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Abstract

Letn, k, t be positive integers. What is the maximum number of arcs in a digraph on n
vertices in which there are at most ¢ distinct walks of length k& with the same endpoints?
Determine the extremal digraphs attaining the maximum number. When ¢ = 1, the
problem has been studied by Wu, by Huang and Zhan, by Huang, Lyu and Qiao, by
Lyu in four papers, and they solved all the cases but k = 3. For ¢ > 2, Huang and Lyu
proved that the maximum number is equal to n(n — 1)/2 and the extremal digraph is
the transitive tournament when n > 6¢ + 2 and k > n — 1. They also discussed the
maximum number for the case n = k + 2, k + 3, k + 4. In this paper, we solve the
problem for the case k > 67+ 1 and n > k+ 5, and we also characterize the structures
of the extremal digraphs forn =k + 2,k + 3, k + 4.
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1 Introduction

Given a family of graphs .#, what is the maximum number of edges in a graph on n
vertices if it does not contain any member of .# as a subgraph? Turdn (1941), Turdn
(1954) determined the maximum number of edges of graphs on n vertices which do
not contain a complete graph, and also determined the unique graph attaining that
maximum. Most of the previous results in Turdn type extremal graph theory concern
undirected graphs and only a few extremal problems on digraphs have been investi-
gated; see (Bollobds 1995; Brown et al. 1973, 1985; Brown and Harary 1970; Brown
and Simonovits 2002; Huang and Lyu 2020a, b; Jacob and Meyniel 1983; Maurer et al.
1980; Scott 2000). In this paper we study an extremal problem on digraphs.
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The systematic investigation of digraph extremal problem was initiated by Brown
and Harary (1970). This is where the area started and it covers all the cases where the
excluded subgraph has at most 4 vertices. Maurer et al. (1980) studied the extremal
subgraphs of the transitive tournament which contain at most one directed path from
x to y with x # y. In this paper, we consider a problem posed in Huang and Lyu
(2020a):

Problem 1.1 Let n, k, ¢ be positive integers. What is the maximum number of arcs in
a digraph on n vertices in which there are at most ¢ distinct walks of length k£ with the
same endpoints? Determine the extremal digraphs attaining the maximum number.

When ¢t = 1, the above problem is the same as the unsolved problem 20 in (Zhan 2013,
p-234). In Huang et al. (2019), Huang and Zhan (2011), Lyu (2020), Wu (2010) the
authors solved all the cases but k = 3. For ¢+ > 2, Huang and Lyu (2020a) prove that
the maximum number is equal to n(n — 1) /2 and the extremal digraph is the transitive
tournament when & > n — 1 > 6t + 1. They also discussed the maximum number
for the case k > 61 + 1 and n € {k + 2, k + 3, k + 4}. The most interesting case
of Problem 1.1 is that n is sufficiently large and ¢ is fixed. In this paper, under this
condition we prove that the extremal digraphs are some particular k-partite transitive
tournaments for k > 6¢ + 1, and the case that k is close to n is also solved. For the
case k < 6¢, the maximum number is difficult to determine and we leave it for future
research. Generally speaking, ¢ substituting 1 leads a deeper problem. We follow the
similar approach with the approach in Huang et al. (2019) but different strategy to
present the general results.

We consider digraphs without multiple arcs but allowing loops. We abbreviate
directed walks and directed cycles as walks and cycles, respectively. The number of
vertices in a digraph is called its order and the number of arcs its size. A p-cycle is a
cycle of length p and a 1-cycle is a loop. Similarly, we define p-walk. Given a family
of digraphs .%, we say a digraph D is .% -free if D contains no subgraph from .%. Let
ex(n, %) be the maximum size of .% -free digraphs of order n and E X (n, %) be the
set of .# -free digraphs of order n with size ex (n, .%). Given two positive integers k, f,
denote by .7} ; the family of digraphs consisting of ¢ different walks of length k& with
the same initial vertex and the same terminal vertex. The Problem 1.1 is equivalent to
the following

Problem 1.2 Given positive integersn, k, ¢, determine ex (n, Fg s+1) and EX (n, Fi 1+1).

Given any positive integer 7, we always assume k > 67 + 1 and 7o = [log, 7].
In Huang and Lyu (2020a), the authors determined ex(n, % ;4+1) for n = k +
1, ..., k+4. They also characterized EX (n, Fi ;41) forn = k+1. We will determine
ex(n, Fr4+1) forn > k + 5 and characterize EX (n, % ;+1) forn > k + 2. The rest
of this paper is organized as follows. Section 2 presents our main result Theorem 2.2,
which determines ex (n, -Z ;+1) forn > k + 4 + 1y and characterizes EX (n, g 14+1)
forn > k + 5+ to. Section 3 and Section 4 present the exact values of ex(n, Fg 41)
forn =k +5,...,k+ 4+ 19 as well as the characterization of EX (n, % ;+1) for
n=k+2,...,k+4+4 1. Section 5 presents the proof of Theorem 2.2.
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Fig.1 (s, k, t)-transitive tournament

2 Main result

In order to present our main result, we need the following notations and definitions.
For a digraph D = (V, A), we denote by a(D) the size of D. Given an arbitrary
subset X of V), the subgraphs of D induced by X and V\ X are denoted by D[X] and
D — X, respectively. For convenience, if a set X = {x} it will be abbreviated as x.
Fori, j € V, if there is an arc from i to j, then we say j is a successor of i, and i is a
predecessor of j. The notation i — j means there is an arc from i to j; i - j means
there exists no arc from i to j. Given S, T C V, the notation S — T means there is
an arc from each vertex of S to each vertex of T'; S —» T means there is no arc from
StoT.If S = {s}, we write s — T and s - T. Analogously, if T = {¢}, we write
S—tand S »t.

A digraph D = (V, A) is said to be transitive if for any three vertices x, y, z € V,
x — yand y — z indicates x — z. Recall that a tournament is an orientation
of the complete graph. We denote by 7, the transitive tournament with vertex set
{1,2,...,n}andarcset {(i, j): 1 <i < j <n}.

For a digraph D = (V, A) with V = {v, va, ..., v,}, a blow-up of D is obtained
by replacing every vertex v; with a finite collection of copies of v;, denoted by V;, so
that (x, y) is an arc for x € V; and y € V; if and only if (v;, v;) € A. Note that each
V; is an independent set.

Suppose s, k, t are nonnegative integers with < k. We call a digraph D of order
sk +t an (s, k, t)-transitive tournament if it is a blow-up of T} obtained by replacing
each vertex of Ty with a collection of s or s+ 1 copies. An (s, k, t)-transitive tournament
has the following diagram (Fig. 1)
where each vertex partition V; contains s or s + 1 vertices and there is an arc from
vertex x to vertex y if and only if x € V;, y € V; withi < j. If [Vi| = s + 1 the
(s, k, t)-transitive tournament is initial; if |Vy| = s + 1 it is terminal.

In Huang and Lyu (2020a), the authors presented the following result.

Theorem 2.1 Let n, k, t be positive integers withn > 6t + 2 and k > n — 1. Then

nin—1)

ex(n, Fri41) = 5

and D € EX(n, Fi t1+1) if and only if D is a transitive tournament.

They also determined ex(n, %y ;4+1) fork > 6t + 1 andn = k+2, k+ 3, k +4. Now
we are ready to state our main result.
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Theorem 2.2 Let k, t, ty be nonegative integers with k > 6t + 1 and to = |log, t]. Let
n, s, r be nonnegative integers withn = sk +r andr < k. If n > k + to + 4, then

ex(n, Fri+1) = (;) - (;)k —sr. 2.1)

Moreover, if n > k + 1ty +5, D € EX(n, Fi 1) if and only if D is an (s, k,r)-
transitive tournament.

We will also determine EX(n, % ;41) forn € {k +2,...,k + 4 + 1o}, and
ex(n, Fr 4+1) forn € {k+5,...,k+ 3 + to}. For the case k < 6¢, our result does
not always hold. We can see the example in Huang et al. (2019), which illustrates
Theorem 2.2 is not true even when ¢t = 1 and k = 3. We leave the cases k < 61 of
Problem 1.2 for future work.

Remark (Huang et al. 2019, Theorem 1) implies Theorem 2.2 holds if # = 1. Hence,
throughout the article we always assume ¢ > 2. In addition, we also assume k > 6¢+ 1
and 7o = |log, t] if no otherwise statement.

3 ex(n, F,t4+1) and EX(n, Fy ¢11) forn <k +to + 3

For convenience, we always use (n) = {1, ..., n} to denote the vertex set of a digraph
D of order n unless otherwise stated. We need the following lemmas.

Lemma 3.1 (Huang et al. 2019) Let n > 3 and p be nonnegative integers, and let D
be a digraph on n vertices. Given q > 0 such that p(n — 1) /2 4+ q is a positive integer,

if

(n—=D@-2) po—1

D—i)<
alD=i) = 2 2

—q foralli e (n),

then

nin—1)  pn+1)
2 2

a(D) < g—1. 3.1)

Two distinct cycles are said to be joint if they have a common vertex.

Lemma 3.2 (Huang and Lyu 2020a) Let n, t be positive integers and D be a digraph
of order n. If an m1-cycle and an my-cycle in D are joint or connected by an arc, then
D is not Fy s+1-free for all k > tL + 1, where L is the least common multiple of m
and m».

Given a digraph D = (V, A), denote by
NTw) = {x eV|u,x) e A} and N~ (u) = {x € V|(x,u) € A}
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the sets of successors and predecessors of a vertex u#. The outdegree and indegree of
uaredt(u) = [N (u)| and d~(u) = |N~ ()|, respectively. Let d (1) be the number
of arcs incident with a vertex u. Then d(u) = a(D) — a(D — u) and

_Jdtw +d (w)—1, u - u;
= {d+(”) +d™ (u), otherwise.

Lemma 3.3 (Huang and Lyu 2020a) Let D = (V, A) be a digraph of order n and
let t be a positive integer. Suppose v € V is contained in a cycle. If DIN'(v)] or
D[N~ (v)] contains a transitive tournament of order t + 2, then D is not Fy ;+1-free
fork > 2.

Now we present the main result of this section.

Theorem 3.4 Let n, k, t be positive integers with k > 6t + 1 and let ty = |log, t]. If
k+1<n<k+ty+ 3, wehave

—1
ex(n, Frrs1) = % 4kt 1. (3.2)

Moreover,

() Ifk+1<n<k+4+t+1,De EX(n, Fri+1)ifandonlyif Disa(l,k+1,n—
k — 1)-transitive tournament;

2) Ifn=k+1t+2 D e EX(n, Fii+1) ifand only if D is an initial or a terminal
(1, k + 1, tg + 1)-transitive tournament;

3) Ifn = k+1to+3, D € EX(n, Fi 1+1) ifandonlyif Disa (1, k+1, to+2)-transitive
tournament both initial and terminal.

Proof We follows the strategy as follows. First we prove (3.2). Then we show that
every digraph H € EX(n, % ++1) has an induced subgraph in EX(n — 1, % ¢11),
say H'. By the induction hypothesis, the structure of H’ is clear. At last, we add a
vertex to H' to get the structure of H. Let D be an .%y ;4 -free digraph of order n. We
use induction on the order of D. By Theorem 2.1, Theorem 3.4 holds for n = k + 1.
Assume Theorem 3.4 holds forn =k +1,k+2,...,k+ 17, where2 <71 <1ty + 2.
Now we consider n = k 4+ v + 1. It is clear that D — i is .%j ;| -free for eachi € V.
By the induction hypothesis a(D —i) < ex(n — 1, % ++1). Applying Lemma 3.1 we
obtain
a(D) < n(n——l) —7
2

On the other hand, when t < fo, it is easily seen that all (1, k 4+ 1, 7)-transitive
tournaments are .7y ;1 1-free with size n(n — 1)/2 — r. When t = o + 1, an initial or
aterminal (1, k 4 1, 7)-transitive tournament is % ;1 |-free with size n(n — 1)/2 — 7.
When t = #9 + 2, a (1, k + 1, 7)-transitive tournament both initial and terminal is
Fk 1+1-free with size n(n — 1)/2 — 7. Thus we get (3.2) and the sufficiency parts of
(D, (2), (3).
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Let D € EX(n, %k +1). By Lemma 3.1 and (3.2), there exists ig € V(D) such
that

_=DhH(n=2)

a(D — io) 5

T+ 1.

By the induction hypothesis, D —igis a (1, k + 1, T — 1)-transitive tournament.
Let {i1,...,i;—1} be an arbitrary (r — 1)-subset of (k + 1). Denote by

Vi={i,i+k+1}forie{i,...,ir—1}
and
Vi={i} fori e (k+ 1)\ {i1,...,i:—1}.
Without loss of generality, we assume that D is a digraph with vertex set
k
V=JViUlio)={12.....k+ Lii+k+1,....ir1 +k+1,io)}
i=1

such that there isanarcx — yin D —ipifandonly if x € V;, y € V; withi < j.
Since d(ip) =n —2 =k + t — 1, we have

dT (o) +d ™ (ig) = 6t + 1 > 2t + 3 + 219.

Then either ip has # 4 2 predecessors in (k + 1) or it has t + 2 successors in (k + 1).
By Lemma 3.3, we have iy - i and i( is not contained in any 2-cycle. Recalling
d(ip) = n — 2, ip is adjacent with all vertices in V \ {ip} but one, say jo.

Let s’ € (k + 1) be the largest integer such that s’ — ip and t' € (k + 1) be the
smallest integer such that i) — . Here we lets’ = 0if (k + 1) » ipandt’' =k +2
ifig - (k+1). By Lemma 3.3, > s'. If ' = s’ 4 1, we have the following walk of
length k + 1:

wil—>2—> - >s—>ig—>s+1—>- > k+1.

Note that if s’ = 0, w begins at ig; if ¢/ = k + 2, w ends at igp. We obtain w;

from w by deleting i and joining its predecessor to its successor. There exists a set

{ur,uz, ..., urv1} C (k)\{1} such that s’, " & {uy,ua, ..., us1}. It is easily seen

that wy,, ..., wy,,, are t + 1 distinct walks of length k sharing the same endpoints, a

contradiction. Hence ¢’ > s” + 1. Combining this with d(ig) = n — 2, we obtain
t'=s"+2withs" € {0} U (k). (3.3)

It follows that jo = s’ + 1 and

(1,....sy > n—=>{t,....k+1}.
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Here s’ = O means {1, ..., s’} is empty and s’ = k means {t’, ..., k + 1} is empty.
Note that ig is adjacent with each vertex of {k + 1 +i1,...,k+ 1 +i;—1}. We
assert that for each i € {i{,...,i;—1},ifi — ig we have k + 1 +i — ip. Otherwise

we assume ig — k + 1 +i. Replacing the role of i with i +k + 1 we gett’ # 5" + 2,
contradicting (3.3). Similarly, if ip — i we have ip — k+ 1+ i and if i = jy
there is no arc between ip and i + k + 1. Recalling i is adjacent with each vertex
of {fk+1+iy,....,k+14+i._1}, we get jo ¢ {i1,...,ir—1}. Therefore, D is a
(1, k + 1, 7)-transitive tournament. Then we leave the following two cases to discuss.

Case 1. T = to + 1. We assert that D is initial or terminal. Otherwise {1, k 4 1} g_
{jo,i1...,ir—1}. There is a k-walk w’ as follows.

12— .- —>k+1.

For each i € {jo,i1...,ir—1}, we could obtain new k-walks from w’ by replacing i
with k + 1 + i. Note that we may replace jo with ig. Hence there are 20+! walks of
length k with the same endpoints, a contradiction.

Case 2. T = ty + 2. Applying the same arguments as above, we obtain that D is
both initial and terminal. This completes the proof. O

4 ex(n, Fy t41) and EX(n, Fy ¢yq1) forn =k +to + 4

To present the main result of this section, we need the following lemmas.
Lemma 4.1 Let D be a digraph such that D — io is a blow-up of Ti4+1 with vertex

partition

k+1

Y\ {ioy = J Vi

i=1
where ip € V(D). In D — iy we have x — y for x € V;, y € V; ifand only ifi < j.
Ifk >t +2and D is Fy 1+1-free, then Viy1 - ig - V1.
Proof Without loss of generality, we assume thati € V; fori € (k+1). Suppose there
is x € V1 such that i — x, we obtain a walk of length k + 1 as follows.

wiipg—>x —>2—>---—>k—>k+1.

For each j € (k) \ {1}, we could obtain a new walk w; of length k from w by deleting
Jj and joining its predecessor to its successor. Since [(k) \ {1}| > ¢+ 1, there are ¢ 4 1
distinct walks of length k with the same endpoints, a contradiction. Hence ip - V.
Similarly, Vi1 - io. O

Let k be a positive integer and let @ be an arbitrary subset of (k)\{1}. Denote by
H (k, ) the digraph with vertex set

v=U v

ie(k+1)
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where V; = {i, (k+1)+i}fori e U{l,k+1}and V; = {i} fori € (k)\({1} Uw),
such that x — y ifand only if x € V;, y € V; withi < j. Note that H (k, ) is a
(1, k + 1, |a| + 2)-transitive tournament both initial and terminal.

Now we define several new classes of digraphs. Given i € o U {1,k 4 1}, let
H; (k, o) be the digraph obtained from H (k, ) by adding a vertex 2k + 2 + i, the arcs
2k+2+i — V;fori < jandthearcs V; — 2k+2+ifori > j;giveni € (k—2),
let H,(k,i,a) be the digraph obtained from H (k, «) by adding a vertex u, and the
arcs V; — ufor j <i,u— V;forj>i+3.

Lemma4.2 Let k, t, ty be nonegative integers with ty = |logyt], k > 6t + 1 and
let o be an arbitrary to-subset of (k) \ {1}. Let D be an Fy ;+1-free digraph with
D —iy = H(k,a). If there exist i, j € (k + 1) with x € V;,y € V; such that
X —>iyg— y, then j > i+ 2.

Proof Suppose there exist x € V;, y € V; with j < i + 2 such that x — iy — y.
Since D is .Fy ;41-free, by Lemma 4.1 we have i < k and j > 2. Without loss of
generality, we leti — ip — j.If j <, there is a walk of length k£ + 2 as follows.

l> - »i—sig—>j—oit+l—>- > k+1

Note that k > 6t 4 1. There are more than 67 — 3 vertices in (k) \ {1,i, j}. We
could obtain more than ¢ walks from the walk above by deleting any pair of these
vertices and adding two arcs from their predecessors to their successors respectively,
a contradiction. From the above discussion, if i, j € o, we have i +k + 1 — ip,
ip—> j+k+1.

If j =i + 1, there is a walk of length k + 1 as follows.

l> - 5i—-ig—>i+l—---—>k+1.

There are more than ¢ vertices in (k) \ {1, i, i + 1}. We could obtain more than ¢ walks
from the walk above by deleting any one of vertices in (k) \ {1, i, i + 1} and adding
an arc from its predecessor to its successor, a contradiction. Hence, j > i 4 2. O

The girth of a digraph D with a cycle, denoted by g(D), is the length of its shortest
cycle.

Lemma 4.3 Let D be a digraph of order n > 13. If it has a cycle and
di)>n—2fori eV,

then g(D) < 4.

Proof If D has a loop, we are done. Hence we always assume D is loopless. To the
contrary suppose g(D) > 5. Assume there is a cycle as follows.

1-2—-3—->4—..-—> g(D)— 1.

From the assumption, there is an arc between 1 and one of 3, 4. For the both cases,
we can get shorter cycles, a contradiction. Therefore, g(D) < 4. O
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Now we solve the case n = k + 1y + 4.

Theorem 4.4 Let n, k, t be positive integers with k > 6t + 1 and let ty = |log, t]. If
n==k+ty+4, then

nn—1)
ex(n, Fri+1) = — to — 4. 4.1

Moreover,

(1) ift > 20— w3 De EX(n, Fr1+1) ifand only if D is a (1, k, to + 4)-transitive
tournament or D = H with H € {H;(k,a) :i e a U{l, k + 1}J U {H; (k,i, ) :
iek—=2)and |Vii1| = |Vigo| = BU{Hk, aU{i+1}) — (@ +k+1,i+k+2):
ieaandi+ 1€ (k)\ ({1} Ua)}, where a is an arbitrary ty-subset of (k) \ {1},

(2) ift < 20-1 w3 pDe EX(n, Fi41) ifand only if D is a (1, k, ty + 4)-transitive
tournament or D = H with H € {H;(k, ) :i € {1,k + 1}} U {H; (k,i,a):i €
(k —2) and |Vi+1| = |Viga| = 1}, where « is an arbitrary to-subset of (k) \ {1}.

Proof We follow the strategy as follows. First we prove (4.4). Then we characterise
the extremal digraphs. We distinguish two cases according to the maximum size of
the induced subgraphs of order n — 1. In the first case, there is an induced subgraph
containing ex(n—1, % ;+1) arcs. Hence, it is easy to get the structure of the subgraph,
then by adding a vertex we get the extremal digraph. In the other case, there is no
induced subgraph containing ex (n — 1, % ;+1) arcs. We characterise the structure by
analysing the degrees of vertices.

Let D = (V, A) be an % ;+1-free of order n. Combining Theorem 3.4 with
Lemma 3.1 we obtain

nn—1)
a(D) < — — 1ty — 3. 4.2)

Suppose equality in (4.2) holds. By Lemma 3.1, there exists i € V such that

a(D —i) > w_m_z
2

Applying Theorem 3.4 to D —i, it is an initial and terminal (1, k4 1, #p 4 2)-transitive
tournament. Without loss of generality, we assume V(D — i) = H(k, «), where
o C (k) \ {1} with |a| = 1.

Itis clear that d(i) = n — 2. By Lemma 3.3, i - i. Then by Lemma 4.1, Vj4+1 -
i - V1. Hence, i has both predecessors and successors. Let s’ be the largest integer
such that there exists a vertex x € Vy with x — i and let ¢’ be the smallest integer
such that there exists a vertex y € Vs withi — y. By Lemma 4.2 we gett’ > 5" + 2.
Recalling that d(i) =n —2 andi - i, we gett’ < s’ +2.Hencet' = s’ +2and D
isa (1, k + 1, fo + 3)-transitive tournament. It is clear that D is not .% ;4 -free.

Therefore, equality in (4.2) does not hold. It follows that

a(D)g”(”T‘”_,O_4,
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On the other hand, any (1, k, o + 4)-transitive tournament is % ;1 -free and it has
the maximum number of arcs. Hence, (4.1) holds.

Suppose D is a (1, k,ty + 4)-transitive tournament or D = H with H €
{Hi(k, @), Hes1 (k, @)} U{Hi (k. i, @) i € (k—2) and |Viq1| = |Viga| = 1}, where
« is an arbitrary subset of (k) \ {1} with |«¢| = 9. Then a(D) = n(n — 1)/2 — ty — 4.
Moreover, it is easy to check that D is g ;41-free. When 1 > 200=1 5 3 it is clear
that for any fp-subset of (k) and each i € o, D € H;(k, @) is F ;41-free and has
nn—1)/2 —ty—4arcs. For D € {Hk,aU{i +1}) — (@ +k+1,i+k+2):
i €eaandi+1 € (k)\ ({1} Uw)}, it is clear that D is .#; ;4 1-free and it has
n(n — 1)/2 — ty — 4 arcs. Therefore, D € Ex(n, .%,_4) and we get the sufficiency
part.

Next we prove the necessity part. Let D € Ex(n, % ;+1). Note that all subgraphs
of D are .%j ;4 1-free. By Theorem 3.4 we have

—1Hn—-2
a(D—i) < %—IO—Z forall i € V.
We distinguish two cases.
Case 1. There exists i € V such that

(=De=2)

a(D —i) = >

By Theorem 3.4(iii), D — i is an initial and terminal (1, k + 1, o + 2)-transitive
tournament. We may assume D — i = H (k, «) with « is a fp-subset of (k) \ {1}. Itis
clear that

d@i)=a(D)—a(D —i)=n—-3. (4.3)
By Lemma 3.3, we have
i » 1. (4.4)

By Lemma 4.1, Vyy1 - i - V. If V - i, we have i — V\V|, which implies
that D = Hi(k,«). Similarly, if i - V, we have V\ Vi1 — i. It follows that
D = Hyy(k, a). Now assume i has both predecessors and successors. Define s” and
t’ as before. By (4.3) and (4.4),t' < s’ +3.By Lemma 4.2, > s’ + 2.

Suppose t’ = s’ +3. Itis clear that s’ € (k—2). Moreover, |Vy 1| = |Vyi2| = 1as
d*(i)+d~ (i) =n — 3. It follows that D = H;(k, s’, @) with |Vy 1| = |Vyio| =1
and s’ € (k —2). Suppose t' = s’ + 2. By (4.3) and (4.4), 1 < |Vyyq| < 2. If
|Vy 41| = 1, we can conclude that | V| + | V42| > 3. Otherwise, there is a walk of
length k as follows.

> 5s>s+1l-s+2— - > k+1.

For each j € «, in the above walk we can replace j by k + 1 4 j to obtain a new walk.
We can also replace s’+1 by i since s’ — i — s'+2. So there are 207! walks of length
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k from 1 to k + 1, a contradiction. Hence, we get |Vy| > 2 or |V 4»| > 2. Moreover,
there is a vertex in Vg U V45 not adjacent with i. Without loss of generality, we
assume that |Vy| =2and s’ +k+1 »i,ie,D = H(k,o1)— (s +k+1,5 +k+2)
witho; = a U {s’+ 1} and |Vy| = 2. If | Vg4 1| = 2, D is isomorphic to Hy 1 (k, &)
with s’ 4+ 1 € a \ {1}. For the both cases, when t < 20~! x 3, D is not .% ;| -free,
a contradiction; when ¢ > 20! x 3. D is Fi 1+1-free and has the maximum number
of arcs.
Case 2. Foralli e V,a(D —i) < (n—1)(n —2)/2 — to — 3. Then

d(i)>n—2 forall i e V. 4.5)
By Lemma (Huang and Lyu 2020a, Lemma 2.3) we have
d(@i) <n forall i e V. (4.6)

Suppose d(ig) = n. If iy — ig, we get d¥ (i) + d~(ig) = k + tp + 5. Without
loss of generality, we assume d™ (ig) > 3¢ + 3. By Lemma 3.2, i is joined with
every vertex by exactly one arc. Moreover, D — ip contains no cycles of length less
than 5. Combining with Lemma 4.3, D — iy contains no cycles. It is well known
(West 1996, Lemma 1.4.23) that if each vertex of a diagraph has a successor, then
this digraph contains a cycle. It follows that there is a vertex i; with no successors
in V\ {ip}. (4.5) indicates i1 has at least n — 3 predecessors in V \ {ip}. Moreover,
INT(ip) N N~ (i1)| = 3t — 1. Then there are more than ¢ walks of length k in the
following form.

ig— - —>ip —> x — i,

where x is any vertex in N ¥ (ig) N N~ (i1). We get a contradiction. Thus iy —+ ig. Now
we assume there is i, € V\ {ip} such thatip — i, — io. Adopting the same technique
as above, we can get a contradiction. Therefore, we obtain

dGi)<n—1 forall i e V. 4.7

We assert that D is loopless. Otherwise, we letip — ig. By (4.5),d ™ (ig)+d ™ (ig) >
k + to + 3. Without loss of generality, we let d* (i) > 3t + 2. By Lemma 3.2,
each successor of iy except itself cannot be contained in any 2-cycle or loop. Then
each vertex in N7 (ig) is incident with more than d ™ (ip) — 2 arcs in D[N (ip)]. By
Lemma 4.3 and Lemma 3.2, D[N " (iy)] has only one cycle: iy — io. Then there is
a vertex, say i1, with no successors in N (ig). Moreover, |N (o) N N~ (i1)| > 3t.
Then there are more than ¢ walks of length k in the following form.

ig— -+ —Iig—> X —> I,

where x is any vertexin Nt (i)) "N~ (i1). We get a contradiction with D is Fk1+1-free.
Hence, D has no loop. Similarly, D has no 2-cycles.
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Let
Vi={ieV:d@i)=n—1}and V, ={i €V :d(@{) =n —2}.

Recalling (4.5) and (4.7), V = Vi U V,. From (4.1) we have |V]| = k — ty) — 4 and
|Va| = 2f9+8. Itis clear D[V|]is a tournament. Suppose D[ V] has acycle. By (Huang
and Lyu 2020a, Lemma 2.2), D[V;] has a 3-cycle, say, a — b — ¢ — a. Without
loss of generality, we assume N;r[m(a) > t + 2. By Lemma 3.3, D[Ng[m(a)]
contains a cycle. Moreover, D[Ng[vl](a)] has a 3-cycle. By Lemma 3.2, D[V7] is not
Fk.1+1-free, a contradiction. Thus D[V/] is a transitive tournament. For simplicity,
we let ky = k — 19 — 4. Without loss of generality, let V| = (k;) and

D[Vi] =Ty, (4.8
Moreover, Lemma 3.3 implies the following claim.
Claim 1 D contains no cycles.
We partition Vo into Wy, Wa, ..., W, 14 such thateach W; consisting of two vertices
of V, which are not adjacent, say x; and y;. Giveni € V;, lets; € (k1) be the largest
integer such that s; — i and #; € (k1) be the smallest integer such thati — #;. Here if

i+ (k) lets; = 0andif (k;) - ilett; = ki + 1. For each i € V,, it is joined with
each vertex of (k1) by exactly one arc. By Claim 1 we have

ti =s5;+ 1 for alli € V,, 4.9)
which implies
{1,....,85} >i—>{s;i+1,...,k1}. (4.10)
Moreover, for i, j € V3,
ifi — j, thens; <s;. 4.11)

Givenany o C V3, there are n(«) distinct neighborhoods in (k1) for the vertices in «.
n(a)

We partition @ into | J U; () such that for each pair j, l,sj =sjifandonlyif j,I € U;

with i € n(a). We labbreviate Ui(a) as U; if no confusion arises. Define s(U;) = s;
with j € U; fori =1, ..., n(a). Wemay assume s(U1) < s(U2) < --- < s(Up(w))- o
is said to be insertable if D[U;] contains a path of length |U;|—1fori € {1, ..., n(a)}.
There is a path of length k; — 1 as follows.

p:l—>2— ... k.
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If « € V; is insertable, we can obtain a new walk by inserting the vertices of « into
p following the strategy below.

P Pua
1> o s(U) = sWUD+ 1> = sUnie) —= s(Une)) + 1 — -+ — ki,

where P; is the path made up of all vertices of U;. Note that if s(U;) = 0, P} precedes
I; and if s (Uy«)) = k1, k1 precedes P,(y) and the new path ends at P, (). Hence, we
could obtain a new path of length k1 — 1 + || from inserting vertices of « into p. In
the remainder of this proof, our discussion is based on this fact: every tournament has
a path containing all its vertices (Harary and Moser 1966, Theorem 4).

Claim2 s, =s,, fori e {1,..., 10+ 4}.

Otherwise, thereis b € {1, ..., fo + 4} such that s,, < s,,. Let
ar ={y}U{x; 11 € (1o +4)}.

It is clear that if D[U;] is a transitive tournament for i = 1, ..., n(a), then oy is
insertable. Without loss of generality, we assume x;, € U}, and y; € Uj, with ji < jo.

Suppose for any distinct pair {7, j} C (fo +4) \ {b}, Wi — W; or W; — W;. We
obtain a walk w of length k by inserting the vertices of «] into p. Assume x is its initial
vertex and y its terminal vertex. Without loss of generality, we assume x € W, and
y € Wy with b, ¢, d three distinct integers. Let 8 = (fp+4) \ {b, ¢, d}. Foreachi € g,
we have two choices, i.e., we can replace x; with y; in « to obtain a new insertable
set. Then there are 20! walks of length k with initial vertex x and terminal vertex y,
a contradiction.

Now assume without loss of generality there are c,d € (fgp + 4) \ {b} such that
Xe —> Xg — Y. Let

o ={yp, ye}U{x; : i € (10 +4)}.

If sy, # sy, then D[U;] is a tournament for i = 1, ..., n(a). It follows that « is
insertable, so there is a walk of length k41 obtained by inserting « into p. We can obtain
anew walk of length k by deleting any vertex in (k1) \ {1, k1, sy, +1, min(sy,, sy,)+1}
and joining its predecessor to its successor. There are more than ¢ walks of length k
with the same endpoints, a contradiction. Now we assume s,, = sy . Then there is
J € {1,2,...,n(a)} such that x., x4, y. are contained in U;. By Claim 1, we can
partition U \ {x¢, X4, yc} into N?/'j ye), N:/'/ (xg) N NJ/ o), N;j (xo) N NJ/ (x4) and
NJ/ (x¢), where N;‘ (x) (Ny, (x)) denotes the set of successors (predecessors) of x
in the vertex set V. The vertices of each set make up a path. Then there is a path
containing all vertices in U;. Moreover, « is insertable.

By inserting « into p, we can obtain a walk w; of length k + 1 with the initial vertex
x and the terminal vertex y. Then new walks of length k with the same endpoints x, y
could be obtained from w; by deleting any vertex of {2, ..., k; — 1} \ {syx, + 1} and
joining its predecessor to its successor. Note ¢ > 2. Then there are more than ¢ walks
of length k with the same endpoints, a contradiction. Hence, we get Claim 2.
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Claim 3 For distinct pair i, j € (to + 4), either W; — W; or W; — W;.

Recalling (4.11), it is sufficient to consider the case sy, = sx;. Suppose there are
c,d € (ty + 4) such that x, — xg — y.. If yg — x., we let

a = {ye,ya} U{x; :i € (to +4)}.

Applying the same analysis as in the proof of Claim 2, « is insertable. Then we can
obtain a walk of length k + 1 with endpoints x, y by inserting « into p, say, wi. We
obtain walks of length k& with endpoints x, y from the above walk by deleting one of
vertex of (k1) \ {1, k1} and joining its predecessor to its successor. Then there are more
than ¢ walks of length k with the same endpoints, a contradiction. If x;, — y,4, using
the same analysis we get a contradiction.

Now assume x. — yqs — y.. Without loss of generality, we assume x; € W; and
x; € W, such that x; has no predecessor in V> and x; has no successor in V. We let

a=W.Ulxj,x}U{zi i e(to+4)\{c, j,l}},

where z; € W; fori € (g +4). Itis clear that « is insertable.

By inserting « into w we obtain walks of length k with the same endpoints. For
i € (to+4)\{c, j, 1}, we have two choices for z;. Then there are 20+! walks of length
k with the same endpoints, a contradiction. Therefore, we get Claim 3.

Combining with (4.8), (4.10), (4.11), Claim 2 and Claim 3, D is a (1, k, o + 4)-
transitive tournament. This completes the proof. O

5 Proof of theorem 2.2

In this section, we give the proof of Theorem 2.2.

Proof of theorem 2.2 To complete the proof, we follow the strategy as follows. First
we prove (2.1). The sufficiency of the second part is clear. It is sufficient to prove the
necessity. Next we show that Theorem 2.2 holds for n = k + 7o + 5 (Claim 1). Taking
this fact as the inductional base, we use induction to complete the proof.

We first use induction on n to prove (2.1). By Theorem 4.4 we know (2.1) holds for
n=k+4+ty. Assume (2.1) holds forn =k +5+1y,...,sk+r,where0 <r <k
and s > 0 are integers. Now consider the case n = sk + r + 1. Let u, v be integers
suchthat v < kandn = uk +v. Thenu = s, v =r +1whenr < k — 1, and
u=s+1,v=0whenr =k — 1.

Given any .% ;41-free digraph D of order n. For any i € V), since the digraph D — i
is Fy 1+1-free, by the induction hypothesis we have

a(D —i) <ex(n—1,%)

(") - Q)
2 2
. (n—l)(n—Z)_(s—l)(n—l)_(s+1)r

5 > 5 5.1
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Applying Lemma 3.1 we have

n(n—l)_(s—l)(n—l)_(s+1)r_

a(D) <
2 2 2
_n(n—l)_(s—l)n_(s+1)(r+1)
2 2 2
_n(n—l) (u—Dn (u+ 1o
-2 22

Hence,

(n—l)_(u—l)n_(u+1)v

n
1g =<
ex(n, 7)) < 5 5 5

On the other hand, if D is a (u, k, v)-transitive tournament, then D is %y ;4 -free
since it has no walk of length k. Moreover, the size of D is

n(n—l)_(u—l)n_(u+1)v

a(D) == 2 2

Hence, (2.1) holds.
Now we prove the second part. It is sufficient to prove the necessity since the
sufficiency is clear. Next we prove that Theorem 2.2 holds forn =k + 19 + 5 O

Claim 1 The second part of Theorem 2.2 holds when n = k + tg + 5.

Let D € EX(k +to + 5, Zk.). By (2.1), we have
di)>n—2foralli € V. 5.2)

By Lemma 3.1, there exists some ij such that

a(D_iO)zw_t0_4.
2
According to Theorem 4.4 we distinguish four cases.

Case l. D —iy = H;(k, o), where « is a fg-subset of (k) \ {1} andi € « U{l, k+1}.
Without loss of generality, we let D —iy = H;(k, o), where « is a fp-subset of (k) \ {1}.
By (5.2) we geti <> ipandi + k + 1 <> ip. By Lemma 3.2, D is not % ;y-free, a
contradiction.

Case 2. D —ig = H,(k,i,a) with « is a tp-subset of (k) \ {1},i € (k —2) and
[Vig1l = |Viga| = 1. Without loss of generality, we assume D — iy = Hy(k,i, o).
Since u is incident with n — 4 arcs in D — ip. Combining with (5.2), we obtain

u— ig —> u. (5.3)

Since two 2-cycles cannot be joint, there is at most one arc between ip and 1. It
follows that d(1) < n — 2. Recalling (5.2), we obtain d(1) = n — 2, which implies
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D—1¢€ EX(k+1ty+4, Fks+1). From Theorem 4.4 D — 1 contains no cycle, which
contradicts (5.3).

Case3. D—ig = Hk,aU{i+1})—({+k+1,i +k+2), where « is a fp-subset
of (k) \ {1}, i e v and i +1 € (k) \ ({1} U ). Without loss of generality, we let
D—igv=Hk,aU{i+1}) — (i +k+1,i +k+ 2). Applying the same arguments
as in Case 2 we can get a contradiction.

Case4. D—ipisa(l, k, to-+4)-transitive tournament. Giveno = {j1, jo, ..., jy+4} C
(k), denote by

Vi={i,i+k}fori e, V; = {i} fori € (k)\c.

Without loss of generality, we let D be a digraph with vertex set

k
v =JViUtio)

i=1

such that there is an arc (x, y) in D —ipif and only if x € V;, y € V; withi < j. It
is clear that

d(ip) =a(D) —a(D —ip) =n — 2. 5.4)
Now we assert that
io = ip. (5.5)

Otherwise, ig — ig. By (5.4), dV (ip) +d ™~ (ip) = k +1t9+4 > 6t + 5. Without loss of
generality, we assume i( has at least 3¢ successors in V\({ip} U V). For each vertex
i € N*(ip)\({ip} U Vi), there is a walk of length k with the initial vertex iy and the
terminal vertex k in the following form.

s> g > g —> 1 — k.

We get a contradiction. Thus, (5.5) holds.

Let s” € (k) be the largest integer such that there is a vertex x € Vy with x — i
and let ¢’ € (k) be the smallest integer such that there is a vertex y € Vy with ig — y.
Here we let s’ = 0if V - ig and let ¢/ = k + 1 if iy - ). Without loss of generality,
we let s’ — igand ig — t.

We assert that ' = 5"+ 2. By (5.4) and (5.5), we obtain ¢’ < s’ + 2. To the contrary
suppose ' < s+ 1. If s = 0, we gett’ = 1, i.e., ip — 1. Then there is a walk of
length k as follows.

iv—>1—->2—- - >k
For each i € «\({1, k}, we can replace i with i 4 k in the above walk to obtain a new

one. Hence, there are at least 2072 walks from i( to k with length &, a contradiction.
If s’ = k, applying the same arguments as above, we get a contradiction.
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Now we assume s’ € {1,...,k — 1}.If ¢/ = s’ + 1, there is a walk of length k as
follows.

12— .- 5§ >ig—>s+1— .- >k

Recalling (5.4) and (5.5), either Vi — ig or ig — V. Without loss of generality, we

assume Vy — ig. Foreachi € a\{1, s’ + 1, k}, we can replace i with i + k in the walk

above. Hence, there are at least 210+1 walks from 1 to k with length k, a contradiction.
Now we assume ¢’ < s’. Then there is a walk of length k + 1 as follows.

12— - .>s sig—>t>s+1—> ... >k

For eachi € (k) \ {1, s', t’, k}, we can obtain a walk from the above walk by deleting
i and joining its predecessor to its successor. Since k > 6t + 1, we have (k) \
{1,s’,t',k}| = t + 1. Then there are more than ¢ walks of length k with the same
endpoints, a contradiction.

Therefore, we obtain t’ = s’ + 2. It follows that V; — ig fori < s’ and ig — V;
fori > s’ + 2, where s’ € (k — 1). Moreover, |Vy 41| = 1. Hence, we get D is a
(1, k, to + 5)-transitive tournament. We get Claim 1.

We use induction on 7 to prove the second part of Theorem 2.2. Assume for n <
sk+rand0 <r <k, D € EX(n, i 41) if and only if D is a (s, k, r)-transitive
tournament. Now consider the case n = sk + r + 1. Let u, v be integers such that
v<kandn =uk+v.Thenu =s,v=r+1whent <k—1l,andu =s+1,v=0
whenr =k — 1.

Suppose D € Ex(u, k, v). Applying Lemma 3.1 to D, by (2.1) we know there is
some iy € V such that equality in (5.1) holds. By the induction hypothesis we may
assume D — ig is an (s, k, r)-transitive tournament.

Let {ji, ..., j-} be an arbitrary r-subset of {1, ..., k}. Denote by

Vi={i,k+i,...,s = Dk+i,sk+i}fori e {j,...,J}
and
Vi={i,k+i,....,(s = Dk+i}fori e{l,....kN\{j1, ... jr}
Without loss of generality, we let D be a digraph with vertex set
k
v =Jviutio)
i=1
such that there is an arc (x, y) in D —ipifandonly if x € V;, y € V; withi < j.
Applying the same arguments as in Case 4 of Claim 1, we obtain D is a (u, k, v)-
transitive tournament. This completes the proof. [
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