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Abstract

The extremal problems regarding the maximum possible size of intersecting fam-
ilies of various combinatorial objects have been extensively studied. In this paper,
we investigate supersaturation extensions, which in this context ask for the mini-
mum number of disjoint pairs that must appear in families larger than the extremal
threshold. We study the minimum number of disjoint pairs in families of permu-
tations and in k-uniform set families, and determine the structure of the optimal
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families. Our main tool is a removal lemma for disjoint pairs. We also determine
the typical structure of k-uniform set families without matchings of size s when
n > 2sk + 38s%, and show that almost all k-uniform intersecting families on vertex
set [n] are trivial when n > (2 + o(1))k.

Mathematics Subject Classifications: 05C30, 05C65, 05D05

1 Introduction

Determining the size of intersecting families of discrete objects is a line of research with a
long history, originating in extremal set theory. A set family is intersecting if any two of
its sets share a common element. A classic result of Erdés, Ko and Rado [20] from 1961
states that when n > 2k, the size of the largest intersecting k-uniform set family over [n]
is (Zj) Furthermore, when n > 2k + 1, the only extremal configurations are the trivial
families, where all edges contain a given element. This fundamental theorem has since
inspired a great number of extensions and variations.

A recent trend in extremal combinatorics is to study the supersaturation extension of
classic results. This problem, sometimes referred to as the Erdés-Rademacher problem,
asks for the number of forbidden substructures that must appear in a configuration larger
than the extremal threshold. We often observe an interesting phenomenon: while the
extremal result only requires one forbidden substructure to appear, we usually find several.
The first such line of research extended Mantel’s Theorem [37], which states that an n-
vertex triangle-free graph can have at most |n?/4] edges. Rademacher (unpublished)
showed that one additional edge would force the appearance of at least |n/2] triangles.
Determining the number of triangles in larger graphs attracted a great deal of attention,
starting with the works of Erdés [17, 18] and Lovész and Simonovits [36] and culminating
in the asymptotic solution due to Razborov [42] and the recent exact solution determined
by Liu, Pikhurko and Staden [33]. Supersaturation problems have since been studied in
various contexts; examples include extremal graph theory [2, 30, 38, 39, 41, 43], extremal
set theory [5, 9, 13, 31, 45], poset theory [4, 40, 46], and group theory [8, 27, 47].

The first result of our paper concerns supersaturation for the extension of the Erdos—
Ko-Rado Theorem to families of permutations. A pair of permutations o, 7 € S,, is said
to be intersecting if {i € [n] : 7(i) = o(i)} # 0, and disjoint otherwise. A family F C S,
is intersecting if every pair of permutations in the family is. A natural construction of an
intersecting family is to fix some pair 4, j € [n], and take all permutations that map i to
J; we call this a coset, and denote it by 7(; j). Observe that ‘7@])} = (n —1)!, and Deza
and Frankl [12] showed that this is the largest possible size of an intersecting family in
Sh.

In the corresponding supersaturation problem, we seek to determine how many disjoint
pairs of permutations must appear in larger families. We write dp(F) for the number of
disjoint pairs of permutations in a family F C S,,. By the Deza—Frankl Theorem, when
|F| < (n—1)!, we need not have any disjoint pairs in F, while for |F| > (n — 1)!, dp(F)
must be positive.

One might expect a family of permutations with the minimum number of disjoint pairs
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to contain large intersecting subfamilies, and a candidate construction is therefore the
union of an appropriate number of cosets. However, these unions are not isomorphic, as
pairs of cosets can intersect each other differently. Indeed, given pairs (i, j1) # (ia, j2) €
[n)?, we have T, 1) N Tiinjo) = {m € Sy : w(i1) = j1 and 7(is) = jo}, which is empty if
ip =iy Or j; = jo, and has size (n — 2)! otherwise. To fit the family within as few cosets
as possible, we should take the cosets to be pairwise-disjoint, motivating the following
definition.

Definition 1 (The family 7 (n, s)). Writing 7 = (7(1) «(2) ... @(n)), we can equip
S, with the lexicographic ordering, where m < o if there is some k € [n| such that
(k) < o(k) and 7(i) = o(i) for all ¢ < k. Then, given any 0 < s < n!l, we denote by
T (n, s) the first s permutations under this ordering.

In particular, if s = ¢(n — 1)! +r for some 0 < ¢ < n and 0 < r < (n—1)!, the family
T (n,s) contains the pairwise-disjoint cosets 7 ;) for 1 < j < £, together with r further
permutations from the disjoint coset Ty ¢11).

Our first result shows, for certain ranges of family sizes s, that these families indeed
minimise dp(F) over all families F C S,, with |F| = s.

Theorem 2. There exists a constant ¢ > 0 such that the following holds. Let n,k and
s be positive integers such that k < cn'/?, and s = (k +¢)(n — 1)! for some real € with
le| < ck™3. Then any family F C S, with |F| = s satisfies dp(F) > dp(T (n, s)).

We next consider the supersaturation extension of the original Erdés—Ko-Rado Theo-
rem, where one seeks to minimise the number of disjoint pairs of sets in a k-uniform family
of s subsets of [n]. Bollobds and Leader [7] provided, for every s, a family of constructions
known as the ¢-balls, and conjectured that for some 1 < ¢ < k, an /-ball is optimal for
the supersaturation problem. In particular, when ¢ = 1, the construction is an initial
segment of the lexicographic ordering.

Denote by ([Z}) the family of all k-element subsets of [n|. Letting L(n,k,s) be the
initial segment of the first s sets in ([Z]), we write dp(n, k,s) for dp(L(n,k,s)), where
again dp(F) is the number of disjoint pairs in a set family F. Das, Gan and Sudakov [10]
proved that if n > 108(k*r + k?r?) and s < (}) — (".7), then for any family F C ([Z]) of
size s, dp(F) = dp(n, k,s). That is, when n is sufficiently large and the families are of
small size, the initial segments of the lexicographic order minimise the number of disjoint
pairs, confirming the Bollobas—Leader conjecture in this range.

Note that, for fixed 7, the result in [10] requires & = O(n'/?). Frankl, Kohayakawa
and Ro6dl [23] showed that initial segments of the lexicographic order are asymptotically
optimal even for larger uniformities k. In our next result, we extend the exact results to

larger k as well, showing that the lexicographic initial segments are still optimal when
k= O(n'/?).

Theorem 3. There is some absolute constant C such that if n > Ck*r® and s < (Z) —
(".7), then any family F C ([Z}) with |F| = s satisfies dp(F) > dp(n,k,s); that is,

L(n, k,s) minimises the number of disjoint pairs.
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With our next results, we address a different variation of classic extremal problems.
Rather than considering the supersaturation phenomenon, we describe the typical struc-
ture of set families with a given property, showing that almost all such families are sub-
families of the trivial extremal constructions.

We first consider the famous Erdds Matching Conjecture concerning the largest k-
uniform set families over a ground set of size n that have no matching of size s. There
are two constructions that trivially avoid a matching of size s: a clique on ks — 1 vertices,
and the family of all edges intersecting a set of size s — 1. In [19], Erdds conjectured that
one of these constructions is always optimal.

Conjecture 4 (Erdds [19], 1965). Given integers n, k and s, let F C ([Z]) be a set family
with no matching of size s. Then

Aem () G)-(727)

Frankl [22] proved the conjecture in the range n > (2s — 1)k — s+ 1, showing that the
extremal families can be covered by s — 1 elements. Adapting the methods of Balogh et
al. [3], we show that a slightly larger lower bound on n guarantees that almost all families
without a matching of size s have a cover of size s — 1.

Theorem 5. Let n,k > 3 and s > 2 be integers with n > 2sk + 38s*. Then the number
n n—s+1

of subfamilies of ([Z]) with no matching of size s is ((sfl) + 0(1)) o(1)-("" ), where the

term o(1) tends to 0 as n — oo.

The s = 2 case corresponds to intersecting families. In this case, Balogh et al. [3]
showed that when n > (3 + o(1))k, almost all intersecting families are trivial. Our final
result improves the required bound on n to the asymptotically optimal n > (2 + o(1))k.

Indeed, when n = 2k, then the number of intersecting families is 3:(1) = 3(2:1), since we
can freely choose at most one set from each complementary pair of k-sets {4, [n] \ A}.

Theorem 6. There exists a positive constant C' such that fork > 2 andn > 2k+CVEk1Ink,
almost all intersecting families in ([Z]) are trivial. In particular, the number of intersecting

families in ([Z}) is (n + 0(1))2@:1), where the term o(1) tends to 0 as n — oco.

Remark: During the preparation of this paper, Theorem 6 (with a superior constant
C = 2) was proven independently by Frankl and Kupavskii [25] using different methods.

Outline and notation. The rest of the paper is organised as follows. We discuss
families of permutations in Section 2, in particular proving the supersaturation result
of Theorem 2. Section 3 is devoted to supersaturation for set families and the proof of
Theorem 3. In Section 4, we address the typical structure of families, proving Theorems 5
and 6. Section 5 contains some concluding remarks, including a counterexample to the
Bollobas—Leader conjecture.

We use standard set-theoretic and asymptotic notation. We write ()k() for the family
of all k-element subsets of a set X. Given two functions f and g of some underlining
parameter n, if lim, . f(n)/g(n) = 0, we write f = o(g). For a,b,c € R, we write
a=bxcifb—c<a<s<b+e
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2 Supersaturation for families of permutations

In this section, we study the supersaturation problem concerning the number of disjoint
pairs in a family of permutations. Our main tool is a removal lemma for disjoint pairs of
permutations, showing that families with relatively few disjoint pairs are close to unions
of cosets. We start by collecting some basic facts.

2.1 The derangement graph

Let S,, be the symmetric group on [n]. A permutation 7 € S, is called a derangement if
7(i) # i for every i € [n]. Let D,, be the set of all derangements in S,,. Denote by I',, the
derangement graph on S, that is, o ~ 7w if o - 7 = 7 for some 7 € D,,. In other words, o
and 7 are adjacent in I',, if and only if they are disjoint.

We denote by d,, the number of derangements in .S,,. By construction, I',, is a d,,-regular
graph. A standard application of the inclusion—exclusion principle shows

"L (=1 n!
i=0 ’

We also introduce the notation D,, = d,, +d,,_1, which we will use to keep track of disjoint
pairs in certain subgraphs of the derangement graph.

For instance, consider the subgraph of I';, induced by two disjoint cosets 7;, ;) and
Ti,j)- Since the cosets are intersecting families, they are independent sets in I',, and
50 I'n[T(i1.5)» Tiiar)) 1s bipartite. For any o € 7, ;) and any neighbour 7 = o - 7, where
T € Dy, we have 7 € T, ;) if and only if 7(i5) = 4;. It is straightforward to see that there
are d,_o such derangements 7 with 7(i;) = i3 and d,,_; derangements with 7(i1) # 5. As
a result, every vertex of the bipartite graph has the same degree d,, o+ d, 1 = D,,_1.

Repeating this argument for all the cosets of the form 7 ;) gives the recurrence
relation

dn = (n - 1)Z)n—l = (n - 1)(dn—1 + dn—2)- (1)

For our investigation we shall need some information on the spectrum of the derange-
ment graph I',,. Since I', is d,-regular, its largest eigenvalue \q is d,, with constant
eigenvector 1 = (1 o 1). We shall order the eigenvalues {\g, A1, ..., Ay_1} in a (per-
haps non-standard) way, so that d,, = |[Ao| = |[A| = |Aa] = ... = [\u_1|. Rentner [44]
showed \; = —d,,/(n — 1), while Ellis [14] proved there is some positive constant K such
that

o] < Kd,,/n* (2)

Furthermore, as shown by Ellis, Friedgut and Pilpel [16], the span of the Ap- and A;-
eigenspaces is U; = span{ly,  :4,j € [n]}, the span of the characteristic vectors of the
cosets.
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2.2 A removal lemma

L(n — 1)!, there are unique ¥ € N and ¢ € (—l l] such that

For any integer s > 3 515
s = (k4 ¢)(n — 1)!. For this choice of s, the family 7 (n,s) from Definition 1 is a
subfamily of S,, consisting of |k + | pairwise disjoint cosets and (k+¢— [k +¢])(n—1)!

permutations from another disjoint coset. Hence,

dp(T (n,8)) = ((Lk;d) +lk+e)(k+e— Lmq)) (n— 1)!Dy_,

- ((;) + (k - %) e+ %Iel) (n =Dy, (3)

as dp(F) = e(I',[F]), and the bipartite subgraphs of I, induced by disjoint cosets are
D,,_q-regular.

We will now prove a removal lemma for disjoint pairs of permutations, which states
that any family F C S, of size s = k(n — 1)! with dp(F) =~ dp(7T (n, s)) must be ‘close’
to a union of k cosets.

Lemma 7. There exist positive constants C' and ¢ such that the following holds for suf-
ficiently large n. Let 1 < k < n/2 be an integer, and let ¢ € R and f € Ry be
such that max{le|,8} < ck. If F C S, is a family of size s = (k + ¢)(n — 1)! and
dp(F) < dp(T(n,s)) + B(n — 1)!D,,_1, then there is some union G of k cosets with the

property that
FAG| < O (% 4 w> (n—1)L.

In the proof of Lemma 7 we shall use a stability result due to Ellis, Filmus and
Friedgut [15, Theorem 1]. To state their theorem we need some additional notation. We
equip S, with the uniform distribution. Then, for any function f :.S,, — R, the expected
value of f is defined by E[f] = 5> o f(0). The inner product of two functions
f,9 : Sn — Ris defined as (f,g) = E[fg] = 5>, .5 [(0)g(0); this induces the norm

I £l = /{f, f). Given ¢ > 0, let round(c) denote the nearest integer to c.

Theorem 8 (Ellis, Filmus and Friedgut). There exist positive constants Cy and 6y such
that the following holds. Let F be a subfamily of S, with |F| = a(n — 1)!' for some
a < nf2. Let f = 1F be the characteristic function of F and let fy, be the orthogonal
projection of f onto Uy. If E[(f — fu,)?] = OE[f] for some § < &, then

E[(f - 9)°] < Coo®(1/n+ 8% /n,
where g is the characteristic function of a union of round(a) cosets of S,.

We now derive the removal lemma from Theorem 8.

Proof of Lemma 7. Set ¢ = min{%, %} and C = 3Cy, where dy and Cj are the positive

constants from Theorem 8. Let f be the characteristic vector of F. Write f = fo+ fi+ fo,
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where f; is the projection of f onto the \;-eigenspace for i = 0,1. By the orthogonality
of the eigenspaces,

LA = 1Sl + A2l + Lfall*. (4)

Since f is Boolean,

R A I T T s O

n! n

Let A be the adjacency matrix of the derangement graph I',,. Then

2
@) Kd,
2dp(F) = 2e(Tn[F)) = [TAf =D AL = Mofd fo+ Ml f - Fszfz-
i=0
Dividing both sides by n!, we obtain the following inequalities when n > 4K:

2 dp(F) Kd,

o2 Mol foll® + Ml AlI* = > 1 fal?
(4) Kd,,
= Nollfoll® + AP = ol = 1F1%) = —5= 12
Kd,
= o= M+ M+ (1l = E52 ) el
®  nd, [(k+e\®  d, k+e 3dy, 2
> . _ . .
~ on-—1 ( n ) n—1 ( n )+4(n—1) I
d 3d
- — " . (k k 1)+ —" . 2

—
~

2D, . k 1 g2 3 2
" '((2>+(k_§)€+5>+1D"1'”f2”' ©)

On the other hand, by assumption we have

dp(F) < dp(T(n, ) + B(n — 1)1Dy_; 2 ((’;) + (k: - %) e+ lel + 5) (n—1)1D, 1.

Combined with (6), we get

4 |e|+28-¢ < 3(lel + 7).

If20° < 5 - (7)
Moreover, E[f] = % > %, as |e] < ck < % Therefore,
6
EI(f ~ fu)?l =EI(f ~ fo— 7)) = 15l < 22 g
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Since W < 12¢ < g, we may apply Theorem 8 to conclude that there exists a union

G of k cosets in S,, such that

E[(f — 16 < Co(k;n+s)2 <l+ 6(]¢| +B)> LR <l+ 6(/c| +5)> |

n k n n k

This gives |FAG| = E[(f — 1g)?] - n! < CK? (% + W) (n — 1)!, completing our

proof.

We will use this removal lemma to prove Theorem 2 (a supersaturation result for
disjoint pairs in S,,) in Subsection 2.4. However, from the proof above we can immediately
deduce that for any! 1 < k£ < n, the union of k pairwise disjoint cosets minimises the
number of disjoint pairs among all families of k(n — 1)! permutations.

Proposition 9. For any positive integers 1 < k < n, the family T = Uf:ﬂfl,j) MINIMISes
the number of disjoint pairs over all families F C S, of size k(n — 1)!.

Proof. Let F C S, be an extremal family of size k(n — 1)!, and let f = 1. By (3),
we must have dp(F) < dp(T) = (})(n — 1)!D,,_;. Hence, as in the proof of Lemma 7,
we can use (7) with e = 8 = 0, and so ||f2]|> = 0. It follows from (6) that dp(F) >
(5Y(n — 1)!D,,—y = dp(T), showing that 7 minimises the number of disjoint pairs. O

2.3 Intersection graphs

The removal lemma states that families with relatively few disjoint pairs must be close
to unions of cosets. While this describes their large-scale structure, it falls short of deter-
mining the finer details of such families. As we have observed previously, certain pairs of
cosets are disjoint, while other pairs share a small number of permutations. In order to
keep track of this information, we introduce the notion of an intersection graph.

Given a union G = 7;, j)U...UT, ;) of k different cosets in S,,, its intersecting graph
is the graph with vertex set {(i1,j1), ..., (ix, jx)} and edges between pairs corresponding
to cosets with non-empty intersection. As remarked before Definition 1, we therefore have
(1,7) ~ (¢, 7") if and only if ¢ # ¢’ and j # j'; that is, when these vertices do not lie on an
axis-aligned line in Z2.

For Theorem 2, we need to show that pairwise disjoint cosets minimise the number
of disjoint pairs. To that end, we call a union G of k cosets canonical if at least k — 1
of its cosets are pairwise disjoint. In terms of the intersection graph G of G, this means
there is an axis-aligned line containing at least v(G) — 1 vertices. For example, when
s = k(n — 1)!, the lexicographic family 7 (n, s) is canonical, as all the vertices (i, j) of its
intersection graph lie on the line ¢ = 1.

Our next proposition, central to the proof of Theorem 2, describes how the intersection
graph of a union G of cosets can be used to bound the size of G and the number of disjoint

Kdu | f2]|2. However, in

'In the proof of Lemma 7, we used that n was sufficiently large to bound
Proposition 9, we have || f2||*> = 0, and so do not require n to be large.
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pairs it is involved in. For this we require some further notation. Given a graph G and
an integer t > 1, we denote by k;(G) the number of ¢t-cliques in G. In particular, we have
k1(G) = v(G) and ko(G) = e(G). When the graph G is clear from context, we write k;
for ki(G).

Proposition 10. There is some ¢ > 0 such that if, for 2 < ky < en'/?

k1 cosets in S,, with intersection graph G, then the following hold:

, G is the union of

(a) |G| = kr(n — 1) — ky(n — 2)! + ks(n — 3)! + ky(n — 4),

(b) dp(m,G) = kyDp_1 — ko Dp_y % 3kiky(n — 3)! for every m € S, \ G,

(c) dp(G) = () (n — V)!Dy_y — (k1 — Dka(n — 2)!D,_1 £ 2k3ks(n — 1)!(n — 3)!, and
(d) dp(G) = dp(T (n, |G|)), with equality if and only if G is canonical.

The proof of Proposition 10, though elementary, is rather technical, involving careful
and repeated application of the Bonferroni inequalities to estimate the number of per-
mutations in a union of cosets that are disjoint from a given permutation. We therefore
defer the proof to Appendix A, and instead proceed to show how the proposition can be
combined with Lemma 7 to prove Theorem 2.

2.4 Supersaturation

Here we prove Theorem 2. Our strategy is to use Lemma 7 to reduce the statement to
the case when F is a union of some cosets in S,,, and then apply Proposition 10 to obtain
the desired lower bound on the number of disjoint pairs.

Proof of Theorem 2. Let ¢; and C7 be the positive constants from Lemma 7, and set
¢ =min {c7, 107°C7?%, 1077} .

Now letting n,k and € be as in the statement of the theorem, let F C S,, be an
extremal family of s = (k 4 ¢)(n — 1)! permutations. In the first part of our proof, we
establish Claim 11, a rough structural result for F.

Claim 11. FEither F contains k cosets or F is contained in a union of k cosets.

Proof. Since |e| < ck™® < ¢; and dp(F) < dp(T (n, s)) by the extremality of F, we may
apply Lemma 7 to F with 87 = 0 to find a union G = Ule T of k cosets in S,, such that

IFAG| < Oy (% + %) (n— 1)\, (8)

Let A= F\Gand B =G\ F. We may assume that A # () and B # (), otherwise

either 7 C G or G C F as claimed. We shall show that if the permutations in A are
replaced by those in B, the number of disjoint pairs decreases, which then contradicts the
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extremality of F. Fix two arbitrary permutations ¢ € A and © € B. It suffices to show
that dp(o, F) > dp(w, F).
First, using (8), |e| < ck3, k < en'/? and ¢ < 107°C; 2, we see that

|A| + [B] = |FAG| < 0.02(n — 1)!. (9)

Recall that any two cosets in S,, have at most (n — 2)! elements in common, and that
a permutation is disjoint from D,,_; other permutations in any coset not containing it.
Since D,,_1 =d,_1 +d,_2 = (e7' +0(1))(n — 1) and k < en'/? < 107202 we have

dp(o, F) = dp(o,G \ B) = dp — B > de 0. T) =Y _ITNT| - B
1<j
9 k

On the other hand, 7 is contained in G, and thus can have disjoint pairs to at most k — 1
of the cosets in G. Hence,

dp(m, F) = dp(r, F N G) +dp(m, F \ G) = dp(7,G \ B) +dp(w, A)
< (k=1)Dyy + A 2 (k= 0.2)D, 1 < dp(o, F).C

Next, we combine this claim with Proposition 10 to bound dp(F) from below and
finish the proof. We consider two cases, depending on the sign of e.

Case 1: ¢ < 0. We have shown in Claim 11 that either 7 2 G or F C G, where G is a
union of some k cosets. Let t = |G|.

We first treat the case F O G. Observe that since t < s, T(n,t) C T(n,s), and from
Proposition 10(d) we have dp(G) > dp(7T (n,t)). Since s = (k+¢)(n—1)! < k(n—1)!, the
family 7 (n, s) is contained in a union of k disjoint cosets in S,,. Hence dp(m, T (n,s)) <
(k —1)D,,—; for every m € T(n,s) \ T(n,t), and there are |F \ G| such permutations .

Moreover, as G is a union of k£ cosets, we have

dp(o,G) = kD, — (l;) (n—2)! > (k—0.5)D,_;

for each 0 € F \ G, and there are again |F \ G| such permutations o. Altogether, we
deduce that, as required,

dp(F) = dp(G) + Y dp(0,G) >dp(T(n, 1))+ > dp(x,T(n,s)) = dp(T(n,s)).
ceF\G 7€T (n,s)
T¢T (n,t)

We next deal with the case F C G. It is convenient to think of F as a family obtained
by removing permutations in G one by one. Since G is a union of k cosets in S, the
number of disjoint pairs is decreased by at most (k — 1)D,,_; each time. Following the
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same process for the family 7 (n,t), we see that the number of disjoint pairs is decreased
by exactly (k—1)D,,_; each time we remove a permutation from the last coset in T (n,t).
Moreover, at the beginning of the process, dp(G) > dp(T (n,t)) by Proposition 10(d).
Thus

dp(F) = dp(G) — (t = s)(k = 1) Dy 2 dp(T(n,1)) = (t = s)(k — 1) Dy = dp(T (n, ),

completing the proof in Case 1.
Case 2: ¢ > 0. This case will be handled rather differently. Since ¢ > 0, formula (3)
gives

dp(T(n, s)) = ((’;) + k5> (n—1)1D, 1. (10)

Also, as |F| = (k+¢)(n—1)! > k(n — 1)!, Claim 11 shows that F = G UM, where G is a
union of k£ (not necessarily disjoint) cosets in S,,.
If G is a union of k disjoint cosets, then

dp(F) = dp(G) +dp(H,G) +dp(H) = dp(G) + dp(H,G) = dp(T (n, s)),

where equality holds if and only if dp(#H) = 0, that is, H is intersecting.

It remains to verify that dp(F) > dp(7 (n, s)) when the k cosets of G are not pairwise
disjoint. In this scenario we in fact have a strict inequality. Indeed, let G' be the intersec-
tion graph of G. We shall use the inequality dp(F) > dp(G) + dp(#,G) to lower bound
dp(F). By Proposition 10(c), we have

dp(G) = (S) (n—1)!Dp_y — (k= Dky(n — 2)!D, 1 £ 2k ko(n — D)!(n = 3)!.  (11)

We next estimate the number of disjoint pairs between H and G. By Proposition 10(b),
dp(m,G) = kD, 1 — ks D,,_o £ 3kks(n — 3)!
for every m € H. Furthermore, using Proposition 10(a) to estimate |G| gives
|H| = |F| — |G| = e(n — 1) + ka(n — 2)! + 2kks(n — 3)!.
Therefore, noting that (n — 1)!D,,—o = (n — 2)!D,,_; + (n — 1)!(n — 3)!, we get

dp(H,G) = (kDy_1 — koD, _y £ 3kky(n — 3)!) |H|
=ke(n — DD, + (k — e)ka(n — 2)!D,, 1 + 3k%kpy(n — D)!(n — 3)..  (12)

Combining (10), (11) and (12), and simplifying gives
dp(G) +dp(H,G) — dp(T(n,s)) = (1 — )ka(n — 2)!D,,_1 — 5k%*ky(n — 1)!(n — 3)! > 0,

since ky > 1, k < en/? < 107202 and D,_; > (n — 1)!/3. Thus dp(F) > dp(G) +
dp(H,G) > dp(T (n, s)), completing the proof of Theorem 2. O
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3 Supersaturation for uniform set systems

In this section, we shall prove Theorem 3, but first let us examine dp(n,k,s). When

()= () €5 () = (), iwe write s = () — () + (1) where 7 € [0.1),

L(n,k,s) consists of the full stars with centres in [r — 1], with a further (7_]) sets from

the star with centre r. Let L(i) = {L € L(n,k,s) :i € L} and L*(i) = {L € L(n,k,s) :
min L = i}. One can then compute the number of disjoint pairs as

dﬂmkﬁ>:§jdmup¢ﬁoxcwo>=§f(s—((Z)—(”;”)))(”;f}k)

i=1
(13)
This expression is quite unwieldy, so we shall make use of a few estimates. We first note

that any set outside a star has exactly (";ﬁl) disjoint pairs with the star, so

dp(n.k,s) < Y dp(L(), L))+ Y dp(L(i), £7(r)

1<i<j<r—1 1<igr—1

(e ey e

This is only an upper bound as we overcount disjoint pairs involving sets belonging to
multiple stars. For an even simpler upper bound, observe that every set belongs to at
least one of the r stars, and is not disjoint from any other set in its star. In the worst
case, there are an equal number of sets in each star, with each set disjoint from at most
a (1 — 1)-proportion of the family. We thus have

1 1
dp(n,k,s) < = (1—= s 15
ko) <5 (11 (19

We shall use these upper bounds on the number of disjoint pairs present in any ex-
tremal family.
3.1 Tools

There are two main tools we use in our proof of Theorem 3: a removal lemma for disjoint
pairs, and the expander-mixing lemma applied to the Kneser graph. Before proving the
theorem, we introduce these tools and explain how we shall use them.

3.1.1 Removal lemma

Using a result of Filmus [21], Das and Tran [11, Theorem 1.2] proved the following removal
lemma, showing that large families with few disjoint pairs must be close to a union of
stars.

Lemma 12 (Das and Tran). There is an absolute constant C > 1 such that if n,k
and £ are positive integers satisfying n > 2k(*, and F C ([Z]) is a family of size |F| =
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(¢ — ) (3-]) with at most (( )+ 8) (2D (MY disjoint pairs, where max{2¢|al, |8]} <

k—1
@’"{Tign, then there is a family S that is the union of ¢ stars satisfying

FAS| < O((26 = 1)a+268) - f% (Z B D

Observe that the bound on the number of disjoint pairs in the lemma is very similar to
the upper bound given in (14). Thus one may interpret this result as a stability version of
our previous calculation: any family with size similar to the union of » — 1 stars without
many more disjoint pairs can be made a union of r — 1 stars by exchanging only a small
number of sets. Given this stability, it is not difficult to show that the lexicographic
ordering is optimal in this range.

Corollary 13. There is some constant ¢ > 0 such that if v,k and n are positive integers
satisfying n > 2c k%3, and s = (Z) — (” TH) + 7(k I) where v € [0, %], any family
FC ([Z]) of size s has dp(F) = dp(n, k, s).

”_2;‘371. For the given

Proof. Let C' be the constant from Lemma 12 and choose ¢ = 3900) 7
range of s, the lexicographic initial segment has r — 1 full stars with one small partial
star, so we wish to apply Lemma 12 with ¢/ =r — 1.

Let F be a subfamily of (") with s sets and the minimum number of disjoint pairs.
Note that s = (£ +a) (}_}), where v — —: < a < 7. In particular, we have o] < ¢
By optimality of F, and our calculation in (14), we also have dp(F) < dp(n,k,s) <
((g) +(r—1)) (Zj) (";f;l), and hence take 8 = (r — 1)7.

We thus have |[f| = (r — 1)y < ¢ < (Z%ngn and 2/(|a] < 2¢ = (&)Ez)gnv and hence we
may apply Lemma 12. This gives a family &, a union of ¢ stars, such that

n n—1 n—1 I (n—1
o _ — .
| FAS| < C((2¢ 1)a+26>n—2k‘ (k:—l) 40071—2]{; (k: ) < 200 (kﬁ—l)

Hence, we know an optimal family F must be close to a union of ¢ stars S. We first
show that & C F. If not, there is some set FF € F \ S in our family, as well as a set
G € S\ F missing from our family (note that |F| > |S]). For each star in S, there are

at most ("71) — (") < E("71) sets intersecting F, and hence F intersects at most
n

k—1 k—1 k—1
% (Z_i) sets from F NS. Even if F intersects every set in F \ S, it can intersect at most

k2 n—1 1(n—1 .
< + ﬁ) (k_l) < 5(k_1) sets in F.
On the other hand, the set GG is in one of the stars of S, which contains at least
(Zj) —[S\F| = (1-5%5) (”_1) > 2(”_1) sets of F. Hence replacing F' by G in F

200/ \k—1 3 \k—1
strictly increases the number of intersecting pairs, thus decreasing the number of disjoint
pairs, contradicting the optimality of F.

Thus we have S C F. Let H = F \ S. We then have

dp(F) = dp(S) + dp(S, H) + dp(H).
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Since every set outside a union of ¢ stars is contained in exactly the same number of
disjoint pairs with sets from the stars, the terms dp(S) and dp(S,H) are determined
by ¢ and s, and independent of the structure of F. It follows that dp(F) is minimised
precisely when dp(#) is minimised. As |H| = |F| — |S| = v(7Z]) < (}Z]), we may take
H to be an intersecting family, and so dp(H) = 0 is possible. Since in L(n, k, s), the set
‘H corresponds to the final (intersecting) partial star, it follows that L£(n, k, s) is optimal,

and so dp(F) = dp(n, k, s) for any family F of s sets. O

3.1.2 Expander-mixing lemma

The second tool we shall use is the expander-mixing lemma? of Alon and Chung [1], which
relates the spectral gap of a d-regular graph to its edge distribution. Since the graph is
d-regular, its largest eigenvalue is trivially d, corresponding to the constant eigenvector.
In what follows, an (n, d, \)-graph is a d-regular n-vertex graph whose largest non-trivial
eigenvalue (in absolute value) is \.

Lemma 14 (Alon and Chung). Let G be an (n,d,\)-graph, and let S, T be two vertex
subsets. Then 1151 1T
e(s. 1)~ P <\ ST

As we are interested in counting disjoint pairs, we shall apply the expander-mixing
lemma to the Kneser graph, where the vertices are sets and edges represent disjoint pairs.
The spectral properties of the Kneser graph were determined by Lovész [35]. In particular,
the Kneser graph K G(m, a) for a-uniform sets over [m] is an ((T), (ma_a), (ma_fl_ 1))—graph.
We shall combine this with Lemma 14 to obtain a useful corollary.

Corollary 15. Given 1 < ¢ < j < n, and k-uniform families F(i) of subsets of [n]
containing i and F(j) of subsets of [n] containing j,

dp(F(i), F(j)) > (1 - %) FOIFG ~ o (FO+1FG)) (’; ) 1)

Proof. Without loss of generality we assume ¢ = n — 1 and j = n. Let A = {F\
{n—1}: Fe Fn—1), n¢ F}and B={F\{n}: F € F(n), n—1¢ F}, and
observe that dp(F(n — 1), F(n)) = dp(A, B). Furthermore, we have A, B C ([Z:f]), with
Al 2 |F(n— 1] = () and |B] > [F(n)] = (7).

Since disjoint pairs between A and B correspond to edges between the corresponding
vertex sets in the Kneser graph KG(n — 2,k — 1), Lemma 14 gives

- T "5 (n—k—2
=1, F0) = (A B) > i Ale] - (%) VAT

k—1

2This also plays a key role in the proof of Lemma 12, and so in some sense is the foundation for this
entire proof.
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We now recall that |F(n — 1)|— (7-3) < |A| < |F(n — 1)|, with similar bounds holding
for B. We shall also remove the square root by appealing to the AM-GM inequality. Also
observe that (”;f;l) > <1 - k—2> (Z:f) and ("_k_2) < %(Zj) Hence dp(F(n—1), F(n)) is

n k—2

at Teast (1- ) (IF(n— )] = (222) (F )| = () = & (F = D]+ 1F @) (D).

Noting that (Z:;) < %(Zj), taking the main order term and collecting the negative terms

then gives the desired bound. O

3.2 Proof of Theorem 3
With the preliminaries in place, we now proceed with the proof of the main theorem.

Proof of Theorem 3. We prove the result by induction on s. For the base case, if s <
(M) = (")) = (3=}), then L(n, k,s) consists of sets that all contain the element 1. Hence
dp(L(n, k,s)) = 0, which is clearly optimal.

For the induction step, we have s = () — ("~ TH) +~(}77) for some r > 2 and
7 € (0,1]. Letting ¢ be the positive constant from Corollary 13, if v € (0, £], we are done.
Hence we may assume v € (£,1]. Let F be a k-uniform set family over [n] of size s with
the minimum number of disjoint pairs. In particular, we must have dp(F) < dp(n, k, ).

For any set ' € F, by the induction hypothesis we have dp(F\{F'}) > dp(n, k,s—1).
Hence dp({F'}, F) = dp(F) —dp(F\{F}) < dp(n, k,s) —dp(n, k, s — 1), where the right-
hand side is the number of disjoint pairs involving the last set L added to £(n, k, s). The
set L is in a star of size 7("”) > 7("_1) and hence intersects at least 7(" 1) sets in

k—1 k—1
L(n,k,s). Thus it follows that every set F' € F must also intersect at least Z(}~]) sets
in F.

Now suppose that F contains a full star; without loss of generality, assume F(1)

consists of all (}_]) sets containing the element 1. Let G = F \ F(1). Since F(1) is
n—k— 1)

k—1

intersecting, and every set outside F(1) has exactly (
F(1), we have

disjoint pairs with sets in

an(F) = ap(F(1).6) + an(@) =191 (" £ 1) + v

Now G is a k-uniform set family over [n]\ {1} of size s’ = s— (}~ 1), and so by induction
dp(G) is minimised by the initial segment of the lexicographic order of size s’. However,
adding back the full star F(1) gives the initial segment of the lexicographic order of size
s, and as a result dp(F) = dp(L(n, k,s)) = dp(n, k, s).

Hence we may assume that F does not contain any full star. In particular, this means
for any set F' € F and element i € [n], we have the freedom to replace F' with some set
containing i. We shall use such switching operations to show that F, like L£(n, k, s), must
have a cover of size r, from which the result will easily follow.

Relabel the elements if necessary so that for every ¢ € [n], i is the vertex of maximum
degree in F|jpp\p—1- Let F*(i) = {F € F : min F' = i} be those sets containing 4 that do
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not contain any previous element. Define

X:{xe[n]:|f*( N/Z%(Z_l)}’

andlet /1 ={F e F: FNX #0} and F, =F\ F, ={F € F: FNX = (}. We shall
show that X is a cover for F (that is, /1 = F and F, = ), but to do so we shall first
have to establish a few claims. The first shows that X cannot be too big.

Claim 16. | X| < 4’“’"
Proof. Observe that the families {F*(z) : € X} partition F;. Hence we have

n—1 —1
P = g *

rzeX

from which the claim immediately follows. O

The next claim asserts that every set in F must intersect many sets in Jj.
Claim 17. Fvery set F' € F intersects at least 1 (k 1) sets in Ji.

Proof. First observe that any element i € [n] is contained in fewer than - (}]) sets in
F>. Indeed, the elements x € X have all of their sets in Fi, and hence have F>-degree
zero. Thus the Fj-degree of any element is its degree in | x. If the element of largest
Fo-degree was contained in at least ﬁ(g:}) sets from Fy, then it would have been in X,
giving a contradiction.

Now recall that every set F' € F must intersect at least %(Z:i) sets in F. The number
of sets in F5 it can intersect is at most

o (n—1 y({n—1

o<k (o) =1(0)

.. —1\ - . .
Hence the remaining %(2_1) intersections must come from sets in Fj. ]

The following claim combines our previous results with the expander-mixing corollary
to provide much sharper bounds on the size of X.

Claim 18. |[X| < ¥
Proof. For every i € X, we shall estimate dp(F*(i), F1). Since {F*(z) : € X} is a par-

tition of Fy, we have dp(F*(7), F1) = ZJEX\{Z-} dp(F*(i), F*(4)). Applying Corollary 15,
we get

dp(F*(4) Z dp(F*(4), F*(5))

jeX\{i}
(1 - k—Q) ([F ] = [F@ON [F*(@)] - % (IX||1F*()| + | 7)) (Z B D
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By averaging, some F' € F*() is disjoint from at least

(-5 ami-1man -5 (m+ ) (02))

sets in F;. By Claim 16, | X| < %. Since |Fi| < s < T(Zj), and |F*(i)| > ﬁ(gj), we
can lower bound this expression by

w((ry 7 > (1-5) @A 1men -2 (1)

n Yn

Recalling that v > £, we find that F' intersects at most

k2 12k%r (n —1 13k%r% (n —1
1] = dp({F}F) < IF Q)]+ 1]+ = (k_l) F @O+ = (k—l)

sets from F7. By Claim 17, this quantity must be at least %(Zj), which gives

. v 13K%?\ (n—1 v(n—1
2 - - 2 o )
g (4 en J\k-1)7 8\k-1
since n > Ck*r3 for some large enough constant C.
Hence for every i € X, we in fact have the much stronger bound |F*(i)| > 1(7~)).

8 \k—1

Repeating the calculation of Claim 16 with this new bound gives | X | < %, as required. [

Our next claim shows that X is indeed a cover for F.

Claim 19. X is a cover for F; that is, F1 = F and Fo = ().

Proof. Suppose for contradiction we had some set F' € F,. By Claim 17, at least %(Zj)

sets in 7 must intersect F'. However, each such set must contain at least one element
of X, which by Claim 18 has size at most %, together with one element from F. Hence

there are at most k|X]| (Z:;) < 852’" (Zj) sets in Fi intersecting F'. Since v > ¢ and
n > Ck*r3 for some large enough constant C, this is less than %(zj), giving the desired

contradiction. ]

Now observe that every set in F*(i) meets X in the element ¢. If it intersects X in
further elements, there are at most | X| < 87’" choices from the other element, and at most

(7=3) < E(77]) choices for the rest of the set. Hence at most %:(Zj) <237 < |F()]

sets in F*(7) meet X in at least two elements, and thus there must be some set F; € F*(i)
such that F; N X = {i}. We shall use this fact to establish the following claim.

Claim 20. For alli,j € X, |F*(j)| — |F*(i)] < & (}7]).
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Proof. Suppose for contradiction |F*(j)| > |F*(i)| + Ski (r~]). Let F; € F*(i) be such
that F; N X = {i}. Then F; intersects only the sets that contain 7 together with sets

containing some other element in X and some element in F;. This gives a total of at most

n—2 8k*r (n—1
y e »
F@lrx (p25) < iFo+ 2 (001 <120

sets. On the other hand, if we replace F; by some set G containing j (which we may
do, since we assume the family F(j) is not a full star), we would gain at least |F*(j)|
intersecting pairs. Hence F U {G} \ {F;} is a family of s sets with strictly fewer disjoint
pairs, contradicting the optimality of F. O

This claim shows that the sets in F are roughly equally distributed over the families
F (i), i € X. To simplify the notation, we let m = |X|, and so we have X = [m]. By
Claim 18, m < =£. We shall now proceed to lower-bound the number of disjoint pairs in
F. Note that dp( ) = D icicijem AP(F7(2), F*(j)). We shall use Corollary 15 to bound

these summands. We let s; = |F*(i)| (Z_})fl and set 5 = 3(2_1)71 = Z s;. Note that

s=(1)— (" T“)—i—*y(z ) and y € [£,1] implies r =1 <r— 1+~ — 4= gggr_
We then have

> dp(F(@), F* (7))

1<i<gs<m

>y [(1 - k—) FOIF )~ o0 (F O]+ 7)) (Zii)}
B (s ]
IS R S [

Since Y, s; = 5, there must be some ¢ with s, < =, and Claim 20 then implies that
+ %2:' Hence ), 57 < (max;s;) Y, s < (E + &QT> 5, giving

for every i, s; < m T o

s
m

1 1k 8k 3km n—1\\"
>-(1-— -2 -2 5 . 1
dp(F) 2 ( m n ysn sn ) (S<k— 1)) (16)

Claim 21. |X| = r; that is, F has a cover of size .

Proof. Since s > (Z) — (”_,:H), F cannot be covered by r — 1 elements. Hence we must
have m = | X| > r.
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Now recall we have s = E(Zj), szr—1Ly2>2% m< % < 8 'r? and n > Ck*r3 for

some sufficiently large constant C'. Substituting these bounds into (16), we find

dp(F) > % (1-%-@) &,

However, by (15), we must have

1 1
d <= (1-2)s2
p(F) 2( T)S

These two bounds together imply % + r(rl+1) > %, which in turn gives m < r+ 1. This

shows m = r, and X is thus a cover of size r. O

Hence it follows that F is covered by some r elements, which we may without loss
of generality assume to be [r]. We now finish with a similar argument as in the proof of
Corollary 13: let S be the union of the r stars with centres in [r], and let G = S \ F be
the missing sets. Then dp(F) = dp(S) — dp(G,S) + dp(G) is minimised when G is an
intersecting family of sets that each meet [r] in precisely one element, which is the case
for F = L(n, k,s). Hence dp(F) > dp(n, k, s), completing the proof of the theorem. [

The problem of minimising the number of disjoint pairs can be viewed as an isoperi-
metric inequality in the Kneser graph. The following lemma links isoperimetric problems
for small and large families (see, for instance, [10, Lemma 2.3]).

Lemma 22. Let G = (V, E) be a regular graph on n wvertices. Then S C V minimises
the number of edges e(S) over all sets of |S| vertices if and only if V '\ S minimises the
number of edges over all sets of n — |S| vertices.

The following corollary, which is a direct consequence of Theorem 3 and Lemma 22,
shows that the complements of the lexicographical initial segments, which are isomorphic

to initial segments of the colexicographical order, are optimal when s is close to (Z)

Corollary 23. There exists a positive constant C such that the following statement holds.
Provided n > Ck*r® and (".") < s < (}), ([Z]) \ L(n,k, (}) — s) minimises the number of
disjoint pairs among all systems of s sets in ([Z]).

4 Typical structure of set systems with given matching number

4.1 Families with no matching of size s

In this section we describe the structure of k-uniform set families without matchings of
size s. The following lemma, which follows readily from [3, Lemmas 2.2 and 2.3|, gives a
sufficient condition for the trivial extremal families to be typical.
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Lemma 24. Let P be a decreasing property. Let Ny denote the size of the extremal
(that is, largest) family with property P, Ny the size of the largest non-extremal mazximal
family, and suppose two distinct extremal families have at most Ny members in common.
Suppose further that the number of extremal families is T, and there are at most M
mazimal families. Provided

QIOgM + maX(Nl, N2) — Ny — —0Q, (17)
the number of families with property P is (T + o(1))2"°.

We will apply Lemma 24 with P being the property of avoiding a matching of size s
or, equivalently, of not containing s pairwise disjoint sets. To do so, we first bound the
number of maximal families with no matching of size s.

Proposition 25. The number of mazimal k-uniform families over [n] with no matching

sk
of size s is at most (Z)(’“)

Proof. Given F C ([Z]), let
I(F)={G e ([Z]) : F U{G} does not have s pairwise disjoint sets}.

Note that F does not contain a matching of size s if and only if F C Z(F), while F is
maximal if and only if Z(F) = F. Given a maximal family F, we say that G C F is a
generating family of F it Z(G) = F.

Let Fo = {F1,..., F,} C F be a minimal generating family of . By the minimality
of Fy, we must have Z(Fy \ {Fi}) 2 F = IZ(Fy), for each 1 < ¢ < m. Hence we
can find some set G;s_1 € Z(Fo \ {Fi}) \ Z(Fp). It follows that there exist s — 2 sets
Gii,...,Gis—9 in Fy such that F;, G, 1,...,G,s—2 and G, s_; are pairwise disjoint, while
for every j #1, Fj,G;1,...,G;s—2 and G, s_1 are not pairwise disjoint. In other words, if
we let G; = G;1U...UG, 1, then F;NG; =0 and F; N G; # 0 for j # i. Given these
conditions, we may apply the Bollobds set-pairs inequality [6] to bound the size of Fy.

Theorem 26 (Bollobés). Let Ay,..., A, be sels of size a and By, ..., B, sets of size b
such that A; N B; =0 and A; N By # 0 for every i # j. Then m < (azb).

We apply this to the pairs {(A;, B;)}7,, where for 1 < i < m we take A; = F; and

B; = G;. The conditions of Theorem 26 are satisfied, and hence we deduce m < (S:)

We map each maximal family F to a minimal generating family Fo C F. This map
is injective because Z(Fy) = F. We have shown that |Fy| < (Sklf), and thus the number of

sk n sk
maximal families is bounded from above by Zl(:ko) (<’;)) < () ( ’“), as desired. O

Proof of Theorem 5. We shall verify that the condition (17) from Lemma 24 holds. A
result of Frankl [22, Theorem 1.1] states that when n > (2s — 1)k — s + 1, the extremal

families with no s pairwise disjoint sets are isomorphic to {F € ([Z]) FNs—1] # @},
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and consequently we may take Ny = (Z) — ("?H) and T = (Sfl). Moreover, it is

not difficult to see that the intersection of any two extremal families has size at most
N = () - (") — (7=7). Furthermore, a result due to Frankl and Kupavskii [24,

k k
Theorem 5] implies that N; < (Z) — ("_;H) — ;ﬂ(”‘,’::f“) for n > 2sk — s. Hence
max (N, Ny) < (Z) — (”_;H) — ;ﬂ("‘::f“). In addition, Proposition 25 shows that we

may use the estimate log M < n(s:) Altogether we have

sk 1 n—k—s+1
2log M Ni,Ny) — Ny <2 e
og M+ max(M, No) = No ”(k) s+1( k-1 )

:2n<5,f)—(5+1)<n—kk—s+2><n_k28+2>

sk k n—k—s+2\"
<2 1— 18
”(k)[ 2@+1xn—k—s+mn< sk ) (18)
As n > 2sk + 38s* and s > 2, we ﬁnd%)%(l—l—?gz?’),and hence
n—k—s+2\"7_ /3\"? 743\ k 7A(k —2)s3
—=) == I+ —) > ————=%(k-2)s"
( ok ) (2) ( Y ) 2 T 3k s (k=2)s
This implies
k n—k—s+2 k_n—k—s+2 n—k—s+2\"7
2(s+1)(n—k—s+2)n sk © 2(s+1)s%kn sk

< 37s(k —2)(n —k —s+2) - 37
- 6(s+ 1)kn ~ 36

as s/(s+1) > 2/3,(k—2)/k > 1/3 and (n — k — s+ 2)/n > 3/4. Substituting this
inequality into (18), we obtain

1 k
2log M + max(Ny, N2) — Ny < _En(sk> — —00. O

4.2 Intersecting set systems

In this section we shall use the removal lemma for disjoint sets (Lemma 12) to show that
intersecting set systems in ([Z]) are typically trivial when n > 2k 4+ C'vklInk for some
positive constant C'. Since the number of trivial intersecting families is

n- 20l 4 (Z) 2050 = (n 4 o(1))2(71)

it suffices to prove that there are 0(2(::%)) non-trivial intersecting families.

We need a few classic theorems from extremal set theory. The first is a theorem
of Hilton and Milner [26], bounding the cardinality of a non-trivial uniform intersecting
family.
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Theorem 27 (Hilton and Milner). Let F C ( ) be a non-trivial intersecting family with
k>2andn>2k+1. Then |F| < (12)) — (".F - )+ L

The next result we require is a theorem of Kruskal [32] and Katona [28]. For a family
F C (["]), its s-shadow in ([Z]), denoted 0©) F, is the family of those s-sets contained in
some member of F. For x € R and r € N, we define the generalised binomial coefficient

(7) by setting <x) w(z—1)... (x—r+1)

r) r!

The following convenient formulation of the Kruskal-Katona theorem is due to Lovész [34].

Theorem 28 (Lovéasz). Let n,r and s be positive integers with s < r < n. If F is a
subfamily of ([Z]) with |F| = (%) for some real number x > r, then |0 F| = ().

With these results in hand, we now prove Theorem 6.

Proof of Theorem 6. The statement has been established for n > 3k+8In k in [3, Theorem
1.4], and so we may assume n = 2k + s for some integer s with CvkIlnk < s < k+8Ink.
For each ¢ € N, let N, denote the number of maximal non-trivial intersecting families

of size (Z_l) — ¢. By Theorem 27, we know N, = 0 for ¢ < (”;f;l) — 1. By taking a

simple union bound over the subfamilies of these families, we can bound the number of
non-trivial intersecting families by

Z Ny2Go1)= (ZNZQ )
()

so it suffices to show >, N,27¢ = o(1).
By a result of Balogh et al. [3, Proposition 2.2], we know the total number of maximal

intersecting families can be bounded by >, N, < 927(5 k) and so we have

Y oNe2t<2mG) ST N <) = o).

f}n(Qkk) 627"’(215)

Hence it suffices to show

Y N2 =0(1). (19)

We fix some integer ¢ with (";I‘Tl) —-1</< n(zkk) and fix some maximal intersecting

family F of size (7~]) — £. Let S be the star that minimises |FAS|, and without loss of
generality assume that n is the center of S. Let A= F\ S, and t = |A|. Let B=S\ F,
and note that |B| =t + /.
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Let P={[n—1]\ A: A € A}, and observe that P C (n[ﬁ;ﬂl), since n ¢ A for all
A€ A Let Q={B\{n}:BeB}C (") We claim that 9* VP = Q.

Indeed, suppose H € 9*~DP. Then there is some A € A such that H C [n — 1]\ 4,
and so HNA=0. Asn ¢ A, this forces ({n} UH)N A=, and so {n} UH ¢ F. Hence
{n}UH € B, giving H € Q.

For the opposite direction, suppose H ¢ d*~DP. Then, following the same argument
as above, ({n}UH)NA # () for all A € A. By maximality of F, we must have {n}UH € F,
and thus {n} U H ¢ B, resulting in H ¢ Q.

We shall show that ¢ > 2nt. First let us see why this implies (19). For each family
F counted by Ny, it suffices to provide the star S and the family A outside the star®.
Indeed, since @ = 9% DP, we can compute F NS, and hence completely determine F.
Moreover, |A| =t < ¢/(2n). Thus

£/(2n)
-1
N2t < n(n N ) 27t <272

and so

n<2kk) 2TL 1(n—k—1
Z N2t < % 12—5( ) = o(1).
=(" k)1 N

It remains to show ¢ > 2nt. Letting P and O be as above, recall that Q = ok=1p.
According to Theorem 28, if z is a real number so that ¢ = [P| = (7 ), then £ +¢ =

k—1
121> (,7)-
Now observe that by Lemma 12, we have t < C'nf for some absolute constant C’. Since
¢ < n(*), this implies t < C'n?(*). Since n = 2k +s, we have t = (¥ ) = (har)-
We next show that = < 2k + |2s]. If not, then

_ 3
(Yo (2 sy 2Ry GE) G
k+s—1) 7 \k+s—1 k &) (2

k k+s—1

( )ﬂ2k+] 1:[1 k—s+1+4
2k +j
=1 j=13s)+1 /

lS
- 2K\ [(2k+s\*' [ k—1s 4‘
~\k k+ s 2k + %5
The bases of the exponential factors are minimised when s is as large as possible; substi-
tuting s < k+ 8Ink < 1.1k, we can lower bound the coefficient of (Qkk) by

21 /31\° /0.725\%° 2
= i it _1. s 3
3.1 (2.1) <2.825) = g0 =

3For every choice of F there is a unique A, but not every A corresponds to a maximal family F
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as s > CvkInk > 1001Inn, contradicting our upper bound ¢t < C'n 2(2:)

Suppose, then, that x < 2k + L4 s] — 1. Since t = (k+s—1) and /+t > (kfl), we have

(fl)_lz’“*ﬁ‘l i,

(k+z71) j=k T+ 1 _j

This product is decreasing in x, so we can substitute our upper bound z < 2k + L%SJ —

to find

k+s—1 s5—1 . ls1
k 35\ 4
—/ || —1= || %—12(1—#—8) —1.
2k + | sj—j AL k58] - 4k
j=lgs]+1

This is increasing in s, so plugging in the lower bound s > CvVkInk, we have

’ e € VkInk-1
¥>< —C’ I;j) —1>e%lnk—1>8k>2n,

as required. This completes the proof. O

5 Concluding remarks

We close by offering some final remarks and open problems related to the supersaturation
problems discussed in this paper.

5.1 Supersaturation for permutations

Theorem 2 shows, for k& < cn'/? and s (very) close to k(n — 1)!, one minimises the

number of disjoint pairs in a family of s permutations by selecting them from pairwise-
disjoint cosets. This leaves large gaps between the ranges where we know the answer to
the supersaturation problem, and it would be very interesting to determine the correct
behaviour throughout. For instance, which family of 1.5(n — 1)! permutations minimises
the number of disjoint pairs?

Note that the derangement graph is d,-regular, and so we can apply Lemma 22 to
determine the optimal families for sizes close to k(n — 1)! when k > n — en'/? by taking
complements. However, the complement of a union of pairwise disjoint cosets is again a
union of pairwise disjoint cosets, and hence there may well be a nested sequence of optimal
families for this problem. One candidate would be the initial segments of the lexicographic
order on S, where 7 < ¢ if and only if 7; < ¢; for j = min{i € [n] : 7; # 0;}.

5.2 Set systems of very large uniformity

For set families, we improved the range of uniformities for which the small initial segments
of the lexicographic order are known to be optimal. In Corollary 13, which applies when
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n = Q(r3k?), we handled the case where the family is a little larger than the union of r
stars. However, if one restricts the size of the set families even further, one can obtain
optimal bounds on n. For instance, Katona, Katona and Katona [29] showed that adding
one set to a full star is always optimal.

Proposition 29. Suppose n > 2k + 1. Any system F C ([Z]) with |F| = (Zj) +1
n—k—1

contains at least ( 1 ) disjoint pairs.

By applying the removal lemma (Lemma 12), we can extend this exact result to a
larger range of family sizes.

Proposition 30. For some positive constant c, the following holds. Provided n > 2k + 2

and 0 < s < (Zj) +c- ”_T%(";f;l), L(n,k,s) minimises the number of disjoint pairs

among all systems of s sets in ([Z]).

Proof. Let C be the positive constant from Lemma 12 and set ¢ = (20C)~2. Suppose
F C (") is a family with |F| = (77]) + ¢ for some 1 < t < ¢ 2=2(" 1), Letting

s = (37)) +t, we shall show that dp(F) > dp(Lnx(s)) = t(",""). Suppose otherwise

that dp(F) < t(".*]"). By Lemma 12, there exists a star S such that |FAS| < %(";ﬁ;l)

It follows that |[FNS| = (”;‘j) — p for some integer p with 0 < p < %(";ﬁ;l) As

|F| = (Zj) +tand |[FNS| = (Zj) — p, we must have |F \ S| = p +t. Since each set
in 7\ S is disjoint from exactly (*.*]') sets in the star S and |[FNS| = (_}) — p, we

conclude dp(F, FNS) = (" *[') —p>0forall F € F\S. Thus

W(F) > Y d(FFNS) > |F\S ((”;f;l) _p)

FeF\S

=oe (5 20) )= () e () )
(")

where the last inequality holds since p < %(”;ﬁl) and t < c¢- "fk (”gf;l) H

5.3 A counterexample to the Bollobas—Leader conjecture

Finally, it remains to extend the set supersaturation results to larger values of k. Are
small initial segments of the lexicographic order still optimal when k > /n?

This is not the case when n = 3k — 1, as the following construction shows. Let
s = (”_1) + (2]“[;1) — 1. Then L(n, k, s) consists of one full star, and (Qk_l) — 1 sets from

k—1 k
another star, each of which is disjoint from (";f;l) = (2::12) sets from the full star. Hence

dp(L(n, k,5)) = ((* ) = 1) (37)-
Now instead let F’ be the family consisting of the S, the full star with centre 1, and
all but one k-element subset of {2,3,...,2k}. Since F' again consists of a full star and
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an intersecting family of size (2’“];1) — 1, we have dp(F') = dp(L(n, k, s)). Now form the
family F from F’ by replacing the set A = {1,2k + 1,...,3k — 1} with the missing k-set
B from {2,3,...,2k}. We lose (Zkk_l) — 1 disjoint pairs when we remove A, and gain only

("izl) -1 = (Qkkjlz) — 1 disjoint pairs when we add B. As (i’“_?) < (2’“]; 1), it follows
that dp(F) < dp(L(n, k, s)), showing the initial segment of the lexicographic order is not
optimal.

Bollobas and Leader [7] conjectured that the solution to the supersaturation problem
is always given by an (-ball. Given n,k and s, an ¢-ball of size s is a family B,(n, k, s) of

s sets such that there is some r with
(] | [l |
F e 2 EA| =00 CBn,k,s) CSF € K ENr+1 =0,

In particular, the initial segments of the lexicographic order are 1-balls, while their com-
plements are isomorphic to k-balls.

We have shown that the construction F given above has fewer disjoint pairs than
the 1-balls of size s = |F|. Computer-aided calculations show that for n = 3k — 1,
s = (Zj) + (212_1) — 1 and 5 < k < 15, the 1-balls have far fewer disjoint pairs than
the (-balls for ¢ > 2, showing that F gives a counterexample to the Bollobas—Leader
conjecture for these parameters. The numerical evidence suggests that F should be a
counterexample for all £ > 5, but it is difficult to estimate the number of disjoint pairs

in B,(3k — 1,k, s) for £ > 2, and so we have been unable to prove this.
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A Intersection graphs

In this appendix, we prove Proposition 10, which shows how the intersection graph deter-
mines various parameters about the corresponding union of cosets, including its size and
number of disjoint pairs.

A.1 Some preliminaries

We start by introducing some further notation we will use throughout this appendix.
First, recall that d,, denotes the number of derangements in S,,, and that D,, = d,, +d,,_1.
It will also be convenient for us to define the parameter D!, = d,, + 2d,,—1, a quantity that
arise later in our proof.

Next, given a graph G, k;(G) denotes the number of ¢-cliques in G. We will further
write K;(G) for the set of these t-cliques. Moreover, given a vertex subset X C V(G), we
denote by k; x(G) the number of t-cliques in G that contain X. In particular, we have
k(G) = kep(G) = |Ki(G)]. Again, we will omit G from the notation when the graph is
clear from the context.

Finally, P is the complement of the path on three vertices, which is the union of an
edge and an isolated vertex. Let 1p, : V(G) x (V(QG)) — {0, 1} be the function defined
by setting 1p,(z,{y,2}) = 1 if and only if yz is the only edge of the induced subgraph
G[{z,y,2}]. We then denote the number of induced copies of P; in G by i(Ps, G), noting
that i(Ps, G) = erV(G) Z{y,z}e(‘/(f)) Lp,(z,{y,2}).

With this additional notation in place, we close these preliminaries with the following
crucial observation, which we shall make repeated use of.

Observation 31. If G is the intersection graph of a union of cosets, the following prop-
erties hold.

(i) For every subset X C V(G), the intersection Nyex T, is non-empty if and only if
G[X] is a clique. In this case, |NzexTz| = (n — | X]).

(it) Ifn > 1062, (i1, 51),- - -, (ie, Jo) form an (-clique in G, and 7 € S, \|J'_, Tii,js), then

4
dp <7Ta ﬂs:l 7zis,js)> :dn—ﬁ + (6 - |{i17 s 7if} N {T_l(jl)y s 77T_1(jé)}|) dn—ﬁ—l
+ 703 (n — € —2).

Proof. (i) Since T jyNT(x,jr) = O whenever (4, j) and (i, j') are not adjacent in G, we have
Neex Tz = 0 whenever G[X] is not a clique. Now suppose that X = {(i1, j1), .-, (ie, jo)}
spans a clique in G. Then we must have |{i1, ... i} = [{j1,...,J¢}| = €. Hence |NzexT:|
is the number of bijections from [n] \ {i1,...,%} to [n]\ {j1,. .., ¢}, which is (n — £)!.
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(i) Fix a permutation 7 € S,,\ (7@-17]-1) u...U 7@“2)), that is, a permutation satisfying
m(is) # js for all s € [¢]. If a permutation o € NS_, 7, ;,) intersects m, then we must
have o(x) = m(z) for some x € [n]. Let A, denote the family of such permutations, and
observe A, = Tz r(z)) N (NiZ1 T, j,)) - By part (i), for this intersection to be non-empty, we
require (z,w(x)) to be adjacent to each (i, js) in the intersection graph, or, equivalently,
x & {ir,..., i U{r (1), .., 7 1(j,)}. For brevity, set

c=0—|{ir,....ig} {7 (1), ..., 7 "(je)}| and
=[]\ ({ir, - it UL (G0), o 7 (G0

Note that |I| = n — ¢ — ¢, and Uger A, is the family of all permutations o € N5_, 7, ;.
that intersect 7. Applying the inclusion-exclusion formula and part (i), we obtain

n——{—c
fn—V—c ,
dp (7,521 Thes) = [Nt T \ UeerAu| = > (—1)’( . )(n—é—z)l. (20)

- 2
1=0

Let a; be the real number such that ("~ f VY (n—Ll—i)! = o (n—
«; by a simple function, and then use it to compute dp (7r ﬂs:l (is,js) ) By definition,

(n—t—c)lmn—t—i) Tlon—t—i—j) & i
o = Y 7 .': P - :H 1—7 .
(n—0n—40—c—1)! szo(n—ﬁ—j) i n—~0—j
Hence o; > (1—n yan C+1) >1—-—F c+1:1_nc_je_(n£;gz—le+1 On the other hand,

a; < (1- ) <exp{—-%4} <1 (n‘fe)2. Since ¢ < £ and n > 10¢*, we may
write o = 1 — % +¢; with |ez| < (n Z)Q, providing an effective estimate when ¢ is small.

Plugging these estimates into (20), we have

dp (7“ mi:lﬁt‘m‘ﬁ) = (—1)'ay

_ ;C(_ni (1_nc_i£> not inzu

&il
L
—c+1

n—~{ . n— .
; ci \ (n—20)! ci | (n—20)!

iz_;( ) < n— €> 7! _%: n—/ i!

LN e -0

—~  (n—0)%!
Expanding the leading term gives
n—~_ n—~_0—1
—(—-1
=9t . ”—) = dpg+ o dyg.

=0 1=0
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To bound the first error term, observe that if n — ¢ —c+1 < i < n— ¢ (for which we must

have ¢ > 1), we have |1 — nc_% < ¢ and w < n° !, and so

n—~¢

2

i=n—_f—c+1

ct

1—
n—1¥{

Finally, using ¢ < ¢, we bound the second error term by

n—{—c 9.9 .9
ci*n—0)> i 9
E —— < —(—2)! E — < — 0 —=2)L
2 o i c“(n—10—2) 27 60°(n —{—2)

Putting these bounds together gives the desired expression for dp (7r, ne_, (is,js))- [

A.2 Proof of Proposition 10(a)

Armed with these preliminaries, we may begin to prove the statements in Proposition 10,
of which the first is by far the simplest.

Proof of Proposition 10(a). By the Bonferroni inequalities, we have

Gl= U T|=> 0| >

zeV(G) 1<i<3 xe(V©)

N7

rzeX

= 2

xe(V©)

N7

zeX

By Observation 31(i), Nzex 7, is empty unless X induces a clique in G, in which case
|NzexTz| = (n — | X|)!. Hence we have

as required. 0

A.3 Proof of Proposition 10(b)

In the second part of the proposition, we count the number of disjoint pairs between G
and an arbitrary permutation = € S, \G. We will in fact prove the more accurate estimate
given in the claim below, as this will be required in the proof of part (c).

Claim 32. Let G be a union of ki < n cosets with intersection graph G. Then, for every
Te S, \G,

dp(7m,G) = k1Dyy — koD 5 + | ks + Z H{zn,yid n{r (@2), 7 (2)}] | dn-s
zy€E(G)

where the indices © = (x1,x2) and y = (y1,y2) are vertices of G.
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We first verify that this implies the bound from the proposition.

Proof of Proposition 10(b). The leading term is already in the desired form. For the
second-order term, observe that D! _, = D,,_s + d,_3. In the third term, we bound the
coefficient of d,,_3 above by ks + 2k,, and recall that we also have a term of —kyd,,_3 from
the second-order term. Thus, in total, the third-order term is at most (ks + k2)d,_3. Since
ks < kiko and d,—3 < (n — 3)!, we can bound this from above by 2k;ka(n — 3)!.

With regards to the error term, note that by making the constant ¢ in Proposition 10
sufficiently small, we may assume n is large. Thus, using the aforementioned bound on
ks, and bounding k4 < k?ko/12, we have (28ky + 4ks + ky)(n — 4)! < kiko(n — 3)L.

Substituting these estimates into the equation from Claim 32 gives dp(m, G) =
k1D, 1 — koD, _o £ 3k1ka(n — 3)!, as required. O

We now prove the claim.

Proof of Claim 32. Let m be an arbitrary permutation in S, \ G. It follows from the
Bonferroni inequalities and Observation 31(i) that

3

dp(m,G) =D (=)' [ > dp(mneexTe) | £ Y dp(mMeexTa).

i=1 XeK;(G) XeK4(G)

Recall from Subsection 2.1 that dp(w, T,) = D,,_1 for every x € V(G). For zy € E(G),
say © = (x1,x3) and y = (y1, y2), Observation 31(ii) implies

dp(m, To NTy) = dno + (2 — |[{z1,y} N {7 (@2), 7 (y2)}]) dines £ 28(n — 4)!
=Dy, — {z,y} N {m (@), 7 (12) }| dos £ 28(n — 4)!

as D! 5 = d, o+ 2d,_3. Again using Observation 31(ii) gives dp (7, NpexTz) = d,_3 £
4(n — 4)! for every X € K3(G). For each X € K,(G), we may deduce from Observation
31 (i) that dp(m, NeexTz) < |NeexTz| = (n — 4)!. Combining these bounds gives the
claim. =

A.4 Proof of Proposition 10(c)

In the third part of the proposition, we count the number of disjoint pairs within a union
G of cosets, with the result depending on numerous parameters of the intersection graph
G. We shall once more prove a more precise estimate that we will need in the proof of
part (d).

Claim 33. Let G be a union of ky < cn'/? cosets with intersection graph G. Then

3
dp(G) = Y ai(n — i)!Dyy £+ 12k ks (n — 1) (n — 4)1,

i=1
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where

w=(5)
1 — 2 )
as = —(ky — 1)ko, and

) _
a3 =5 ((2]{:1 — 3)ks + (k2 — k1 + 1)ka +i(Ps, G)) '

Let us first verify that this claim suffices for the proposition.

Proof of Proposition 10(c). The first two terms in Claim 33 are exactly as required. We
need only verify that the sum of the other terms is at most 2k?ko(n — 1)!(n — 3)! in
magnitude. This is easily seen to be true, using the bounds (2k; — 3)ks < 2kiks, k3 <
skiks, and i(Ps, G) < kiks < §kiks, and recalling that k; < en'/? for some small constant
c. [

We now prove the claim.

Proof of Claim 33. The idea behind the proof is to partition the permutations in G based
on how many of the cosets they are contained in. For each vertex set X C V(G), let M
be the family of all permutations 7 € G which satisfy {x € V(G) : 7 € T,} = X.

We shall use the symbol U to denote an union of disjoint sets. From Observation 31(i)
we find ./\/l2 = U|X\:z’MX = UXEKZ-(G)MX7 and thus dp(./\/li, g) = ZXeKi(G) dp(Mx, Q’)
The following claim evaluates these expressions.

Claim 34. For G and M; as defined above,
(i) 3 i2a dp(Mi, G) < kika(n — 1Dl(n — 4)1,

3
(iii) dp(M2,G) = > ci(n —4)!D,,_1 £+ 16k k3(n — 1)!(n — 4)!, where ¢y = (ky — 2)ky and
i=2
C3 — —3(l€1 — 2)/€3 — Z k’g(G — X), and
XeKs(G)

3
(iv) dp(My,G) = > bi(n — i)!D,,_y £ 13k3ka(n — 1)!(n — 4)!, in which by = ki(ky — 1),
i=1

bg = (—3[614—4)]6’2, and bg = (4]€1—6)k73—(]{31—2)k32+i(p3, G)+ Z k’gv{x}k’Q(G—fL‘).
zeV(G)

Since G = U;z1 M, one has dp(G) = § 3, i, dp(M;, G). Claim 33 thus follows by

summing the above, noting that ) ko (s3ko(G — ) — > ko(G—X) = ky(ky —1). O
T XeKs(G)

It remains to prove Claim 34. We begin by bounding the contribution from permuta-
tions in at least four cosets.
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Proof of Claim 34(i). One has |G| < ki(n — 1)}, and [Uiza M| < 3 vcp, gy [NeexTe| <
ka(n — 4)! due to Observation 31 (i). Hence ., dp(M;, G) < [Upa M| |G| < kiky(n —
D(n—4)!. O

We next consider permutations in exactly three cosets.

Proof of Claim 34(ii). Fix X € K3(G) and let 1 € Mx. Observe that if o € T, for
x € X, then 7w and o intersect. Thus, when counting the disjoint pairs between 7 and G,
we need only consider the subfamily of G corresponding to the intersection graph given
by G — X. Applying Proposition 10(b) to this subgraph, we see that

dp(m,G) = dp(7, Upev(@)—-xTz) = (k1 — 3)Dy—1 £ 2k (n — 2)!.

On the other hand, it follows from the Bonferroni inequalities and Observation 31 (i) that
IMx| = (n—3)! £ kyx(n—4)! for every triangle X € K3(G). Combining with the trivial
bound k4 x < ki, this gives

Ms|= > [My] = ks(n = 3) & kiks(n — 4)\.
X€K3(G)

Summing dp(7,G) over all permutations 7 € M3 and using the estimate 2k, < k? gives
the desired result. O

We shall use a similar counting argument to estimate dp(Mas, G).

Proof of Claim 34(iii). Fix X € Ky(G) and 7 € My. As before, any disjoint permuta-
tions come from cosets in G — X. Applying Proposition 10(b) to G — X gives

dp(’ﬂ', g) = (k)l — 2)Dn_1 — kQ(G — X)Dn_Q + 41{71/{?2(71 — 3)'

On the other hand, by appealing to the Bonferroni inequalities and Observation 31(i), we
see that ([Mx| = (n—2)! —ks x - (n —3)! £ k4 x(n —4)!. These two bounds, together with
the estimates k3 x < k1 < n and ky x < ko < kf, imply
dp(MX, g) :(k'l - 2)(TL — 2)'Dn_1 — (l{?l - 2)]@3,)((71 - 3)'Dn_1
As (n—2)!D, 9= (n—3)!D,_1£(n—1)!(n—4)!, this expression can be simplified further
as
dp(Mx,G) =(k1 —2)(n — 2)!Dp—1 — ((k1 — 2)ks x + k2(G — X)) (n — 3)!D,,4

Summing dp(Mx,G) over all X € K5(G) and using the identity >y r, ) ks x = 3k3
results in the desired equation. O]

Finally we come to what is, in some sense, the trickiest part of our proof, which is
dealing with permutations in a single coset.
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Proof of Claim 34(iv). Fix a vertex x € V(G) and a permutation 7 € My,;. Once again,
any disjoint permutations must come from cosets in G — z. Applying Claim 32 to this
subgraph, we find

dp(m,G) =(k1 — 1) Dy 1 — k(G — 2)D;,_,

+ | k(G —2) + Z {yr, 20 N {m (1), 7 (22)}] | dis

(y1,y2)(21,22)EE(G—x)

On the other hand, from the Bonferroni inequalities we have

My = (0= D Y (1) ki gay (0 — 6)! o Ky gy (0 — 4)).
1€{2,3}

For each edge (y1,¥2)(21, 22) € E(G — ), we observe that for all but at most 2(n — 2)!
permutations m € My,y, we have [{y1, 21} N {7 (y2), 7 *(22)}| = 1p,(z,{y, z}). Indeed,
1p,(z,{y,2}) = 1if and only if x € {(y1,22), (21,%2)}, in which case, since 7(z1) = 2,
we have [{y1,21} N {7 (y2), 7 '(22)}| = 1, with equality unless both 7(y;) = z» and
m(z1) = yo. When = ¢ {(y1, 22), (21,y2)}, in order for [{y1, 21} N {7 (y2), 7 (22)}] to be
positive, we need 7(y;) = 22 or m(21) = yo in addition to 7w(x;) = xo, thus giving at most
2(n — 2)! exceptions in this case.

Putting these facts together and summing dp(m,G) over all 7 € M, then gives

dp(Mey, G) = (k1 = 1)(n = )!Dpy — ko(G — 2)(n — 1)ID,,_,
— (kl — 1)]{327{1}(’” — 2)!Dn_1 + k27{x}k2(G - x)(n - 2)!D;1_2

+ (ky = Dks oy (n = 3)!Dpq + | k3(G — ) + Z Lp,(z,{y,2}) | (n—1)ld,_5

yz€E(G—)
+ dky(n — 2)!d,_5 + 10kiko(n — 1)!(n — 4)!,

where in the final term we use k; < 2k§’2k2/i! and the fact that k; < en'/2 to bound the
lower-order error terms.

Moreover, we have the identities (n — 1)!D]_, = (n — 2)!D,—1 + (n — 3)!D,,1 £
(n—D(n—-4, (n—=2)ID!,_, =(n—-=3)!D, 1+ (n—1l(n—4)",, and (n — 1)ld,,—3 =
(n—3)!D,—1 £ (n — 1)!(n — 4)!. Hence

3
dp(May,G) = Y bi(n —i)IDyy £ 13k ka(n — 1)!(n — 4)),
i=1
where
by =k — 1,
bl2 = —kQ(G — :1:) — (k’l — 1)k27{$}, and

bg = —kQ(G — 27) + kg}{:c}kg(G — .’L’) + (lﬁ — 1)k3’{$} + k’3(G — JJ) + Z 1153<$, {y, Z})
yz€E(G)
z¢{y,z}

THE ELECTRONIC JOURNAL OF COMBINATORICS 26(2) (2019), #P2.34 35



NOtiIlg that ZkQ(G — [L’) = (k?l — 2)]@’2, ij?,{x} = 2]’62, Zk’g(G — JZ) = (k‘l — 3)k‘3, and
> ks 123 = 3ks, and summing the above estimate for dp(My,y,G) over all z € V(G), we
get the desired formula for dp(Mi, G). O

A.5 Proof of Proposition 10(d)

The final part of this appendix is devoted to showing that if G is a union of few cosets in
Sy, then G has at least as many disjoint pairs as T (n, s), where s = |G|. To bound the gap
dp(G) — dp(T (n, s)), we shall use part (III) of the following claim concerning structural
properties of intersection graphs.

Claim 35. Let G be the intersection graph of a union G of at most cn'/? cosets in S,.
Then the following properties hold.

(1) ko > max{ky,2k; — 6} unless one of the following cases occurs:

(i) G is canonical;
(ii) G is isomorphic to 2Ky, Py, Ps or Cy U K;.

([[) [fk’g = k’l, then
ky (ks — ki + 1) > 2ks + 1.

(III) If G is not canonical, then
ko (ks — ki + 1) +i(Ps, G) — kg = s5kiko.
We note that parts (I) and (II) will only be used to prove part (III). Before proving

this claim, we show how it implies the final part of the proposition.

Proof of Proposition 10(d). If G is canonical, then G is a union of k; — 1 pairwise disjoint
cosets and an intersecting family, and so dp(G) = dp(7T (n, s)).
Now suppose that G is not canonical. By Proposition 10(a), and since ky < kiks,

s=1G| = ki(n —1)! — ky(n — 2)! 4+ ks(n — 3)! £ k?ko(n — 4)\.
So if we write s =: (k1 +¢)(n — 1)!, then
em—Dl=s—ki(n—1)! = —ky(n —2)! + ks(n — 3)! & kiko(n — 4)!,
which is non-negative since k3 < k1ky and k; < en'/2. Using (3) with ¢ < 0 yields

dp(T (n,5)) = > bi(n — i)!Dy_y & kka(n — 1))(n — 4)!,

1<i<3

where b; = (k21) ,by = — (k1 — 1)ky and b3 = (k1 — 1)k3. We can easily derive from this and

Claim 33 that

dp(G) — dp(T (n,s)) =3 [ka(ks — k1 + 1) + (P53, G) — k3] (n — 3)!Dypy
+ 13k3ko(n — 1)!(n — 4).
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Furthermore, we have ky(ky — k1 + 1) + i(Ps,G) — k3(G) > =5kiko by Claim 35(IIT).
Therefore,

dp(G) — dp(T (n,s)) = ~tkiky(n — 3)! D,y — 13k3ko(n — 1)!(n — 4)! > 0,

100
as Dp_1 = (e +0o(1))(n — 1), 1 < k; < en'/?, and, since G is not canonical, ky > 1. [

Thus to complete the proof of Proposition 10, we need to prove Claim 35. The first
part shows that, but for a handful of small exceptions, the intersection graph of a non-
canonical union of cosets must have many edges.

Proof of Claim 35(1). Tt is not difficult to verify the result for k; < 5. It remains to deal
with the case that k; > 6 and ky < max{ky,2k; — 6} = 2k; — 6, in which case we wish to
show G to be canonical.

Let ¢ be an axis-aligned line that maximises d := [( NV (G)|. If d > k; — 1, then G is
canonical, as desired. If d < 2, then dg(z) > ky — 3 for every x € V(G). Hence, as ki > 6,

1
By > Shi(ki —3) > 3(k1 —3) > 2k — 6,

a contradiction.
We may therefore assume 3 < d < k; — 2. Since each vertex z € V(G) \ ¢ is incident
to all but at most one vertex in ¢, we must have

ky 2 (ky —d)(d — 1) = 2(ky — 3),
giving the required contradiction. O]

The next part of the claim bounds the number of triangles in terms of the number of
edges and vertices.

Proof of Claim 35(11). We use induction on k;. The cases k; < 6 can be checked by hand.
Now suppose ky > 7. If ks > ki, G cannot be canonical. It then follows from part (I)

that
ko > 2ky —6 >k + 1. (21)

Let = be a vertex of G of minimum degree. We distinguish two cases.
Case 1: x is isolated. In this case, vertices of G must lie entirely in the two axis-
aligned lines ¢; and {5 passing through z, and thus G is bipartite, implying k3 = 0. As a

consequence,
(21)
k’g(kg—kl—i‘l) > 2(/{71+1)>16>2]€3+1

Case 2: dg(x) > 1. Let G' := G — {«}. Then, as z is of minimum degree in G,

ka(G) > (G — 2:12(—2%) D@ -2
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Thus k2(G') > k1(G) — 1 = k1 (G'), and so the induction hypothesis applies to G’. Note
that

e(G) (e(G) —v(G) +1) = (e(G") + dg(2))(e(G") —v(G') + 1+ dg(x) — 1)
> e(G')(e(G') —v(G") + 1) + dg(x)(dg(x) — 1)

since dg(x) > 1 and e(G’) > v(G"). By the induction hypothesis, e(G’)(e(G")—v(G")+1) >
2k3(G") 41, and since there are at most (dGQ(x)) triangles in GG containing x, the right hand
side of the above expression is at least 2k3(G) + 1. O

At long last, this brings us to the final proof of this paper,* the crucial inequality in
the proof of Proposition 10(d).

Proof of Claim 35(III). 1f ky < ki, then, by part (I), G is isomorphic to 2Ky, Py, P5 or
C4UK;. We can easily check that ky (ks — k1 + 1) +i(P3, G) — k3 > 5—10/{21]{32 in these cases.?
Suppose, then, that ky > ki. If k; < 5, then by part (IT) we have

ky (ko — ki +1) +i(Ps,G) — ks > 1 > s5kiks,

as desired. It remains to handle the case ky > ki > 6. Part (I) implies ko > 2k; — 6, and
SO ko — k1 +1> %/{:1. Combining this estimate with part (II), we find

ko (ke — ki 4+ 1) +i(P5, G) — k3 = Sko(ko — by + 1) = 5kiko,

finishing the proof. O

4We applaud the reader for making it this far. -
5Observe that this is where we require the term i(P3, G); in all other cases we simply use the fact that
this is non-negative.
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