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Let G be a digraph (without parallel edges) such that every directed cycle has length at
least four; let 3(G) denote the size of the smallest subset X C F(G) such that G\ X has
no directed cycles, and let 7(G) be the number of unordered pairs {u,v} of vertices such
that w,v are nonadjacent in G. It is easy to see that if v(G)=0 then 5(G)=0; what can
we say about 8(G) if v(G) is bounded?

We prove that in general 3(G) <v(G). We conjecture that in fact 3(G) < 1~v(G) (this
would be best possible if true), and prove this conjecture in two special cases:

e when V(G) is the union of two cliques,
e when the vertices of G can be arranged in a circle such that if distinct u,v,w are in
clockwise order and ww is a (directed) edge, then so are both wv,vw.

1. Introduction

We begin with some terminology. All digraphs in this paper are finite and
have no parallel edges; and for a digraph G, V(G) and E(G) denote its
vertex- and edge-sets. The members of E(G) are ordered pairs of vertices,
and we abbreviate (u,v) by wv. For integer k>0, let us say a digraph G is
k-free if there is no directed cycle of G with length at most k. A digraph is
acyclic if it has no directed cycle.
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We are concerned here with 3-free digraphs. It is easy to see that every
3-free tournament is acyclic, and one might hope that every 3-free digraph
that is “almost” a tournament is “almost” acyclic. That is the topic of this
paper.

More exactly, for a digraph G, let v(G) be the number of unordered pairs
{u,v} of distinct vertices u,v that are nonadjacent in G (that is, both uv,vu ¢
E(G)). Thus, every 2-free digraph G can be obtained from a tournament
by deleting v(G) edges. Let 5(G) denote the minimum cardinality of a set
X CE(G) such that G\ X is acyclic. We already observed that every 3-free
digraph with v(G)=0 satisfies 3(G)=0, and our first result is an extension
of this.

1.1. If G is a 3-free digraph then 3(G) <~(G).

Proof. We proceed by induction on |V(G)|, and we may assume that
V(G) # 0. Let us say a 2-path is a triple (z,y,2) such that z,y,z € V(G)
are distinct, and xy,yz € E(G), and x,z are nonadjacent. For each ver-
tex v, let f(v) denote the number of 2-paths (z,y,z) with z = v, and let
g(v) be the number of 2-paths (z,y,z) with y = v. Since V(G) # 0 and
> vevc) f (V) =X ev(q)9(v), there exists v € V(G) such that f(v) <g(v).
Choose some such vertex v, and let A, B,C be the set of all vertices u # v
such that vu € E(G), w € E(G), and uv,vu ¢ E(G) respectively. Thus the
four sets A, B,C,{v} are pairwise disjoint and have union V(G). Let G1,G2
be the subdigraphs of G induced on A and on B U C respectively. Since
g(v) is the number of pairs (a,b) with a € A and b € B such that a,b are
nonadjacent, it follows that v(G)>~(G1)+~v(G2)+g(v). From the inductive
hypothesis, 8(G1) <v(G1) and B(G2) <v(G2); for i=1,2, choose X; CE(G;)
with | X;|<B(G;) such that G;\ X; is acyclic. Let X3 be the set of all edges
ac € E(G) with a € A and c € C; thus | X3| = f(v). Since there is no edge
zy € E(G) with z€ A and y € B (because G is 3-free), it follows that every
edge xy with x€ A and y € {v}UBUC belongs to X3, and so G\ X is acyclic,
where X = X7 UX5U X3. Hence

B(G) < |X| = |Xa| + [Xa2| + |X3] = B(G1) + B(G2) + f(v)
<(G1) +7v(G2) + g(v) <~(G).

This proves 1.1.

But 1.1 does not seem to be sharp, and we believe that the following
holds.

Conjecture 1.2. If G is a 3-free digraph then 3(G) < 1v(G).
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If true, this is best possible for infinitely many values of v(G). For in-
stance, let G be the digraph with vertex set {v1,...,v4,}, and with edge set
as follows (reading subscripts modulo 4n):

e vv; € B(G) for all 4,5,k with 1<k<4 and (k—1)n<i<j<kn;
o vv; € B(G) for all 4,5,k with 1<k<4 and (k—1)n<i<kn<j<(k+1)n.

It is easy to see that this digraph G is 3-free, and satisfies 3(G) =n? (cer-
tainly B(G) > n? since G has n? directed cycles that are pairwise edge-
disjoint), and v(G)=2n2.

The reason for our interest in 1.2 was originally its application to the
Caccetta—Héaggkvist conjecture [2]. A special case of that conjecture asserts
the following:

Conjecture 1.3. If G is a 3-free digraph with n vertices, then some vertex
has outdegree less than n/3.

This is a challenging open question and has received a great deal of at-
tention. Any counterexample to 1.3 satisfies 7(G) < 1| E(G)], so our Conjec-
ture 1.2 would tell us that B(G) < }|E(G)|, and this would perhaps be useful
information towards solving 1.3. Indeed, 1.1 itself has already been used to
prove new approximations for 1.3, by Hamburger, Haxell and Kostochka [3],
and by Shen [5].

We have not been able to prove 1.2 in general, and in this paper we prove
two partial results, that 1.2 holds for every 3-free digraph G such that either

e V(@) is the union of two cliques, or
e the vertices of G can be arranged in a circle such that if distinct u,v,w
are in clockwise order and uw € E(G), then uv,vw € E(G).

The first result is proved in 3.1, and the second in 5.1. Incidentally, Kos-
tochka and Stiebitz [4] proved that in any minimal counterexample to 1.2,
every vertex is nonadjacent to at least three other vertices, and the conjec-
ture is true for all digraphs with at most eight vertices.

In the proof of 1.1 we find a partition of the vertex set of G into two
nonempty sets X,Y, with the property that the number of edges with tail
in X and head in Y is at most the number of nonadjacent pairs (z,y) with
x€ X and y €Y'; and given such a partition, the result follows by applying the
inductive hypothesis to G| X and G|Y. Bruce Reed (private communication)
asked whether the analogous strengthening of 1.2 was true, that is:

Conjecture 1.4. If G is a 3-free digraph with |V(G)| > 2, then there is a
partition (X,Y") of V(G) with X,Y #0, such that the number of edges with
tail in X and head in Y is at most half the number of nonadjacent pairs
(x,y) with z€ X and yeY.
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We have not been able to decide this, even in the two cases when we can
prove 1.2.

2. A distant relative of the four functions theorem

In this section we prove a result that we apply in the next section. We
begin with an elementary lemma. (R4 denotes the set of nonnegative real
numbers.)

2.1. If ay,a9,¢1,c9,d1,ds € Ry and az <cpdy for k=1,2, then (a; +az)? <
(61 —f—dl)(CQ—l-dg).

Proof. If say ¢; =0, then since a% <cdy, it follows that a1 =0, and so
(a1 + a2)? = a3 < cady < (c1 + ¢2)(dy + da)
as required. We may therefore assume that c;,cy are nonzero. Now

(c1 4 c2)(dy + d2) = c1dy + c1da + cady + cada

> af + c1(a3/c) + ca(af/cr) + a3
= (a1 + a2)2 + cica(az/ca — 6l1/01)2
> (a1 + az)?.

This proves 2.1.

Before the main result of this section we must set up some notation. Let
m,n > 1 be integers, and let P denote the set of all pairs (i,7) of integers
with 1<i<mand 1<j<n.If f:P—Ry, and X C P, we define f(X) to
mean v f(x). For (i,5),(i,j") € P, we say that (i’,j") dominates (i,j) if
i<i and j<j'. Let a,b: P— R be functions. We say that b dominates a if

e a(P)=b(P)
o for all X, Y CP, if a(X)+0b(Y)>a(P) then there exist z€ X and yeY
such that y dominates x.

The main result of this section is the following. (It is reminiscent of the
“four functions” theorem of Ahlswede and Daykin [1], but we were not able
to derive it from that theorem.)

2.2. Let m,n>1 be integers, let P be as above, and let a,b,c,d be functions
from P to R, satisfying the following:

1. a(i,g)b(i',7") <ec(i,j)d(i,j") for 1<i<i' <m and 1<j<j <n, and
2. b dominates a.
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Then a(P)b(P) <c(P)d(P).

Proof. We proceed by induction on m+n. Let Q) be the set of all quadruples
(a,b,c,d) of functions from P to Ry that satisfy conditions 1 and 2 above.
We say that (a,b,c,d) €Q is good if

a(P)b(P) < ¢(P)d(P).

Thus, we need to show that every member of @ is good. Certainly if m=1 or
n=1 then condition 2 implies that a(P)=>b(P)=0, and therefore (a,b,c,d)
is good; so we may assume that m,n>2.

(1) If (a,b,c,d) € Q then b(i,1) =0 for 1 <i <m, and a(m,j) =0 for
I<j<n.

For let X =P, and let Y be the set of all pairs (i,1) with 1<i<m. There
do not exist x € X and y €Y such that y dominates x, and since b dominates
a it follows that a(X)+b(Y) < a(P). Since a(X) = a(P) we deduce that
b(Y') =0. This proves the first statement, and the second follows similarly.
This proves (1).

(2) If (a,b,c,d) € Q and a(i,1) =0 for all i € {1,...,m} then (a,b,c,d) is
good.

This follows from (1) and the inductive hypothesis applied to the restric-
tion of a,b, ¢, d to the set of all (i,j) € P with j >1 (relabeling appropriately).

For (a,b,c,d) €@, let us define its margin to be the number of pairs (7, 7)
such that either j =1 and a(i,j) > 0, or ¢ = m and b(¢,5) > 0. For fixed
m,n we proceed by induction on the margin. Thus, we assume that ¢>0 is
an integer, and every (a,b,c,d) € ) with margin smaller than ¢ is good. We
must show that every (a,b,c,d) € Q with margin ¢ is good.

(3) Let (a,b,c,d) € Q with margin t, and suppose that there exist X,Y C P
such that
o a(X)+b(Y)=a(P);
e there do not exist € X and y€Y such that y dominates x;

e there exists i € {1,...,m} such that (i,1) ¢ X and a(i,1) >0, and there
exists j€{1,...,n} such that (m,j)¢Y and b(m,j)>0.
Then (a,b,c,d) is good.

Let Aj=X and As=P\X. Let Bj=P\Y and By=Y. For k=1,2, let Cj,
be the set of all pairs (i, j) € P such that there exist 7, ;" with i <i’ and j <j’
and (i,7) € A and (i, ') € By; and let Dy, be the set of all pairs (i,;') such
that there exist ¢’,j with i<i and j<j" and (4,7) € A and (i, 5") € By. We
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observe first that C1NCy =0); for suppose that (i, j) € C1NCs. Since (7', j) € C1,
there exists i <#’ such that (¢,7) € X; and since (7', j) € Cy, there exists j' > j
such that (¢/,7') €Y. But then (i/,5") €Y dominates (i,j) € X, contradicting
the second hypothesis about X,Y". This proves that C1NCy =), and similarly
DiNDy=0. For k=1,2, and x € P, define ay(z) =a(z) if z € Ay, and ag(z) =0
otherwise. Define by (), ck(x),dk(x) similarly. Since ay(P)+ as(P),b1(P)+
ba(P) and a1(P)+be(P) all equal a(P), it follows that a;(P)=0b1(P) and
az(P)="by(P). We claim that (ag,bk,ck,di) € Q for k=1,2. To see this, let
i<i and j < j'; we must show first that ag(i,7)bk (¢, 5") < e (i, 7)di(4,7).
Hence we may assume that a(i,7) and by (i’,7') #0, and therefore (i,5) € Ay
and (i',j') € Bg. From the definition of Cy, Dy it follows that (i/,j) € Cy
and (i,7") € Dg. Hence ay(i,7)=al(i,j), and by (¢, ") =0b(7, '), and ¢x(7',5) =
c(i’,7), and di(i,5') = d(i,5"); and since a(i,5)b(i',5") < c(i’,5)d(i,j"), this
proves the claim. Second, we must show that b, dominates a;. We have
already seen that ay(P)=0i(P). Let X', Y’ C P with ag(X')+bg(Y") > ar(P);
we must show that there exist z € X’ and y € Y’ such that y dominates x.
From the symmetry we may assume that k=1. Now a(X NX') = ax(X’),
and b(Y UY")=b(Y)+b(Y’), and so

a(X N XY +b(Y UY') = ap(X') + b(Y) + bp(Y")
> ap(P) +b(Y) = a(X) + b(Y) = a(P).

Since b dominates a, there exist z€ XNX’" and y€ Y UY” such that y domi-
nates x. No vertex in Y dominates a vertex in X, from the choice of X,Y,
and it follows that y € Y’, as required. This proves that b, dominates ay,
and consequently (ag,bk,cr,di) €Q, for k=1,2.

We claim that for k£ = 1,2, the margin of (ag,bg,ck,dy) is less than t.
For from the third hypothesis about X,Y’, there exists i € {1,...,m} such
that a(i,1) >0 and (¢,1) ¢ X (and hence a;(i,1) = 0); this shows that the
margin of (a1,b1,c1,dp) is less than that of (a,b,c,d), and so less than t.
Also, there exists j € {1,...,n} such that b(m,j)>0 and (m,j)¢Y; and so
similarly the margin of (ag,bs,co,ds) is less than ¢. Hence from the second
inductive hypothesis, we deduce that ay(P)bg(P) < ci(P)dk(P) for k=1,2.
But ap(P) = bi(P) for k=1,2; thus ap(P)?* < cp(P)dy(P) for k=1,2.
Since ai(P) + az(P) = a(P) = b(P) and since c¢(P) > c1(P) + ca(P) (be-
cause C1NCy=0), and similarly d(P) > dy(P)+ d2(P), it suffices to show
that

(@1(P) + aa(P))? < (e1(P) + a(P))(dy (P) + da(P)),

and this follows from 2.1. This proves (3).

(4) If (a,b,c,d) € @Q with margin t, and there exists j > 3 such
that b(m,j) >0, then (a,b,c,d) is good.
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For let € satisfy 0<e<1. For 1<i<m, define

ay(i,1) = (1 —€)a(i, 1)
ai(i,2) = ea(i, 1) + a(i,2)
ay(i,j) = a(i,j) for 3<j<n
c1(i,1) = (1 — €)e(i, 1)

c1(4,2) = ec(i, 1) + (i, 2)
c1(i,j) = c(i,j) for 3<j <n.

Since b dominates a, by compactness we may choose € <1 maximum such
that b dominates a;. We claim that (a1,b,c1,d) € Q; for let i <i’ and j<j'.
We must check that aq(i,7)b(i',7") <eq (¢, 7)d(i,5"). If j=1, then

a1(i, j)b(i', j') = (1 — €)a(i, 1)b(i’, ')
and
c1(,5)d(i, 5') = (1 — €)c(d, 1)d(i, j'),

and since a(i,1)b(',5") < ¢(i,1)d(i,5") it follows that aq(i,f)b(i',5") <
c1(i',7)d(i,j") as required. If =2, then

ay (i, 7)b(i', ') = (ea(i, 1) + a(i,2))b(i’, j')

and

cr (i, j)d(i,

") = (ec(i, 1) + c(i,2))d(i, 1),
and since a(i,1)b(7, ) < %

c(i,1)d(¢,5") and a(i,2)b(i',5") < c(4,2)d(, "), it
<c1(7,7)d(i,7") as required. Finally, if j > 2 the

follows that aq(i,7)b ( .77
,j)=ua(i,j) and ¢1(i',5) = ¢(i’, 7). This proves that

claim is clear, since ay (i
(al,b,cl, )EQ

We claim that (a1,b,c1,d) is good. If e=1, then a1(i,1)=0 for 1<j<m,
and therefore (a1,b,c1,d) is good by (2). We may therefore assume that e <1.
From the maximality of e, there exist X,Y C P such that

e there does not exist z€ X and y€Y such that y dominates x;
o a1(X)+b(Y)=a1(P);
e for some ¢ with 1<i<m, (i,1)¢ X and and (¢,2) € X and a(i,1)>0.

(The third statement follows from the fact that increasing e will cause a1 (X)
strictly to increase.) Now we recall that there exists j >3 such that b(m,j) >
0. Since (7,2) € X is dominated by (m,j) (for i <m by (1), since a(i,2)>0),
it follows that (m,j) ¢ Y. But then (a1,b,c;1,d) satisfies the hypotheses of (3),
and therefore (ay,b,c1,d) is good. This proves the claim.
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Since a1(P)=a(P) and ¢;(P)=c(P), we deduce that (a,b,c,d) is good.
This proves (4).

Now let (a,b,c,d) € Q with margin t; we shall prove that it is good. By (4)
we may assume that b(m,j) =0 for 3<j <m, and similarly that a(i,1) =0 for
1<i<m—2. Since a(m,1)=>b(m,1)=0 by (1), it follows that a(i,1)#0 only
if i=m—1, and b(m,j)#0 only if j=2. Let X ={(m—1,1)} and let Y be the
set of all (i,7) € P with ¢ <m; then there do not exist x € X and y€Y such
that y dominates z. Consequently a(X)+b(Y') <a(P). But a(X)=a(m—1,1)
and b(Y)>a(P)—b(m,2), and so a(m—1,1) <b(m,2). Similarly the reverse
inequality holds, and so a(m—1,1)=b(m,2). For (i,7) € P, if either i=m or
j=1, define

al(i,j) = bl(l,j) = Cl(i,j) = dl(l,j)

If i <m and j > 1 let a1(i,5) = a(i,7),b1(4,7) = ( ) and ¢1(1,j) =
c(i,j); and let di(i,j) = d(i,j) except that dj(m —1,2) = 0. We claim
that (a1,b1,¢1,d1) € Q. For let i < ¢’ and j < j'. We must check that
ai(i,7)b1(7,7") < c1(i,4)d1(i,5"). If &' <m and j > 1 then a;(i,5) = a(i,j)
and so on, and the claim is clear. If ¢/ =m or j=1 then a;(i,7)b1(¢,5)=0
and again the claim is clear. Thus ay(i,7)b1 (¢,7") <e1(7',7)d1(i,5"). Next we
must check that b; dominates aq. Certainly

a1(P) =a(P) —a(m —1,1) = b(P) — b(m, 2) = by (P).

Let X,Y C P such that a1(X)+b1(Y) > a1(P). We must show that there
exist z € X and y € Y such that y dominates . We may therefore assume
that aq(z) >0 for all x € X, and b1(y) >0 for all y €Y. In particular, since
ai(m—1,1)=b1(m,2)=0, it follows that (m—1,1)¢ X and (m,2)¢Y. Let
X'=XU{(m-1,1)}. Then a(X’)=a1(X)+a(m—1,1), and so

a(X")+bY) =a1(X)+alm—1,1) +b(Y) > a1(P) + a(m — 1,1) = a(P).

Hence there exist x € X’ and y €Y such that y dominates x. If x=(m—1,1),
then y=(m,j) for some j>1, and therefore b (y) =0, a contradiction, since
bi(y) >0 for all y€Y. Thus z# (m—1,1), and so x € X, as required. This
proves that by dominates a;.

By (2), (a1,b1,¢1,d7) is good, and so a1 (P)b1(P) <ci(P)dy(P). Moreover,

a(m —1,1)b(m,2) < ¢(m,1)d(m —1,2)

and b(m,2) =a(m—1,1), and so a(m —1,1)? <c(m,1)d(m —1,2). Hence 2.1
implies that

(a1(P) 4 a(m —1,1))* < (c1(P) + ¢(m, 1))(d1 (P) + d(m — 1,2)).
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But a(P) = ai1(P)+a(m—1,1) = b(P), and ¢(P) > ¢1(P) + ¢(m,1), and
d(P)>d;(P)+d(m—1,2); and it follows that (a,b,c,d) is good. This completes
the inductive proof that every member of @) is good, and so proves 2.2.

3. The two cliques result

In this section we prove the following.

3.1. Let G be a 3-free digraph and let M,N be a partition of V(G) such
that M,N are both cliques of G. Then there is a set X C E(G) such that
every member of X has one end in M and one end in N, and | X|< J7(G),
and G\ X is acyclic. In particular, 3(G) < 37(G).

Proof. The second assertion follows immediately from the first, so we just
prove the first. Since the restriction of G to M is a 3-free tournament, we can
number M ={uq,...,uy} such that u;u; € E(G) for 1<i<i'<m. The same
holds for IV, but it is convenient to number its members in reverse order; thus
we assume that N ={vy,...,v,}, where vjv; € E(G) for 1 <j<j <n. Let
P be the set of all pairs (¢,7) with 1<i<m and 1<j<n. For a=(i,j)€ P
and b= (',j') € P, let us say that (a,b) is a cross if vju;,uyvj € E(G) and
1<i<i<mand 1<j<j <n.Let Ag be the set of all edges of G from
N to M, and By the set of all edges from M to N. Let k£ be the minimum
cardinality of a subset X C AgUBj such that G\ X is acyclic. (Such a number
exists since G'\ (AgU By) is acyclic.)

(1) There are k crosses (a1,b1),...,(ag,bg) such that ai,...,a,b1,...,bg
are all distinct.

For suppose not. Let H be the bipartite graph with vertex set AgU By,
in which vju; € Ag and uyvj € By are adjacent if ((i,7),(¢',5")) is a cross.
Then H has no k-edge matching, and so by Konig’s theorem, there exists
X C ApU By with |X| < k meeting every edge of H; that is, such that for
every cross ((4,7),(7',7")), X contains at least one of the edges vju;, uyv;.
We claim that G\ X is acyclic. For suppose that C'is a directed cycle of G\ X,
with vertices c1,...,¢ in order, say. We shall show that some two edges of C'
correspond to a cross, contradicting the choice of X. We may assume that
¢y =vj say, and none of vy,...,v;_1 are vertices of C'. Thus c¢; € M, say ¢ =u;.
If co € N, say co=wjr, then j' > j and so cac; € E(G); but then the vertices
¢, c1,co are the vertices of a directed cycle of GG, contradicting that G is
3-free. Thus ¢y € M. Since ¢; ¢ M, we may choose s with 3<s<t, minimum
such that ¢, € N. Let cs=wvj;/, and c;_1 =wuy say. Since ca,...,cs_1 € M and
form a directed path in this order, and the restriction of G' to M is acyclic,
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it follows that ¢'>4. Also, since none of vy,...,v;_1 are vertices of C, it
follows that j/>j. If 7 =4 then s =t and ¢;_1,¢,¢1 are the vertices of
a directed cycle, a contradiction; so j'>j. Hence ((i,7),(7,5")) is a cross,
and X contains neither of the edges v;u;, uyvj, a contradiction. Thus G'\ X
is acyclic. This proves (1).

Let (ay,b1),...,(ak,b;) be crosses as in (1). Let A = {aq,...,ax}, and
B={by,...,b;}. Let C be the set of all (i',5) € P such that there exist i, ;'
with 1<i<i <m and 1<j<j' <n satistying (i,7) € A and (¢/,j') € B; and
let D be the set of all (i,;j') € P such that there exist ¢/,j with 1<i<#<m
and 1<j<j'<n satisfying (i,7) € A and (i,j') € B.

(2) CND=0, and |C|+|D|<~(G).

For suppose first that (i,7) € CND. Since (4,7) € C, there exists j' > j such
that (¢,7") € B; and since (i,7) € D, there exists j” < j such that (4,5") € A.
But then vjvjn € E(G) since j” < j<j', and vjnu; € E(G) since (i,5") € A;
and u;vj € E(G) since (i,5") € B, contradicting that G is 3-free. This proves
that CN.D=0. Moreover, if (7/,7) € C, we claim that u;,v; are nonadjacent.
For choose 4,7 with 1 <i <4 <m and 1< j <j' <n such that (i,j) € A
and (7/,7") € B. Since {v;,u;,u;} is not the vertex set of a directied cycle,
it follows that wyv; ¢ E(G); and since {uy,vj,v;} is also not the vertex set
of a directed cycle, vjuy ¢ E(G). This proves that u;,v; are nonadjacent.
Similarly u;,v; are nonadjacent for all (i,5) € D. Since CND =1, it follows
that |C|+|D| <~(G). This proves (2).

Let a: P — R4 be defined by a(z) =1 if x € A, and a(z) =0 if z €
P\ A; thus, a is the characteristic function of A. Similarly let b,¢,d be the
characteristic functions of B, C, D respectively. We claim that the hypotheses
of 2.2 are satisfied. For if 1 <i<# <mand 1<j<j' <n,and a(i,7)b(i',5') >0,
then (i,j) € A and (¢,;') € B; hence vju;,uyvj € E(G), and so (7,j) € C
and (i,7') € D from the definitions of C, D; and therefore condition 1 of 2.2
holds. For condition 2, note first that a(P) =k =0b(P). Let X,Y C P with
a(X)+b(Y)>a(P)=k. We recall that A={ay,...,ax} and B={b1,... by}
where (a;,b;) is a cross for 1 <i<k. Thus, a(X)=|ANX]| is the number of
values of h e {1,...,k} such that a; € X, and similarly b(Y") is the number
of h with b, € Y. Since a(X)+b(Y') > k, there exists h such that a; € X
and by, € Y, and so by, dominates ajp. This proves that b dominates a, and
therefore the hypotheses of 2.2 are satisfied.

From 2.2, it follows that a(P)b(P) < ¢(P)d(P), and so |A||B| <|C||D].
But |A|=|B|=k, and so |C||D|>k?. Consequently |C|+|D|> 2k, and hence
by (2), k< 3~(G). This proves 3.1.
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4. A lemma for the second theorem

Now we turn to the second special case of 1.2 that we can prove. The proof is
in the next section, and in this section we prove a lemma which is the main
step of the proof. First we need some notation. Let t>1 be an integer and
let s=3t+1. If n is an integer, n mod s denotes the integer n’ with 0<n'<s
such that n—n' is a multiple of s. If 0<4,j <s and 4,7 are distinct, let ¢>0
be minimum such that (i+¢) mod s=j (so g=j—i if j>i, and g=j—i+s
if j<i). We define Ds(ij)={(i+p) mod s:0<p<gq}. Let E, denote the set
of all ordered pairs ¢j with 0<4,j <s and j #1 such that |D4(ij)| <t, and
let Fs be the set of all unordered pairs {7,j} such that 0<1i,j <s and j#1
and ij,ji ¢ FEs. For 0 <k <s, let Cs(k) be the set of all pairs ij € Es such
that k€ Ds(ij).
The lemma asserts the following.

4.1. Let t>0 be an integer, let s=3t+1, and for 0<i<s let n;€ R4. Then
there exists k with 0<k < s such that

1
Z nmj S 9 Z nmj.
ijeCs(k) {i.g}eFs

Proof. Let Qs be the set of all sequences (ng,...,ns—1) of members of R.
We say that (ng,...,ns—1) € Qs is good if there exists k with 0 <k < s such

that )
Z nmj S 9 Z nmj.
ijeCs(k) {i.g}eFs

Thus we must show that every member of Qs is good. We prove this by
induction on ¢.

(1) If t=1 then every member of Qs is good.

For suppose that t=1. Let (ng,n1,n2,n3) € Qs; we must show that there
exists k with 0<k <3 such that nyng; < §(n0n2+n1n3). But

min(ngny, ngnz)? < ngningng

1
S noninansg + (nong — n1n3)2 = 4(77/077/2 + n1n3)2

4
and the claim follows. This proves (1).
Henceforth we assume that ¢>1.

(2) If (no,...,ns—1) €Qs and some n;=0 then (ng,...,ns_1) is good.
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For we may assume that ng =0, from the symmetry. Define m,; for 0 <
1<3t—3 as follows:

mo = N3t;

m; =n; for 1 <i<t—1;

My = Ng + Nyy1;

m; =n;qq for t4+1 <4 <2t —2;
Mat—1 = Nat + N2t+1;

mi:ni+2for2t§i§3t—3.

From the inductive hypothesis and since ¢ > 1, the sequence (my,...,ms;_3) €
Qs_3 satisfies the theorem, and so there exists k&’ with 0 <k’ <s—3 such that

1
Z mgm; S 9 Z m;mg;.
ije€Cs—3(k’) {i,j}€Fs—3

IfO<K <t,let k=FK;if t<k <2t—1,let k=K' +1; and if 2t —1 <k’ <3t—3,
let k =k 42. Since ng=0, in each case it follows easily (we leave checking

this to the reader) that
Z nin; S Z m;mg;.
ijeCs (k) ij€Cs—3(k')

g m;m; = g ning — NgNggr] < E nin;,

{i,j}€Fs_3 {i,j}€Fs {i,j}€Fs
as we can check by rewriting the left side in terms of the n;’s and expanding
and using that ng=0. Consequently,

1 1
ij€Cs (k) ijeCs_3(k") {i,j}eFs_3 {i.j}ers
and so (nog,...,ns—1) is good. This proves (2).
(3) Let (ng,...,ns—1) €Qs, such that
>, mm< ), mmy
i7€Cs(3t) 1j€Cs (k)
for all k with 0<k<3t. Then

S (¢ — ) (ngs + ) < ;t 3 s

0<i<t 0<i<s
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For let 0<k<t—1. For 0<i<k, define

a; — E ’I’Lj — E ’I’Lj.

k+1<j<i+t i+-2t4+1<5<3t
Then
E nmj - E nmj = Z ;M.
1j€Cs (k) 15€Cs(3t) 1<i<k

Since the left side of this is nonnegative, and ag < a; < --- < ag, it follows

that aj >0, that is,
> M- >, m=0
k-+1<j<k+t k+2t+1<5<3t

Similarly, for 2t + 14k <:<3t let

bi = Z nj — Z nj;

i—t<j<2t+k 0<j<i—2t—1
then
Z nmj — Z nmj = E bml
ij€Cs(2t+k) ij€Cs(3t) 2+1+E<i<3t

Since b3y <bsy—1 <--- <bory14k, we deduce similarly that by 145 >0, that is,

Z nj—anZO.

tH1+k<j<2t+k 0<5<k
Hence
E n; — E n; + E n; — E anO,
k+1<j<k+t k42t+1<j<3t ktt+1<j<k+2t 0<j<k
that is,
E n; + E n; < E ;.
k+2t4+1<j<3t 0<j<k k+1<j<k+2t

But the sum of the left and right sides of this inequality equals N, where
N =3 i, and so the left side is at most 5 N. Summing over all k with
0<k<t—1, we deduce that

D> (t—i)(ng—i +ni) < ;Nt.

0<i<t

This proves (3).
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Now to complete the proof, let (ng,...,ns—1) € Qs. Choose h with 0<h<s
such that njy <n; for all ¢ with 0<i<s. Let ny=x, and for 0<i< s, define

m;=n; —x. Thus (mg,...,ms_1) €Qs. We may assume that
D, mmy< ), mim
ijE€Cs(3t) ij€Cs(k)

for all £ with 0 < k < 3t, by cyclically permuting nyg,...,n3:. By (2),
(mo,...,ms_1) is good, since mj,=0. Hence

g mim; < E mim;.

ij€Cs(3t) {l,J}EFs

But

Z nin; = Z (mi + z)(m; + x)

ij€Cs(3t) 1j€Cs(3t)
= > w3 alt = ) (ma + ) + |Co(30)] 2
1j€Cs(3t) 0<k<t
1 1
Z mim; + 2xtM+ 2t(t+ 1)a?
1j€Cs(3t)

by (3), where M =3 ;3 m;. Moreover,

1
Z ning =, Z (mi +x)(m; + x)
{17]}€FS {Zvj}EFS
Z m;m; + 2xtM—}— 4sta:
{ig}ers
1 1 5
Z m;m; + 2xtM+ 4stac
ij€Cs(3t)
1 1 9 1 1,
Z ning — <2th+ 2t(t+ Da ) + (2$tM+ 45t )
ij€Cs(3t)

E nmj.

i5€Cs(3t)

v

v

Y

It follows that (ng,...,ns¢) is good. This completes the proof of 4.1.
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5. Circular interval digraphs

We say that a digraph G is a circular interval digraph if its vertices can be
arranged in a circle such that for every triple u,v,w of distinct vertices, if
u,v,w are in clockwise order and ww € E(G), then uv,vw € E(G). This is
equivalent to saying that the vertex set of G can be numbered as vy,...,v,
such that for 1 <:<mn, the set of outneighbours of v; is {vit1,...,vi+4} for
some a >0, and the set of inneighbours of v; is {v;_y,...,v;—1} for some b>0,
reading subscripts modulo n. The examples given earlier to show that Con-
jecture 1.2 is tight infinitely often are circular interval digraphs. The main
result of this section is:

5.1. 5(G)< év(G) for every 3-free circular interval digraph.

First we need a couple of lemmas. Here is a special kind of circular
interval graph. Let t > 1 be an integer, let ng,...,n3 > 0 be integers, and
let n=>(-r<3: - Let No,...,N3; be disjoint sets of cardinalities nq,...,n3
respectively, and let N=NoU---UNs;. Let N={v1,...,v,}, where

Ni=A{v; : no+ni+-+ni1<j<nog+ni+---+ni_1+n}.
Let G be a digraph with vertex set N and adjacency as follows:

o for 0<k<3t, if i<j and v;,v; € N, then vv; € E(G);
e for 0 <h <3t and k€ {(h+1i) modn;1<i<t}, every vertex in N}, is
adjacent to every vertex in Nj.

In this case G is a circular interval graph, and we denote it by G(nq,...,ns¢).
We observe:

5.2. For all t>1 and all choices of ng,...,n3 >0, it G=G(ng,...,n3;) then
B(G) < 37(G).

Proof. By 4.1, there exists & with 0 <k <3t such that
1
ij€Cs(k) {i.j}€Fs

with notation as in 4.1. But the left side of this is at least §(G), since
every directed cycle of G' contains an edge uv with u € N; and v € IV; for
some ij € Cy(k); and the right side equals 3v(G). This proves 5.2.

Let us say a 3-free circular interval digraph is maxzimal if there is no pair
u,v of nonadjacent distinct vertices such that adding the edge uv results in
a 3-free circular interval digraph.
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5.3. Let G be a maximal 3-free circular interval graph. Then either G is a

transitive tournament, or G is isomorphic to G(nq,...,ns) for some choice
Oft,no, LT
Proof. Let the vertices of G be v1,...,v,, numbered as in the definition of a

circular interval digraph, and throughout we read these subscripts modulo n.
For each vertex v, let N (v), N~ (v) denote the set of outneighbours and
inneighbours of v, respectively.

(1) If N~ (v) =0 or N*(v)=0 for some vertex v, then G is a transitive
tournament.

For suppose that N~ (v) =0 for some vertex v, say v;. If vyv; € E(G) for
some j,k with 1 <j <k <n, then j>1 and vy,vj,v; are in clockwise order,
and therefore vivy € E(G), a contradiction. Thus G is acyclic; suppose it is
not a tournament. Choose 7,5 with 1 <i < j <n with j—¢ minimum such
that v;v; ¢ E(G), and let G’ be obtained from G by adding the edge v;v;.
Then G’ is a 3-free circular interval digraph, a contradiction. Thus G is a
tournament, and hence a transitive tournament since it is 3-free. Similarly
if N*(v) =0 for some vertex v, then G is a transitive tournament. This
proves (1).

We may therefore assume that v;v;11 € E(G) for 1 <i<n. Let us say that
X CV(G) is a cluster if X is nonempty, every two vertices in X are adjacent,
X can be written in the form {v4,vq41,...,v5} for some a,b, and for every
vertex v¢ X, either X CN*(v), or XCN~(v), or XN(NT(v)UN~(v))=0.

(2) For 1 <i<mn, if {v;,viy1} is not a cluster, then Nt (v;11) € Nt (v;)
and N~ (vi) Z N~ (vi1).

For certainly vv;11 € E(GQ). Let Nt (v;) = {vis1,---,Vita}, Where a>1.
Suppose that N*(v;41) € Nt (v;). Then N (vi41) = {vito,...,Vita}- Let
the set of inneighbours of v; be {v;_p,...,v;—1}, where b>1, and let the
set of inneighbours of v;11 be {v;_c,...,v;}. Thus ¢<b; suppose that c¢<b.
Then vi—c—1vi41 ¢ E(G), and also vj410;—c—1 ¢ E(G) since G is 3-free
and Vi—e—1Vi,ViVit1 € E(G) Since Vi—e—1Vi, Vi—cVit1 € E(G), it follows that
Vi—e—1Vh, Upvit1 € E(G) for all h € {(i—k) modn0 <k <c}. Consequently,
the digraph G’ obtained from G by adding the edge v;_._1v;11 is a circular
interval digraph. From the maximality of G, G’ is not 3-free, and so there
exists u € N (v;41) NN~ (v;—c_1); and therefore u € NT(v;) "N~ (v;_¢_1),
which is impossible since G is 3-free. This proves that c=b, and so {v;,v; 41}
is a cluster. Similarly if N7 (v;) C N~ (viy1) then {v;,v;11} is a cluster. This
proves (2).
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If X,Y are clusters with XNY #10), it follows easily that XUY  is a cluster.
Consequently every two maximal clusters are disjoint. Since {v} is a cluster
for every vertex v, it follows that the maximal clusters form a partition
of V(G). Let the maximal clusters be Ny,..., Ns_1 say, numbered in their
natural circular order, and let |N;| =n; for 0 <1i < s. From the definition
of a cluster, if X,Y are disjoint clusters and there exists zy € E(G) with
x€ X and y €Y, then zy € E(G) for all x € X and y € Y; we denote this
by X =Y. For 0<h<s, let T, be the set of all k€{0,...,s—1}\{h} such
that N — Ng; then Ty, = {(h+i) mods :1<1i<t,} say, for some t;,>0.
Choose h with 0 <h < s, and choose ¢ such that v; € N}, and v;41 € Np 4.
Since {v;,v;+1} is not a cluster (because maximal clusters are disjoint), it
follows from (2) that N*(v;41) € NT(v;), and so ;41 >t;. Since this holds
for all choices of 7, and ty>ts_1, we deduce that tg =t =--- =ts_1 =1
say. We claim that s=3t+ 1. For s >3t+1 since G is 3-free; let us prove the
reverse inequality. Let i=ng and j=mng+---+n;+1; thus v; € Ng,v;+1 € Ny,
vj—1€ Ny and vj € Ny y1. Since G is maximal and so adding the edge v;v; does
not result in a 3-free circular interval digraph, it follows that there exists k
such that vjug,vev; € E(G), and therefore there exists ¢ such that g € Ty
and 0€T;,. Hence ¢— (t+1) <t and s—¢<t; and so s <3t+1. This proves
that s=3t+1, and so G is isomorphic to G(ny,...,ns;). This proves 5.3.

Proof of 5.1. We proceed by induction on v(G). Suppose that G is not
a maximal 3-free circular interval graph. Then we can add an edge to G
forming a 3-free circular interval graph G’; and v(G')=~(G)—1, so B(G') <
37(G") from the inductive hypothesis. Then

BG) < B(G) < (&) < ,1(G)

2
as required.

Thus we may assume that G is maximal, and we may assume that G is
not a transitive tournament. From 5.3 and 5.2, this proves 5.1.

References

[1] R. AHLSWEDE and D. E. DAYKIN: An inequality for the weights of two families, their
unions and intersections, Z. Wahrscheinlichkeitsth. verw. Gebiete 43(3) (1978), 183—
185.

[2] L. CacceTTA and R. HAGGKVIST: On minimal digraphs with given girth, in Pro-
ceedings of the Ninth Southeastern Conference on Combinatorics, Graph Theory and
Computing (Florida Atlantic University, Boca Raton, Florida, 1978), Congressus Nu-
merantium XXI, Utilitas Math., 1978, 181-187.



18 CHUDNOVSKY, SEYMOUR, SULLIVAN: CYCLES IN DENSE DIGRAPHS

[3] P. HAMBURGER, P. HAXELL and A. KOSTOCHKA: On directed triangles in digraphs,
Electron. J. Combin. 14(1) (2007), Note #N19 (9 pp).

[4] A. KosTOoCHKA and M. STIEBITZ: in a lecture by Kostochka at the American Institute
of Mathematics in January 2006.

[5] J. SHEN: manuscript (June 2006), private communication.

Maria Chudnovsky Paul Seymour
Department of IEOR Department of Mathematics
Columbia University Princeton University

500 West 120th Street 68 Washington Road

New York, NY 10027 Princeton, NJ 08544

USA USA
mchudnov@columbia.edu pds@math.princeton.edu

Blair Dowling Sullivan

Department of Mathematics
Princeton University

68 Washington Road
Princeton, NJ 08544

USA

bdowling@math.princeton.edu




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


