(1+o()ek for
some ¢ with % < ¢ < 1. The largest size of a Cj.1-free family, ex(n, Cr41) is the sum of the k largest binomial
coefficients. In analogy to Question 1, it might be interesting to investigate the following.

Problem 1. For which integers m with sat(k) < m < ex(n,Cky1) does there exist a saturated Cj4q-free
family of size m?

In Theorem 2, we characterize the shadow spectrum o(t,k) for ¢ < k + 1. It is an interesting problem
to study the set o(t, k) for general t. Some initial results in this direction have been obtained in [15]. Let
F(t, k) be the minimum shadow size of a t-family of k-sets, so that o(¢, k) C [F'(t, k), tk]. In [15], the following
sufficient conditions for s & o(s,t) are established:

e If there is an integer a > k with F(t — 1,k) < (,%,) <s < F(t—1,k) + k — 2 then s € o(t, k).
e For an integer s with F(¢,3) < s < 3t, s € o(t,3) if and only if s = () + 1 for some integer a > 4
with (5) —a+4<t<(5).
e For an integer s with F'(¢,4) < s < 4t, each of the following three conditions implies s & o(¢,4):
(i) s= (g) + 1 for some integer a > 5 with (Z) —2a+9<t< (Z) —a+4,
(i) s € {(g) +1, (g) + 2} for some integer a > 5 with (Z) —a+5<t< (Z),
(i) s = (g) + (g) + 1 for some integers a > b > 4 with (Z) + (g) —b+4<t< (Z) + (g)
It would be interesting to prove the following generalization.
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Conjecture 1 (Vermutung 2.3 in [15]). Let s be an integer and suppose there are integers ag > ap—1 > -+ >
ar >1r =3 with

a ag—1 ar
— < < _ 9
F(t 1’k)\(k1)+(k2)+ +(T1)<S\F(t Lk)+r—2

Then s & o(t, k).
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