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Abstract

Let G be a graph, and S be a subset of V(G) with even cardinality. We
denote the set of the endvertices of a path P by end(P). A path P is
an S-path if |V(P)| > 2 and V(P) NS = end(P). An [-S-path-system
P is a set of vertex-disjoint S-paths such that S = (Jp.p(V(P)NS) and
|V(P)| < for each P € P. In this paper, we show that if G is a bipartite
graph with partite sets A and B with 6(G) > max{|A|, |B|}/2, and if S is
a subset of V(G) with even cardinality such that |[ANS|—|BNS| < 2|B\S|
and |[BN S| —|ANS| < 2|A\S|, then, unless |A| = |B| is even and G is
isomorphic to K|aj/2,)a)/2 U K|a|/2,4)/2, G has a 6-S-path-system P such
that every path in P, possibly but one, has order two or three.

1 Introduction

In this paper, we consider only finite simple graphs. Let G be a graph. We write
|G| for the order of G; that is, |G| = |V(G)|. We denote the set of the endvertices
of a path P by end(P). Let S be a subset of V(G) with even cardinality. A path
P is an S-path if |P| > 2 and V(P)N S = end(P). An S-path-system P is a
set of vertex-disjoint S-paths such that S = (Jpep(V(P) N S). If S = 0, then by
definition, () is an S-path-system. For an S-path system P and an integer ¢ > 2, we
let P, = {P € P :|P| =i}. For an integer [ > 2, an S-path-system consisting of
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S-paths of order at most [ is called an [-S-path-system. Thus an S-path-system P is
an [-S-path-system if and only if P; = () for all ¢ > [+1. Note that a 2-S-path-system
is simply a perfect matching on the subgraph induced by S in G.

In [2], Chiba and Yamashita pointed out that as a corollary of the following
theorem, we obtain a degree sum condition for a graph to have an S-path-system.

Theorem 1.1 (Berman [1]). Let G be a graph, and let M be a matching of G. If
da(x) +dg(y) > |G| + 1 for any non-adjacent vertices x,y € V(G) with x # vy, then
G has a cycle passing through M.

Corollary 1.2 (Chiba and Yamashita [2]). Let G be a graph, and let S be a subset of
V(G) with even cardinality. If do(z)+de(y) > |G|+ 1 for any non-adjacent vertices
x,y € V(G) with © # y, then G has an S-path-system.

Recently, in [6], Tsugaki and Yashima showed that the following theorem implies
a refinement of Corollary 1.2, which we state as Corollary 1.4.

Theorem 1.3 (Shi [5]). Let G be a 2-connected graph, and let S be a subset of V(G).
If de(z) + da(y) > |G| for any non-adjacent vertices x,y € S with x # y, then G
has a cycle which contains all the vertices of S.

Corollary 1.4 (Tsugaki and Yashima [6]). Let G be a graph, and let S be a subset of
V(GQ) with even cardinality. If do(z)+de(y) > |G| —1 for any non-adjacent vertices
x,y € S with x # y, then G has a 3-S-path-system.

Recall that a 2-S-path-system is a perfect matching on S, and the notion of a
3-S-path-system is a weakening of the notion of a perfect matching on S. Corollary
1.4 shows that there is a natural degree sum condition for the existence of a 3-5-
path-system. This suggests the importance of the study of [-S-path-systems with
small values of [.

In this paper, we focus on bipartite graphs. We denote by G[A, B] a bipartite
graph G with partite sets A and B. For a bipartite graph G[A, B], we define

01.1(G) = min{dg(a) + dg(b) :a € A,b € B,ab ¢ E(G)}

if G[A, B] is not complete; otherwise oy 1(G) = co. Also we let §(G) denote the
minimum degree of G.

If a graph G has a Hamilton path, then G has an S-path-system. Thus the
degree sum condition of the following result also assures us of the existence of an
S-path-system in a balanced bipartite graph (in fact, a characterization of balanced
bipartite graphs G[A, B] such that ¢;1(G) > |B| and G has no Hamilton cycle is
obtained in [4]).

Theorem 1.5 (Ferrara, Jacobson and Powell [4]). Let G[A, B] be a connected bal-
anced bipartite graph. If o11(G) > |B|, then G has a Hamilton path.
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In [6], Tsugaki and Yashima showed that this degree sum condition also ensures
the existence of an [-S-path-system such that [ is small regardless of whether or not
G is balanced.

Theorem 1.6 (Tsugaki and Yashima [6]). Let G[A, B] be a bipartite graph, and let
S be a subset of V(G) with even cardinality. Suppose that |[ANS|—|BNS| < 2|B\ S|
and |BNS|—]ANS| < 2|A\S|. If 011(G) > max{|A|, |B|}, then one of the following

statements holds:

(i) G has a 5-S-path-system;
(ii) G is balanced, and G has a 6-S-path-system P such that |PyUPs UPs| < 1; or
(iii) G = K4 U K|p|—1,|B|—t for some integer 1 <t < |B| — 1.

In [6], examples which show that in Theorem 1.6, for any constant a;, we cannot
strengthen statement (i) by adding the condition that |P4UP5| < « are constructed.
However, the examples constructed in [6] have a small minimum degree. Thus it is
natural to conjecture that we can strengthen statement (i) if we replace the assump-
tion that oy 1(G) > max{|A|, |B|} by the corresponding minimum degree condition.
In this paper, we confirm this conjecture by proving the following theorem.

Theorem 1.7. Let G[A, B] be a bipartite graph, and let S be a subset of V(G) with
even cardinality. Suppose that |ANS|—|BNS| <2|B\S| and |[BNS|—|ANS| <
2|1A\ S|. If 0(G) > max{|A|, |B|}/2, then one of the following statements holds:

(1) G is unbalanced, and G has a 5-S-path-system P such that |P, U Ps| < 1;
(ii) G is balanced, and G has a 6-S-path-system P such that |PyUPs UPs| < 1; or
(iii) |A| = |B| is even, and G = K\qa,c1/a Y Kigp/a6|/4-

Before discussing the proof of Theorem 1.7, we here insert three paragraphs con-
cerning the sharpness of Theorem 1.7. The minimum degree condition in Theorem
1.7 is sharp in the sense that the conclusion of the theorem does not necessarily hold
for bipartite graphs G[A, B] with 6(G) > (max{|A|,|B|} — 1)/2. To sece this, let m
be a positive integer. For i = 1,2, let G;[A;, B;] be a complete bipartite graph with
partite sets A; and B; (|A1] = m+ 1, |As| = m, |B1| = m and |By| = m + 1). Let
G[A, B] be the bipartite graph with partite sets A = A; U Ay and B = B; U B, such
that F(G) = E(G1)UE(Ge)U{ab:a € Ay, b € By}. Let S be a subset of V(G) such
that |S] is even and Ay U By C S (see Figure 1). Then, G is a balanced bipartite
graph with 0(G) = m = (|B] — 1)/2 and we clearly have |ANS|—|BNS| < 2|B\ S|
and |[BNS|—|ANS| <2]A\ S|, but G has no S-path-system.

In (ii) in the conclusion of Theorem 1.7, we cannot avoid the use of a 6-S-path-
system; i.e., the statement becomes false if we replace the term “6-S-path-system”
by “5-S-path-system”. Let m be a positive integer. For i = 1,2, let G;[A;, B;] be
a complete bipartite graph with partite sets A; and B; such that |A;| = |B;| = m.
Take S C Ay U By so that |S N Ay] and |[S N By| are odd. Let G[A, B] be the
bipartite graph with partite sets A = A; U Ay and B = By U B, such that E(G) =
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Figure 1: Sharpness of the minimum degree condition
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Figure 2: Necessity of the use of an S-path of order 6

E(G1)UE(Gy)U{ab: a € A\S,b € B)\S} (see Figure 2). Then, G is a balanced
bipartite graph such that 6(G) = m = | B|/2, and we have |[ANS|—|BNS| < 2|B\ S|
and |[BNS|—|ANS| <2]A\ S|, but G has no 5-S-path-system.

One might think that if we change the minimum degree condition in Theorem
1.7 into 0(G) > max{|A|, |B|}/2 + a, where « is a constant, then G has a 3-S-path-
system. However, this is not true. Fix a positive integer a. Let ki, ko, l; and [y be
positive integers such that k; and ky are odd, and [; and [, are large enough and
\l1—1l3] < ky+ks. Fori = 1,2, let G;[A;, B;] be a complete bipartite graph with partite
sets A; and B; such that |A;| = ky, |Ag| = lo, |B1] = 11 and |Bs| = ko. Let G[A, B]
be the bipartite graph with partite sets A = A; U Ay and B = B; U By such that
E(G) = E(G1)UE(G2)U{ab: a € Ay,b € Bi}. Let S = A;UB; (see Figure 3). Then,
|ANS|—|BNS| = k1 —ko <203 =2|B\S|, |BNS|—|ANS| = ky— k1 < 21, = 2|A\ S|,
and 6(G) = min{|As|, |B1|} > max{|A|, |B|}/2 + «, but, G has no 3-S-path-system.

Theorem 1.7 follows from the following two propositions.

Proposition 1.8. Let G[A, B] be a bipartite graph, and let S be a subset of V(Q)
such that |S| > 2 and |S| is even. Suppose that |[AN S| —|BNS| < 2|B\ 5|
and | BN S| —|ANS| < 2/A\ S|. If 6(G) > max{|A|, |B|}/2, then there exist
S1,82 € S with s1 # sy such that G — {s1, s2} has a 3-(S\{s1, s2})-path-system P,
and Ne(s:) N (V(G)\Upep V(P)) # 0 for each i =1,2.

—

Figure 3: Necessity of the use of an S-path of order j with j =4,5,6
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Proposition 1.9. Let G[A, B] be a bipartite graph, and let S be a subset of V(Q)
such that |S| > 2 and |S| is even. Suppose that there exist vertices s1,s9 € S which
satisfy the conclusion of Proposition 1.8. If o11(G) > max{|A|, |B|}, then one of the
following statements holds:

(1) G is unbalanced, and G has a 5-S-path-system P such that |Py U Ps| < 1;
(i) G is balanced, and G has a 6-S-path-system P such that |PyUPs U Ps| < 1; or
(iii) G = K4 U K|, ||t for some integer 1 <t < |B| — 1.

In Sections 2 and 3, we prove Propositions 1.8 and 1.9, respectively.

Our notation is standard, and is mostly taken from Diestel [3]. Possible exceptions
are as follows. Let G[A, B] be a bipartite graph. For a set P of paths in G, let
Paa = {P e P end(P) - A}, Ppr = {P e P end(P) - B} and Pap = {P c
P :end(P)NA+#( and end(P)N B # (}. For disjoint subsets X,Y of V(G), let
Eq(X,Y) be the set of edges in G between X and Y. For a path P with a given
orientation and x € V(P), we denote the successor of z on P by x*.

2  Proof of Proposition 1.8

Let G[A, B] be a bipartite graph with §(G) > max{|A|, |B|}/2, and let S be a subset
of V(G) which satisfies the assumption of Proposition 1.8. Write |S| = 2k (k > 1).
First we prove the following lemma.

Lemma 2.1. There exist s1,s9 € S such that G has a 3-(S\{s1, s2})-path-system.

Proof. We prove Lemma 2.1 by induction on k. By the definition of an S-path-
system, we see that Lemma 2.1 is true in the case where k = 1. Thus let £ > 2, and
assume that the lemma is proved for £k — 1. Suppose that

(C1) G has no 3-(S\{s1, s2})-path-system for any sy, sy € S.
Let

F={P: Pisa3-(S\9)-path-system for some S’ C S with |S"| =4 }.

Take s1,s5 € S so that s; # s5. By the induction hypothesis, there exist s3,s4 €
S\{s1, s2} such that s3 # s4 and G has a 3-(S\{s1, s2, 53, S4})-path-system. This
implies that F # (). By the definition of F, for each P € F, there exists Sp C S such
that |Sp| = 4 and P is a 3-(S\Sp)-path-system. Let m = min{}_,_, |P|: P € F},
and let
Foin={P€F:Y |P|=m}.
Pep

Note that for each P € F,in, Paa U P = Ps and Pap = Po because P is a
3-(S\Sp)-path-system. For each P € Fpnin, we have Sp N Jpep V(P) = 0 by the
minimality of m, and hence it follows from (C1) that Sp is an independent set. For
each P € Fn, and each P € P, write end(P) = {ap,bp}. We assume that we
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have ap € A and bp € B in the case where P € Psp. Moreover, we regard P as an
oriented path from ap to bp. For each P € Fin, let Wp = V(G)\(SpUUpep V(P)).

By the definition of F,,;,, we obtain the following fact.
Fact 2.2. There exists no P € F such that ) p.p |P| < m.

The rest of the proof consists of a number of claims. After stating several claims,
we outline the proof in the third paragraph following Claim 2.6.

Claim 2.3.

(i) If P € Fpin and s € Sp N A, then Ng(s) NV (P) =0 for each P € Ppp.
(ii) If P € Fpin and s € Sp N B, then Ng(s) N V(P) =0 for each P € Pay.

Proof. In view of the symmetry of A and B, it suffices to prove (i). Suppose that
there exists ¢ € Ng(s) NV(P) for some P € Frpin, s € Sp N A and P € Ppp. Let
P = sc,{c¢} = end(P)\{c} and 8" = (Sp\{s})U{c'}. Then, P’ = (P\{P})U{P'} is
a 3-(S\S')-path-system with [S'| = 4, and Y cp/ [Q| = > ocp [Q—|P|+|P'| = m—1,
which contradicts Fact 2.2. ]

Claim 2.4. If P € Fpn, 51 € Sp N A and sy € Sp N B, then |[Ng(s1) NV(P)| +
|INa(s2) NV(P)| <1 for each P € Pyg.

Proof. Suppose that there exist bp € Ng(s1) and ap € Ng(s2) for some P € Fin,
s1 € SpNA, s € SpNBand P € Pag. Let P, = s1bp and P, = sqap. Then,
(P\{P}) U{P1, Py} is a 3-(S\(Sp\{s1, s2}))-system, which contradicts (C1). O

By (C1), we obtain the following claim.
Claim 2.5.

(1) If P € Foin and sy, 59 € Sp N A with sy # s, then Ng(s1) N Ng(se) NWp = ().
(ii) If P € Fouin and s1, so € SpN B with s; # sa, then Ng(s1) N Ng(s2) N Wp = 0.

Claim 2.6. We have |Sp N A| # 2 for each P € Fpin.

Proof. Suppose that |Sp N A| = 2 for some P € F,;,. Write Sp N A = {51, 2} and
Sp N B = {s3,s4}. By Claims 2.3 and 2.4, Y, .., |Na(s;) N V(P)| <2 < |P| for
each P € P. By Claim 2.5, > .., INg(s:) N Wp| < |[Wp|. Since |G| < 45(G) by
assumption, we get |G| < 37, da(si) < D pep [Pl + [Wp| = |G| = |Sp| < |G, a
contradiction. ]

Hereafter, we fix P € F,;,. We choose P so that Ng(Sp) N Wp # 0 if possible.
By Claim 2.6, either |[Sp N A| <1 or |SpNA| > 3 holds. By the symmetry of A and
B, we may assume that [Sp N A| > 3.

Choose distinct s1, s9 € SpN A so that [Ng(s1) NWp|+ |Ng(se) NWp| is as small
as possible. Let

B= J w@nb)

PeEPABUPAA
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Psys, = {P € PapUPua : Ng(sl) N Ng(sz) N V(P) #* @}
and
A= |J v(P)nA).
PEPy, s,

We here include a sketch of the proof of Lemma 2.1. We show that vertices in Ag
behave like vertices in SpN A (Claims 2.10 and 2.12). We then take a suitable vertex
xo € Ap and, by using xy, we define A7 C A as we defined Ay by using s; and ss.
From Claims 2.10 and 2.12, it follows that |A}| > |A|/2 — 2 (Clams 2.11 and 2.13).
We observe that vertices in A) also behave like vertices in Sp N A (see the paragraph
following the proof of Claim 2.13). In the case where |SpNA| = 3, we write SpNB =
{s4} and, based on this observation, we show that Eg(A}, {ss}) = 0 which, in view
of Claim 2.13, contradicts the minimum degree condition in Proposition 1.8 (Claim
2.16). In the case where |SpNA| = 4, we have (Ng(Sp)NWp)UUpep,,, (V(P)NB) #
0, and thus take by € (Ng(Sp) N Wp) UUpep,, (V(P) N B) and, again based on the
above observation, we can show that Eg(Af, {bo}) = 0 (Claims 2.14 and 2.15), which
contradicts the minimum degree condition (see the last paragraph of the proof of the
lemma).

Now by Claim 2.5 and the choice of s; and s, we obtain the following claim.
Claim 2.7. |Ng(s1) N Wp| + |Na(s2) N Wp| < 2|Wp N B|/[Sp N Al.
Claim 2.8. max{|A|, |B|}=2|WpNB|/|SpNA|—|B1| < |Ng(s1)NNg(s2)NB1| < |Ag|.

Proof. By Claim 2.3, |Ng(s1) N V(P)| 4 |Ng(s2) N V(P)| = 0 for each P € Ppp.
Hence by Claim 2.7,

’Ng<81)ﬂNg(82)ﬂBl‘ Z |Ng(81)ﬂB1| -+ |NG'(82)QB1‘ — |31’
> 26(G) = 2[Wp N B|/[Sp N Al — |Bi]
>

max{|A[, B[} — 2|Wp N B|/|Sp N Al — |Bi].
Since |V(P)NB| < [V(P)NA]| for each P € Py, ,, we also have | Ng(s1)NNg(s2)N
B[ < Aol O
Claim 2.9. Ng(s1) N Ng(s2) N By # 0.

Proof. Suppose that Ng(s1) N Ng(s2) N By = 0. Since |Sp N A| > 3, we clearly have
2|Wp|/|Sp N A| <2|Wp|/3. Hence it follows from Claim 2.8 that

0 = |Ng(s1) N Ng(s2) N By max{|Al|,|B|} — 2|Wp N B|/3 — | By|
max{|4], B} ~ [W» 1 B| ~ |B|
max{|A|, |B|} - [B].
Consequently |B| > |A| and Wp N B = (), which further implies B = By, and hence
|SpNB| = 0 and |SpNA| = 4. Since |[V(P)NA| > |V(P)NB| for each P € PygUP 44,
we now get |A| = |A\Sp| +4 > |By| +4 = |B| + 4, which contradicts the assertion
that |B| > |A|. O

AVARAVARLY,

For each = € Ay, let P, € Py, s, be the path such that x € V(P,).
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Claim 2.10. We have Ng(x) N Ng(y) " Wp =0 for any x,y € Ay with x # y.

Proof. Let x,y € Ay with x # y. By symmetry, we may assume that (i) P,, P, €
PAB, (ii) P, € Psp and Py c PAA, (iii) Px,Py € Paa and P, 75 Py, or (iv) Px,P c
Paa and P, = P,.

Recall that for each P € P, end(P) = {ap,bp} and P is oriented from ap to bp
and, in the case where P € Pyp, we have ap € A and bp € B.

<

We may assume that y = ap, in the case where (ii) holds, = ap, and y = ap,
in the case where (iii) holds, and x = ap, in the case where (iv) holds. Let

P\{Pe, Py}

( ) U {s1bp,, s2bp, } i) holds,
po{PUE2) '
(

if (

U {s1bp,, s2y"bp, } if (ii) holds,
if (iii) holds,
if (iv) holds.

P\{Px, Py}) U {Sll‘+bpw, 82y+bpy}
P\{P,}) U{s1x"sy}

Then, P’ is a 3-(S\((Sp\{s1, s2}) U{z,y}))-path-system such that P’ € Fin,, Wp: N
B = Wp N B and z,y € Spr N A. Hence applying Claim 2.5 (i) to P’, we get
Ng(x) N Ng(y) N W'p = @ ]

Note that Ay # () by Claims 2.8 and 2.9. Choose zg € Ay so that |Ng(zg) N Wp|
is as small as possible.

Proof. It Wp N B = 0, then |Ng(zo) N Wp| = 0 < 2. Thus we may assume that
Wp N B # (), which implies that |B| —2|Wp N B|/|SpNA|—|By| > |B|— |[WpN B| —
|B;1| > 0. Hence, in view of the minimality of |Ng(z¢) N Wp|, it follows from Claims
2.8 and 2.10 that

|Na(zo) N Wp| < [Wp N Bl/|A|

1
< Wpr BBl - 2Wpn Bl/lSp il — 1B)).

If |Sp N A| =4, then by (1), we obtain

[Na(wo) N W (We N B|/(IB| = [Wp 0 B|/2 = |Bil)

<
< [WpnBl/(IWen BI/2) = 2.

If |Sp N A| = 3, then by (1), we obtain

[Ne(xo) "Wp| < [Wp N B|/(|B] = 2[Wp N B|/3 = [Bi])
< [WpnB|/([Wp N B|/3+|Sp N BJ)
<

(Wp 0 B|/([Wp N B|/3) =3.
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Sq Sy
Xo
Pxo
X
Qx

Figure 4: Definition of @, (the case where x # xo and Py, € Pap)

Sq S2
Xo
Pxq
X
Qx

Figure 5: Definition of @, (the case where  # xo and Py, € Paa)

Claim 2.12. Eg({z¢},V(P)) =0 for each P € Pgp.

Proof. Note that if P,, € Paa, then we may assume that zy = ap,,- Under this
assumption, let P/ = s1bp,, or P = sla;zo bp,, according as Py, € Pap or Py, € Paa.
Then, P = (P\{Py}) U{P'} is a 3-S\((Sp\{s1}) U {xo})-path-system such that
P’ € Fin and Pip = Ppp and xo € Spr N A. Hence applying Claim 2.3 (i) to P/,
we see that Eq({zo}, V(P)) = 0 for each P € Pgp. O

Let
Pxo = {P € Pap U Pua : Ng(ZL‘O) N V(P) 75 @}

We have P, € P,,. Let
A= |J (v(P)nA).

PEPy,

For each z € A}, let Q, € P,, be the path such that z € V(Q,) (see Figures 4
through 6; in these figures, bold lines indicate P,, and @,). Note that Q,, = P,.

Claim 2.13. |A}]| > |A]/2 —2.

Proof. Since |V(P)NA| > |V(P)nN B| for each P € P,,, it follows from Claims 2.11
and 2.12 that |A}| > |Py,| = da(z0) — |Na(zo) N Wp| > |A]/2 — 2. O

For each i = 1,2 and each z € A/, we define P(i,x) € Fin as follows.
Case I. P,, € Pap.

Sq So S So

X=X : / X=X : :
Px,=Qx, Pxo=Qx,

Figure 6: Definition of @), (the case where x = x¢)
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Note that if (), € Paa, then we may assume that x = ag,. Under this assump-
tion, let

(P\{QI})U{SibeO} if Qac:me
P(va): (P\{szQx})U{Sibon>x0sz} if QxEPAB and Qaﬁépa:oa
(P\{Pxo,Qx}>U{Sibpzo,x[)l'—"_sz} if QmEPAA-

Case II. P,, € Paa.

If Q. = P,,, then we may assume that x = ap, ; if Q, € Paa and Q. # P, then
we may assume that zo = ap, and = aq,; if Q, € Pap, then we may assume that
To = ap,,. Let

(P\{Q$}>U{Six+bpxo} if Qz:Pa:oa
P(ix)= (P\{meQx})U{SﬂBLwaO 207 b} if Qr€Paa and Qu# Py,
(P\{PxO,Qx})U{SiQTS_bPZO ,.TonI} if QIGPAB'

Note that P(i,xz) € Fuin, Spiz) = (9p\{si}) U {z}, Wpua = Wp and
P(i,IL’)BB = PBB-

Claim 2.14. Eg(A}, Ng(Sp N A)NWp) = 0.

Proof. Let x € A} and y € Sp N A. By the symmetry of s; and s9, we may assume
that y # s1. Note that P(1,z) € Fin and @,y € Sp,)NA. Hence by Claim 2.5 (i),
Ne(z) NNe(y) "Wp e = 0. Since Wp(1 5y = Wp, this implies that Eq({z}, Ne(y)N
Wp) = 0. Since x € A} and y € Sp N A are arbitrary, we get Eg(A], Na(Sp N A)N
Wp) = 0. O

Claim 2.15. Eg(A},V(P)) =0 for each P € Pgp.

Proof. Let x € A} and P € Pgg. Then, since P(1,z) € Fin, P(1,2)pg = Ppp
and © € Sp ) N A, it follows from Claim 2.3 (i) that Ng(z) N V(P) = (0. Hence
Eq(A},V(P)) =0 for each P € Pgp. O

Claim 2.16. Sp C A.

Proof. Suppose not. Write (Sp\{s1,$2}) N A = {s3} and (Sp\{s1,s2}) N B = {s4}.
For each x € A, xs, ¢ E(G) because x,s4 € Sp1,4) and Sp(1 ) is an independent
set. Hence Eg(A),{ss}) = 0. By (C1), Ng(s4) N {s1, 52,53} = 0. Hence by Claim
2.13, dg(ss) < |A] — |AY| — 3 < |A]/2 — 1, which contradicts the minimum degree
condition. ]

Claim 2.17. If Ng(Sp) N Wp = 0, then Ec(A}, Wp) = 0.

Proof. Suppose that Ng(Sp) N Wp = 0 and Eg(A}, Wp) # 0. Then, there exists
x € Al such that Ng(xz) N Wp # 0. Since Wp( ) = Wp and © € Sp(1 4, this implies
that Ne(Spaz)) N Wpaw # 0. Hence Ng(Sp) N Wp # 0 by the choice of P, a
contradiction. ]
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Claim 2.18. If Wp N B # (), then Ng(Sp) N Wp # 0.

Proof. Suppose that Wp N B # () and Ng(Sp) N Wp = 0, and take b € Wp N B.
Since Ng(Sp) N Wp = 0, it follows from Claim 2.17 that Eg(A}, Wp) = (. Hence
da(b) < |A|—|AJU(SpNA)| < |A|/2—2 by Claims 2.13 and 2.16, which contradicts
the minimum degree condition. O]

Suppose that Wp N B = () and P = (). Then, P = Pap U Paa, and it follows
from Claim 2.16 that B = Upp(V(P) N B). Let P € P. If P € Pay, then
V(P)NANS| =2, |[V(P)NBNS|=0and |V(P)N(B\S)| =1;if P € Pyp, then
V(P)NnANS| =1, |V(P)NnBNS|=1and |[V(P)N(B\S)| = 0. In either case,
V(P)NANS|—|V(P)NnBNS|=2|V(P)N(B\S)|. Since P is arbitrary, we obtain
(AN S)\Sp| — |BN S| =2|B\S|. Since |[ANS|=[(ANS)\Sp| + 4 by Claim 2.16,
it follows that |AN S| — |B N S| = 2|B\S| + 4, which contradicts the assumption
that [AN S| —|BNS| <2|B\S|. Thus either Wp N B # () or Pgp # (. By Claim
2.18, this implies that there exists by € (Ng(Sp) N Wp) UUpep,, (V(P) N B). If
by € NG'(SP)ﬂWp, then ‘NG(bo)ﬂSp’ = 1 by Claim 2.5 (1)7 if by € UpepBB(V(P)ﬂB),
then Ng(bo) N Sp = 0 by Claim 2.3 (i). Hence by Claims 2.13, 2.14, 2.15 and 2.16,
|Na(bo)| < |A] — |A]| — 3 < |A]/2 — 1, which contradicts the minimum degree
condition. This completes the proof of Lemma 2.1. O

By Lemma 2.1, there exist s1, s, € S such that G has a 3-(S\{s1, s2})-path-system
P. Choose such sq, s9 and P so that

(T1) > pcp |P| is as small as possible, and
(T2) > ;15 |Na(si)\Upep V(P)] is as large as possible, subject to (T1).

By (T1), 51,582 € Upep V(P). For each P € P, let ap, bp be as in the proof
of Lemma 2.1. We show that Ng(s;)\Upep V(P) # 0 for each i € {1,2}. Suppose
that for some i € {1,2}, we have Ng(s;)\Upep V(P) = 0. By the symmetry of s,
and sy, we may assume that Ng(s1)\Upep V(P) = 0. By the symmetry of A and
B, we may assume that s; € A. By (T1), we obtain the following claim.

Claim 2.19. We have Ng(s1) NV (P) =0 for each P € Pgp.

Let
Bi= |J (P)nB).
PePABUPAA
By Claim 2.19 and the minimum degree condition, |[Ng(s1)NB1| = |[Ng(s1)| > |Al/2.
Let
Ps, = {P € PapUPau : Ng(sl) N V(P) 7§ (Z)},

A= |J (v(p)na).
PePs,

Then, |Ao| > |Ps,| = |[Na(s1) N Bi| > |A]/2. Let © € Ay, and let P, € Ps, be the
path such that z € V(P,). Note that if P, € P44, then we may assume that z = ap, .
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Under this assumption, let

r (,P\{P;C}) U {Sle,c} if P, € PAB,
CV(P\{P ) U {s1zTbp,} if P, € Paa.

Then P’ is a 3-(S\{x, s2})-path-system such that

YIPI=) 1P VG | VIP) = (VG [ VIP)\s1}) U {e)

pPep’ PeP PeP’ Pep
and Pzp = Ppp. Note that s; & Ng(s2) because Ng(s1)\ Upep V(P) = 0. This
implies that |Ng(s2)\ Upep V(P)| = [Na(s2)\ Upep V(P)].

Hence Ng(2)\Upep V(P) = 0 by (T2) and, applying Claim 2.19 to P’, we see
that Ng(z) N V(P) = 0 for each P € Pgp. Since x € Ay is arbitrary, it follows that
Ng(Ao) Q Bl.

Suppose that B = By. Then, Pgp = () and s, € A. Since |V(P)NANS|—|V(P)N
BNS|=2|V(P)N(B\S)| for each P € PasUPag, it follows that |[ANS|—|BNS| =
|(ANS)\{s1, s2}|—|BNS|+2 = 2|B\S|+2, which contradicts the assumption that |AN
S|—|BNS| < 2|B\S|. Thus B\B; # . Take by € B\B; (it is possible that by = s5).
Then, by € B\ Upep V(P) or by € Upep,,(V(P) N B). If by € B\ Upcp V(P), then
s1 & Ne(bo) by the assumption that Ng(s1)\Upep V(P) = 0;if by € Upep,, (V(P)N
B), then s; € Ng(by) by Claim 2.19. Hence s; € Ng(by). Since Ng(Ag) C By, we
also have Ng(bg)NAg = 0. Therefore, |[Ng(bo)| < |A|—|Ao|—|{s1}] < |A|—|A]/2—1,
which contradicts the assumption that 0(G) > max{|A|, |B|}/2. This completes the
proof of Proposition 1.8. [

3 Proof of Proposition 1.9

In this section, we present a proof of Proposition 1.9. The proof is almost the same
as that of Theorem 1.6 described in [6]. However, for the convenience of the reader,
we here include a rather detailed description of the proof of Proposition 1.9.

Proof of Proposition 1.9. Let G[A, B] be a bipartite graph with o,(G) >
max{|Al|, |B|}, and let S be a subset of V(G) which satisfies the assumption of
Proposition 1.9. Suppose that

(D1) G satisfies neither (i) nor (ii) of Proposition 1.9.

The following claim immediately follows from the assumption of Proposition 1.9.

Claim 3.1. There exist s1,s9 € S with s # Sy such that G — {s1,s2} has a 3-
(S\{s1,s2})-path-system P and Ng(s;)\ Upep V(P) # 0 for each i € {1,2}.

Let s1, 52, P be as in Claim 3.1. Take t; € Ng(si)\ Upep V(P) for each i € {1,2}.
By (D1), {s1,t1} N {s2,t2} = 0 and Eg({s1,t1}, {s2,t2}) = 0. For each i € {1,2},
write {s;,t;} = {z;,y;} with x; € A and y; € B.
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Before proving the next claim, we outline the proof of Proposition 1.9. We first
prove inequalities concerning the number of edges between {x1, 41, 2, y2} and V (P)
with P € P (Claims 3.2 and 3.3). Based on Claim 3.3, we show that the vertices
of G can be classified into several types (Claim 3.6). Using (D1), we show the
nonexistence of edges between some two types of vertices described in Claim 3.6
(Claims 3.7 through 3.10). Finally we derive the desired conclusion from Claims 3.9
and 3.10 and the degree condition in the proposition.

Claim 3.2. Let P € P.

(i) For each i € {1,2}, we have Ng(z;) NV (P) =0 or Ng(ys_;) NV (P) = 0.
(ii) If Ng(z1)NV(P)#0and Ng(x2)NV (P)#£D, then |(Ng(x1)UNg(x2))NV (P)
(iii) If No(y1)NV(P)#0 and Ng(y2)NV (P)#0, then |( Na(y1)UNg(y2))NV (P)

|=1.
|=1.
Proof. We prove (i), (ii) and (iii) simultaneously. If Ng(z;)NV (P)#0 and Ng(ys—i)N
V(P) # () for some i € {1,2}, or Ng(z1) N V(P) # 0 and Ng(xs) NV(P) # 0 and

|(Ng(z1) U Ng(x2)) NV (P)| =2, or Ng(y1) NV (P) # 0 and Ng(y2) NV (P) # 0 and
|(Na(y1) U Ng(y2)) N V(P)| = 2, then there exist disjoint S-paths @, Q' such that

V(Q) U V(Q/) - V(P) U {$17917$2>yz}7 mln{|@|a |Q/|} <3 and maX{|Q|7 |Ql|} < 47
and hence P’ = (P\{P}) U{Q,Q'} is a 4-S-path-system such that [P’y < 1, which
contradicts (D1). O

For each P € Py, write V(P) = {ap,bp} with ap € A and bp € B. For i = 1,2,
let
P(xi,y;) ={P €P:V(P)C Ng(x;) UNa(y:)}
Also let
Pa(x1,29) = {P € Py : bp € Ng(x1) N Ng(2)},
Po(y1,y2) ={P € P2 :ap € Na(y1) N Na(y2)}-
It follows from Claim 3.2 (i) that P(z1,y1), P(z2,y2), Pa(x1, x2) and Pa(y1,y2) are

pairwise disjoint.

Claim 3.3. For each P € P, Y, ,(INc(2:;) N V(P)| + [Na(y:) N V(P)]) < |P].
Further, if equality holds, then P € P(x1,y1) U P(x2,y2) U Po(x1,22) U Pa(y1,y2)-

Proof. Let P € P. By Claim 3.2 (i), we have Ng(z1)NV (P) = () or Ng(y2)NV (P) =
(). By symmetry, we may assume that Ng(z1) NV (P) = (). By Claim 3.2 (i), we also
have Ng(xo) NV (P) =0 or Ng(y1) NV(P) = 0.

First assume that Ng(z2)NV(P) = (0. Since [Ng(y1)NV (P)|+|Ng(y2)NV (P)| < 2
by Claim 3.2 (iii), we get

> (INa(z:) NV(P)] + [Na(y:) NV (P)))

i=1,2

[Na(y1) NV(P)[ + [Na(y2) N V(P)| <2 < |PJ.

If equality holds, then P € P,, and hence |Ng(y1)NV(P)| = 1 and |Ng(y2) NV (P)| =
1, which implies that P € Pa(y1, y2).
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Next assume that Ng(y;) NV (P) = 0. Then,

> (INa(z:) N V(P)| + | Na(y:) NV (P)])

— [ Nole) NV(P)| + [No(y2) N V(P)
< [V(P)NB|+[V(P)N A =|P|.

If equality holds, then Ng(x2) NV(P) =V (P)N B and Ng(y2) NV (P) =V (P)N A,
and hence V(P) C Ng(x2) U Ng(y2), which implies P € P(z2,y). O

Let W = V(G)\ Upep V(P) and, for each i € {1,2}, let W(x;) = Ng(z;) "W
and W (y;) = Ng(yi) N W (note that y; € Wi(x;) and z; € W(y;)). Recall that

{zi,y:} = {si,t;}. The following claim follows from the definition of P(z;,v;), W(x;)
and W (y;).

Claim 3.4. Let i € {1,2}.

(i) For each P € P(x;,y;) and each z € V(P), there exists an S-path Q such that
Q] <3, V(Q) S {zi,yi UV(P), 2 ¢ V(Q) and [V(Q) NV(P)[ = 1.

(ii) For each z € W(x;) UW (y;), there exists a path R such that |R| < 3, V(R) C
{zi,yi, 2} and end(R) = {s;, 2}.

Claim 3.5. We have W (z1) N W (z2) =0 and W (y1) N W (ys) = 0.

Proof. Suppose that W(z1) N W(xs) # 0 or W(y) N W(y2) # 0, and take z €
(W (x1) "W (xe))U(W(y1) N W (y2)). By Claim 3.4 (ii), there exist paths R, R’ such
that V(R) C {z1,y1, 2}, end(R) = {s1, 2z}, V(R') C {z2,92, 2} and end(R) = {s2, 2}.
Then, RU R’ is an S-path with |RU R’| < 5, which contradicts (D1). O

Recall that x1ys, 2211 € E(G). Hence by Claims 3.3 and 3.5,

|G 2max{|Al, | B[}
20‘171(G)
(da(r1) + da(y2)) + (da(x2) + da(y1))

Do IPI+ Wl =Gl

PeP

VAN VAN VAR VAN

Hence equality holds throughout, which, together with Claim 3.3, implies the follow-
ing claim.

Claim 3.6.

(i) 011(G) = |A| = |B].

(ii) P = P(z1,y1) UP(22,y2) U Po(x1,72) U Pa(y1, 2)-
(iii) W= U2 (W (z:) U W (y:)).

For i = 1,2, let Vi = Wi(x;) UW(4:) UUpep(a, ) V (P)- Note that V(G) =
ViU VaUUpep,arma)ups(yrge) V (F) by Claim 3.6 (ii), (iii).



Y. EGAWA ET AL./AUSTRALAS. J. COMBIN. 87 (3) (2023), 423-439 437

Claim 3.7. Eg(W (z1) UW (y1), W (z2) UW (y2)) = 0.

Proof. Suppose not, and let zz" be an edge with z € W (z1)UW (y;) and 2’ € W (x9)U
W (y). By Claim 3.4 (ii), there exist paths R, R such that V(R) C {x1,y,2},
end(R) = {s1,2}, V(R') C {z2,99, 7'}, end(R’) = {s2,2'}. Concatenating R and R’
with the edge 22/, we get an S-path @ in V(G)\(Upep V (P)) having order at most
6. Then, P’ = P U{Q} is a 6-S-path-system such that |P; U PL U P§| < 1. Since G
is balanced by Claim 3.6 (i), this contradicts (D1). O

Claim 3.8. Let i € {1,2}. Then, Eq(V(P),W(x3_;) UW(ys_;)) = 0 for each
P e P(xi, yi)-

Proof. Let P € P(x;,y;). Suppose that Eg(V(P), W(xs_;) UW(ys—;)) # 0, and
let 22’ be an edge with z € V(P) and 2’ € W(x3_;) U W (ys—;). By Claim 3.4 (i),
there exists an S-path @) such that V(Q) C {x;,y;} UV(P), 2 ¢ V(Q) and |V (Q) N
V(P)| = 1. By Claim 3.4 (ii), there exists a path R such that V(R) C {z3_;, y3-:, 2"}
and end(R) = {s3_;,2'}. Write S N V(P) = {u,v} with V(Q) N V(P) = {u}.
Since z € V(P)\{u} and 22’ € E(G), we can extend R to an S-path @’ such that
V(Q) € V(R)U (V(P)\{u}) and end(Q’) = {ss_i,v}. Note that |[V(Q")| < 5.
Hence P’ = (P\{P})U{Q,Q'} is a 5-S-path-system such that |P, U Ps| < 1, which
contraicts (D1). O

Claim 3.9. Eq(V1, V) =0.

Proof. In view of Claims 3.7 and 3.8, it suffices to show that Eq(V(P),V(P’")) = 0 for
cach P € P(xy1,y1) and each P’ € P(x3,y2). Let P € P(xy,y1) and P’ € P(x2,ys).
Suppose that Eq(V(P),V(P')) # 0, and let 2z’ be an edge with z € V(P) and
2 € V(P'). By Claim 3.4 (i), there exist S-paths @, @’ such that V(Q) C {x1,y,} U
V(P), = ¢ V(Q), V(Q NV(P)| = 1, V(@) C {23} UV(P), ' ¢ V(Q) and
V(Q)NV(P)| =1. Write SNV (P) = {u,v} and V(Q) NV (P) = {u}. Also write
SNV(P) ={u,v'} and V(Q') NV (P") = {u'}. Since zz' € E(G), there exists an
S-path Q" with V(Q") C (V(P)\{u}) U (V(P)\{v'}) and end(Q") = {v,v'}. Then,
P = (P\{P,P'}) Uu{Q,Q,Q"} is a 4-S-path-system such that |Ps| < 1, which
contradicts (D1). O

Claim 3.10.

(i) For each P € Py(x1,x2), Ng(ap) C {br: R € Pa(x1,22)}.
(ii) For each P € Py(y1,y2), Na(bp) C {ar: R € Po(y1,y2)}.

Proof. By the symmetry of A and B, it suffices to prove (i). Let P € Py(xy, x9).

First we show that Ng(ap) N (V3 UV,) = . Suppose that Ng(ap)N (V3 UVR) # 0,
and take z € Ng(ap) N (V3 U V). By the symmetry of {z1,y1} and {z2,y2}, we
may assume that z € Vi. Note that by the definition of Py(z1,z5), there exists an
S-path @ such that V(Q) C {xs,y2,bp} and end(Q)) = {sq9,bp}. Assume for the
moment that z € W(z,) UW(y;). By Claim 3.4 (ii), there exists a path R such that
V(R) C {x1,11,2} and end(R) = {s1,2}. Since apz € E(G), we can extend R to
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an S-path @)’ such that V(Q') = V(R) U{ap} and end(Q’) = {s1,ap}. Then, P’ =
(P\{P})U{Q,Q'} is a 4-S-path-system such that |P;| < 1, which contradicts (D1).
Thus 2 € Uprep(ay ) V(F'). Let P’ € P(x1,y1) be the path such that z € V/(F'). By
Claim 3.4 (i), there exists an S-path @)’ such that V(Q') C {x1,y1 JUV(P’), z € V(Q')
and |V(Q')NV(P")| = 1. Write SNV (P') = {u, v} with V(Q")NV(P’) = {u}. Since
apz € E(G), there exists an S-path @” such that V(Q") C {ap} U (V(P)\{u}) and
end(Q") = {ap,v}. Then, (P\{P, P'}) U{Q,Q,Q"} is a 3-S-path-system, which
contradicts (D1). Consequently Ng(ap) N (V3 U V) = 0.

Next we show that Ng(ap) N Upiep,y, 40 V(P') = 0. Suppose that there exists
P" € Py(y1,y2) such that Ng(ap) N V(P') # 0. Then, apbpr € E(G). Let Q
be as above. There also exists an S-path @’ such that V(Q') C {x1,y1,ap} and
end(Q') = {s1,ap }. Then, (P\{P, P'})U{Q,Q’,apbp'} is a 3-S-path-system, which
contradicts (D1). Thus Ng(ap) N Upiep,(y, 40 V(P) = 0.

Therefore, Ng(ap) € B\(Vi UVaUUpicp,yrgm V(P)) = {br : R € Pala1,22)}.
O

Y1,Y2

Now suppose that Py (1, 22)UPa(y1, y2) # 0. We may assume that Po(xy, z5) # .
Take @ € Pa(x1,22). By Claim 3.10 (i), de(ag) < |Pa(x1,22)|. On the other
hand, it follows from Claims 3.9 and 3.10 (i) that dg(y1) < |A| — [Va N A| — [{ap :
P € Py(xy,x9)} = |A| — |Va N A| — |Pa(x1,22)|. Recall that x5 € Vo N A. Hence
da(y1) < |A| = |P2(z1,2)|. Consequently dg(ag) + da(y1) < |A|. Since agyr &
E(G) by Claim 3.10 (i), this contradicts the assumption that o1 ;(G) > |B| (= |A]).
Therefore, Pa(x1,x2) U Pa(y1,y2) = 0. Since Vi, V5 # (), it now follows from Claim
3.9 that G is disconnected. In view of the assumption that o1 1(G) > | B, this forces
G = Ky U K|gj—Bj— for some 1 < t < |B| — 1. This completes the proof of
Proposition 1.9. O
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