Europ. J. Combinatorics (1985) 6, 233-243

Polytopes Determined by Hypergraph Classes

P. FrankL AND G. O. H. KAaTONA

Let f; denote the number of i-element members of a given family of subsets of a finite n-element
set (=hypergraph). (fo, fi,--.,f.) is the profile of the hypergraph. The authors in two papers
jointly written with Péter L. Erdos have determined the extreme points of the set of profiles for
several hypergraph classes. This paper presents new short proofs.

1. INTRODUCTION

Let S be an n-element set and %, a family of subsets of S, i.e.,\g?c 2% For0<i<n,
we denote by %; the collection of i-element subsets in :

F.={FeF: |Fl=i}, fi=|%l

The vector f= (fo, f1, - - - » Ju) s called the profile of the family %. We consider f as a point

in R"*", the (n+1)-dimensional Euclidean space. For x, y € R"*', x dominates y iff x,;=y;
holds for i=0,...,n.

DerinitioN 1.1, For a finite subset X = R""' we say that D is the dominating set of
X if (a) D< X, (b) for all xe X there exist d,, d>, ..., d;€ D and positive real numbers
ai,...,a; sothaty o;=1and Y a,d; dominates x, (¢) D is minimal with respect to these
properties. The elements of D are called dominating vertices.

It is not hard to see that D consists of exactly those vertices of the convex hull of X
which are not dominated by any other vertex.

Most extremal hypergraph problems can be formulated in the following way. Suppose
we are given a weight function w:{0,..., n}->2Z", ie. w(i)=0 for all i. What is the
maximum of ¥,1_, w(i)f; over all families & < 25 satisfying certain properties (e.g. Fn F'#
@ holds for all F, F'e %)? That is, we have to find the maximum of a linear function
with non-negative coefficients over the set X of all possible profile vectors. Clearly, this
maximum equals the maximum over all dominating vertices. Thus, for most problems, it
is sufficient to determine the dominating set of possible profile vectors.

This was done in [5] and [6] for some classes of hypergraphs. However, the proofs
were lengthy and relied heavily on the duality theorem of linear programming. On the
other hand [6] developed a unified treatment of these problems using no result of extremal
set theory. Here we propose much shorter individual proofs using extremal set theory.
Our theorems are generalizations of old results of extremal types. The connections and
consequences can be found in [5] and [6].

2. STATEMENT OF THE RESULTS

DerFINITION 2.1. Suppose k is a positive integer. The family % is called a k-
Sperner family if there are no k+1 distinct members Fo, F,, ..., F, forming a chain:
Fe Fieyvia By
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THEOREM 2.2. The dominating set of the profile vectors of k-Sperner families consists
exactly of the points

(0,0,...,(f’),o,...,(f’),...,o,(_"),o.‘.o),
L %) I

01 ... iy i, +1 i ie=1ligig+1  n

that is, D is formed by the vectors having 0 or (}) in the ith position and having exactly k
non-zero entries.

A family & is called intersecting if F~ F’'# & holds for all F,F'e %

THEOREM 2.3. The dominating set of profile vectors of intersecting families consists
exactly of the points

d,-=(0,0,...,o,('.’_l),(""fl),...,( n-l )( " )(")) 1oL
i—1 i n—i—1 n—i+1 n 2

01... i T . n—i... n.

A family & is called intersecting Sperner if it is intersecting and 1-Sperner.

THEOREM 2.4. The dominating set of profiles of intersecting Sperner families consists
exactly of the points

| n—1
vfz(()""so’(;,):oa'"10)9j>_2'29wl',]'=(03""On(’:_l)a();"'sos( j )903"')3

0... 7 n 0 i j

n
lsisz, i+j>n.

To see that in all the above theorems the given points are actually possible profiles we
give constructions of families with these profiles. For Theorem 2.2 take all i;-element,
.., ik-element sets. For Theorem 2.3 consider the family

{FcS:soe Fi<|Fl<n-i}U{FcS:|F|>n-i}

for 1<i<n/2 where s, is a fixed element of the groundset. If n is odd and i=(n+1)/2,
put

{F<S:|F|>n/2}.
Finally, the case of Theorem 2.4 is settled by the families
{Fes:|Fl=j}, n/2<j,
{FcS:s0eF|F|=i}U{F=S: ¢ F|F|=j}, 1<i<n/2,i+j>n.

Consequently we have to prove only that any profile can be dominated by the convex

linear combination of these points. In Section 7 we prove a similar statement for two
families of sets.

3. PRELIMINARIES
THEOREM 3.1. [11] Suppose ¥ is a k-Sperner Sfamily, then
n
r fi (1) <k (1)

O=<i=<n

holds.
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TreoREM 3.2 (Erdds, Ko and Rado [4]). Suppose F is an intersecting family consisting
of only t-element subsets, 2t < n. Then

. n=1
#1=("7)) @

holds.

For a family & and a positive integer [ we define
3'F={G<S:|G|=1, IFe Fst.G>o F}.

Suppose S={si, ..., s,} and define the lexicographic ordering for subsets A, B of equal
size by A< B if and only if mingcs—pi<min,cp i Given t, m denote by Z(t, m) the
lexicographically first (smallest) m t-element subsets of S.

TueoreM 3.3 (Kruskal [12], Katona [10]).  Suppose 0=t <1,0<m <(}) and & consists
of m t-subsets of S. Then

|0'F| = |0'L(t, m)| (3)
holds.

Clements [1] and Daykin, Godfrey and Hilton [3] deduced the following.

COROLLARY 3.4. Suppose f is the profile vector of a 1-Sperner family. Then there exists
a 1-Sperner family § with the same profile such that 8'% consists of the lexicographically
first few l-subsets of S, i.e. 3'9=£(1,10'¢|).

Another corollary to Theorem 3.3 is its following version due to Lovasz [13], cf. [14]
for a simple proof of both this and Theorem 3.3.

COROLLARY 3.5. Suppose that 0<t, & consists of t-element subsets of Sand x=n—t
is a real number such that

e | ® _x(x—l)...(x—n+t+1)
0<|jl—(n—t)“ (n—1)!

lat“g'?’( x )
n—t—1

4. PROOF OF THEOREM 2.2

then

Suppose f=(f,...,fn) is the profile of a k-Sperner family. Note that

0<f< (':) (4)
holds for all i.

In view of Theorem 3.1 the numbers f; satisfy (1). We prove the following slightly
stronger statement instead of Theorem 2.2.

LEMMA 4.1. The set D of Theorem 2.2 is the dominating set of all vectors f satisfying
(1) and (4).
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ProOOF. We have to prove that for any vector f satisfying (1) and (4) there are constants
a;=0, Y a; =1 such that

f<Y ad,

where d,, d,, . .. are the vectors given in Theorem 2.2. It is easy to see that it suffices to

prove this statement for vectors f satisfying equality in (1). However, for such vectors f
we can prove the existence of @; =0, ¥ a; =1 such that

f=% ad. (5)
We apply induction on the number of components i for which 0<f; < (%) holds. If this
number is zero, then f€ D, the statement is trivial. In general let I = {i: 0< /(1)< 1} and

suppose that |I|>0 (it implies |I|=2) and the statement is proved for smaller values.
Define now

a+=mi}1ﬁ/(’;), a_=rlneijn (1—}’,—/(?)), a=min{a", a7}.

Suppose further that

fiﬂ/(:l):af+ and 1-f; (in):a‘ (i # 1y).

Let g=(go,---,g.) be a new vector defined by

g=fi (i%io i), g.-0=f,-0—a(:1) and g,.lzf,.l+a(f‘)_

0 L

If f satisfies (1) and (4) with equality, then the same holds for g. By the induction
hypothesis, g satisfies (5):

g=12 Bd.

Clearly, either g, =0 or 8, equals (7). Suppose first that g, =0. (5) implies that all 4,
with positive 8; have a zero in the iosth component.

Suppose that the vectors d; are indexed in such a way that the vectors having (i) in
the i;st component precede the ones having 0 here. Since the i,st component of g =Y B.d;
is = a(;}) there is an index j such that the i,st component of Y’_| Bid; + v/d; is equal to
a(;), no vector with a zero in the ISt components is used and 0< Y; < B;. Let d; denote

the modification of d;: the ijth and i;st components are changed for (i) and 0, respectively.
The expansion

=X Bditvdi+ (8- y)d+ T Bd,

i=j+1
satisfies (5).

The case g = (,«'1') can be handled analogously, since this condition implies that all d,
with positive B; have (i) in the ijth compofent. This proves the theorem.

5. PROOF OF THEOREM 2.3

Let f be the profile of an intersecting family %.

0<f, O<i<n, (6)
is obvious.
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Note that Theorem 3.2 implies

fs(’::ll) 0<i<n/2. (7)

The fact that no set and its complement can be simultaneously in an intersecting family
gives

ﬁ+fn-.-$('.1), (0<i=<n). (8)
i
Any superset of a member of F of # can be added to & without violating the intersecting

property. Suppose that & is maximal, then Fc G < S and Fe % imply G € #. In other

words 9'F < F holds for all L Let f,=(,*;) (x=n—i, a real). By (7) and the monotonity
of (,*,) we obtain x<n—1 for i<n/2. Corollary 3.5 implies

X
()
fi+12|a \oj;jla n—i—1 Zn i
fi !g::l ( x) I

n—i

o . B

(n—l)/(n—l)’ OSI<"/2 (9)
i i1

follows. We prove the following slightly stronger statement instead of Theorem 2.3.

and hence

LEMMA 5.1. The set D of Theorem 2.3 is the dominating set of the vectors f satisfying
conditions (6)-(9).

PrOOF. We have to prove that for any vector f satisfying (6)-(9) there are constants
2,20, ¥ cicniyyz =1 such that f<Y,-i=(n+1)2 @d; where d,, d,, ... are the vectors
given in Theorem 2.3. Increasing f; (i>n/2) until equality is obtained in (8) shows that

_At is sufficient to prove our statement for vectors f satisfying (8) with equality. We will
show in this case the existence of @; =0, ¥ a; =1 such that

f= ) ad; (10)

1=<i=(n+1)/2

Adding up (8) (with equality) for i we infer 2Y.[_, f;=2" i.e. ¥;_of; =2""" Let us set

a;=fi
N . -
a*_(n—1) (n—l)’ AET=n/4
i=-1 i=2
An+1)2=1 ——f(—;:_l—)-{z——, n is odd.
()

(9) and (7) imply ;=0 (1<is(n+1)/2). if nis odd ¥, ;-2 @i =1 is trivial. If n
is even, this sum is equal to f,,»/ (,721,). This is really 1 because of the equality in (8)
with i =n/2. To prove (10) we have to check it componentwise. The jth component on
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the left hand side for j<n/2 is

(::11) .y ai:(;:ll)(nj—;l) =

i el |
To prove the same for j>n/2, let us note that Sitfu—i=() (0<j=<n) holds by the

equality in (8) and similarly, the sum of the jth and (n—j)th components of any d; is
(7), as well. The proof is complete.

6. PROOF OF THEOREM 2.4

Suppose ¥ is an intersecting Sperner family with profile f Let 4 be the Sperner family

with the same profile and satisfying 8’9 = £(1, |3'9|) for all I The existence of such a €
is guaranteed by Corollary 3.4.

LEMMA 6.1. For all 0<t<n we have
|o'F|+|o" " F| < (':)

PrOOF. In the opposite case we can find Fed'%, F'€8"™'% such that F=S — F". By
definition there exist E, E'e % with Ec F, E'c F’ and consequently ENnE'=(J, a
contradiction.

By Theorem 3.3 we have [9'9|<|3"#| for all t. Hence Lemma 6.1 implies
t n—t n
|o"4|+|o" 4| < ) (11)
Also, Theorem 3.2 gives |0'%|< (7Z}) for t<n/2. Thus
=]

0'4|=< 12
woi<("") (12)
holds for t=<n/2. By the lexicographic ordering we infer s,€ G for all G e % |G|<n/2.
Let us define §'={G —{s,}: 5, Ge 4}, ¥°={Ge 4: 5, G}. The members of 4° are

of size >n/2 by the above remark. Clearly, both %' and ¥° are Sperner families on
S —{s,}. Denote their profiles by g, g°, resp. By Theorem 3.1 we have

2t /(") =
Zg?/(n:l)s-l (g7=0 for 0<i<n/2).

' -1 . -1
et (1) e mest /(7))

The above inequalities can be rewritten as

and

Let us set

Y ai=<1, v Bi<1, B;=0,j<n/2. (13)

1=sj=<n n/2<jsn-—1

We define B, =1-Y

n/2<j<n-1 Bj =0.
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LEMMA 6.2.

‘at—l(gl|
o=

1<sist (n“‘l) (14)
=1

where @' is understood to act on S—{s;}.

ProoF. We use induction on t If t =1 the statement is trivial. Suppose > 1.
99 =" (g"))u Y and I (E)NNY=0
are obvious since ¥' is a Sperner family. Hence we have
lo'g'| =10 (6" (¢"))|+ g:- (15)

Counting the number of pairs A, B A€3'~'(4'), B €3'(6"(94")), Ac B in two different
ways the inequality

o= (@Y - (n—1)<|o" ("' (4"))|t
is obtained. This implies

o' (6" (9] = - . (16)
a (") |

|o*4'] o~ (4N

L gt/
() )
t t—1

The application of the induction hypothesis gives (14) for ¢+1. The lemma is proved.

(15) and (16) result in

LEMMA 6.3.

Y < Y Bnar-s 1=1=n

1<i=<t 1=i=<t

ProoF. As ¥ is an intersecting Sperner family, 8" '¢'U{S—(Gu{s}): Ge 4°,
|G|<n—1} is a Sperner family where 3'~" acts still on §—{s}. (1) implies

|at—lgl1
(=)
{1

The application of Lemma 6.2 and X n/2<i<n—t Bi = 1-Y 2=, Ba+1-: completes the proof
of the lemma.

Let us turn back to the proof of the theorem. Define the numbers y; (1sisj=n,

i+j> n) recursively. Start with y,, = a,. Suppose vi; isdefined foralli'<iandi'=1i,j' > .
Set

+B[(n+1)/2]+" 8. =<1, 1=st<=n.

‘ij_—'min{ai” 2 Yis Bi— )3 %"j} (17)

i>j n—j<i'<i

where the void sum means zero.
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LEMMA 6.4.
¥ =0, 1sisjsn,i+j>n, (18)
Y vws<B, n/2<j=sn, (19)
n—j<isj
Y Vi = a, l=<i<n. (20)

max{i,n—i+1}<j<n
PrROOF. Let n/2 <j<n. Then (17) yields
isBi— X v

n—j<i<j
This is nothing else but (19).

To prove (18) and (20) we use induction following the recursive definition. For i =1
0< y,, = @, follows from the definition and Lemma 6.3. Let i > 1 and suppose that (18)
and (20) are proved for all (i’, j) with i’ <i. By (17) we have

Yin = mln{ &, Bn o Z Yi’n}'
1=i'<i
Using (19) we infer 0 < v,, < a;. By induction on J, using (17), we can prove that 0 < Yii
and )., ¥#< a; hold for any j such that max{i, n —i+1} <j < n. Especially,

Yii = ;. (21)
max{i,n—i+l}<j<n
Suppose that y; = a',»—~2j.>j v;- holds for some j. Then Yij-1= Yij-2=---=0 and (20)
hold. If v; < a; —2X,~; vy then we have v, =B~ Ln—j<i<i ¥j by (17). Hence, if i<n/2,
b2 Yi = Y By = 7 ) Yi'j
max{in—i+1}<j=n max{i,n—i+l1}<j=<n max{in—i+l}<sj<=n n—j<i'<i
= 2 B;— b3 > Vi
max{i,n—i+1}<j=<n 1=I<i max{ln—I+1}<j=n

follows. In the last terms we may use the induction hypothesis for (20):

Yii = - Bi— Y a
max{in—i+1}<j=<n max{in—i+1}<j<=n 1=?<i
The right hand side is = «; by Lemma 6.3. This inequality and (21) prove (20) for i. In
the other case when n/2 < i the proof is similar, but (19) should also be used. The lemma
is proved.

Extend the definition of the vectors w; of Theorem 2.4 for all i <j, i +j > n, in a natural
way. Let w; = v, We prove now that

X YWt X Yivi=f (22)
i=j n/2<j=n
i+j>n

where y;=8,-% _._._ ; Vi This will be checked componentwise. For the 0Oth component
(22) is trivial because f, = 0 by the intersection property. Let 1 <i=<n/2. The ith component

of the left hand side is
5 (n—l) (n—l) .
iyl . =) = 8i-
n—it+l<j<n L e | i—1 Bt~

and this is equal to the ith component f; = g!_,+g° of the right hand side since g?=0
for 1<i<n/2. Let n/2<j<n. The jth component of the left hand side of (22) is

-1 -1 -1
= 2 A')’fj(n. )+‘)’jj(r.1)+ 2 '}’ﬂ('? )"“(3;‘“ Z '}’fj)(n. )
n—j<i<j J J j<l<n Jj—1 J

n

n—j<isj
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This is equal to the ith component g} ,+ g} of f if j <n. For j = n this latter component
is gh_,. Thus (22) is proved.
The sum of the coefficients in (22) is

L Wt Y 6= 1 fi=l
i=<j n/2<j=n n/2<j=n
i+j>n

Replace each w; with n/2<i<j=<n by
() (7))
i1 ;
: v+ L v
n n
6 G
on the left hand side of (22).

This modification does not change the left hand side and the validity of (22). However,
the sum of the coefficients is decreased since

(7))

This proves that f is dominated by a linear combination of the vectors given in Theorem
2.4 and the sum of the coefficients is <1.

7. AN EXTREMAL PROBLEM FOR Two FAMILIES

Suppose % and ¥ are families of subsets of S, such that & is a Sperner family and if
Fe%, Ge%then FZ G and G ¢ F hold (in particular n 4= J). We consider the
profile vectors f and g of these families as one vector (fo, fi, - - - fu os « - - » &n) ERZ™2,
and call it the double profile.

TueOREM 7.1. The dominating set of all possible double profiles of &, G with the above
properties consists of the vectors

v,.=(o,...,o,('i'),o,...,0,0,...,0), 0<i<n

0 i nn+l 2n+1

eefo (o () ()

0 n n+l1l n+i+1 2n+1

and

Before proving Theorem 7.1 we state a theorem proved by Daykin et al. [2] which can
be easily derived from it.

THEOREM 7.2.  Suppose F', ..., F" are families of subsets of S so that for 1<i#j<t
and F,e %', F,e ¥, F,# F; we have F; ¢ F;. Then (a), (b) and (c) hold:

(a) 2 ‘gzilsma"{‘( [Jz J)’ 2"}’

(b) 3 f; < max{t, n+1},

1<i<t 0<j=n (n)
J
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I P
()

where r denotes the number of subsets of S which occur in at least two of the F.

(c) 5 |9?"|sn+(1

I=si=t

ProOF oF THEOREM 7.1. The conditions imply that for each Lb1<isn Fu%isa
Sperner family (recall that 4, ={G € %: |G|=i}). By Theorem 3.2 we have

25/ ()e/ () =2 (23)

Deﬁne aj =.f;/(_;l) and B =MaXo<i<n gl/(':)' Clearlys (f;)afl: i aﬂ!a 8os---» gﬂ)s‘zj ajvj+ﬁw
holds, while (23) implies }, «;+ B <1. The proof is complete.

THE PROOF OF THEOREM 7.2. Let us define & as the family of those subsets of S
which are contained in at least two of the ¥, and set ¥=|J,c,., F — Z. Clearly, we have

é] |F| < :|97\+|<g|; (24)

However, # and ¥ fulfill the assumptions of Theorem 7.1. Therefore, the maximum of
7|+ 9= 2 tfi+Y, g is attained in some point of the dominating set of profiles. For v;
we obtain t(}), for w 2", yielding (a). For (b) note first

- /{n 1
r = 1/(0)= z s ‘.
I=si=<t 0<j=<n ) J 0<§<n ( )f 0<§‘.<" (n) gj
J J
Here the right hand side is again maximized for some point of the dominating set. For

v; we obtain ¢, for w n+1, proving (b).
To prove (c) we rearrange (23):

/O /()

Multiplying by () and summing up over all i we infer

lcg| =O Z gi~<~(1 —*;—)2", yielding (c).
(1or21)

8. OPEN PROBLEMS

It would be interesting to determine the dominating set of profiles of other classes of
families, e.g. t-intersecting families (|F n F’| = t), intersecting-union families (F n F' # &,
Fou F'# §). However, these cases seem to be much more difficult. A more hopeful case
might be that of k-wise intersecting Sperner families (F,n- -+~ F, # &, F is Sperner).
We conjecture that all dominating vertices have one or two non-zero coordinates. For
k =3, this would completely settle the problem of the maximum size of a 3-wise intersecting
Sperner family. This is known to be (r(,,"__1§,2])+ g, where € =1 for n even and £ =0 for
n odd, for all but 12 values of n (cf. Frankl [7], Gronau [8], [9]).
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