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Abstract

Let D be a 2-strong digraph of order n > 8 such that for every vertex x € V(D)\{z},
d(x) > n and d(z) > n — 4, where z is a vertex in V(D). We prove that:

If D contains a cycle passing through z of length equal to n — 2, then D is Hamil-
tonian.

We also give a new sufficient condition for a digraph to be Hamiltonian-connected.
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1. Introduction

In this paper, we consider finite digraphs (directed graphs) without loops and multiple arcs.
The order of a digraph D is the number of its vertices. We shall assume that the reader
is familiar with the standard terminology on digraphs. Terminology and notations not
described below follow [1]. Every cycle and path is assumed simple and directed. A cycle
(path) in a digraph D is called Hamiltonian (Hamiltonian path) if it includes every vertex
of D. A digraph D is Hamiltonian if it contains a Hamiltonian cycle, and it is Hamiltonian-
connected if for any pair of ordered vertices x and y there exists a Hamiltonian path from x
to y.

There are numerous sufficient conditions for the existence of a Hamiltonian cycle in a
digraph (see, [1]-[3]). Let us recall the following sufficient conditions for a digraph to be
Hamiltonian.

Theorem 1: (Ghouila-Houri [4]). Let D be a strong digraph of order n > 2. If for every
vertex x € V(D), d(z) > n, then D is Hamiltonian.

Theorem 2: (Meyniel [5]). Let D be a strong digraph of order n > 2. If d(x)+d(y) > 2n—1
for all pairs of non-adjacent vertices x and y in D, then D is Hamiltonian.

Nash-Williams [6] raised the problem of describing all the extreme digraphs in Theorem 1,
that is, all digraphs with minimum degree at least |D| — 1, that do not have a Hamiltonian
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cycle. As a solution to this problem, Thomassen [7] proved a structural theorem on the
extreme digraphs. An analogous problem for Theorem 2 was considered by the author [8]. In
8], we generalize Thomassen’s structural theorem (Theorem 1, in [7]), characterizing the non-
Hamiltonian strong digraphs of order n with the degree condition that d(z) + d(y) > 2n — 2
for every pair of non-adjacent distinct vertices x,y. Moreover, in [8], it was also proved that
if m is the length of a longest cycle in D, then D contains cycles of all lengths &k = 2,3,...,m.
The following conjecture was suggested by Thomassen.

Conjecture 1: (Thomassen [9], see Conjecure 1.6.7 in [2]). Every 3-strong digraph of order
n and with minimum degree at least n + 1 is Hamiltonian-connected.

In [10], we disprove this conjecture, by proving the following three theorems.

Theorem 3: FEvery k-strong (k > 1) digraph of order n, which has n — 1 vertices of degrees
at least n, is Hamiltonian if and only if any (k + 1)-strong digraph of order n + 1 with
mainimum degree at least n + 2 is Hamiltonian-connected.

Theorem 4: For every n > 8, there is a non-Hamiltonian 2-strong digraph D of order n
with minimum degree equal to 4 such that D has n — 1 vertices of degrees at least n.

Theorem 5: For every n > 9, there exists a 3-strong digraph D of order n with minimum
degree at least n+1 such that D contains two distinct vertices u,v for which u < v, df,(u) +
dp(v) = 6 and there is no (u,v)-Hamiltonian path.

In view of Theorems 4, 5 and Conjecture 1, it is natural to pose the following problem.

Problem: Let D be a 2-strong digraph of order n > 9. Suppose that n — 1 vertices of D
have degrees at least n and a vertex x has degree is at least n — m, where 1 < m < n — 5.
Find the mazximum value of m, for which D is Hamiltonian.

Goldberg, Levitskaya and Satanovskiy [11] relaxed the conditions of the Ghouila-Houri
theorem. They proved the following theorem.

Theorem 6: (Goldberg et al. [11]). Let D be a strong digraph of order n > 2. If for every
vertez x € V(D) \ {z}, d(x) > n and d(z) > n — 1, then D is Hamiltonian.

Note that Theorem 6 is an immediate consequence of Theorem 2. In [11], the authors for
any n > 5 presented two examples of non-Hamiltonian strong digraphs of order n such that:

(i) In the first example, n — 2 vertices have degrees equal to n + 1 and the other two
vertices have degrees equal to n — 1.

(ii) In the second example, n—1 vertices have degrees at least n and the remaining vertex
has degree equal to n — 2.

In [12], it was reported that the following theorem holds.

Theorem 7: (Darbinyan [12]). Let D be a 2-strong digraph of order n > 9 with minimum
degree at least n — 4. If n — 1 vertices of D have degrees at least n, then D is Hamiltonian.

In this article, we present the first part of the proof of Theorem 7, which we formulate as
Theorem 9. The proof of the last theorem has never been published. It is worth mentioning
that the proof presented here differs from the previous handwritten proof and is significantly
shorter and more general than the previous one. The second part of the proof (i.e., the
complete proof) of Theorem 7 we will present in the forthcoming paper, where we also
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present two examples of digraphs, which show that the bounds n > 9 and n — 4 in Theorem
7 are sharp in a sense.

2. Further Terminology and Notation

For the sake of clarity we repeat the most impotent definition. The vertex set and the arc set
of a digraph D are denoted by V(D) and A(D), respectively. The order of a digraph D is the
number of its vertices. The converse digraph of D is the digraph obtained from D by reversing
the direction of all arcs. The arc of a digraph D directed from x to y is denoted by xy or
x — y (we also say that x dominates y or y is an out-neighbour of x and z is an in-neighbour of
y), and = <> y denotes that x — y and y — = (z <> y is called 2-cycle). If z — y and y — z,
we write z — y — z. If A and B are two disjoint subsets of V(D) such that every vertex of
A dominates every vertex of B, then we say that A dominates B, denoted by A — B. We
define A(A — B) = {zy € A(D)|z € A,y € B} and A(A,B) = A(A — B)UA(B — A).
If z € V(D) and A = {x} we sometimes write z instead of {z}. Let N} (z), Np(z) denote
the set of out-neighbors, respectively the set of in-neighbors of a vertex x in a digraph
D. If A C V(D), then Nj(z,A) = AN Nj(x) and Ny(z,A) = AN Ny(x). The out-
degree of = is dj,(z) = |Nj(x)| and dp(x) = |Np(z)| is the in-degree of x. Similarly,
dj(z, A) = |Nj(x, A)| and dp(z, A) = |Np(x, A)|. The degree of the vertex z in D is
defined as dp(z) = dj(z) + dp(x) (similarly, dp(z, A) = d},(z, A) + dp(z, A)). We omit the
subscript if the digraph is clear from the context. The subdigraph of D induced by a subset
A of V(D) is denoted by D. In particular, D — A = D(V(D) \ A). For integers a and b,
a < b, by [a,b] we denote the set {4, Tat1,...,2p}. If j <, then {z;,...,2;} = 0.

The path (respectively, the cycle) consisting of the distinct vertices x1, s, ..., T, (m > 2)
and the arcs x;x;41, @ € [1,m — 1] (respectively, z;x;41, ¢ € [1,m — 1], and z,,21), is denoted
by z129 -z, (respectively, 125+« xp21). The length of a cycle or a path is the number
of its arcs. Let D be a digraph and z € V(D). By C,,(z) (respectively, C(z)) we denote a
cycle in D of length m (respectively, any cycle in D), which contains the vertex z. We say
that P = xyxs - - - x,, is a path from x; to x,, or is an (z1,x,,)-path. A digraph D is strong
(strongly connected) if, for every pair x, y of distinct vertices in D, there exists an (z, y)-path
and a (y,z)-path. A digraph D is k-strong (k-strongly connected) if, |V(D)| > || + oo and
for any set A of at most k — 1 vertices D — A is strong. Two distinct vertices x and y are
adjacent if xy € or yx € A(D) (or both). The converse digraph of D is the digraph obtained
from D by replacing the direction of all arcs. We will use the principle of digraph duality:
Let D be a digraph, then D contains a subdigraps H if and only if the converse digraph of
D contain the converse of subdigraph H.

3. Preliminaries

In our proofs, we will use the following well-known simple lemma.

Lemma 1: (Haggkvist and Thomassen [13]). Let D be a digraph of order n > 3 containing
a cycle Cp, of length m, m € [2,n — 1|. Let x be a vertex not contained in this cycle. If
d(z,V(Cp)) > m+ 1, then for every k € [2,m + 1|, D contains a cycle Cy including x.

The next lemma is a slight modification of a lemma by Bondy and Thomassen [14], it is
very useful and will be used extensively throughout this paper.
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Lemma 2:. Let D be a digraph of order n > 3 containing a path P := x125...%y,, m €
[2,n — 1]. Let x be a vertex not contained in this path. If one of the following condition
holds:

(i) d(x, V(P)) = m +2,

(it) d(x,V(P)) > m+1 and xz, ¢ A(D) or z,,x ¢ A(D),

(111) d(z,V(P)) > m and zz1 ¢ A(D) and x,x ¢ A(D),

then there is an i € [l,m — 1] such that x; — x© — x4, i.e., D contains a path
T1To ... TiTTiy - . - Ty Of length m (we say that x can be inserted into P).

Using Lemma 2, we can prove the following lemma.

Lemma 3: Let P := z125 ... 2, m € [3,n—1], be a longest (x1, x,,)-path in a digraph D of
ordern. Suppose thaty € V(D)\V(P) and there is noi € [1,m—2] such that x; — y — x;42.
Then the following holds:

(i) If yr1 ¢ A(D), x1y € A(D) and d(y,V(P)) > m, then d(y,V(P)) = m and
{x1,29,. .., T} = y;

(i) If zny ¢ A(D), yr,, € A(D) and d(y,V(P)) > m, then d(y,V(P)) = m and
y—{r1,29,. .., T };

(111) If d(y, V(P)) > m~+1, then d(y, V(P)) = m+1 and there exists an integer q € [1,m]
such that {x,, Tgi1, . Tm} =y = {21, 22,..., 2.}

Proof. To prove the lemma, it suffices to show that every vertex x; € V(P) is adjacent to y.
Assume that this is not the case. (i) Let y and x; be not adjacent. Then ¢ > 2 since x; — y.
Since P is a longest (x1, z,,)-path, we have that y cannot be inserted into P. Using Lemma
2(ii) and the assumption that yz; ¢ A(D), we obtain z,,y € A(D), 2 <t <m — 1 and

m <d(y,V(P)) =d(y,{x1,...,x—1}) + d(y,{zts1,.. ., xm}) <t =1+ (m—t+1) =m.

This means that d(y, {z1,...,x41}) =t — 1 and d(y, {zts1,...,Zm}) = m —t+ 1. Again
using Lemma 2, we obtain that ;1 — y — x4, which contradicts the supposition of
Lemma 3. This contradiction shows that every vertex x; is adjacent to y.

In a similar way, one can show that if (ii) or (iii) holds, then every vertex of P also is
adjacent to y. Lemma 3 is proved.

In [10], the author proved the following theorem.

Theorem 8: (Darbinyan [12]). Let D be a strong digraph of order n > 3. Suppouse that
d(x)+d(y) > 2n—1 for all pairs of non-adjacent vertices x,y € V(D) \ {z}, where z is some
vertex in V(D). Then D is Hamiltonian or contains a cycle of length n — 1.

Using Theorem 8 and Lemmas 1 and 2, it is not difficult to show that the following
corollaries are true.

Corollary 1: Let D be a strong digraph of order n > 3 satisfying the condition of Theorem
8. Then D has a cycle that contains all the vertices of D maybe except z.

Corollary 2: Let D be a strong digraph of order n > 3. Suppose that n — 1 vertices of D
have degrees at least n. Then D is Hamiltonian or contains a cycle of length n — 1 (in fact,
D has a cycle that contains all the vertices of degrees at least n ).

In this section, we also will prove the following lemma. We will use this lemma in the
second part of the proof of Theorem 7.
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Lemma 4: Let D be a digraph of order n > 4 such that for any vertex z € V(D)\{z}, d(z) >
n and d(z) < n — 2, where z is some vertex in V(D). Suppose that Cy,(2) = x125 ... TpT1
with m < n—2is a longest cycle through z. If D(V(D)\V(C,.(2))) is strong and D contains
a Cy(2)-bypass P = x;y1ya . .. yixj such that V(Ch,(2) i1, xj-1])| is smallest possible over
all Cy,(2)-bypasses, then z € V(Cy(2)[Tiy1, Tj-1]).

Proof. Without loss of generality, we assume that z; = 1, v, = 2k, &k > 1,
Ay, u b, V(Co(2)[Tm—k41,Tm])) = 0 and k is minimum possible with this property
over all C,,(z)-bypasses. Extending the path C,,(2)[z1, x;,—k] with the vertices of
V(Cn(2)[®m—k+1, Tm]) as much as possible, we obtain an (21, z,,—x)-path, say R. Since
Cin(2) is a longest cycle through z, some vertices uy, ug, ..., ug € V(Con(2)[Tm_ti1,Tm]),
1 < d < k, are not on the obtained extended path R. Using Lemma 2, we ob-
tain that d(y;, VV(Cp(2))) < m — k + 1 and d(u;, V(Cpi(2))) < m +d — 1. Put
B = V(D) \ V(Cn(2)) UV(P)). Note that |B| = n —m — . Let v be an arbitrary
vertex in B. From the minimality of k, we have that D contains no paths of the types
uw; — v — y; and y; — v — w;, which in turn implies that d*(u;, B) +d~(y;, B) < |B| and
d~(u;, B) +d*(y;, B) < |B|. Therefore, d(u;, B) +d(y;, B) < 2|B| = 2(n—m —1). Thus, we
have

d(u;) + d(y;) = d(ui, V(Ci(2))) + d(y;, V(Cin(2))) + d(ui, B) + d(y;, B) + d(y;, {y1, - .. ui})
<m+d—1+m—-k+14+2n—-2m—-20+2—-2=2n—-2—(k—d) <2n—2.

This is possible if w; = z. Therefore, d = 1 and z € V(Cy(2)[Tm—t+1,Tm]). Lemma 4 is
proved.

4. The Main Result

In this section, we prove the following theorem.

Theorem 9: Let D be a 2-strong digraph of order n > 8. Suppose that for every x €
V(D) \ {z}, d(z) > n and d(z) > n — 4, where z is a vertex in V(D). If D contains a cycle
of length n — 2 passing through z (i.e., a cycle C,_o(2)), then D is Hamiltonian.

Before we prove our main result, we will prove the following lemma.

Lemma 5: Let D be a non-Hamiltonian 2-strong digraph of order n such that for any
vertez x € V(D) \ {z}, d(z) > n and d(z) < n — 2, where z is an arbitrary fized vertezx in
V(D). Suppose that Cyi1(2) = 2125 ... Tyzxy with m € [2,n — 3] is a longest cycle in D,
d(z,Y) =0 and D(Y) is a strong digraph, where Y := V(D) \ V(Cp11(2)). Let y1,y2 be two
distinct vertices in' Y. If for each y; € {y1,y2}, d(yi, {1, 22, ..., xn}) =m+1, thenn > 6
and d(z) <m — 2.

Proof. By contradiction, suppose that d(z) > m—1. We denote by P the path xixs ... z,.
Note that |Y| = n —m — 1. Since the path P cannot be extended with any vertex y € Y,
by Lemma 2, d(y, V(P)) < m + 1 and

n<d(y)=d(y,V(P))+dy,Y)<m+1+d(y,Y), dy,Y)>n—-m-1=Y|. (1)

Since D is 2-strong and C,,.1(z) is a longest cycle, using Lemma 2 and d(y;, V(P)) = m+1
it is not difficult to show that there is an integer [ € [2,m — 1] such that

{$l7xl+17 s )xm} — {yl:y?} — {l’l,l'g, s wrl}- (2>
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Since d(y,Y) > n—m —1 = |Y|(by (1)), and D(Y) is strong, by the Ghouila-Houri
theorem, D(Y) is Hamiltonian. Put E := {x1,29,..., 2,1} and F = {x; 1, T2, .- -, T }-
Since C,,11(z) is a longest cycle and D(Y') is strong, from (2) it follows that

AE = Y) =AY — F)=0. (3)

Note that from |Y| > 2, |E| > 1 and |F| > 1 it follows that n > 6. We need to prove the
following Claims 1-2 bellow.

Claim 1.
(i) If d(z,E) > 1, then d*(z, F) = 0.
(ii) A(E — F) # 0.

Proof. (i) By contradiction, suppose that z; € E, x; € F and x; — 2z — x;. Then by
(2), y1 = 241 and x;_1 — yo. Hence, Cpi3(2) = 2122 ... 22T, . .. Ty Y1 Tig1 - - - Tj_1Y2T1, &
contradiction.

(ii) Suppose, on the contrary, that A(€ — F) = (). Then using Claim 1(i) and (3), we
obtain: if (2, E) > 1, then d* (2, F) =0 and A EUY U{z} = F) =10, if d (2,E) = 0,
then A(EUY — FU{z}) = (). Therefore, D — z; is not strong, which contradicts that D
1s 2-strong.

From now on, we assume that z,2, € A€ — F). Note that 1 < a < [ —1 and
[+1<b<m. We may assume that b is the maximum and « is the minimum with these
properties. By (2), we have

Ty_1 = {Y1, Y2} = Tat1- (4)

Since z cannot be inserted into P, using Lemma 2(ii) and Clam 1(i), we obtain
d(z,{z1,x9,...,xa}) +d(z, {xp, Tos1, ..., Tm}) <a+m—b+ 2. (5)

By R(yi,ys—i), where i € [1,2], we denote a longest (y;,ys—;)-path in D(Y). From now
on, assume that R(y;,y3—:) = R(y1, y2).

Claim 2.
(i) If i € [a+ 1,1 — 1], then z;z ¢ A(D).
(ii) If j € [l +1,b — 1], then zx; ¢ A(D).
(1) If i € [a+ 1,1] and i —a < 2, then zx; ¢ A(D).
(i) If j € [l,b—1] and b—j < 2, then x;z ¢ A(D).

Proof. Each of claims (i)-(iv) we prove by contradiction.

(i) Assume that ¢ € [a + 1,1 — 1] and x;2 € A(D). Then by (2) and (4), we have
Crna3(2) = 21T2 . .. ToZh - o TpY1Tis1 - - - Tp_1Y2Tar1 - - - Ti221, & contradiction.

(ii) Assume that j € [[ +1,b — 1] and zz; € A(D). Then by (2) and (4), we have
Cints(2) = 21T . .. TaZp . . . Ty 2T . .. Tp_1Y1Tat1 - - - Tj—1Y2T1, a contradiction.

(iii) Assume that i € [a+ 1,1], i —a < 2 and zx; € A(D). Then C(z) = 122 ... 2425 . . .
Tmzxi. .. Tp_1 R(y1,y2)21 is a cycle of length at least m + 2, a contradiction.

(iv) Assume that j € [I,b—1], b—j <2 and z;z € A(D). Then C(z) = x122 ... T.2p . . .
TmR(Y1,Y2)Tat1 ... xjz21 is a cycle of length at least m + 2, a contradiction. Claim 2 is
proved.
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Now we will consider the following cases depending on the values of a and b with respect
to [.

Casel. a<[—3and b>1+ 3.

Then by Claim 2, d(z, {411, Tatr2, To—2, Tp—1}) = 0. Therefore, since z cannot be inserted
into P, using (5) and Lemma 2, we obtain

m—1 S d(Z7 {x173:27 coo sy Lgy Loy Tyl - - 7$m}) + d(27 {xa-i-?n s ,.Tb_g})

<a+m-0b+24b—-3—-a—-2+1=m—2,

which is a contradiction.

Case 2. a<[—3and b=1+2.

Then by Claim 2, d(z, {411, Tat2, xi11}) = 0 and x;2 ¢ A(D). Therefore, since z cannot
be inserted into P, using (5) and Lemma 2, we obtain

m—1<d(z,{x1,22, ..., Ta, Tp, Tps1, -, Tm}) +d(2,{Tas3,...,21})

<a+m—-b+24+l—a—-2=m—(1+2)+l=m-—2,

which is a contradiction.
Case 3. a<l—3and b=1+1.
Then by Claim 2, d(z, {441, Tas2}) = 0 and x;2 ¢ A(D). Similar to Case 2, we obtain

m— 1 S d(Z, {$17I27 <oy Lay Loy Togly - - 7Im}) +d(27 {xa+37 s 7561})

<a+m-b+24+l—-a—-2=m—-b+l=m—(I+1)=m-—1.

This implies that d(z,{zs13,...,2}) =1 —a — 2. Hence, by Claim 2(i) and z;z ¢ A(D),
2z = {T4s3,...,2;}. From this and (4), we see that the cycle Q(z) = x129 ... T2y . .. T2
Tays ... T R(y1,y2)x; has length equal to m — 1+ |[V(R(y1,y2))|. Since Cy,11(2) is a longest
cycle and D(Y') is Hamiltonian, it follows that |[V(R(y1,v2))| = |Y| = 2. Then m = n — 3,
Y1 > Y2, Tar1 < Taro and z441 (T442) is adjacent to each vertex z; € {xy,z9,...2,}, as
d(xas1) > n (d(zqr2) > n) and 2411 (T440) cannot be inserted into Q(z).

We will distinguish two subcases.

Subcase 3.1. m > [+ 2. From the minimality of @ and the maximality of b, it follows
that

A({$17$27"'7xa} — {xb+17$b+27"'7xm}) = (Z) (6)

Assume that z; — x; with ¢ € [a + 1,I] and j € [l + 2,m]. Using (4) and the

fact that zz,.3 € A(D), it is not difficult to see that if i € [a + 1,a + 2], then

C(z) = 2172 ... Tay1(Ta42)Tj - . . T 2T - .. Tj_1Y1Y227 1S a cycle of length at least m + 2,

ifi € [a+ 3,1 — 1], then Cp43(2) = 2122 .. TiTj ... Tp2Tigq ... Tj_11 Y21, if © = [, then

Cimts(2) = 122 .. . Talis1 - . Tj_1Y1Y2Tas1 - - - TiTj . .. Tpzxy. Thus, in all cases, we have a
contradiction. We may, therefore, assume that (recall that b =1+ 1)

Al{Tat1, Tata, - i} = {T041, Tora, - wm}) = 0.
Combining this with (6), we obtain

A({I’l,IQ,...,QZ’[} — {$b+17xb+2)"'7xm}) :Q) (7>
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Assume first that d=(z,£) > 1. Then by Claim 1(i), d*(z,F) = 0. This together
with (3) and (7) implies that A({z,21,29,..., 2} UY — {xp0,2103,...,2n}) = 0. As-
sume second that d=(z, £) = 0. Since x;z ¢ A(D), we obtain A({z1,xs,..., 2} UY —
{z, 2140, 143, ..., T }) = (. So, in both cases we have that the subdigraph D — x;,; is not
strong, which contradicts that D is 2-strong.

Subcase 3.2. b=1+1=m.

Assume that ¢ > 2. As mentioned above, either ;1 — x,.1 or z,.1 — x;. Therefore,
Crna3(2) = T1Zaq1 -+ - T 1Y1Y2T2 « .« . TqZy 221 OF Cryio(2) = T1 .. Talm2ZTass - - - T 1Y1Y2
Zqr121. S0, in both cases, we have a contradiction.

Assume next that a = 1. Then from d~(z,{z2,23,...,2m-1}) = 0 (by Claims 2(i) and
2(iv)) and d~(z) > 2 it follows that ;1 — z. We know that z — {x,43,...,2;}. Using this,
it is not difficult to see that if x; — z,, with i € [2,m — 2|, then for i = 2, C42(2) =
BT 224 - . . Tp—1V1Y2Z1, and for i € [3,m — 2], Cpi3(2) = 2122 .. . LW 2Tig1 - . . Tip1 Y1
1221, a contradiction. We may, therefore, assume that

d (xm, {r2,23,...,Tm—2}) = 0. (8)

Now we consider the vertex z1. If z; — 2y with j € [2,m — 2], then for j = 2, C,,42(2) =
TNTm 24 - . . Tyyo1Y1Y2T2x1, and for j € [3,m — 2], Cpys(2) = 212 2% 541 - . - T 11 Y2 T2 - . .
xjxy. Thus, in both cases, we have a contradiction. We may, therefore, assume that
d~(x1,{x2,23,...,Tm—2}) = 0. This together with (3), (8) and d~(z,{z2,23,...,Zm-1}) =0
implies that

A({za, 23, ... oo} = Y U{z,21,2,,}) = 0.

This means that D — x,,_1 is not strong, which contradicts that D is 2-strong.

Case 4. a = [ — 2. Taking into account Case 2 and the digraph duality, we may assume
that b <[+ 2.

Subcase 4.1. a =1 — 2 and b = [+ 2. Then by Claim 2, d(z, {x;_1,2;,2;+1}) = 0. This
together with (5) implies that

m—1<d(z,{x1,T2,...,Ta,Tt, Tps1,-- -, Tm}) < a+m—b+2

=m+l—-2—-1—-2+2=m—2,

a contradiction.

Subcase 4.2. a =1 —2 and b =1+ 1. Then by Claim 2, d(z, {z;—1,2;}) = 0.

Assume first that m > [ + 2. If there exist i« € [l — 1,{] and j € [l + 2,m] such
that z; — z;, then C(2) = m2e... 32241 ... 2,1 R(y1, y2)zixj . .. 222y is a cycle of
length at least m + 2, a contradiction. We may, therefore, assume that A({x;_1,2;} —
{2119, T3, .., Ty }) = 0. This together with (3), the minimality of a and the maximality of b
implies that A({z1, 22, ..., 2} = {T112, T133, - .-, T }) = 0. Therefore, if d~(z, E) = 0, then
A({x1, 29, ..., 2 }UY = {2z, 2100, 2113, ...,z }) =0, and if d~ (2, E) > 1, then d* (2, F) =0
(Claim 1(i)) and A({z, z1,z2, ..., 2} UY — {x140, T1y3, .. ., ) = 0. Thus, in both cases,
we have that D — x;,; is not strong, a contradiction.

Assume next that m = [+ 1. Then a = | —2 = m — 3. Let a > 2. From
the minimality of a it follows that d~(z, {z1,22,...,2,-1}) = 0. If there exist i €
[1,a — 1] and j € [a + 1,a + 2] such that z; — z;, then it is easy to see that C(z) =
T1To .. L% . Ty 1 R(Y1, Y2)Tig1 - - - TaTm 22y 18 a cycle of length at least m + 2, a contradic-
tion. We may, therefore, assume that A({z1,z2,...,Za_1} = {Tas1, Taro; Tarsz = Tm}) = 0.
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From this we have: if d=(z, {z1,z2,...,2,_1) = 0, then
A({z1, 22, ... a1} = Y U {2, Tag1, Tay2, Tags}) = 0,
if d=(z,{x1,22,...,24_1) > 1, then by Claim 1(i), zx,, ¢ A(D) and
A{z1, w0, .. w01} U{2} = Y U{Zer1, Taro, Tars}) = 0.

So, in both cases, we have that D — x, is not strong, which contradicts that D is 2-strong.
Let now a = 1. Then m =4 = b = [+ 1 and d(z,{z2,23}) = 0. This together with
d(z,Y)=0,d"(z) > 2 and d”(z) > 2 implies that ;1 — z — x4, which contradicts Claim
131).

Case 5. a = [ — 1. Taking into account Cases 3 and 4, we may assume that b =1+ 1.
Then d(z,{z;}) = 0, and from (3), the minimality of a and the maximality of b it follows
that

A({x1, 20, ... ;o 1} = Y U{zn2, 203, -, T })

= A({z1,22,.. ., x 2} = Y U{z111, 242, ,xm}) = 0. (9)

It is not difficult see that: if x; — x; with j € [l +2,m], then C(2) = x122. .. 2_12141 - ..
i1 R(y1, y2)mixj . .. w2y is a cycle of length at least m + 3, if x; — x; with ¢ € [1,1 — 2],
then C(z) = xixe... 2 R(Y1,Y2)Tiv1 - - - T—1Z41 - - - T2y is a cycle of length at least
m + 3. So, in both cases we have a contradiction. We may, therefore, assume that
d(z, {z1p2mi4s, - s }) = d (x, {x1,...,21-2}) = 0. Then by (9),

A({x1, 20, .. 20} = {x, 200, -, T })

- A({‘Tla T, ... 7Il} — {IH_Q,.TH_?,, s 7'Tm}) - @ (10)

Assume that m > 1+ 2. If d (2, F) > 1, then d*(z, F) = 0 (Claim 1(i)). This together
with (3), (10), d(z,{x;}) = 0 and d(z,Y) = 0 implies that A({z,z1,29,...,21} UY —
{112, 2143, .., xm}) = 0, which in turn implies that D — 2,4, is not strong, a contradiction.
We may, therefore, assume that d=(z, E) = 0. Now it is not difficult to see that

Az, 29, o} UY = {2, 200, 0143, - -+, T }) = 0.

This means that D — x;,; is not strong, a contradiction.

Assume now that m = [+ 1. By the digraph duality, we may assume that a =1 —1 = 1.
Hence, b = 14+ 1 = m = 3. Then, since d*(z) > 2 and d”(z) > 2, x; — 2z — @, which
contradicts Claim 1(i). The discussion of Case 5 is completed. Lemma 5 is proved.

Now we are ready to prove the main result. For the convenience of the reader, we restate
it here.

Theorem 9: Let D be a 2-strong digraph of order n > 8 and z be a fized vertex in V(D).
Suppose that for any vertex x € V(D) \ {z}, d(x) > n, d(z) > n—4, and D contains a cycle
of length n — 2 passing through z. Then D is Hamiltonian.

Proof. Suppose, on the contrary, that D contains a cycle C,_o(2) := z122...2,_2x; but
it is not Hamiltonian. By Theorem 3 (or by Theorem 2), d(z) < n — 2. Let {y1,y2} =
V(D) \ V(Cy-2(z)). Since z € V(C,_2(2)), we have that d(y;) > n. Using Lemma 1,
it is easy to show that D contains no C,_1(z), d(y1) = d(y2) = n, d(y1, V(Cr—2(2))) =
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d(y2, V(Cr—2(2))) = n—2 and y; <> yo. If y; or yo is adjacent to every vertex z;, i €
[1,n — 2], then D contains a cycle C(z) of length at least n — 1, a contradiction. We
may, therefore, assume that y; and some vertex of C,_5(z) are not adjacent, say x,_s.
Then d(yy, {x1,22,...,2n_3}) = n — 2. Since y; cannot be inserted into x5 . ..z, 3, using
Lemma 2, we obtain that z, 3 — y; — x;. This together with y; <> y, implies that
d(zp—2,{y1,y2}) = 0 (for otherwise, D contains a cycle of length at least n — 1 through z,
which is a contradiction). Therefore, d(ys, {x1,2Z2,...,2,_3}) = n — 2, and by Lemma 2,
Tpog — Yo — x1. Then C),_1 = 129 ... 2,_3y19221 is a cycle of length n — 1. We know that
C,_1 does not contain the vertex z. Therefore, z = x,,_». Thus, we have that the conditions
of Lemma 5 hold. Therefore, d(z) < n—>5, which contradicts that d(z) > n—4. The theorem
is proved. o

In [15], Overbeck-Larisch proved the following sufficient condition for a digraph to be
Hamiltonian-connected.

Theorem 10: (Overbeck-Larisch [15]). Let D be a 2-strong digraph of order n > 3 such
that, for each two non-adjacent distinct vertices x,y we have d(x) +d(y) > 2n+ 1. Then for
each two distinct vertices u,v with d*(u) +d~(v) > n+1 there is a Hamiltonian (u,v)-path.

Let D be a digraph of order n > 3 and let u and v be two distinct vertices in V(D).
Follows Overbeck-Larisch [15], we define a new digraph Hp(u,v) as follows: V(Hp(u,v)) =
V(D —{u,v})U{z} (2 anew vertex) and A(Hp(u,v)) = A(D—{u,v})U{zy |y € Nj_,(u)}U
{yzly € Np_,(v)}.

Now, using Theorem 7, we will prove the following theorem, which is an analogue of the
Overbeck-Larisch theorem.

Theorem 11: Let D be a 3-strong digraph of order n + 1 > 10 with minimum degree at
least n+ 2. If for two distinct vertices u,v, dj(u) +dp(v) > n—2 ordj,(u) +dp(v) > n—4
with uv ¢ A(D), then there is a Hamiltonian (u,v)-path in D.

Proof. Let D be a 3-strong digraph of order n+1 > 10 and let u, v be two distinct vertices
in V(D). Suppose that D and u, v satisfy the degree conditions of the theorem. Now we
consider the digraph H := Hp(u,v) of order n > 9. By an easy computation, we obtain
that the minimum degree of H is at least n — 4, and H has n — 1 vertices of degrees at
least n. Moreover, we know that H is 2-strong (see [10]). Thus, the digraph H satisfies
the conditions of Theorem 7. Therefore, H is Hamiltonian, which in turn implies that in D
there is a Hamiltonian (u,v)-path. o

5.  Conclusion

For Hamiltonicity of a graph G (undirected graph), there are numerous sufficient conditions
in terms of the number k(G) of connectivity, where k(G) > 3 (recall that for a graph G to
be Hamiltonian, k(G) > 2 is a necessary condition) and the minimum degree 6(G) (or the
sum of degrees of some vertices with certain properties), see the survey papers by Gould,
e.g. [16]. This is not the case for the general digraphs. In [17], the author proved that:
For every pair of integers k > 2 and n > 4k + 1 (respectively, n = 4k + 1), there exists a
k-strong (n—1)-regular (respectively, with minimum degree at least n—1 and with minimum
semi-degrees at least 2k — 1 = (n — 3)/2) a non-Hamiltonian digraph of order n. In [1] (Page
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253), it was showed that there is no k such that every k-strong multipartite tournament with
a cycle factor has Hamiltonian cycle.

Based on the evidence from Theorem 9, we raise the following conjecture, the truth of

which in the case & = 0 follows from Theorem 9.

Conjecture 2: Let D be a 2-strong digraph of order n and z be a fized vertex in V(D).
Suppose that for any vertex x € V(D) \{z}, d(x) > n+k and d(z) > n—k—4, where k > 0
1s an integer. Then D is Hamiltonian.
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AnHoTanus

B HacTosmen paboTe pOKasaHa CAepylolllag TeopeMma. Teopema. Ilycts D ecth
2-CUABHO CBSI3HBIM 1 > 8 BEPIIUHHBINM oprpad, B KOTOPOM 71 — 1 BEpPIIMH HUMEIOT
CTelleHb He MeHBIIle YeM 1 , @ BepllIrHa 2 UMeeT CTelleHb He MeHbllle yeM 1 — 4. Ecan
D copep’KUT KOHTYP AAWHBI 1o — 2, KOTOPUU COAEP’KUT BEPIIUHY 2, TO [) COAEPKUT
raMUABTOHOB KOHTYP.

KaroueBele caoBa: oprpad, TaMHUABTOHOB KOHTYD, 2-CHUABHO, TI'aMUABTOHOBO-
CBSI3HBINU.
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