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A list of some notation

G denotes a graph.

XCY
XcCcY
X-Y
X —a
X+Y
XAY
| X
V(G)
E(G)
G|
G|
degg(v)
Ng(v)
Ng|v]
Na(S)
Eq(X,Y)
eg(X, Y)
A(G)
6(G)
w(G)
odd(Q)
Odd(G)
iso(Q)
Iso(@G)

X is a subset of Y.

X is a proper subset of Y.

X \Y, where Y C X.

X — {a}, where a € X.

X UY, where XNY = 0.
(XUY)—(XnNnY).

The number of elements in X.
The set of vertices of G.

The set of edges of G.

The order of G = |V(G)|.
The size of G = |E(G)|.

The degree of a vertex v in G.
The neighborhood of v.

Ng(v) U {v}.

U,es No().
The set of edges of GG joining X to Y.

The number of edges of G joining X to Y.

The maximum degree of G.

The minimum degree of G.

The number of components of G.
The number of odd components of G.
The set of odd components of G.
The number of isolated vertices of G.
The set of isolated vertices of G.

The connectivity of G.

The edge connectivity of G.

The independence number of G.

The edge independence number of G.
The binding number of G.

The toughness of G.

The complete graph of order n.

The complete bipartite graph of order n + m.

The path of order n.

The set of natural numbers = {1,2,3,...}.

The set of integers.

The set of non-negative integers = {0,1,2,...}.



A list of some functions

S and T' denote disjoint vertex subsets of a graph G.

5(S.T) = Y flx)+ ) (degg(x) — f(x)) — ec(S.T) — q(S,T)

zeS zeT
= Z f(x) + Z(degg,g(ﬂﬁ) - f(l')) - Q(S7 T)a
xES z€T

where ¢(S,T) denotes the number of components C' of
G —(SUT) such that 3, ) f(z) +ec(C,T) =1 (mod 2).

0(S.T) = ) fla)+ Y (degg(e) — f(x)) —ea(S.T)

z€eS zeT
= D @)+ (degg_s(a) = f(2))
z€S zeT
VS, T) = Y f@)+ ) (degg(x) — g(x)) — ea(S,T) — ¢*(S, T)
z€eS zeT

= > f@)+ ) (degg_s(x) — g(z)) — (. 1),
€S €T
where ¢*(S,T) denotes the number of components C' of

G — (SUT) such that g(x) = f(x) for all z € V(C) and
> weviey [ (@) +ec(C,T) =1 (mod 2).
VS, T) = D f@)+ ) (dega(x) — g(x)) — ea(S,T)

zeS z€T
= ) fla)+ ) (degg_g(z) — g(x))
€S z€T

> vevic) [ (@) +ec(C,T) =1 (mod 2).
n(s,T) = Z f@) + Z(degg(x) —g(x)) —eq(S,T) —q(S,T),

z€S z€T
where ¢(S,T) denotes the number of components C' of

G —(SUT) such that 3, ) f(z) +ec(C,T) =1 (mod 2).
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Preface

Among the results in graph theory in the 18th century are Petersen’s re-
sults on graph factors and factorizations. Petersen’s Theorem states: FEwv-
ery even reqular graph is 2-factorable. He proved it to approach a problem
on Diophantine equations. Then he proved a second theorem. FEvery 2-
connected 3-reqular graph has a 1-factor. This arose from a counterexample
he constructed to Tait’s ‘theorem’: Fvery 3-reqular graph which has no leaf
is 1-factorable. This counterexample is the well-known Petersen graph. Pe-
tersen’s theorems are byproducts of attempts to address other things. Per-
haps Petersen himself had no inkling that these theorems would open the
door to a very promising area of graph theory.

Later came Hall’s Marriage Theorem, a result obtained when he was
studying the structure of subsets. Let G' be a bipartite graph with bipartition
(A, B). Then G has a matching that saturates A if and only if |Ng(S)| > |5]|
for all S C A. Konig’s Theorem followed: FEwvery reqular bipartite graph is
1-factorable. And then Tutte’s 1-Factor Theorem: A graph G has a 1-factor
if and only if odd(G — S) < |S| for all S C V(G). These five theorems form
the foundation of the study of factors and factorizations.

Konig’s theorem was the result of a conscious effort to answer a graph
theory problem: Does every bipartite reqular graph have a 1-factor? It seems
that, at that time, Konig already had a good idea of how graph factors could
be applied. In his paper “On graphs and their applications in determinant
theory and set theory”, he starts by saying “The following article deals with
problems from analysis situs, the theory of determinants and set theory.” He
then continues to say that in fact, the notion of a graph and its usefulness
as a method of representation actually relates these three disparate areas.

A second stage of development is marked by Tutte’s f-Factor Theorem:
Let G be a graph and f : V(G) — Z* = {0,1,2,3,...}. Then G has an
f-factor if and only if for all disjoint subsets S and T of V(G),

D F@)+ ) (degg_g(x) — f(x)) — (S, T) >0,

zeS zeT
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where q(S,T) denotes the number of components C of G — (SUT) such that
> zeviey [ (@) +eq(C,T) =1 (mod 2); and Lovdsz’s (g, f)-Factor Theorem:
Let G be a graph and g, f : V(G) — Z such that g(x) < f(z) forallx € V(G).
Then G has a (g, f)-factor if and only if for all disjoint subsets S and T of
V(G),

Z f(ZL’) + Z(degG—S(x) - g(x)) - q*(s’ T) >0,

z€S zeT
where ¢*(S,T) denotes the number of components C of G — (SUT) such that
g9(x) = f(z) for all z € V(C) and 3oy o) f(z) + ec(C,T) = 1 (mod 2).
Many subsequent theorems were proved based on these results.

A third stage of development began in the 1980’s and is marked by the
introduction of the notions of semi-regular factors and component factors.
Since that time, many substantial results have been obtained and much
progress has been made in this area. The results are detailed in this book.

As far as we know, there is no comprehensive book on factors and factor-
izations. This is one compelling reason for writing this book. Since we wrote
our survey paper entitled “Factors and Factorizations of Graphs” published
in Journal of Graph Theory, vol. 9 (1985), we collected and analyzed almost
all results in the area. In fact we started to write this book ten years ago.
On the occassion of KyotoCGGT2007, we made a special effort to complete
this version 1.

This book also chronicles the development of mathematical graph theory
in Japan, a development which began with many important results in factors
and factorizations of graphs.

This book has a number of desirable features:

1. It is comprehensive and covers almost all the results from 1980.

2. Tt is self-contained. One who wants to begin research in graph factors
and factorizations can confine himself to this one book to follow the
history and development of the area, and to find conjectures and open
problems.

3. Proof techniques are standardized. Whenever theorems could be proved
in a similar way we did so, although different methods of proof were
used when they first appeared.

4. Proofs are presented in their entirety for major theorems, even if they
are long. We suggest that the readers refer to various parts as needed.

5. Many detailed illustrations are given to accompany the proofs.



vii

6. It will be published in electronic form so that it is available to the
majority of researchers.

We are planning to publish a more polished version 2 adding two more chap-
ters "Component Factors” and ”Spanning Trees”. So we will appreciate
comments from readers.

Frank Harary predicted that graph theory will grow so much that each
chapter of his book Graph Theory will eventually expand to become a book
on its own. He was right. This book is an expansion of his Chapter 9,
Factorization.

We also predict that the area of factors and factorizations will continue
to grow because of many applications to BIBD, Steiner Designs, Matching
Theory, OR, etc. that have been found.

The following references were very helpful to us during the preparation
of this book:

e Extremal Graph Theory, by Bela Bollobds, Academic Press, (1978)

e Combinatorial Problems and Fxercises, by Laszlé Lovasz, North-Holland,
(1979).

e Matching Theory, by Laszlé Lovasz and Michael D. Plummer, Annals
of Discrete Mathematics 29, North-Holland, (1986).

e Lutz Volkmann, Regular graphs, regular factors, and the impact of
Petersen’s Theorems, Jber. d. Dt. Math.-Verein 97 (1995) 19-42.

e Lutz Volkmann, Graphen und Digraphen: FEine Einfihrung in die
Graphentheorie (Springer-Verlag) (1991).

e Mekkia Kouider and Preben D. Vestergaard, Connected factors in
graphs — A survey, Graphs Combinatorics 21 (2005) 1-26.

e Michael D. Plummer, Graph factors and factorization: 1985-2003: A
survey, Discrete Mathematics 307 (2007) 791-821.

We would like to thank Haruhide Matsuda, Mari-Jo Ruiz, Lutz Volkmann
and our many friends, who work in factor theory, for their assistance in
making this book possible.

Jin Akiyama
Mikio Kano
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Basic Terminology

We introduce some graph theory definitions and notation which are needed
to discuss factor theory in graphs. A graph G consists of a vertex set
V(G) and an edge set E(G). Each edge joins two vertices, which are not
necessarily distinct. An edge joining a vertex x to a vertex y is denoted by
xy or yr. An edge xy with z = y is called a loop, that is, a loop is an edge
joining a vertex to itself. For two distinct vertices, usually there is at most
one edge joining them, but if there are two or more edges joining them, then
the graph is said to have multiple edges.

We can define three types of graphs as follows: A graph that may have
loops and multiple edges is called a general graph. A graph that has no
loops but may have multiple edges is called a multigraph. A graph having
neither loops nor multiple edges is called a simple graph (Figure 1). A
graph usually means one of these. The meaning can be understood from
the content. There are instances when it is not necessary to distinguish them.
In this book, we deal with these three types of graphs and each of them plays
an important role.

The number of vertices of a graph G is called the order of G and is
denoted by |G|. On the other hand, the number of edges of G is called the
size of G and is denoted by ||G||. For a set X, we denote the cardinality of
X by |X]|. Then

|G| = |V(G)| = the order of G,
|G| = |E(G)| = the size of G.

We consider only graphs of finite order, which are called finite graphs.
When there exists an edge e = xy joining x to y, we say that e is incident
with x and y and vice versa, and x and y are adjacent. Moreover, z and
y are called the endvertices of e. If two edges have a common endvertex,
then they are said to be adjacent. For a vertex v of a graph G, the number
of edges of GG incident with v is called the degree of v in GG and is denoted by
degq(v). Each loop incident with v contributes two to degy(v) (Figure 1 (a)).

The maximum degree among all vertices of GG is called the maximum

X1
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A loop edges
3 4
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Figure 1: (a) A general graph with order 7 and size 14, where numbers denote
the degrees of the vertices. (b) A multigraph. (c) A simple graph.

degree of G and denoted by A(G). The minimum degree, denoted by
d(G), of G is defined symmetrically. If every vertex of a graph G has constant
degree r, then G is called an r-regular graph. A 3-regular graph is often
called an cubic graph.

A vertex of odd degree is called an odd vertex, and a vertex of even
degree is called an even vertex. Moreover a vertex of degree one is called a
leaf or pendant vertex, and the edge incident with an end vertex is called
pendant edge.

For two given graphs G and H, if there exists a bijection f : V(G) —
V(H) such that f(z) and f(y) are adjacent in H if and only if x and y are
adjacent in GG, then we say that G and H are isomorphic and write G = H.

The name of the following theorem arises from the fact that if each vertex
of a graph represents a person and each edge means that two persons shake
hands. Then the sum of degrees is the total number of hands shaken, which
is of course equal to twice the number of handshakes.

Theorem 1 (Handshaking Theorem) Let G be a general graph. Then
the sum of degrees of vertices of G is equal to twice the number of edges of
G. Namely,

S degglw) = 2|Gl

zeV(G)
Proof. Let
Q={(v,e) |veV(G),e € E(G),v is incident with e.},
which is the set of pairs of vertices and incident edges. Since for every vertex

v exactly deg.(v) edges are incident with v, the number of pairs (v,e) in
with fixed v is degy(v), and since for each edge e exactly two vertices are
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incident with e, the number of pairs (v, e) in € with fixed e is two. Therefore

Q= ) dega(x) = 2|E(G)| = 2/|G]. O
zeV(G)

Corollary 2 FEvery general graph has an even number of odd vertices.

Proof. Let GG be a general graph, U the set of odd vertices and W the set
of even vertices. Then by the Handshaking Theorem, we have

2)|Gl| = ) degg(z) + ) dega(x)

xelU zeW

0 |U|  (mod 2).

Hence |U| is even. O

A graph H is called a subgraph of Gif V(H) C V(G) and E(H) C E(G).
For a vertex subset X C V(G), the subgraph of G whose vertex set is X and
whose edge set consists of the edges of G joining vertices of X is called the
subgraph of G induced by X and is denoted by (X)5. A subgraph K
of GG is called an induced subgraph of G if there exists a vertex subset
Y such that K = (Y)s. We write G — X for the subgraph of G induced
by V(G) — X, which is obtained from G by removing all the vertices in X
together with all the edges incident with vertices in X (Figure 2). For an
edge set Y C FE(G), G — Y denotes the subgraph of G obtained from G
by removing all the edges in Y A subgraph H of G called a spanning
subgraph of G if V(H

N

X={s,u,x,y}
1 G 2 Xa 3 G-X

w

Figure 2: (1) A general graph G and its vertex subset X = {s,u,z,y}; (2) The
induced subgraph (X)g; (3) The subgraph G — X.

For a given graph H, if a graph G has no induced subgraph isomorphic
to H, then we say that G is H-free. The star K 3 is often called a claw,
and so a K s-free graph G is often called claw-free.
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We now give some important classes of simple graphs. Let G be a
simple graph. If any two distinct vertices of G are adjacent, then G is
called a complete graph. The complete graph of order n is written K,
or K(n). If the vertex set of G is partitioned into m disjoint non-empty sub-
sets V(G) = X3 U Xy U -+ UX,, and any two vertices contained in distinct
subsets are adjacent, then G is called a complete m-partite graph. If
| X;| = n;, 1 <i < m, then such a complete m-partite graph is denoted by
K(ni,ng,...,np) or Ky, n,  n,.- Inparticular, K (ny,ny) = K, », is called a
complete bipartite graph. The complete bipartite graph K (1,n) is called
the star of order n + 1. The path P, consists of n vertices vy, vo, ..., v, and
n —1 edges v;v;11, 1 <1 <n—1, where the two vertices v; and v,, of degree
one are called the endvertices of P,. The cycle (), is obtained from the
path P, by adding a new edge joining two endvertices of P,.

K
Ks K234  Ky;=K@3 P G

Figure 3: Some graphs.

For two graphs G and H, the union G U H is the graph with vertex set
V(G)UV(H) and edge set E(G)U E(H), where V(G) N V(H) = (. The
union GUG is often denoted by 2G, and for any integer n > 3, we inductively
define nG by (n — 1)G UG. The join G + H denotes the graph with vertex
V(G)UV(H) and edge set

E(G+H)=EG)UEH)U{zy|xz e V(G)and y € V(H)},

i.e., G + H is obtained from G U H by adding all the edges joining a vertex
of G to a vertex of H (Figure 4). For a simple graph G, the complement of
G, denoted by G, is the graph with vertex set V(G) such that two vertices
are adjacent in G if and only if they are non-adjacent in G, in particular,
GUG =K, G-

We introduce some notions concerning paths and cycles in a graph. A
walk in a graph G is a sequence of vertices and edges

(Uo, €1,01,€2,V9, ... 7vn71:€navn>7
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AL AL y

Figure 4: The union, the join, and the complement.

such that every e;, 1 < ¢ < n, is an edge joining vertices v;_; and v;. We
say that this walk connects two vertices vy and v,. Notice that a walk may
pass through some edges and some vertices twice or more. The length of a
walk is the number of edges appearing in it, and so the walk given above has
length n. A walk that passes through every its edge exactly once is called a
trail, and a walk that passes through every one of its vertices exactly once
is called a path. It is easy to see that every path is a trail, but a trail is not
always a path. We often denote a trail by a sequence (eq, e, . .., e,) of edges
and a path by a sequence (vg,vy,...,v,) of vertices. If the initial vertex vy
and the terminal vertex v, of a walk are the same, then we say that such a
walk is closed. A closed trail is called a circuit, and a closed path is called
a cycle. A cycle of even length is called an even cycle. An odd cycle, an
even path and an odd path can be defined similarly.

Figure 5: A path (a,b, h, f,d) passing through 1; a cycle (b, h, f,d,c,b) passing
through 3; and a circuit (9,6,11,10,7,3,2).

A graph G is said to be connected if any two vertices are connected by
a path in G. If GG is disconnected, that is, if G is not connected, then G is
decomposed into components that are the maximal connected subgraphs of
G. A connected simple graph having no cycle is called a tree, and a simple
graph having no cycle is called a forest. So each component of a forest is a
tree. A forest is called a linear forest if its all components are paths, and
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is called a star forest if its all components are stars.

Theorem 3 Every tree T has the following properties (Figure 6).

W) 7T =T -1.

(ii)  For every edge e not contained in T', T + e has a unique cycle, which
passes through e.

(iii) T has at lest two leaves.

T

Figure 6: A tree T' with 6 leaves and and an edge e not contained in 7.

K(G)=2 and MG)=3

Figure 7: A 2-connected and 3-edge connected graph G, for which G — X and
G — T are disconnected.

A connected graph G, which is not a complete graph, is k-connected if
for every vertex set X containing at most k —1 vertices, G — X is connected.
The connectivity of G is defined to be the maximum k for which G is
k-connected, and is denoted by x(G). Hence if k(G) = k, then for every
X C V(G) with |X| <k —1, G — X is connected and there exists a subset
S C V(G) with |S| = k such that G — S is not connected. The connectivity
of the complete graph K, is defined to be n — 1, that is, k(K,) = n — 1.
We can analogously define edge connectivity as follows. A graph G is said
to be k-edge connected if for every edge set X containing at most k — 1
edges, G — X is connected. The edge-connectivity of G is defined to be
the maximum k for which G is k-edge connected, and is denote by A(G)
(see Figure 7). The edge-connectivity of the complete graph K, is n — 1 by
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the definition. It is easy to see that a connected multigraph G satisfies the
following inequality, which was found by Whitney [150].
k(G) < AG) <46(G).

Equality holds in cubic graphs.
Proposition 4 For a cubic multigraph G, it follows that k(G) = A(G).

The proof of the above lemma is left to the reader (see Figure 8).

K(G)=MG)=1 K(G)=MG)=2

Figure 8: Connected cubic multigraphs.

Let G be a connected graph. Then a vertex v is called a cut vertex if
G — v is not connected, and an edge e of GG is called a bridge or cut edge
if G — e is not connected. For a disconnected graph, we can similarly define
a cut vertex and a bridge. More generally, a vertex subset S C V(G) of a
connected graph G is called a vertex cut if G — S is disconnected, and an
edge subset T' C E(G) is called a edge cut if G — T is disconnected.

For two disjoint subsets X and Y of V(G), we denote the set of edges of
G joining a vertex of X to a vertex of Y by Eg(X,Y’), and the number of
edges in Eg(X,Y) by eq(X,Y), ie.,

eq(X,Y) = |Eq(X,Y)| = the number of edges of G joining X to Y.
It is easy to see that a minimal edge cut T is expressed as
T =Eq(X,Y), where V(G)=XUY, XNY = 0.

A graph G is called a bipartite graph if V(G) is partitioned into two
disjoint sets A U B so that every edge of G joins a vertex of A to a vertex
of B. The two sets A and B are called partite sets and (A, B) is called
a bipartition of G. Thus a bipartite graph with bipartition (A, B) can be
regarded as a subgraph of K (|A|, |B|). Bipartite graphs plays an important
role throughout this book, and the following proposition is useful.
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Proposition 5 (Konig [89]) A multigraph G is a bipartite graph if and only
if every cycle of G has even length.

Proof. Suppose G is a bipartite graph with bipartition (A, B). Then every
cycle of G passes alternately through A and B, and thus its length must be
even.

Conversely, suppose that every cycle of G is of even length. We may
assume that G is connected since if G is disconnected, then its components
can be considered separately. Assume that G has two distinct vertices such
that there are two paths connecting them whose lengths are odd and even,
respectively. Choose such a pair (z,y) of vertices so that the sum of lengths
of such two paths connecting them is minimum. Let P;(z,y) and Py(z,y) are
such paths connecting z and y, whose length are odd and even respectively.
If Pi(z,y) and Ps(z,y) meet a vertex z on the way, then either P;(z,z2)
and Py(x,z) or Pi(z,y) and P»(z,y) have distinct parities of lengths, which
contradicts the choice of (x,y) since the sum of their lengths is shorter than
that of P(x,y) and Py(x,y) (see Figure 9). Thus P;(z,y) and Ps(x,y) do
not meet on the way, which implies that Pj(x,y) + Py(z,y) forms a cycle of
odd length. This contradicts the assumption. Therefore, for any two distinct
vertices of (G, the length of every path connecting them has the same parity.

X o . Yy
Pixy) ——  Pxy) seeees

Figure 9: A path P;(x,y) of odd length and another path Py(x,y) of even length.

Choose one vertex v of (G, and define two vertex subsets of G as follows:
A ={z € V(G) | There exists a path of even length connecting v to = },
B = {x € V(G) | There exists a path of odd length connecting v to z }.
Then by the above argument, ANB = (), and it is easy to see that every edge
of G joins A to B, and thus G is a bipartite graph with bipartition (A, B).
O

If a graph G can be drawn in the plane so that no two edges intersect
except at their endvertices, then G is called an planar graph, and the graph
drawn in the plane is called a plane graph (Figure 10). Note that a planar
graph can be drawn in different ways as a plane graph, and a plane graph G
means one of such plane graphs. For example the two plane Gy and G, in
Figure 10 are isomorphic but different plane graphs.
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Gy G) Gs

Figure 10: A plane graph G7 with five regions, whose vertex degrees are 3,3,5,6
and 7; another plane graph representation G of the same graph; and a maximal
planar graph Gs.

Given a plane graph G in the plane, a region of GG is a maximal portion
of the plane in which any two points can be joined by a curve that does not
cross any edge of G. The degree of a region R in GG, denoted by degree(R),
is defined as the number of edges of G in the boundary of R. If a region of
G is not a triangle, we can add an edge to G so that the resulting graph is
still a plane graph. A planar graph is called a maximal planar graph if we
cannot add any new edge without violating the planarity (Figure 10). Hence
every region of a maximal planar graph is a triangle, and inversely, a plane
graph all of whose regions are triangles is a maximal planar graph.

By the same argument as in the proof of Handshaking Theorem, we obtain
the following.

Lemma 6 For a connected plane graph G, let Q(G) be the set of regions of
G. Then

Z degree(R) = 2||G]|.

REQ(G)

The following theorem is very important for planar graphs.

Theorem 7 (Euler’s Formula) For a connected plane graph G, let p = |G|,
q = ||G|| and r be the number of regions of G. Then

p—q+r=2.

Proof. We prove the theorem by induction on ||G]| for all connected plane
graphs G of fixed order n > 2. Since G is connected, a smallest such plane
graph is a tree. If G is a tree, then r = 1 and ¢ = p — 1 by Theorem 3, and
SO

p—q+tr=p—(p-1)+1=2.
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Thus we may assume that G is not a tree. Then G has a cycle C'. Let e be
an edge of C. Then G’ = G — e is a connected plane graph, and so by the
inductive hypotheses, we have

p/ _ q/ B 7“’ _ 2’
where p' = |G|, ¢ = ||G'|]| and ' = the number of regions of G’. By
substituting p’ = p, ¢ = ¢—1 and ' = r — 1 in the above equation, we have

p—g-D+(r-1)=p—q+r=2,
which is the desired equation. Hence the theorem is proved. O

Using the above theorem, we can easily show the following theorem.

Theorem 8 Let G be a connected plane simple graph, and let p = |G| and
q = ||G||- Then

(i) ¢ <3p—06, where the equality holds if G is a maximal planar graph.
(ii) If G has no triangle, in particular, if G is a bipartite plane graph, then
qg <2p—4.

Proof. Let ) be the set of regions of G. By the lemma, we obtain

3r < Z degree(R) = 2||G|| = 2q4.

ReQ

Hence r < (2¢)/3. By substituting this into Euler’s Formula, we have

2q
pP—q+— =2
3
Hence 3p — 6 > ¢. If G has no triangle, then every region has degree at least
four, and so
4r < Z degree(R) = 2||G|| = 2g4.

ReQ

This inequality together with Euler’s Formula implies 2p —4 > ¢. O

A vertex coloring of a graph G is an assignment of positive integers
1,2,...,k to the vertices of G such that no two adjacent vertices have the
same number. Such a vertex coloring is sometimes called a proper vertex
coloring. If there exists a vertex coloring with k-colors, then we say G is
k-colorable. The minimum number k for which G is k-colorable is called
the chromatic number of G and is denoted by x(G). Analogous definitions
for edges can be introduced as follows: An edge coloring of a graph G is
an assignment of positive integers 1,2,..., k to the edges of GG such that no
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two adjacent edges have the same number. Such an edge coloring is said to
be proper. We mainly consider proper edge colorings in this book. If
there exists a proper edge coloring with k-colors, then we say G is k-edge
colorable. The minimum number k for which G is k-edge colorable is called
the chromatic index of G and denoted by x/'(G). For edge coloring, the
following famous theorem holds.

Theorem 9 (Vizing [144]) A simple graph G can be properly edge colored
with A(G) + 1 colors. In particular, X' (G) = A(G) or A(G) + 1.

We introduced connectivity and edge-connectivity to evaluate the strong-
ness of a graph. There are some other concepts which might evaluate the
strongness of a graph in a different point of view. We explain two of them
below.

The toughness of a connected non-complete graph G, denoted by tough(G),
is defined as

tough(G) = min{ X
w

e ’w(G—X)ZQ, 0#XCV(G) }

where w(G — X) denotes the number of components of G — X. A graph G is
said to be t-tough if tough(G) > t. Hence, if G is t-tough, then for a subset
S C V(G) with w(G — S) > 2, it follows that

5] 5]
G-8) < — <=
o )< tough(G) — t
The binding number bind(G) of a graph G, which was introduced by
Anderson [12], is defined by

[Ne(X)|

bind(G) = min{

04X CV(©), No(X) £ V(G .
Thus for every subset ) # S C V(G) with Ng(S) # V(G), it follows that
|NG(S)| = bind(G)|S|.

We conclude this introduction with two results on circuits and cycles of
graphs. For a graph GG, a circuit that passes through every edge of GG precisely
once is called an Euler circuit of G. A graph having an Euler circuit is called
an Eulerian graph. On the other hand, a cycle that passes through every
vertex exactly once is called an Hamiltonian cycle. A graph having an
Hamiltonian graph is called an Hamiltonian graph. It is easy to see that
if a graph G is Hamiltonian, then tough(G) > 1. So the non-existence of a
Hamiltonian cycle in G4 in Figure 11 is shown by 3 = w(G4y — X) > |X| =2
for a set X, which implies tough(G4) < 1.
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Figure 11: An Eulerian multigraph G1, a non-Eulerian graph G5, a Hamiltonian
graph G3, and a non-Hamiltonian graph G4 with a set X consisting of two bold
vertices.

Theorem 10 A connected multigraph is Eulerian if and only if every its
vertex has even degree.

Proof. Assume that G has an Eulerian circuit C. We move along C' and
remove an edge when we pass through it. Then for every vertex v, when
we pass through it, two edges incident with v are removed, and in the final
stage, all the edges incident with v are removed, and thus the degree of v is
even.

Conversely, assume that every vertex of G has even degree. Then we
prove that G has an Eulerian circuit by induction on ||G||. If ||G]| = 2,
then GG consists of two vertices and two multiple edges joining them, and
so G has an Eulerian circuit. Assume that ||G|| > 3. Since every vertex
has degree at least two, G has a cycle C'. Every non-trivial component D
of G — E(C) has vertices of even degrees, where a non-trivial component
means a component having at least one edge. Hence by induction, D has
an Eulerian circuit Ecir(D). We arrange all the non-trivial components of
G — E(C) Dy, Ds, ..., D,, in the order that C passes through at least one of
its vertices. Then we can obtain an Eulerian circuit of G as follows: Start at
a vertex w of C' and go along C' to reach a vertex v, of Dy, then pass through
Ecir(D;) and come back to v; and go along C' to reach a vertex vy of Do,
then pass through Ecir(D;), and continue this procedure until we return to
w (see Figure 12 (1)). Then we can obtain a circuit that passes through all
the edges of G. O

We now give a well-known theorem about Hamiltonian cycles, where
alpha(G) denotes the cardinality of a maximum independent set of a graph

G.

Theorem 11 (Chvétal and Erdés, (1972)) Every connected simple graph G
with K(G) > a(G) is Hamiltonian unless G = K.

Proof. Let k = k(G). Then we may assume k > 2 since a(G) = 1 implies
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Figure 12: (1) An Eulerian multigraph G; (2) a Hamiltonian graph G.

G = K, with n > 3. Let C' be a longest cycle of (G, which is considered
as a directed cycle. We may assume that C' is not Hamiltonian. Since
d(G) > k(@) = k, the length of C' is at least k + 1 (see Exercise 2). Let D
be a component of G — V(C'). Since k(G) = k, there exist at least k distinct
vertices in C' that are joined to D by edges of G. Denote these vertices
by x1,Za, ...,z (see Figure 12 (2)). Let y; be the vertex C' immediately
following z; for all 1 < ¢ < k. Then y; is not joined to D by an edge
of G since otherwise we can easily find a cycle longer than C', which is a
contradiction. Moreover, if any two distinct vertices y; and y; are adjacent
in GG, then we can find a cycle longer than C' which starts with a vertex u of
D adjacent to x;. It goes to x;, proceeds along C' to y;, goes to y;, proceeds
along C' to x;, goes to a vertex of D adjacent to x;, and then goes to u in
D. This contradicts the choice of C'. Hence y; and y; are not adjacent in G.
Therefore {y1,y2,...,yx} U{v}, v € V(D) is an independent set of G with
cardinality k£ + 1, which contradicts a(G) < k(G) = k. O

Exercises

Exercise 1 Prove that if G is a connected cubic multigraph, then k(G) =

AG).

Exercise 2 (i) Show that every simple graph with 6(G) > 2 has a cycle.
(11) Prove that every simple graph with §(G) > 2 has a cycle with length at
least 6(G) + 1.

Exercise 3 Prove Theorem 3.

Exercise 4 Let G be a connected graph and F' be a spanning forest of G.
Show that the number of components of F' is equal to |G| — || F||.

Exercise 5 Let G be a connected simple graph. Show that k(G) < AG) <
4(@Q).
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Exercise 6 Find a 4-regular simple graph G with k(G) = 2 and A\(G) = 4.

Exercise 7 Let r > 2 be an integer. Prove that every connected r-reqular
bipartite multigraph 1s 2-edge connected.

Exercise 8 Show that Lemma 6 holds.
Exercise 9 Prove that every connected graph G satisfies k(G) > 2-tough(G).

Exercise 10 Let G be a connected simple graph. Show that if bind(G) > 0,
then |Ng(X)| > |G| — (|G| — | X])/bind(G) for all ) # X C V(G).



Chapter 1

Matchings and 1-Factors

1.1 Matchings in Bipartite Graphs

In this section we investigate matchings in bipartite graphs and consider
results which will play an important role throughout this book. The reader
is referred to the book [108] by Lovédsz and Plummer for a more detailed
treatment of matchings.

Two edges of a general graph are said to be independent if they have
no common endvertex and none of them is a loop. A matching in a general
graph G is a set of pairwise independent edges of G (Figure 1.1).

In this chapter a bipartite simple graph is briefly called a bipartite
graph, and a bipartite graph which may have multiple edges is called a
bipartite multigraph. If M is a matching in a general graph G, then the
subgraph of G induced by M, denoted by (M)g or (M), is the subgraph of
G whose edge set is M and whose vertex set consists of the vertices incident
with some edge in M. In particular, every vertex of (M) has degree one.
Thus it is possible to define a matching as a subgraph whose vertices all have
degree one, and we often regard a matching M as its induced subgraph (M).

Let M be a matching in a general graph G. Then a vertex of G is said to
be saturated or covered by M if it is incident with an edge of M; otherwise,
it is said to be unsaturated or not covered by M. If every vertex of a
vertex subset U of GG is saturated by M, then we say that U is saturated by
M. A matching with maximum cardinality is called a maximum matching.
A matching that saturates all the vertices of G is called a perfect matching
or a 1-factor of G (Figure 1.1). It is easy to see that a maximal matching,
which is a maximal set of independent edges, is not a maximum matching,
and a maximum matching is not a perfect matching. On the other hand, if
a matching in a bipartite graph saturates one of its partite sets, then it is

1



2 CHAPTER 1. MATCHINGS AND 1-FACTORS

My M M3

Figure 1.1: A maximal matching M7; a maximum matching Ms; and a perfect
matching Ms.

clearly a maximum matching.
For a matching M, we write

||M|| = the size of (M) = the number of edges in M,
|M| = the order of (M) = the number of vertices saturated by M.

We first give a criterion for a bipartite multigraph to have a matching
that saturates one of its partite sets. Then we apply this criterion to some
problems on matchings in bipartite graphs.

The criterion mentioned above is given in the following theorem, which
was independently found by Hall (1935) and Koénig (1931) and is called the
Marriage Theorem. This theorem plays an important role throughout this
book, and the proof given here is due to Halmos and Vaughan [54]. An
algorithm for finding a maximum matching in a bipartite graph will be given
in Algorithm 1.3.7.

Theorem 1.1.1 (Marriage Theorem, Hall [55], Konig, [90]) Let G be a
bipartite multigraph with bipartition (A, B). Then G has a matching that
saturates A if and only if

|INc(S)| > |S| for all S C A. (1.1)

Proof. We first construct a bipartite graph H from the given bipartite
multigraph G by replacing all the multiple edges of GG by single edges. Then
it is obvious that G has the desired matching if and only if A has such a
matching, and that G satisfies (1.1) if and only if H satisfies it. Therefore
we may assume that G itself has no multiple edges by considering H as the
given bipartite graph.
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A A
M={—} B G B

Figure 1.2: A matching M that saturates A; S and Ng(95).

Suppose that G' has a matching M that saturates A (Figure 1.2). Then
for every subset S C A, we have

[Ne(S)] = [Nu(S)] = |5].

We next prove sufficiency by induction on |G|. It is clear that we may
assume |A| > 2. We consider the following two cases.

Case 1. There exists ) # S C A such that |[Ng(S)| = |S].

Let H= (SUNg(9))g and K = ((A— 5)U (B — Ng(S5)))g be induced
subgraphs of G (Figure 1.3). It is clear that H satisfies condition (1.1), and
so H has a matching My that saturates S by induction. For every subset
X CA—- S, we have

[N (X)| = [Na(X U S)| = [Ne(9)] = [X US| —[S] = [X].

Hence, by induction, K also has a matching My that saturates A—.S. There-
fore My U Mk is the desired matching in G which saturates A.

Case 2. |Ng(S)| > |S| for all O # S C A.

Let e =ab (a € A, b € B) be an edge of G, and let H = G — {a, b}.
Then for every subset ) # X C A — {a}, by the assumption of this case, we
have

[Nu(X)| = [Na(X)\ {b}] > [X] -1, (1.2)

which implies [Ny (X)| > |X|. Therefore H has a matching M’ that saturates
A—{a} by induction. Then M’+-e is the desired matching in G. Consequently
the theorem is proved. O

If the edge set E(G) of a multigraph G is partitioned into its disjoint
I-factors E(G) = Fy U Fy U --- U F,, where each Fj is a 1-factor of G, then
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Figure 1.3: The induced subgraphs H and K.

we say that GG is 1-factorable, and call this partition a 1-factorization of
G. It is trivial that if G is 1-factorable, then G is regular.

We now give some results on matchings in bipartite graphs, most of which
can be proved by making use of the Marriage Theorem. We begin with the
following famous theorem, which was obtained by Konig in 1916 before the
Marriage Theorem. However our proof depends on the Marriage Theorem.

Theorem 1.1.2 (Koénig [89]) FEvery reqular bipartite multigraph is 1-factorable,
in particular, it has a 1-factor (Figure 1.4).

o—o
o—o0
Figure 1.4: A 3-regular bipartite multigraph and its 1-factorization.

Proof. Let G be an r-regular bipartite multigraph with bipartition (A, B).
Then |A| = |B| since r|A| = eq(A, B) = r|B|. For every subset X C A, we
have

r|X| = ea(X, No(X)) < r|Na(X)],

and so | X| < |Ng(X)|. Hence by the Marriage Theorem, G has a matching
M saturating A, which must saturate B since |A| = |B|. Thus M is a 1-factor
of G.

It is obvious that G — M is a (r—1)-regular bipartite multigraph, and so it
has a 1-factor by the same argument as above. By repeating this procedure,
we can obtain a 1-factorization of G. O
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Lemma 1.1.3 (Konig [89]) Let G be a bipartite multigraph with mazimum
degree A and let (A, B) be the bipartition of G such that |A| > |B|. Then
there exists a A-reqular bipartite multigraph which contains G as a subgraph
and one of whose bipartite sets is equal to A.

T O O T Q2
N < X
O O O T Q2

o/

Figure 1.5: A bipartite multigraph and a regular bipartite graph containing it.

Proof. By adding |A| — |B| new vertices to B if |A| > |B], we obtain a
bipartite graph with bipartition (A, B’) such that |A| = |B’|. Add new edges
joining vertices in A to vertices in B’ whose degrees are less than A, one at
a time until no new edge can be added. We show that by this procedure, we
get the desired A-regular bipartite multigraph.

Suppose that the bipartite multigraph H obtained in this way has a vertex
a € A such that degy(a) < A. Then there exists a vertex b € B’ such that
degy (b) < A because

Z degy(x) =ey(B', A) = ZdegH(x) < A|A| = A|B|.

zeB’ TEA

Hence we can add a new edge ab to H, which is a contradiction. Therefore
every vertex of A has degree A in H, which implies that every vertex of
B’ has degree A as |A| = |B’|. Consequently, H is the desired A-regular
bipartite multigraph. O

The next corollary says that the chromatic index of a bipartite multigraph
G is equal to the maximum degree of G.

Corollary 1.1.4 (Konig [89]) Let G be a bipartite multigraph with maxi-
mum degree A. Then E(G) can be partitioned into E(G) = EyUFEsU- - -UFEp
such that each E; (1 <i < A) is a matching in G.

Proof. By Lemma 1.1.3, there exists a A-regular bipartite multigraph
H which contains G as a subgraph. Then by Theorem 1.1.2, E(H) can be
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partitioned into 1-factors FyUFyU---UFa. It is obvious that F;NE(G) (1 <
i < A) is a matching in G, and their union is equal to F(G). Therefore the
corollary holds. O

We now show some various properties of matchings in bipartite graphs.
Some of them are generalizations of the Marriage Theorem and some of them
give properties that only bipartite graphs possess.

Theorem 1.1.5 A bipartite multigraph G has a matching that saturates all
the vertices of degree A(G).

Proof. Let A = A(G). By Lemma 1.1.3, there exists a A-regular bipartite
multigraph H which contains G as a subgraph. Then by Theorem 1.1.2, H
has a 1-factor F. It is easy to see that F' N E(G) is a matching of G that
saturates all the vertices v of G with degree A since every edge of H incident
with v is an edge of G. O

Theorem 1.1.6 Let G be a bipartite multigraph with bipartition (A, B). If
|INc(S)| > |S]| for all®) # S C A, then for each edge e of G, G has a matching

that saturates A and contains e.

Proof. Let e =ab (a € A,b € B) be any edge of G, and H = G — {a, b}.
Then for every subset ) # X C A — {a}, we have

[Nu(X)| = [Ne(X)\ {b}| > [X] -1,

which implies |Ny(X)| > |X|. Hence by the Marriage Theorem, H has a
matching M saturating A — {a}. Thus M + e is the desired matching of G
which saturates A and contains e. O

Theorem 1.1.7 Let G be a bipartite graph with bipartition (A, B) such that
|A| = |B|. Then the following three statements are equivalent.

(i) G is connected, and for each edge e, G has a 1-factor containing e.

(ii) For every subset ) # X C A, |Ng(X)| > |X].

(i1i) For every two vertices a € A and b € B, G — {a, b} has a 1-factor.

Proof. (i)=-(ii) Suppose that |[Ng(Y)| < |Y| for some subset ) #Y C A.
Since G has a 1-factor F', we have |[Ng(Y)| = |Y] as |[Ng(Y)| > |Np(Y)| =
|Y|. Since G is connected, G has an edge e joining a vertex in A — Y

to a vertex in Ng(Y'). However there exists no 1-factor containing e since
Y| = |Ne(Y')|. This contradicts (i). Thus (ii) holds.

(ii)=(iii) Let H =G —{a,b} and X C A — {a}. Then
[Nu (X)) = [Ne(X)\ {0} > [X] =1,
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which implies [Ny (X)| > | X|. Hence H has a matching saturating A — {a},
which is obviously a 1-factor of H as |A — {a}| = |B — {b}|.

(iii)=-(i) Let e = ab (a € A,b € B) be an edge of G. Since G — {a,b}
has a 1-factor F', G has a 1-factor F' + e, which contains e. The proof of
connectivity will be left to the reader. O

Theorem 1.1.8 Suppose that a bipartite multigraph G with bipartition (A, B)
has a matching saturating A. Then there exists a vertex v € A possessing
the property that every edge incident with v is contained in a matching in G
saturating A.

Proof. We prove the theorem by induction on |A|. It is clear that we may
assume |A| > 2.

If [Ng(X)| > |X]| for all ) # X C A, then each vertex in A has the
required property by Theorem 1.1.6. Hence we may assume that |[Ng(S)| <
|S| for some () # S C A. Since G has a matching saturating A, it follows
from the Marriage Theorem that |Ng(S)| = |S].

By the inductive hypothesis, the induced subgraph H = (S U Ng(S5))q
has a vertex v € S such that every edge of H incident with v is contained
in a matching in H saturating S (Figure 1.6). Note that every edge of G
incident with v is contained in H.

ISI=INg(S)I

Figure 1.6: A bipartite multigraph G and its subgraph H; A matching M in G
saturating A.

Let M be a matching in G saturating A, and My be a matching in H
saturating S. Then it is easy to see that (M \ E(H)) U My is a matching
in G that saturates A. Therefore the vertex v in S has the desired property.
O

Proposition 1.1.9 Let G be a bipartite multigraph with bipartition (A, B)
such that |[Ng(X)| > | X| for every X C A. If two subsets S, T C A satisfy



8 CHAPTER 1. MATCHINGS AND 1-FACTORS

|Na(S)| = [S] and |Ng(T)| = |T|, then
ING(SUT)| = |SUT| and |Ne(SNT)| =|SNT).

In particular, if such subsets exist, there exists a unique maximum subset
Ay C A such that |Ng(Ap)| = | Ao

Proof. Since Ng(SUT) = N(;(S)UNg(T) and Ng(S)ﬁNg(T) 2 Ng(SﬁT),

we have

INe(SUT)| = |Na(S)|+ |Na(T)| = [Na(S) N Na(T)|
< |S|+|T| = [Na(SNT)|
< S|+ T = |SNT|)=|SUT|.

On the other hand, |[Ng(SUT)| > |SUT| by the assumption. Hence |Ng(SU
T)| =|SUT]|, and also |[Ng(SNT)| = |SNT| by the above inequality. O

The following theorem is a generalization of the Marriage Theorem since
the subgraph H with f(z) = 1 given in the following theorem is nothing but
a matching.

Theorem 1.1.10 (Generalized Marriage Theorem ) Let G be a bipar-
tite graph with bipartition (A, B), and f : A — N be a function. Then G has
a subgraph H such that

degy(a) = f(a) forall a€ A, and (1.3)
degy(b) <1 forall beB (1.4)
of and only of
INa(S)| =) f(=) forall S C A. (1.5)
z€S

Proof. We first assume that G has a subgraph H that satisfies (1.3) and
(1.4) (Figure 1.7). Then for every S C A, we have

INa(S)| 2 INu(S)| =) degy(z) = f(x).

€S €S

Hence (1.5) holds.
In order to prove the sufficiency, we construct a new bipartite graph G*
with bipartition A* U B as follows: For every vertex v € A, define f(v)
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Figure 1.7: A bipartite graph G and its subgraph H, where numbers denote f(v);
and G*.

vertices v(1),v(2),...,v(f(v)) of A*, and connect them to all the vertices of
N¢(v) by edges (Figure 1.7). Then

A=) fx) and  Ng-(v(i)) = Na(v) forall (i) € A”.
TEA

For every subset () # S* C A* let S = {z € A| x(i) € S* for some i}. Then
we have by (1.5)

[Ng+(S¥)| = [Na(9)] = Zf(x) > 157

€S

Hence by the Marriage Theorem, G* has a matching M* that saturates A*.
It is clear that the subgraph H of G induced by M* satisfies

degy(a) = f(a) foralla € A, and degy(b) <1 forall be B.

Hence the theorem is proved. O

The next theorem gives a formula for the size of maximum matching of
a bipartite graph. Moreover, this formula includes the Marriage Theorem
as its corollary since |Ng(S)| > |S]| for all S C A implies ||M|| = |A]| as
0] = [N (®)] = 0.

Theorem 1.1.11 (Ore [123]) Let G be a bipartite multigraph with biparti-
tion (A, B), and M a mazimum matching in G. Then the size of M is given
by

1] = 1] - max{ 15| - [N6(S)] }.
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Proof. Let M be a maximum matching in G, d = maxgsca{|S| — |Na(95)|},
and X C A such that |X| — |[Ng(X)| = d. Then

IM[ = [Na(A = X)[ + [Nu (X))
< A= X[+ [Ne(X)| = [A] = (|X] = [Na(X)])
— |A|—d.

In order to prove the inverse inequality, we construct a new bipartite
multigraph H with bipartition (A, BU D) from G by adding a new vertex
set D of d vertices and by joining every vertex of D to all the vertices of A
(Figure 1.8). Then for every () # S C A, since d > |S| — | Ng(S)|, we have

INu(5)| = [Na(S)| + |D| = [Na(S)| +d = [S].

Hence H has a matching My saturating A. Then My N E(G) is a matching
in G that contains at least |A| — d edges. Therefore ||M|| > |A| —d, and the
theorem is proved. O

Figure 1.8: A new bipartite multigraph H.

An induced matching of a general graph G is a matching that is an
induced subgraph of G, that is, an induced matching can be expressed as
(U)e for some vertex set U C V(G).

Theorem 1.1.12 (Liu and Xhou, [98]) Let G be a connected bipartite graph
with bipartition (A, B). Then the size of a maximum induced matching M of
G is given by

[|M|| = max{|X| | X C A such that Ng(Y') # Ng(X) for all Y C X}.
Proof. We say that a subset X C A has the property P if Ng(Y) # Ng(X)
forall Y C X. Let

k =max{|X|| X C A, X has the property P}.
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Let M be a maximum induced matching in GG, and let Ay, and B)y; be the
sets of vertices of A and B, respectively, which are saturated by M. Since
M is an induced matching, we have Eg(Ay;, By) = M. Then for every
Y C Ay, we have Ng(Y) # Ng(Anr) since

INa(Y) 0 Bu| = [Nu(Y)| = [Y] < [Au| = [Na(Au) 0 Bu|.

Hence ||M|| = |Am| < k.

We now show that |[M]|| > k. We may assume k > 2. Let S =
{ai,as,...,a;r} be a maximum subset of A that has the property P and
size k. Then Ng(Y) # Ng(S) for all Y C S. For every 1 < ¢ < k, we
have Ng(a;) € U;j2Nea(a;j) by Na(S\ {a;}) # Ng(5), and so we can choose
b; € Ng(a;) \ UjNg(a;). Then {a;b; | 1 <@ < k} is an induced matching
with k edges, which implies ||M|| > k. Consequently the theorem is proved.
O

It is remarkable that the following problem is NP-complete [26]: Is there
an induced matching of size k in a bipartite graph? For other results, we have
polynomial time algorithms, and some of them will be given in Section 1.3.

Exercises Recall that a bipartite graph means a bipartite simple
graph.

Exercise 1.1.1 In the proof of Theorem 1.1.1, show that H satisfies condi-
tion (1.1).

Exercise 1.1.2 Prove that if a tree, which is a bipartite graph, has a 1-
factor, then it has the unique 1-factor.

Exercise 1.1.3 Prove that if a tree has a I1-factor, then it consists of the
edges e such that the two components of T'— e are of odd order.

Exercise 1.1.4 Prove that for every bipartite graph G with maximum degree
A, there exists a A-reqular bipartite graph which contains G as a subgraph.
Note that (i) both G and H have no multiple edges and (ii) the two bipartite
sets of H maght be bigger than those of G.

Exercise 1.1.5 Show that a bipartite graph G has at least A(G) distinct
mazximum matchings, where two matchings My and My are said to be distinct

if My # M,.
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Exercise 1.1.6 Prove the following theorem: Let G be a bipartite graph with
bipartition (A, B), and k > 1 be an integer. Then G has a spanning subgraph
H such that

degy(a) = 1 forallae A, and
degy(b) < k forallbe B

if and only if
|INg(S)| > ’—}i’ for all S C A.

Exercise 1.1.7 Prove that a bipartite graph G has a matching having at
least ||G||/A(G) edges.

1.2 Covers and Transversals

In this section we discuss covers of bipartite graphs and transversals of family
of subsets. Some of the results are called min-max theorems because they
say that the minimum value of some invariant is equal to the maximum value
of another invariant.

When a vertex v is incident with an edge e, we say that v covers e and
vice versa. A vertex cover of a graph G is a set of vertices that cover all
the edges of G. A vertex cover of minimum cardinality is called a minimum
vertex cover, and its cardinality is denoted by 5(G) (Figure 1.9). Similarly
an edge cover of a graph G is defined to be a set of edges that cover all
the vertices of GG, and an edge cover with minimum cardinality is called a
minimum edge cover, and its cardinality is denoted by §'(G).

Recall that a set of vertices of a graph G is said to be independent if no
two of its vertices are adjacent, and a set of edges of G is said to be inde-
pendent if no two of its edges have an endvertex in common, that is, a set
of edges is independent if and only if it forms a matching. We analogously
define a maximum independent vertex subset and a maximum in-
dependent edge subset of GG, and denote their cardinalities by «(G) and
o/ (@), respectively.

B(G) = the cardinality of a minimum vertex cover

B'(G) = the cardinality of a minimum edge cover

a(G) = the cardinality of a maximum independent vertex subset
o/(G) = the cardinality of a maximum independent edge subset
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H

(1) u={e} (2) w={e} (3) M={=}

Figure 1.9: (1) A maximum independent vertex subset U; (2) A minimum vertex
cover W = V(G) — U; (3) A maximum matching M and a minimum edge cover
M+ {e, f}.

Lemma 1.2.1 A verter subset S of a simple graph G is independent if and
only if S =V (G) — S is a vertex cover. Moreover,

o(G) + (@) = |G,

Proof. Suppose that S is independent. Then no edge of G joins two vertices
of S, that is, for each edge e of GG, at least one endvertex of e is contained in
S. Hence S is a vertex cover.

Conversely, if S is a vertex cover, then every edge is incident with a vertex
in S, which implies that no edge joins two vertices in S = V(G) — S, and
thus S is an independent vertex subset.

Moreover, from the above arguments, it follows that if S is a maximum
independent vertex subset, then S is a minimum vertex cover. Thus a(G) +
BG) =S+ 15l=1G|. D

The next theorem shows that a similar equality also holds for edges.

Theorem 1.2.2 (Gallai [51]) If a simple graph G has no isolated vertices,
then o/ (G) + B'(G) = |G|.

Proof. Let M be a maximum matching of G. For every vertex v of G
unsaturated by M, by adding one edge incident with v to M we can obtain
an edge cover which contains

IM[]+ |G| = 2[[M|| = |G| = [[M]| = |G| = o/(G) edges.

Hence §'(G) < |G| — ¢/ (G).

Conversely, if L is a minimum edge cover of G, then (L) is a spanning
subgraph of G and each component of (L) is a tree. Thus the number of
components of (L) is |G| — || L||. By choosing one edge from each component
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of (L), we can obtain a matching, which contains |G| — ||L|| edges. Hence
' (G) > |G| — F'(G). Consequently we have o/ (G) + 3'(G) = |G|. O

It follows that for each edge e of a maximum matching in a graph G, at
least one endvertex of e must be contained in a vertex cover of G. Hence
o (G) < B(G). However, the equality o/ (G) = 5(G) does not hold in general
except for bipartite graphs.

) G

A maximum matching M={ ==}
A vertex cover W={ ©}=O

Figure 1.10: A maximum matching and a minimum vertex cover in a bipartite
graph.

Theorem 1.2.3 (Konig [90]) In a bipartite graph G without isolated ver-
tices, we have o/ (G) = B(G). Moreover this implies a(G) = (G).

Proof. Since o/(G) < B(G) as shown above, it suffices to prove o/ (G) >
3(G).

Let (A, B) be a bipartition of G, and M a maximum matching in G. Let
X be a subset of A such that

X1 = INe(X)] = mpax{1S] - [Na(S)}

and W = (A — X) U Ng(X). Then W is a vertex cover of G since G has no
edge joining X to B — Ng(X) (Figure 1.10). By Theorem 1.1.11, we have

B(G) < W] = [A] = [X] + [Na(X)| = [[M]] = o/ (G).

Therefore the theorem is proved. O

A (0, 1)-matrix is a matrix all of whose entries are 0 or 1. The preceding
theorem leads to the following interesting property of (0, 1)-matrices.
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1 1 0 1
0D 00 o O} =3

M = 0100 0 {1st row, 4th row, 2nd column}
10010 contains all the 1-entries.

Figure 1.11: A (0,1)-matrix M.

ap b1
b,

a
2 o b3
ay b5

Figure 1.12: The bipartite graph corresponding to the (0, 1)-matrix in Figure 1.11,
where o/ (G) = [{a1b4, azbs,asbs}| = 3 and B(G) = [{a1,b2,a4}| = 3.

Theorem 1.2.4 (Koénig-Egervary [89], [44]) Let M = (my;) be a (0, 1)-matriz.
Then the maximum number of 1-entries of M no two of which lie on the same
row or column is equal to the minimum number of rows and columns which
contains all the 1-entries of M (Figure 1.11).

Proof. From the given nxm (0, 1)-matrix M = (m;;), we construct a bipar-
tite graph G with bipartite sets A = {a,aq,...,a,} and B = {by, by, ..., b}
as follows:

a;b; € E(G) if and only if m;; = 1. (Figure 1.12)

Then a set of l-entries, no two of which lie on the same row or column,
corresponds to a matching of G, and a set of rows and columns which contains
all the 1-entries corresponds to a vertex cover of G. Therefore the theorem
follows from the previous Theorem 1.1.11. O

Let X be a finite set and F = {51, Ss,...,S,} a family of subsets of X
where S!s are not necessarily distinct. We say that F has a transversal if
there exists a set of n distinct elements of X, one from each S;. For example, a
family {{a, b, e}, {b}, {a, c,d}, {b, c}} of subsets of {a, b, ¢, d, e} has a transver-
sal {a,b,d,c}. On the other hand, a family {{a,b,e},{b,c}, {c}, {b,c}} has

no transversal.

Theorem 1.2.5 (Hall [55]) A family F = {S1,Ss,...,S,} of subsets of X
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has a transversal if and only if

U sil =1 forall TC{1,2,...,n}. (1.6)
iel
Proof. We prove only sufficiency since necessity is immediate. We construct
a bipartite graph G with partite sets {S,Ss,...,S,} and X as follows: A

vertex S; is adjacent to a vertex x € X if and only if z € S; (Figure 1.13).
Then for every subset {S; | i € I} of {S1,5,,...,5,}, we have by (1.6)

INa({S: | i€ D] =[S > 1]
i€l
Hence G has a matching M saturating {51, Ss, ..., S,} by the Marriage The-

orem. Then we can obtain a transversal from M by taking the set of vertices
of X saturated by M. O

DO O T Q2

Figure 1.13: The bipartite graph corresponding to {S1 = {a,b,e}, S2 = {b}, 53 =
{a,c,d}, Sy = {b,c}}, and its matching saturating {51, S2, S3, S4}.

Let X be a finite set and F = {51, S5,,...,5,} and H ={T1,T5,...,T,}
be two families of subsets of X. Then we say that F and H have a com-
mon transversal if there exist a set of n distinct elements of X that is
a transversal of both F and H, i.e., there exists a set {x1,29,...,2,} of n
distinct elements of X such that z; € S; N Tj; for all 1 < 7 < n, where
{Th), T2y, ..., Ty} is a rearrangement of H = {11, 15, ..., T,}.

For example, {S] = S} = {a,b},5, = {a,c,e}} and {T] = {b,c}, T}
{e},T5 = {a,b,e}} have a common transversal {b,a,e}, where b € S N
T}, a € S5NT; and e € S5 NT,. On the other hand, {S; = S, = {a, b}, S3 =
{a,c,e}} and {T} = {b,c}, T = {b,d},T5 = {c,d,e}} have transversals,
respectively, but do not have a common transversal. Let n = 3, I = {1,2}
and J = {1, 2,3}, and substitute these into the left and right sides of (1.7)
given in the following theorem, then

|(S1US)N(TUT,UTs)|={b} =1<|I|+]|J|—-n=2+3-3=2.

Hence the inequality (1.7) does not hold.
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Theorem 1.2.6 Let F and H be two families of subsets of a set X. Then
F and 'H have a common transversal if and only if for all subsets I and J of
{1,2,...,n}, it follows that

(Us) N (UB )|z m+11-n 7

Proof. Let F ={5,5,...,5.}and H ={T,Ts,...,T,}. Assume that F
and H have a common transversal {x,zs,---,x,}. Let I and J be subsets
of {1,2,...,n}. We may assume that |I| 4+ |J| > n since otherwise (1.7)
trivially holds. Then two sets {z, |z, € S;, i € [} and {z, |z, € T}, j € J}
must have at least |I| + |J| — n elements in common, and these elements are

contained in (Us)N(Uz).

iel jeJ
Hence (1.7) holds.
In order to prove sufficiency, we construct a bipartite graph G with bi-
partite sets

A:{Sl,SQ,...,Sn}UX and B:{Tl,TQ,...,Tn}UX/,

where X' = {2’ | € X}, as follows. Two vertices S; € A and 2/ € X' are
joined by an edge if z € 5;. Similarly two vertices v € X and T; € B are
joined by an edge if x € T;. Moreover, x € X and 2’ € X' are joined by an
edge, and G has no more edges.

Figure 1.14: The bipartite graph corresponding to two families of subsets.

For example, the bipartite graph G given in Figure 1.14 corresponds to
X =A{a,bc,d,e}, F = {5 = 5 = {a,b},S;5 = {b,c,e}} and H = {T} =
{a,c}, Ty ={d, e}, T35 = {a,b,e}}. Then G has a perfect matching, and these
two families have a common transversal {a, b, e} such that a € S; NTy,b €
SoNT3 and e € S3NTs.
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We first show that if the bipartite graph G has a perfect matching M,
then F and ‘H have a common transversal. If M contains an edge S;a). (a}, €
X'), then M must contain an edge a;7; (ar € X) for some T}, and thus
ap € S; N Tj. Hence it is easy to see that {ay | S;aj, € M} forms a common
transversal of 7 and H. Note that if M contains an edge joining a; € X to
a; € X', then this fact implies that a; is not chosen to be an element of the
common transversal.

Let

P C{S51,S5s,...,5.} and QCX.

Then PUX C A Put I = {i| S € P}, J={j|T,NnQ = 0} and
={z' |z €@} C X'. Hence Q' C B and

(Us)re2(Us) nx-a)2(Us) n (Un),

where (U,c; Si) and (¢ ; T;)" denote the subsets of X' (Figure 1.15). There-
fore

INa(PUQ)[ = [Na(P)U (N, ( )N X+ [Ne(@) N {11, Ty, ..., T}

= <US) uQ

> (US) Q 7
> ( s)'n ( UT)|+1@1+n-11
> \IH\J!—HHQHn—!J\ (by (1.7))

= [I+[Q1=IP[+]|Ql=PUQ

Consequently, G has a matching M saturating A by the Marriage Theorem.
Since |A| = |B|, M is a perfect matching, and thus the proof is complete.
O

Exercises

Exercise 1.2.1 Let G be a simple graph without isolated vertices and with
mazximum degree A(G). Show that

|G|
a(G@) > AG) 1
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Figure 1.15: Ilustration of Theorem 1.2.6; P ={X; |i € I}, J = {j | T;nQ = 0},
and R={T; | T; N Q # 0}.

Exercise 1.2.2 Prove that a bipartite graph G has a 1-factor if and only if
a(G) = |Gl/2.

Exercise 1.2.3 Verify Proposition 1.2.4 by the following matriz:

01011
01100
M= 00 00O
1 0011

Exercise 1.2.4 Let X = {a,b,c,d,e}, F = {{a,b,d},{c,d},{e}}, and H =
{{d},{a,e},{c,d}}. Then (i) Find a transversal of F. (ii) Find a transver-
sal of H. (iit) Show that F and H have common transversal.

1.3 Augmenting Paths and Algorithms

In this section we consider matchings in bipartite graphs by using alternating
paths instead of neighborhoods, which is a new approach to matchings and
useful for algorithms. For two edge subsets X and Y of a graph G, we define

XAY =(XUY)—(XNY).

Lemma 1.3.1 Let My and Ms be matchings in a simple graph. Then each
component of (My A My) is either (i) a path whose edges are alternately in
M, and in My, or (ii) an even cycle whose edges are alternately in M, and
M, (Figure 1.16).
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Proof. Let H = (M; /A M) and v a vertex of H. Then 1 < deg(v) < 2,
and degy(v) = 2 implies that exactly one edge of M; and one edge of M,
are incident with v. Hence each component C' of H is a path or cycle, whose
edges are alternately in M; and M. In particular, if C'is a cycle, it must be
an even cycle (see Figure 1.16). O

<M1AM5>

Figure 1.16: Matchings M; and My; and (M; A Mo).

Let M be a matching in a simple graph G. Then a path of G is called
an M-alternating path if its edges are alternately in M and not in M. If
both endvertices of an M-alternating path are unsaturated by M, then such
an M-alternating path is called an M-augmenting path.

For example, in the graph G shown in Figure 1.17, M = {a,b,c} is a
matching, (d,b, f,a) and (g, ¢, €) are M-alternating paths, and P = (d, b, e, ¢, g)
is an M-augmenting path, whose endvertices u and v are not saturated by
M. Furthermore, it is immediate that M A E(P) = {a,d, e, g} is a matching
that contains ||M|| 4+ 1 edges and is larger than M. The next theorem states
a characterization of maximum matchings by using augmenting path.

YR L L

1) M={=1} (2) MAE(P)

Figure 1.17: (1) A matching M = {a,b,c} and an M-augmenting path P =
(d;b,e,c,9); (2) M A E(P).

Theorem 1.3.2 (Berge [17]) A matching M in a simple graph G is mazi-
mum if and only if there exists no M-augmenting path in G.

Proof. The contraposition of the statement, which we shall prove, is the
following: A matching M is not maximum if and only if there exists an
M-augmenting path in G.



1.3. AUGMENTING PATHS AND ALGORITHMS 21

Suppose that there is an M-augmenting path P in G. Then M A E(P)
is a matching which contains ||M|| 4+ 1 edges, and so M is not a maximum
matching.

We next assume that M is not a maximum matching in G. Let M’ be a
maximum matching in G. Then by Lemma 1.3.1, (M A M’) contains a path
P in which the number of edges in M’ is greater than the number of edges
in M. Hence both end-edges of P are contained in M’, which implies that P
is an M-augmenting path of G. O

By making use of M-alternating paths and M-augmenting paths, we can
obtain some properties of matchings in a graph and and an algorithm for
finding a maximum matching in a bipartite graph. We begins one basic
theorem and one result on a game played on a graph.

Theorem 1.3.3 For any matching M in a simple graph G, G has a maxi-
mum matching that saturates all vertices saturated by M.

Proof. Suppose M is not a maximum matching. By Theorem 1.3.2, G has
an M-augmenting path P. Then M A E(P) is a matching which contains
||M|| 4+ 1 edges and saturates all the vertices saturated by M. Since a max-
imum matching can be obtained by repeating this procedure, we can find a
maximum matching that saturates all the vertices saturated by M. O

Proposition 1.3.4 Two players play a game on a connected simple graph G
by alternately selecting distinct vertices vy, vg, vs, . .. so that (vivavs - - -) forms
a path. The player who cannot select a vertex loses, that is, the player who
selects the last vertex wins (Figure 1.18). The second player has a winning
strategy if G has a perfect matching; otherwise the first player has a winning
strategy.

17 7 5
M={—}

Figure 1.18: A graph for which the first player can win, and its maximum match-
ing M.
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Proof. Assume that G has a perfect matching M. If the first player selects
a vertex x in his turn, then the second player selects a vertex which is joined
to x by an edge of M. Since M is a perfect matching, the second player can
always select such a vertex. Therefore he wins since the game is over in a
finite number of moves.

Next suppose that G has no perfect matching. Let M be a maximum
matching and z be a vertex unsaturated by M. The first player selects z in
the first turn, and if the second player selects a vertex y in his turn, then the
first player selects a vertex which is joined to y by an edge of M. Then the
vertices selected by the players form an M-alternating path P starting with
z. Since G has no M-augmenting paths by Theorem 1.3.2, the path P does
not pass through any other M-unsaturated vertices, which implies that the
first player can always select a vertex. Therefore the first player wins. O

If a matching M in a graph G saturates no vertex in a subset X C V(G),
then we say that M avoids X.

Theorem 1.3.5 Let A and B be vertex subsets of a simple graph G such
that |A| < |B|. Then

(i) If there exist two matchings, one saturating A and the other saturating
B, then there exists a matching that saturates A and at least one vertex in
B\ A.

(i) If there exist two maximum matchings, one avoiding A and the other
avoiding B, then there exists a mazimum matching that avoids A and at
least one verter in B\ A.

Proof. We first prove (i). Let M4 and Mp be matchings in G which saturate
A and B respectively. If M, saturates one vertex in B\ A, then M, itself is
the desired matching. Hence we may assume that M, avoids B\ A.

Consider (M4 A Mp). Then for every vertex b in B \ A, there exists a
path in (M4 A Mp) starting with b, which may end with a vertex in A\ B.
Since |A| < |B| and no path of (M4 A Mg) ends with a vertex in AN B,
there exists a path P in (M4 A\ Mp) that starts with b, € B\ A and ends
with z ¢ A (Figure 1.19). Since P is an Mjy-alternating path connecting
by and x, M A E(P) is the desired matching in G, which saturates A and
by € B\ A.

We next prove (ii). Let Ny and N, be maximum matchings in G which
avoid A and B respectively. We may assume that N, saturates B\ A since
otherwise N, itself is the desired matching. Then by the same argument
as above, there exists a Ny-alternating path P in (N4 A Mp) starting with
a vertex b € B\ A and ending with a vertex not contained in A. If both
end-edges of P are contained in N4, then Ngp A E(P) is a matching with
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||Ng|| + 1 edges, contrary to the maximality of Ng. Thus one end-edge of
P belongs to N, and thus Ng A E(P) is the desired maximum matching in
G, which avoids Aand be B\ A. O

Mp={==} Mp={—73} Na={=—} Np={—1}

Figure 1.19: Mj-alternating path P and N 4-alternating path P.

Theorem 1.3.6 Let G be a bipartite graph with bipartition (A, B), and X C
AandY C B. If X and Y are saturated by matchings in G, respectively,
then G has a matching that saturates X UY .

Proof. Let Mx and My be matchings in GG saturating X and Y, respectively.
We may assume that Mx does not saturate Y since otherwise My is the
desired matching.

Figure 1.20: A path P = (y,e,..., f,2) in H = (Mx A My).

Let H = (Mx /A My), and choose a vertex y € Y unsaturated by M.
Then there exists a path P in H starting with y, which can be expressed as

P=(y,e,....f, 2), Y,...,z € V(H), e,--+, f € E(H),

where z is the other endvertex of P and e € My. It is obvious that the
vertices of P are alternately in B and A, and the edges of P are alternately
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in My and My. If z € X, then the end-edge f of P must belong to My,
which contradicts the fact that X is saturated by My (Figure 1.20). Hence
z & X. Similarly, if z € Y, then f € My, which contradicts the fact that Y
is saturated by My . Therefore z ¢ X UY.

Thus My A E(P) is a matching that saturates V((My)) and y € Y\
V(My). By repeating this procedure, we can obtain the desired matching in
G, which saturates X UY. O

We now give an algorithm for finding a maximum matching in a bipartite
graph, which is often called the Hungarian Method.

Algorithm 1.3.7 (Hungarian Method) Let G be a bipartite graph with
bipartition (A, B). Then a maximum matching of G can be obtained by the
following procedure: Let M be any matching of G, and Ay = A\ V((M)) be
the set of vertices in A unsaturated by M. Let By = Ng(Ag) C B and define

for every 1 <1 < k until Byyq contains an M -unsaturated vertex or Byi, =
(). If Bypy1 contains an M-unsaturated vertezr, say by.1, then we find an
M -augmenting path P joining by € Bry1 to a € Ag, and obtain a larger
matching M A\ E(P) containing || M||+1 edges. We apply the above procedure
to M N E(P). If Bgr1 =0, then M is the desired mazimum matching.

An M-agumenting path
connecting b and a.

Figure 1.21: An Algorithm for finding a maximum matching in a bipartite graph;
and an improved algorithm.

Proof. It is easy to see that if By ; contains a M-unsaturated vertex, then
we can find an M-augmenting path P, and get a larger matching M A E(P)
(Figure 1.21). Hence it suffices to show that if By,; = 0, then M is a
maximum matching.
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Suppose Biy1 = 0. Let X = AgUA,U---UAy and Y = BiUByU---UB;.
Then Ng(X) =Y and Ny (Y) = X—Ap, and so |Y| = [Ny (Y)| = | X —A| =
|X| — |Ap|. Hence

IMI] = |A] = 4] = |A] - (|1X] - [¥]
= 1Al = (1X] = ING(X)]) 2 4] - max{1s] - [Na(S)]}.

By Theorem 1.1.11, this implies that M is a maximum matching of G. O

Of course, we can do the procedure given in the above Algorithm 1.3.7
for each vertex a € Ay individually, that is, put Bi(a) = Ng(a) € B and
obtain

Ai(a) = Nu(Bi(a)), Biri(a) = Ng(Ai(a) \ (Bi(a) U---U Bi(a))

for every 1 < i < k until Byii(a) contains an M-unsaturated vertex or
Bii1(a) = 0. If By, 1(a) contains an M-unsaturated vertex, then we can get
a larger matching than M. If Byy1(a) = (), then we remove X = {a}UA;(a)U
++-UAg(a) and Y = By(a)U- - -UBg(a) from G, and obtain G— (X UY'), and
then apply the same procedure in G— (X UY) for another vertex a’ € A—{a}.

1.4 1-Factor Theorems

In this section we investigate matchings and 1-factors of graphs. Since a
1-factor contains neither loops nor multiple edges, we can restrict ourselves
to simple graphs when we consider 1-factors. So in this section, we mainly
consider simple graphs. However some results hold for multigraphs or general
graphs, and these generalization are useful and interesting. For example, ev-
ery 2-connected cubic simple graph has a 1-factor, but also every 2-connected
cubic multigraph has a 1-factor. Thus we occasionally consider multigraphs
and general graphs.

A criterion for a graph to have a 1-factor was obtained by Tutte [138]
in 1947 and is one of most important results in factor theory. It is called
the 1-Factor Theorem. We begin with this theorem. The proof presented
here is due to Anderson [11] and Mader [110]. Tutte’s original proof uses the
Pfaffian of a matrix. Other proofs of 1-Factor Theorem are found in Hetyei
[58] and Lovdasz [106].

After the 1-Factor Theorem, we discuss some other criteria for graphs
to have 1-factors with given properties or for some special graphs to have
1-factors, for example, a criterion for a graph to have a 1-factor containing
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any given edge and a criterion for a tree to have a 1-factor, which is much
simpler than the criterion given in the 1-Factor Theorem.

For a vertex subset X of G and a subgraph R of G — X, we simplify nota-
tion by denoting Fg(V(R), X) and e(V(R), X) by Eq(R, X) and eq(R, X),
respectively. A component of a graph is said to be odd or even according
to whether its order is odd or even. For a graph G, Odd(G) denotes the set
of odd components of G, and 0dd(G) denotes the number of odd components
of GG, that is,

odd(G) = |0dd(G)| = the number of odd components of G.
Lemma 1.4.1 Let G be a general graph and S C V(G). Then
odd(G — S) +|S| = |G| (mod 2). (1.8)
In particular, if G is of even order, then
odd(G — S) = |5] (mod 2), (1.9)
and odd(G — v) > 1 for every vertez v.

Proof. Let C4,C,,...,C,, be the odd components of G — S, and Dy, Ds,
..., D, the even components of G — S, where m = odd(G — S). Then

|G| = |S|+|Ci| + -+ |Cp| + |Di1| + -+ |D,| = |S] + m (mod 2).

Hence (1.8) holds. (1.9) is an immediate consequence of (1.8). O

Before giving the 1-factor Theorem, we give a remark. A matching of a
general graph contains no loops, and so does a 1-factor. Then a 1-factor of
a general graph is a spanning subgraph with all vertices degree one. Thus it
is obvious that a general G has a 1-factor if and only if its underlying graph
has a 1-factor, where the underlying graph of G is a simple graph obtained
from G by removing all the loops and, for every pair of adjacent vertices,
by replacing the multiple edges joining them by a single edge. Therefore
essential part of the following 1-factor Theorem is that the theorem holds for
simple graphs.

Theorem 1.4.2 (1-Factor Theorem, Tutte [138]) A general graph G has
a I-factor if and only if

odd(G — S) < |S] for all S C V(G). (1.10)
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Proof. As we remark above, we may assume that a given general graph G
is a simple graph. Assume that G has a 1-factor F. Let ) # S C V(G), and
C1,Csy, ..., Cy, be the odd components of G — S, where m = odd(G — 5).
Then for every odd component C; of G — S, there exists at least one edge in
F that joins C; to S (Figure 1.22). Hence

odd(G—8)=m<ep(CtUCyU---UC,,S) <|5].

Odd components (o

Even
components

1-factor F={ ===} ===+ may be an edge of F.

Figure 1.22: For every odd component C; of G — S, at least one edge of F' joins
C; to S.

We now prove sufficiency by induction on |G|. By setting S = (), we
have odd(G) = 0, which implies that each component of G is even. If G is
not connected, then every component of G satisfies (1.10), and so it has a
1-factor by the inductive hypothesis. Hence G itself has a 1-factor. Therefore
we may assume that G is connected and has even order.

It follows from the above Lemma 1.4.1 and (1.10) that odd(G — {v}) =
{v}| = 1. Let S be a maximal subset of V(G) with the property that
odd(G — S) =|S|. Then () # S C V(G) and

0dd(G — R) < |R|  forall SC RCV(G). (1.11)

Claim 1. FEvery component of G — S is of odd order.

Suppose that G — S has an even component D. Let v be a vertex of D. Then
by Lemma 1.4.1, D — v has at least one odd component, and so

odd(G — (SU{v})) = 0dd(G — S) + odd(D —v) > |S| + 1,

which implies odd(G — (SU{v})) = |SU{v}| by (1.10). This contradicts the
maximality of S. Hence Claim 1 holds.
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Claim 2. For any vertex v of each odd component C of G — S, C' —wv has a
1-factor.

Let C be an odd component of G — 5, and v a vertex of C'. Then for every
subset T'C V(C' — v), we have by (1.11)

S|+ 14+ |T| > odd(G— (SU{v}UT))
= odd(G—S)—1+o0dd(C— ({v}UT))
= |S|—=1+o0dd((C —v)—T).

Thus odd((C —v) —T) < |T| + 2, which implies odd((C —v) —T) < |T)|
by (1.9). Hence C' — v has a 1-factor by the induction hypothesis, and thus
Claim 2 is proved.

Let C1,Cs, ..., Cp, be the odd components of G — S, where m = odd(G —
S) = |S|. We construct a bipartite graph B with partite sets {C,Cy, ...
,Cp} and S as follows: a vertex z of S and C; are joined by an edge of B if
and only if z and C; are joined by an edge of G (Figure 1.23).

Figure 1.23: G — S and the bipartite graph B.

Claim 3. The bipartite graph B has a 1-factor.

It follows that |Ng(S)| = [{C1,Cy,...,Cn}| = |S]| since G is connected.
Assume that |[Np(X)| < |X]| for some ) # X C S. Then every vertex
C; € {C1,Cs,...,Cp} — Np(X) is an isolated vertex of B — (S — X), which
implies C; is an odd component of G — (S — X)), and thus we obtain

0dd(G — (S — X)) > [{C1, Ca, ..., O} — Np(X)| > m — |X| =[S — X|.

This contradicts (1.10). Therefore |[Ng(X)| > | X]| for all X C S, and so by
the Marriage Theorem, B has a matching K saturating S. Since m = |S],
K must saturate {C4,Cy, ..., C,,}, and thus K is a 1-factor of B.
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For every edge x;C; of K, choose a vertex v; € V(C;) that is adjacent to
z; in G, and take a 1-factor F(C;) of C; — v;, whose existence is guaranteed
by Claim 2. Therefore we obtain the following desired 1-factor of G:

(F(Cl) U UF(Cm)>
{xivi ’ .CI?ZCZ € K, x; € S, v; € V(CZ), 1 S ) S m}

Consequently the theorem is proved. O

A graph G is said to be factor-critical if G — v has a 1-factor for every
vertex v of G (Figure 1.24). It is easy to see that if G is factor-critical, then
G is of odd order, connected and not a bipartite graph. The proof of this
statement is left to the reader (Exercise 1.4.3).

< =21 TP

Figure 1.24: Factor-critical graphs.

Theorem 1.4.3 A simple graph G of even order has a 1-factor if and only
if for every subset S of V(G), the number of factor-critical components of
G — S is less than or equal to |S)|.

Proof. Necessity follows immediately from the 1-Factor Theorem since
every factor-critical component of G — S is an odd component of G — S.
We now prove sufficiency. Suppose that G satisfies the condition in the
theorem, but has no 1-factor. Then by the 1-Factor Theorem, there exists a
subset ) # X C V(G) such that odd(G—X) > |X|, which implies X # V(G).
Take a maximal subset () # S C V(G) such that odd(G — S) > |S|. Then

odd(G—-Y) <|Y| forall SCY CV(G). (1.12)

We first show that G — S has no even component, since otherwise for a vertex
v of an even component of G — S, we have by Lemma 1.4.1

odd(G — (SU{v})) > odd(G — S) +1> |S| +1=|SU{v}|

contrary to (1.12). We shall next show that every odd component of G — S
is factor-critical. Let C' be an odd component of G — S, and v any vertex of
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C. Then for every T'C V(C — v), (1.12) implies
S|+ 1+|T| > odd(G— (SU{v}UT))

= 0dd(G — 8) — 1+ 0dd(C — ({v} UT))
> 18] = 14 odd((C —v) — T).

Hence odd((C' —v) —T') < |T'| 4+ 2, which implies odd((C —v) —T) < |T| by
(1.9). Therefore C' — v has a 1-factor by the 1-Factor Theorem, and so C is
factor-critical. Consequently we obtain

the number of factor-critical components of G — S = odd(G — 5) > |S|.
This contradicts the assumption, and thus the theorem is proved. O

Theorem 1.4.4 (Amahashi [9]) A tree T of even order has a I1-factor if and
only if odd(T — v) = 1 for every vertex v of T.

Proof. Suppose that T has a 1-factor F'. Then for every vertex v of T, let
w be the vertex of T joined to v by an edge of F'. Then the component of
T — v containing w is odd, and all the other components of 7' — v are even
(Figure 1.25. Hence odd(T — v) = 1.

Suppose that odd(T — v) = 1 for every v € V(T'). It is obvious that for
each edge e of T, T' — e has exactly two components, and both of them are
simultaneously odd or even. Define the edge-induced subgraph F' of T' as

follows:

F={ecE(T)|oddT—e)=2})r.
For every vertex v of T', there exists exactly one edge e that is incident with
v and satisfies odd(T — e) = 2 since T' — v has exactly one odd component,

where e is the edge joining v to this odd component (Figure 1.25). Therefore
e is an edge of F', and thus F'is a 1-factor of G. O

L] @l

Figure 1.25: A tree having a 1-factor, and a tree T satisfying odd(T — v) = 1.

We now give a variety of criteria for graphs to have 1-factors possessing
some given properties. The following theorem was obtained by Little, Grant
and Holton [96]. A graph G is said to be 1-factor covered if for every edge e,
G has a 1-factor containing e [95].
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Theorem 1.4.5 Let G be a simple graph. Then for every edge e of G, G
has a 1-factor containing e if and only if

odd(G —S) <|S|—«& for all S CV(G), (1.13)
where €, = 2 if (S)g contains an edge; otherwise €; = 0.

Proof. We first prove necessity. Let S C V(G). Then odd(G — S) < |5
by the 1-Factor Theorem. Assume that (S)g contains an edge, say e =
xy (z,y € S). Since G has a 1-factor F' containing e, for each odd component
C of G — S, there exists an edge in F joining C' to a vertex in S — {x,y},
and hence

odd(G - S) <ep(G— 5,5 —{z,y}) <|S —A{z,y}| = |S| — 2.

We next prove sufficiency. Let e = xy (z,y € V(G)) be any edge of G.
We shall show that G — {z,y} has a 1-factor, which obviously implies that
G has a 1-factor containing e = xy.

Let S CV(G) — {x,y}. Since (SU {x,y})c contains an edge e, we have

odd((G — {z,y}) = 5) = 0dd(G — (SU{z,y})) < [SU{z,y}[ -2 =|S5].

Therefore G — {x,y} has a 1-factor by the 1-Factor Theorem. O

An edge e of a connected graph G is called an odd-bridge if e is a bridge
of G and G — e consists of two odd components, in particular, such a graph
G has even order. The next theorem was obtained by C. Chen [27], [29].

Theorem 1.4.6 Let G be a connected graph. Then for every edge e of G, G
has a 1-factor excluding e if and only if

odd(G — S) < |S] — e for all S CV(G), (1.14)

where €5 = 2 if G — S has a component containing an odd-bridge; otherwise
€y = 0.

Proof. We first prove necessity. Let S C V(G). Then odd(G — S) < |S| by
the 1-Factor Theorem. Assume that G — S has a component D containing
an odd-bridge e. Consider a 1-factor F' of G excluding e. Then for each
odd component C' of G — S, F' contains at least one edge joining C' to S.
Furthermore, for each odd component C’ of D — e, at least one edge of F’
joins C' to S. Hence

odd(G—S)+2<ep(G-S5,5)<|S|
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Consequently, (1.14) holds.

Conversely, assume that G satisfies (1.14). We shall show that for any
edge e of G, G — e has a 1-factor, which is of course a 1-factor of G excluding
e. Let SC V(G —e)=V(G). If e is an odd-bridge of an even component of
G — S, then odd(G — e — S) = 0dd(G — S) + 2; otherwise odd(G —e — 5) =
odd(G — S). For example, if e joins S to V(G) — S, then odd(G — e — ) =
odd(G — S), and if e joins two vertices of an odd component C' of G — S,
then C' — e has exactly one odd component, which may be C' — e, and so
odd(G — S — e) = odd(G — S). Therefore

odd((G —e) —S) =odd(G —S —e) =odd(G—S)+ e < |S5].

Hence GG — e has a 1-factor. O

Theorem 1.4.7 (Corollary 1.6 of [20]) Let G be a simple graph and W a
subset of V(G). Then G has a matching that saturates W if and only if

odd(G — S|W) < 19| forall S CV(G), (1.15)

where odd(G — S|W) denotes the number of those odd components of G — S
whose all vertices are contained in W (Figure 1.26).

G
o) 0“_1..?..j
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Figure 1.26: (1) A matching M saturating W; (2) Each odd component C' of
G — S is counted in odd(G — S|W) but not an odd component D of G — S; and
(3) the graph H.

Proof. Assume that G has a matching M which saturates W. Then for
every odd component C' of G — S such that V(C) C W, at least one edge of
M joins C to S. Thus odd(G — S|W) < ey (V(G) = S,S) <|S].

We next prove sufficiency. By the 1-Factor Theorem, we may assume
that W is a proper subset of V(G), and so V(G) — W # (). Let n = |G|. We
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construct a new graph H from G by adding the complete graph K, and by
joining every vertex in V(G) — W to every vertex of K,, (Figure 1.26). Then
H has even order, and it is easy to see that G has a matching saturating W
if and only if H has a 1-factor.

Let X C V(H). If V(K,) C X, then odd(H — X) < |G| < |X|. If
V(K,) € X, then since V(H) — (X U W) is contained in a component of
H — X, we have by (1.15) that

odd(H — X) < 0dd(G — (V(G)NX)|W)+1 < [V(G)N X[+ 1< |X]|+1,

which implies odd(H — X)) < |X| by (1.9). Therefore H has a 1-factor, and
thus G has the desired matching, which saturates W. O

For a graph G, maxgcy(g){odd(G — S) — |S|} is called the deficiency of
G. This concept is introduced in the next theorem.

Theorem 1.4.8 (Berge [18]) Let M be a mazimum matching in a simple
graph G. Then the number |M| of vertices saturated by M is given by

M| = |G| — SIgrl\?(}é){Odd(G - S5)— |9} (1.16)

Proof. The proof given here is due to Bollobds [20]. Let

d= Srgn%){odd(G S) =151},
and T a subset of V(G) such that odd(G—T)—|T| = d. Then odd(G—X)+d <
| X| for every X C V(G).

We first show | M| < |G| —d. Let M be a maximum matching of G. Then
for any odd component C of G — T, if V(C) is saturated by M, then at least
one edge of M joins C to T' (Figure 1.27). Thus at least odd(G—T)—|T| = d
odd components of G — T are not saturated by M, which implies |M| <
|G| —d.

In order to prove the inverse inequality, we construct the join H = G+ Ky,
where K is the complete graph of order d. Then for every ) #Y C V(H),
if V(Kg) €Y, then odd(H —Y) <1<|Y|; and if V(K,) C Y, then

odd(H —Y) = odd(G — (V(G)NY)) < [V(G)NY|+d =|V].

Hence H has a 1-factor F' by the 1-Factor Theorem. Then F' N E(G) =
F — V(K,) is a matching of G and saturates at least |G| — d vertices. This
which implies |M| > |F N E(G)| > |G| — d. Consequently the theorem is
proved. O

Exercises
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1 GT M={=—t} (2) H=G+Kgq

Figure 1.27: (1) At least odd(G — T') — |T'| = d vertices are not saturated by M;
(2) The graph H = G + K.

Exercise 1.4.1 Describe infinitely many of non-bipartite graphs that have
no 1-factors and satisfy |Na(S)| > |S| for all S C V(G).

Exercise 1.4.2 Deduce the Marriage Theorem (Theorem 1.1.1) from the 1-
Factor Theorem (Theorem 1.4.2).

Exercise 1.4.3 Prove that a factor-critical graph is connected, is of odd or-
der and is not a bipartite graph.

Exercise 1.4.4 Let S be a mazimal vertex subset of a graph G such that
odd(G — S) — |S| = maxxcv(){odd(G — X) — |X|}. Then prove that every
component of G — S is factor-critical.

1.5 Graphs Having 1-Factors

We shall show some classes of graphs that have 1-factors, and give some
results on the sizes of maximum matchings. Among the results, the following
is well-known: every (r —1)-edge connected r-regular graph of even order has
a 1-factor that contains any given edge.

When we consider r-regular graphs or n-edge connected graphs, » and n
always denote positive integers. The next lemma is useful when we prove the
existence of 1-factors in regular graphs.

Lemma 1.5.1 Let r > 2. Let G be an r-regular general graph, and S a
vertex subset of G. Then for every odd component C of G — S,

eq(C,S) =r (mod 2), (1.17)

that is, eq(C,S) and r have the same parity. In particular, if G is an (r—1)-
edge connected r-regular multigraph, then eq(C,S) > r (Figure 1.28).
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Proof. Since |C] is odd, the congruence (1.17) follows from

r=r|C|= Z deg.(x) = eq(C,9) + 2||C|| = eq(C, S) (mod 2),
zeV(C)

where ||C|| denotes the size of C' (Figure 1.28). If G is an (r — 1)-edge
connected r-regular multigraph, then eq(C, S) > r — 1, and so by combining
this inequality and (1.17), we have eq(C,S) >r. O

Figure 1.28: A 2-edge connected 3-regular multigraph G and an odd component
Cof G—-5.

The next theorem, obtained by Petersen in 1891, is one of the oldest theo-
rems on factors of graphs, and many researches were undertaken to generalize
this result.

Theorem 1.5.2 (Petersen [126]) Let G be a connected 3-regular general
graph such that all the bridges of G, if any, are contained in a path of G.
Then G has a 1-factor (Figure 1.29). In particular, every 2-edge connected
3-regular multigraph has a 1-factor (Figure 1.29).

=l 1

Figure 1.29: (1) A 3-regular general graph having a 1-factor; (2) A 2-edge con-
nected 3- regular multigraph having a 1-factor; and (3) A 3-regular simple graph
having no 1-factor.

Proof. We prove only the first statement because the second statement
follows immediately since a 2-edge connected graph has no bridges. Let
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0 #S cCV(G), and Cy,Cy, - - -, Cy, be the odd components of G — S, where
m = odd(G — S), such that

eq(C;,S)=1 for1<i<t, and eq(C;,S)>2 fort+1<j<m.

An edge joining C; (1 < i < t) to S is a bridge of G and is contained in
a path of G, and thus ¢ < 2 since otherwise eq(C;, S) > 2 for some i. By
Lemma 1.5.1,

eq(C;,5) >3 forall t+1<j<m.
Therefore
3|S| > eq(CLUCU---UC,,,S)>t+3(m—1t)=3m—2t >3m — 4.

Hence m < |S|+4/3 < |S| + 2, which implies odd(G — S) = m < |S] by
(1.9). Therefore G has a 1-factor by the 1-Factor Theorem. O

The above theorem can be extended to r-regular graphs as follows. Note
that an (r—1)-edge connected r-regular general graph contains no loops, and
so it must be a multigraph.

Theorem 1.5.3 Let r > 2, and G be an (r — 1)-edge connected r-reqular
multigraph of even order. Then for every edge e of G, G has a 1-factor
containing e. In particular, G has a 1-factor ([14]).

Proof. We use Theorem 1.4.5, which also gives a necessary and sufficient
condition for a multigraph to have a 1-factor containing any given edge. Let
0 #£S cCV(G). Let C1,Cy,---,C,y, be the odd components of G — S, where
m = odd(G — S). Then by Lemma 1.5.1, we have e (C;, S) > r. Hence

r|S| = Zdegg(x) >eq(CLUCLU---UC,,S) > rm.
z€S
Thus odd(G — S) =m < |S].
Suppose that (S) contains an edge. Then

r|S| = degg(x) > ea(CLUCL U+ UGy, S) +2 > rm + 2.
z€eS
Hence m < |S| —2/r < |S|, which implies odd(G — S) = m < |S| — 2 by
(1.9). Therefore the theorem follows by Theorem 1.4.5. O

Theorem 1.5.4 Let r > 2 be an even integer, and G be an (r — 1)-edge
connected r-reqular multigraph of odd order. Then for every vertex v, G — v
has a 1-factor, that is, G is factor-critical.
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Proof. Let ) #S C V(G —v) =V(G) —v. Let C1,Cy, -+, C,, be the odd
components of (G —v) — S =G — (SU{v}), where m = odd((G — v) — 5).
Then by Lemma 1.5.1, we have eg(C;, S U {v}) > r. Thus

r(ISI+1) = ) degg(x) > ea(C1UC,U -+ UCy,, SU{v}) > rm.
zeSU{v}
Hence m < |S|+ 1, which implies m < |S| by (1.9). Consequently G — v has
a 1-factor by the 1-Factor Theorem. O

Theorem 1.5.5 (Plesnik [128]) Let r > 2 be an integer, and G an (r — 1)-
edge connected r-reqular multigraph of even order. Then for any r — 1 edges
e1,€s,...,6._1 of G, G has a 1-factor excluding {ey,es, ..., e._1}.

Proof. Let H=G—{ey,...,e._1}. It suffices to show that H has a 1-factor.
Let ) # S Cc V(H) = V(G), and Cy, Cs,---,C,, be the odd components of
H — S. Then by the same argument as in the proof of Lemma 1.5.1, we have

eq(Ci, V(G) =V (Cy)) >r—1 and eq(C;,V(G)—V(C;)) =r (mod 2).
Hence

r S eG(C’i, V(G) - V(CZ)) = 6@(01‘, S) + 6@(01‘, V(G) -5 - V(CZ)) (118)

V(G)-S-V(Cj)

[EEER R E{elle27 ...,er_]_} - EE(H)

Figure 1.30: eq(C;, S) and eq(C;, V(G) — S — V(C;)), where D denotes an even
component of G — §.

It is obvious that Eq(C;, V(G)—S -V (C;)) C {e1,...,e,_1} and each e;

is contained in at most two such edge subsets, and thus

Z ec(C,V(G) = S = V(Cy) < 2{er,ea,. .. er1}| =2(r —1).
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Therefore by (1.18),

m

rm < Z(GG(CZ', S) +eq(Ci, V(G) = S = V(Gy)))

=1

< Y derglr) + 30 eolCLV(G) ~ § - VIC))

TE€S

< r|S|+2(r—-1)

Hence m < |S| + 2(r — 1)/r < |S| + 2, which implies m < [S]| by (1.9).
Consequently H has a 1-factor. O

By Theorem 1.5.3, every (r — 1)-edge connected r-regular multigraph of
even order has a 1-factor. We can say that this result is best possible in
the sense that there exist infinitely many (r — 2)-edge connected r-regular
multigraphs of even order that have no 1-factor. An example is given below.

Example Let r > 3 be an odd integer. Let K,_o = (r —2)K; be the totally
disconnected graph of order r — 2 and R an (r — 2)-edge connected simple
graph of odd order such that » — 2 vertices of R have degree r — 1 and all the
other vertices have degree r. Such an R can be obtained from the complete
graph K, .5 by deleting one cycle with r—2 edges and two independent edges.
It is easy to see that there exist infinitely many such graphs R for any given
r.

We construct an (r — 2)-edge connected r-regular simple graph G from
K,_, and r copies of R: Join each vertex of K,_5 to one vertex of degree
r — 1 in every copy of R. The resulting graph is an (r — 2)-edge connected
r-regular simple graph G (Figure 1.31). Then G has no 1-factor since

odd(G — V(K,_3)) = the number of copies of R

= r>|V(K,o)|=r—2.

We can similarly construct such graphs for even integers r.
The next theorem shows that an r-regular simple graph with small order
has a 1-factor even if it is not (r — 1)-edge connected.

Theorem 1.5.6 Let r > 2 be an integer, and G be an n-edge connected r-
reqular simple graph of even order. Define an integer n' in {n,n + 1} such
that n’ =n  (mod 2). Then the following two statements holds:

(i) If ris odd and

Ucy—1J< 2

r+2 r—mn'’
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G=5R+Kj

Figure 1.31: A 3-edge connected 5-regular graph G having no 1-factors; numbers
denote the degrees of vertices in R.

then G has a 1-factor. In particular, every connected r-regqular simple graph
with order at most 3(r + 2) has a 1-factor.
(i1) If r is even and

Tl <

then G has a 1-factor. In particular, every connected r-regular simple graph
with order at most 3(r + 1) has a 1-factor.

r—mn'’

Proof. We shall prove only (i). The proof of (ii), which is similar to that
of (i), is left to the reader. Let r > 3 be an odd integer. Let ) # S C V(G),
and Cy,Cy, ..., C,, the odd components of G — S, where m = odd(G — S).
If |C;] <7, then eq (S, C;) > r since

rlCil = Y degg(x) = ea(Cy, S) +2||C|
LIJEV(CZ)
< eq(Ci, S) 4+ |Ci(|C] = 1) < eq(Cy, S) +r(|Ci] —1).

Since r + 1 is an even integer, no C; has order r 4+ 1. Let us define

my = the number of C; with |C;] <r; and

my = the number of C; with |C;| > r + 2.
Then m = my + mg, and eq(S,C;) > rif |C;] < r, and by Lemma 1.5.1,
eq(S,C;) > n' if |Cy| > r + 2. Therefore we have

7|S| > eq(S,CLUC, U---UCy,) > rmy +n'mg =rm+ (0 — r)ma,

which implies m < |[S| + (r — n/)my/r.
Therefore the inequality m = odd(G — S) < |S| + 2 holds if

2r
—n

mo <
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On the other hand, it follows that
G| = S|+ [Ci| + -+ [C| Z |S] + (r + 2)ma,

which implies
< LIGI—ISIJ< UG|_1J
2 -~ .
r+2 r+2
Consequently, m < |S|+2, which implies that G has a 1-factor if the following
inequality holds:

|G| —1 2r
Sl
r+2
Therefore the first part of (i) is proved.
We next prove the second part of (i). If |G| < 3(r 4 2) and n’ = 1, then

r—n'

2r B 2r
r—1 r—n'

UG -1
T+ 2
Hence G has a 1-factor by the first part of (i). O

J:2<

We next identify some non-regular graphs which have 1-factors. The
binding number bind(G) of a graph G, which was introduced by Anderson
[12], is defined by

[Na(X)]
X1

Thus for every subset ) # S C V(G) with Ng(S) # V(G), it follows that
INa(S)]| 2 bind(G)[S).

bind(G) = mm{ | 04X CV(G), No(X) # V(G)}.

Theorem 1.5.7 (Woodall [151]) Let G be a connected simple graph of even
order. If for every 0 # S C V(G),

Na(S)=V(G)  or  |Na(S)| > §|S| Y (1.19)

then G has a I-factor. In particular, a connected simple graph H with
bind(H) > 4/3 has a 1-factor.

Proof. The proof is by contradiction. Assume that G has no 1-factor. Then
by the 1-Factor Theorem and by (1.9), there exists a subset ) # S C V(G)
such that odd(G — S) > |S| + 2.

Let V = V(G) and n = |V|. Let X be the set of isolated vertices of
G — S, and (,C,,...,C) the odd components of G — .S with order at least
three. Let Y = V(C) UV (Cy) U--- UV (Cy) (Figure 1.32). Then

odd(G—8) = |X|+k > |S]+2, |Y| >3k and |V| > |S|+|X|+|Y]. (1.20)
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Figure 1.32: The graph G with a subset S.

We consider two cases:

Case 1 X #0).
Since Ng(V —S) CV — X # V| it follows from (1.19) that

4 dn 4
Ne(V—=8)|>-|V—-S§-1=——2|S|—1
| No( >3 | 3 3l

and
INa(V = 9)| < |V - X[ =n—|X].

By the previous two inequalities, we obtain
n < 48|+ 3 — 3| X]|. (1.21)
On the other hand, it follows from (1.20) that

V=5 > [X|+|Y|>|X|+3k
> | X4 3(]S]+ 2 — |X]) = 3|S] — 2|X]| + 6.

Hence n = |V| > 4|S| — 2|.X| 4 60 By this inequality and (1.21), we have
418] - 2|X| +6 < n < 4]S] + 3 — 3|X],

which is a contradiction.
Case 2 X = ().

In this case odd(G — S) = k. Let Z =V (Cy)U---UV(Cy) =Y —V(C).
Since Ng(Z) C ZU S #V, it follows from (1.19) that

4
|21 +151 = INe(2)] > 52| — 1.

Thus |Z] < 3|S| + 3. On the other hand, by (1.20) we have that
|Z| > 3(k — 1) = 3(odd(G — S) — 1) > 3(]S] +2—1).
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......................

CEORVANVASTENANIAN
I'K]_ o) o+ooo o

Figure 1.33: A graph G = (r + 2)K3 + rK;, which has no 1-factor and whose
binding number is (4/3) — (1/3r).

Therefore
3(]|+1) < |Z] < 3|S|+ 3.

This is again a contradiction. Consequently the theorem is proved. O
Consider a graph G = (r + 2)K3 + rK;, where r > 1 is an integer
(Figure 1.33). Then we can easily show that G has no 1-factor, and setting
S =V((r+1)Ks), we have
_|Ng(S)]  V(G)—-V(Ks)| 4r+1)—-1 4 1

bind(G) = S| S| T30+l 3 3(r+1)

Hence the condition of Theorem 1.5.7 is best possible.
Recall that the toughness tough(G) of a connected non-complete graph
G is defined as

tough(G) = min{ 5 X1

G- | WG =X)>2, 0#X CV(G) }

where w(G — X) denotes the number of components of G — X. A graph G is
said to be t-tough if tough(G) > t. Hence, if G is t-tough, then for a subset
S C V(G) with w(G — S) > 2, it follows that

51 51

—9) < —2L__ 20
wW(G=9) s tough(G) — t

Theorem 1.5.8 Fvery 1-tough connected simple graph of even order has a
1-factor. Moreover, for every real number e > 0, there exist graphs G of even
order that have no 1-factors and satisfy tough(G) > 1 — €.

Proof. Let G be a 1-tough connected graph of even order, and () # S C
V(G). f w(G —S5) > 2, then

5]
— < — < — " <K .
0dd(G — §) < w(G - 9) < Tough(@) < K
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Ifw(G—S) =1, then 0dd(G—S) < w(G—-S5) =1 <|S|. Hence odd(G—S5) <
|S| always holds, and thus G has a 1-factor by the 1-Factor Theorem.

Let G = K,, + tK,,, which is a join of the complete graph K,, and the ¢
copies of the complete graph K,,, where n is an odd integer (Figure 1.34 (1)).
Moreover, we can choose m,n and t so that

m

t>m, 7>1—e and m+nt=0 (mod 2).

Then G has no 1-factor since odd(G — V(K,,)) =t > |V (K,,)| = m, and

tough(G) = w(C’v’V—(‘[iT[)(’m)) = ? >1—e

Therefore the theorem is proved. O

Recall that a graph G is said to be claw-free if G contains no induced
subgraph isomorphic to the claw K3 (Figure 1.34 (2)).

Figure 1.34: (1) Ky, + tKy; (2) A claw-free graph and its 1-factor.

Theorem 1.5.9 (Sumner [133], Las Vergnas [91]) Every connected claw-free
simple graph of even order has a I1-factor.

Proof. We prove the theorem by induction on |G|. Let P = (v, v, ..., vg),
(v; € V(G)) be a longest path of G. Then k£ > 3. It is immediate that
Ng(v1) CV(P) —{v}.

We shall show that G — {v1,ve} is connected. If degq(ve) = 2, then
G — {v1,v9} is connected since Ng(vy) C V(P)—{v}. Thus we may assume
that degg(ve) > 3. For every x € Ng(vy) — V(P), zvs must be an edge of
G since otherwise vz or vyvs is an edge of G as ({ve,v1,vs,2})¢ # Kis;
but this implies G contains a path longer than P, a contradiction. Therefore
G — {v1,v2} is connected, and is of course claw-free, and has even order. By
the induction hypothesis, G — {vq, v2} has a 1-factor, and so does G. O
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It is known that every 4-connected planar graph has a Hamiltonian cycle
[141], which implies that it has a 1-factor, but, there are infinitely many
3-connected planar graphs without 1-factors. The next theorem gives the
lower bound for the order of a maximum matching of a planar graph. The
proof given here is slightly different from that given in [121].

Theorem 1.5.10 (Nishizeki and Baybars [121]) Let G be a connected pla-
nar simple graph with 6(G) > 3. Then the number |M| of vertices saturated
by a maximum matching M in G is

2|G| +4

M| =
3

(1.22)

If G is 2-connected, then

2|G| + 8

M| > (1.23)

Proof. Let G be a 2-connected planar simple graph. We may assume that
G is drawn in the plane as a plane graph. Let (§ # S C V(G). Let us denote
by X the set of isolated vertices of G — S, and by C1,Cs, ..., C,, the odd
components of G — S of order at least three. Then

odd(G — S) =|X|+m, and |G| > |S| + | X| + 3m. (1.24)

If S| = 1, then odd(G — S) < 1 = |S| as G is 2-connected. Thus we
may assume that |\S| > 2. We now construct a planar bipartite graph B with
bipartite sets S and XU{vy, vy, ..., vy} from G by contracting Cy, Cy, ..., C,,
into single vertices vy, vy, ..., v, and by replacing all multiple edges in the
resulting graph by single edges, that is, s € S and v; are joined by an edge of
B if and only if s and a vertex of C; are joined by an edge of G (Figure 1.35)0

Since G is a 2-connected graph with 6(G) > 3, it follows that

degp(x) >3 forallz € X, and deggz(v;) >2 foralll <i<m. (1.25)
Since B is a planar bipartite graph, it follows from Theorem 05 that
1BI| < 21B| - 4.
By combining this inequality and (1.25), we obtain

31X | +2m < ||B|| < 2|B| — 4 = 2(|S| + |X| +m) — 4.
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X={X1,X2,X3}
G S=S5S1USU S3 B

Figure 1.35: A 2-connected planar graph G with odd components {xz1,...,zs,
C4,...,C4} and even components { D1, D2} of G—S; and the corresponding planar
bipartite graph B.

Hence | X| < 2|S| — 40 By this inequality and (1.24), we get

odd(G — S) —|S| = |X|+m —|S]
— — X 2| X|—4 —
Gl -S| —I1X] 1] = Gl 42X 45| _ 6] -8
3 3 3
Consequently by (1.16) in Theorem 1.4.8, we have

< | X[+

|G| -8  2|G|+8
3 3 7

|M| = |G| — max(odd(G — 5) = |5]) > |G| -

which implies the desired inequality (1.22).

Figure 1.36: A connected planar graph G with bridge e; and a connected planar
graph G with cut vertex w.

We next prove (1.22) in the case where G is connected by induction on
|G|. Since (1.22) holds for a small graph G, we may assume that the order
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of G is not small (for example, |G| > 10). Suppose first G has a bridge
e = ujug. Let Dy and Dy be the two components of G — e containing wu,
and usq, respectively. We shall latter show that each D; has a matching that
covers at least (2|D;| 4+ 2)/3 vertices of D;. If the above statement holds,
then G has a matching that covers at least

2|D1|+2+2|D2|+2_2|G|+4
3 3 3

Hence the statement holds.

If G has no bridges and has a cut vertex w, then by letting G = G; U
Gq, V(G1) NV (Ge) = {w}, we shall show that each G; has a matching that
covers at least (2|G;| + 4)/3 vertices of G;. Then G has a matching that
covers at least the following number of vertices.

ACi| +4 ,, 20Gel +4 _ 2|Gi| +|Gal ~ 1) +4 _ (G| +4
3 3 3 3 ‘

Hence the statement holds.

We first show that each D; has a matching that covers at least (2| D;|+2)/3
vertices of D;, and latter show that each G; has a matching that covers at
least (2|G;| + 4)/3 vertices of G;. If §(D;) > 3, then the above statement
holds by induction. Without loss of generality, we may assume 6(D;) = 2,
which implies degp, (u1) = 2 (see Figure 1.36). Let a; and ay be the two
vertices adjacent to uy. If (D; — uy) > 3, then by induction, D; — u; has a
matching covering at least (2(|D1| — 1) +4)/3 vertices of D; —u;. Hence this
is the desired matching of D;. So we may assume that §(D; —uy) = 2. If a4
and a, are non-adjacent, then Dy —uy + ajay has minimum degree three, and
so by the induction it has a matching M; covering at least (2(|D1|—1)+4)/3
vertices. If M, contains ajas, then by considering M; — ajas + aju; we can
also get the desired matching of D;. If a; and ay are adjacent, then we may
assume that degp _, (a1) = 2. If 6(Dy — u; — ay) > 3, then by induction it
has a matching M, covering at least (2(|D;|—2)+4)/3 vertices of D; —u; —a;.
Hence M; + ajuy is the desired matching of D;. By repeating this argument,
we can finally find the desired matching of D;. As an example, consider the
matching of D; obtained from a matching of R; and edges asay, azas, ajuy
(see Ry of Dy in Figure 1.36).

By a similar argument, we can show that each G; has a matching that
covers at least (2|G;|+4)/3 vertices of G;. Consequently the proof is complete.

O

A surface (a compact orientable 2-manifold) is a sphere on which a number
of handles has been placed. The number of handles is referred to as the genus
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of the surface (Figure 1.37). A surface with genus one is called a torus, and,
of course, a plane is a surface with genus zero. A graph G is said to be
embedded on a surface if G can be drawn on the surface in such a way that
edges intersect only at their common end-vertices. The genus v(G) of a
simple graph G is defined to be smallest genus of all surfaces on which G has
be embedded.

Figure 1.37: A surface with genus two, and an embedding of a graph on the torus.

Theorem 1.5.11 (Nishizeki [120]) Let G be a n-connected simple graph of
even order. If v(G) < n(n—2)/4, then G has a 1-factor. In particular, every
4-connected simple graph of even order which is embeddable on the torus has
a I-factor.

Exercises

Exercise 1.5.1 For every even integer r > 4, find an (r — 2)-edge connected
r-reqular simple graph of even order that has no 1-factor.

Exercise 1.5.2 Prove statement (ii) of Theorem 1.5.6.

Exercise 1.5.3 Prove Theorem 1.5.5 by making use of the 1-factor Theo-
rem.

1.6 Structure Theorem

In this section we consider the structure of a graph having no 1-factors, and
characterize such a graph by using vertex-decomposition together with their
properties. These results are contained in the Gallai-Edmonds Structure
Theorem and give us much information about maximum matchings.
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Let G be a graph. Recall that for a subset S C V(G), odd(G — S) — |5
is the deficiency of S. A subset X C V(G) is called a barrier in G if

odd(G — X) — |X| = def(G) = Srgn‘?(}é){odd(G -S) =191} (1.26)

That is, X is a barrier if its deficiency is equal to that of G. A barrier X
is said to be minimal if no proper subset of X is a barrier.

Theorem 1.6.1 Suppose a simple connected graph G with even order has
no 1-factor. Let X be a minimal barrier of G. Then every vertex v € X
15 joined to at least three odd components of G — X, in particular, x is the
center of certain induced claw subgraph of G.

Proof. Since G has no 1-factor and has even order, we have def(G) > 2 by
the 1-factor Theorem and Lemma 1.4.1. If X = {z}, then odd(G — X) > 3
as odd(G — X) =|X| (mod 2) by Lemma 1.4.1. Hence z € X is joined to
at least three odd components of G — X and the theorem holds. Thus we
may assume that | X| > 2.

Suppose that a vertex z € X is joined to at most two odd components of

G — X (Figure 1.38). Then odd(G — (X — z)) > 0dd(G — X ) — 2, and thus
odd(G— (X —x)) —|X — 2| > 0dd(G — X) — | X| — 1.

Since odd(G — (X —z)) — |X — z|] = 0dd(G — X) — | X| = |G| (mod 2) by
Lemma 1.4.1, we have

odd(G — (X —x)) — | X —z| > 0dd(G — X) — | X],

which implies that X — x is also a barrier. This contradicts the minimality
of X. Therefore every x € X is joined to at least three odd components of
G—-X.

By taking three vertices adjacent to x from each of the three odd com-
ponents of G — X joined to x, we can obtain an induced subgraph K; 3 with
center x. |

It is clear that Theorem 1.5.9, which says that every connected claw-free

graph of even order has a 1-factor, is an immediate consequence of the above
Theorem 1.6.1.

Consider a simple graph G. Let D(G) denote the set of all vertices v of
G such that v is not saturated by at least one maximum matching of G. Let
A(G) be the set of vertices of V(G) — D(G) that are adjacent to at least one
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Figure 1.38: Components of G — X and those of G — (X — x).

vertex in D(G). Finally define C(G) = V(G) — D(G) — A(G). Then V(G)
is decomposed into three disjoint subsets

V(G) = D(G) U A(G) U C(G), (1.27)

D(G) = {z € V(G) | ’a maximum matching unsaturating z}
A(G) = Ne(D(G))\ D(G)
C(G) = V(G) - (AG)UD(G))

Some properties of the above decomposition are given in the Gallai-
Edmonds Structure Theorem. This theorem was obtained by Gallai
[52], [53] and Edmonds [36] independently and in different ways. The proof
presented here is based on [71].

C(G) A(G) D(G)

.2 Y

. ~

C(G) AG) D(G)

........

Figure 1.39: The decomposition V(G) = D(G) U A(G) U C(G) and a maximum
matching of G.

Theorem 1.6.2 (Gallai-Edmonds Structure Theorem [52], [53], [36] )
Let G be a simple graph, and V(G) = D(G)UA(G)UC(G) the decomposition
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defined in (1.23). Then the following statements hold (Figure 1.39):
(i) Every component of (D(G))¢ is factor-critical.
(ii) (C(G))q has a 1-factor.
(#i) Every mazimum matching M in G saturates C(G) U A(G), and every
edge of M incident with A(G) joins a vertex in A(G) to a vertex in D(G).
(iv) The number |M| of vertices saturated by a maximum matching M is
given by

M| = |Gl + w((D(G))e) — |A(G)], (1.28)

where w((D(G))g) denote the number of components of (D(G))q.
Proof. The proof of the theorem is by induction on |G|. We may assume

that G is connected since otherwise each component of GG satisfies the state-
ments and so does (G. Moreover we may assume that G has no 1-factor since
otherwise D(G) = 0, A(G) = 0 and C(G) = V(G), and thus the theorem
holds.

Let S be a maximal barrier of G, that is, S is a subset of V(G) such that

odd(G — S) —|S] = max {odd(G — X) — |X|} =def(G) >0  (1.29)
XcV(@)

and

odd(G —Y) — Y| < odd(G — S) —|S| forall SCY CV(G). (1.30)

Claim 1. Every component of G — S has odd order.
Assume that G — S has an even component D. Then for a vertex v of D,
odd(D — v) > 1, and thus
odd(G — (SU{v})) — |SU{v}

= odd(G —S)—|S|+ odd(D — v) — |v|

> odd(G—S)—|S|,
contrary to (1.30). Hence Claim 1 is proved.
Claim 2. Fvery odd component of G — S is factor-critical.
Let C' be an odd component of G — S, v any vertex of C and T' C V(G) — v.
Then by (1.30), we have

odd(G — (SU{v}UT)) = [SU{v}UT| < odd(G— S) —|9].

Since odd(G — (S U {v} UT)) = 0odd(G — S) — 1+ odd((C —v) —T), we
obtain odd((C —v) —T) < |T'| + 2, which implies odd((C' —v) —T) < |T|



1.6. STRUCTURE THEOREM o1

by Lemma 1.4.1. Hence C' — v has a 1-factor by the 1-Factor Theorem, and
thus Claim 2 is proved.

Let {Cy,Cy, ..., Cy} be the set of odd components of G — S, where m =
0odd(G — S). We define the bipartite graph B with bipartite sets S and
{C1,Cs, ..., C} as follows: a vertex x € S and C; is joined by an edge of B
if and only if x and C; are joined by at least one edge of G (Figure 1.40).

Figure 1.40: A graph G with a maximal barrier S, and the bipartite graph B
with subsets Sy and Tj.

Claim 3. |Ng(X)| > |X| for all X C S.
Assume that [Ng(Y)| < |Y] for some ) Y C S. Then
odd(G—(S-Y))—|S-Y|>|{C1,Cs,...,Cp} — Ng(Y)| — |S = Y]
> m—|Y|=|S=Y|=m—|S|=0dd(G—-S5)—|5],
contrary to (1.29). Hence Claim 3 holds.

Claim 4. There ezists a unique maximum proper subset So C S such that
INg(So)| = |So|. Furthermore, |[Ng(Y') \ Ng(So)| > |Y| for every 0 #Y C
S — 5.

By |[Np(S)| = m > |S|, Claim 3 and by Proposition 1.1.9, there exists a
unique maximum proper subset Sq C S such that |Ng(So)| = |So]-

Let 0 #Y C S — Sp. Then it follows from the maximality of S, and
Sy C Y USy that

INg(Y)\ Np(So)| = [Np(Y U Sy) — Np(So)| > [Y USo| = [So| = [Y].

Therefore the claim is proved.



52 CHAPTER 1. MATCHINGS AND 1-FACTORS

Let To = S — Sy. Then

0dd(G —Ty) = odd(G —S) —|Ng(So)| = 0dd(G — S) — ||
= odd(G — S) — (|S] - [Tol),

and so odd(G — Ty) — |To| = odd(G — S) — |S| = def(G).

Let {Cy,Cs,...,Ck} be the set of odd components of G — T, where
k = odd(G — Tp), and let {C],C%,...,CL} be the set of odd components of
G — S corresponding to Ng(Sy), where r = |Ngp(Sy)| = [So|. Then by the
Marriage Theorem and Claim 4, it follows that

(i) B has a matching saturating S;

(ii) every matching in B saturating S saturates {C7,C%, ..., Cl}; and

(iii) for each C; (1 < i < k), there exists a matching in B that saturates
S but not C;.

Let H be a matching in B saturating S. Then for every odd component
C: (1 < j <), there exists an edge in H joining C} to a vertex x; € Sp.
Take an edge e; of G joining z; to a vertex v; in C}. By Claim 4, we can get
a 1-factor R} of C} — v;.

Similarly, for an odd component C; (1 <1i < k), if H has an edge joining
C; to x; € S, then z; € Ty and we can find an edge e; of G joining z; to a
vertex w; of C; and a 1-factor R; of C; — w;. If H has no edge joining C; to
S, then take a maximum matching R; in C;. Define

M= (Rj+e¢) + [J{(Ri+e) or R} (1.31)

1<j<r 1<i<k

Then by Theorem 1.4.8, M is a maximum matching of G since the number
of unsaturated vertices in M is k — |Ty| = odd(G — Ty) — |To| = def(G).

Conversely, every maximum matching in G is obtained in this way since
for any maximum matching M’ in G, M’ cannot saturate at least k — |Tp|
odd components in {C},Cs, ..., Ck}. Since M’ is a maximum matching, M’
does not saturate exactly k — |Ty| = def(G) components of {Cy, Cs, ..., Cy}.
Therefore M’ induces a matching H' in B that saturates S and {C], C%, ..., CL},
and thus M’ can be constructed from H' as above.

Claim 5. D(G) =V (C,)uV(Cy)U---UV(Ck) and A(G) = Tp.

It is clear that for every vertex v; of any C; (1 < ¢ < k), B has a matching
that saturates S but not C;, and C; — v; has a 1-factor by Claim 2. Hence by
(1.31), we can find a maximum matching in G that does not saturate v;. Thus
V(CHUV(Cy)U---UV(Ck) € D(G). Since every maximum matching in G is
obtained in the way mentioned above, D(G) C V(C)UV (Cy)U--- UV (Ch).
Consequently, D(G) =V (C,)UV(Cy)U---UV(Cy).
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Since NB(S()) = {Oi, Cé, ceey 07/,}, it follows that NB({Ol, OQ, ceey Ok}) =
S — Sy = Tj. Therefore

A(D(G)) = No(V(C U ---UV(C)\ (V(C) U---UV(Cy) = T,

It is easy to see that (V(C)U---UV(CL)USy) has a 1-factor, and forms
the even components of G — Ty, O

Since every component of (D(G))¢ is factor-critical, Theorem 1.4.3 is an
easy consequence of the Gallai-Edmonds Structure Theorem.

The following lemma is interesting its own right, but it is also useful to
prove Gallai-Edmonds Structure Theorem, that is, we can first prove the fol-
lowing Stability Lemma without using Gallai-Edmonds Structure Theorem,
and then apply the lemma to prove the Structure Theorem ([108] section
3.2). However, we shall prove the lemma using Gallai-Edmonds Structure
Theorem because it is shorter.

Lemma 1.6.3 (The Stability Lemma) Let G be a simple graph and V(G) =
C(G)UA(G)UD(G). Then for every vertex u € A(G), we have A(G —u) =
A(G) —u, C(G—u) =C(G) and D(G —u) = D(G).

Proof. Let u € A(G) and M be any maximum matching in G. Then by
the definition of A(G), M has an edge e incident with w. Then M — e is a
maximum matching in G — u since the size of a maximum matching in G —u
must be less than or equal to ||M|| — 1 and ||M —e|| = ||M|| — 1. Therefore
D(G) C D(G'—u), and the size of a maximum matching in G—u is || M||—1.

If a maximum matching H in G — u does not saturate a vertex = €
A(G)—u, then H cannot saturate at least w({D(G))g)—|A(G)|+1 vertices in
D(G) and two more vertices z,u € A(G) since H can cover at most |A(G)|—1
components in (D(G))e by Theorem 1.6.2. Therefore ||H|| < ||M]|| — 1,
contrary to the fact that a maximum matching in G' — u has size ||M|| — 1.
Hence (A(G) —u) N D(G —u) = 0. We can similarly show that H saturates
C(G), which implies C(G)ND(G —u) = (. Consequently, D(G —u) = D(G).

The other equalities A(G — u) = A(G) —u and C(G — u) = C(G) follow
immediately from D(G —u) = D(G). O

Since a factor-critical graph with order at least three is not a bipartite
graph (Exercise 1.6.2), every component of (D(G))¢ in a bipartite graph G
must be a single vertex. Thus the following theorem holds.

Theorem 1.6.4 Let G be a connected bipartite graph with bipartition X UY,
and let Cx = C(G)NX and Cy = C(G)NY. Then the following statements
hold (Figure 1.41):
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Figure 1.41: The decomposition V(G) = D(G)UA(G)UC(Q) of a bipartite graph
G with bipartition U; U Us; and it maximum matching Mx.

(i) (D(Q))q is a set of independent vertices of G.

(1)) (C(G))g has a I-factor, and |Cx| = |Cy|.

(#ii) FEvery mazimum matching M in G consists of a 1-factor of (C(G))a
and a matching in (A(G) U D(G))q saturating A(G).

(iv) Both A(G)U Cx and A(G)U Cy are minimum vertex covers of G.

(v) Both D(G)UCx and D(G)UCy are mazimum independent vertex subsets
of G.

Exercises

Exercise 1.6.1 Let v be a vertex of a graph G and M a mazimum matching
of a graph G, and let M' be a maximum matching of G — v. Prove that
| M| =1 < ||M'|| < ||M]] and ||M'|| = ||M]|| hold if and only if v € D(G).

Exercise 1.6.2 Show that a factor-critical graph of order at least three is
not a bipartite graph.

Exercise 1.6.3 Let G be a connected bipartite graph. Prove that Statements
(iv) and (v) in Theorem 1.6.4 hold.
1.7 Algorithms for Maximum Matchings

We gave an algorithm for finding a maximum matching in a bipartite graph in
section 1.3. In this section we shall give an algorithm for finding a maximum
matching in a graph, which was obtained by Edmonds [36].
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Before stating the algorithm, let us recall Theorem 1.3.2, which says
that “a matching M in a graph G is maximum if and only if G’ has no M-
augmenting path”. Therefore, to find a maximum matching, we should find
M-augmenting paths or determine the non-existence of such paths. In order
to effectively explore M-augmenting paths in a graph, we introduce some
new concepts and notation.

Inner vertices ={ © }
(2) Outer vertices ={ o}

Figure 1.42: (1) A matching M and an M-unsaturated vertex v; (2) The root v,
inner vertices and outer vertices.

We shall first explain the algorithm and new definitions by using exam-
ples. Let G be a graph and M a matching in G, and let v be a vertex
unsaturated by M. We call v a root, and explore all the M-alternating path

starting with v. If P = (v, 2,29, 23, %y4,...,2;) is an M-alternating path,
where each z; is a vertex of GG, then we call x1, x3,... inner vertices and
v, Tg, Xy, ... outer vertices (Figure 1.42)

Consider the graph G and the matching M given in Figure 1.42. We try
to find all the M-alternating paths starting with v as follows:

{v} {a. g}, {00}, {ced}, {d, f,j} and {f k}.

In the last step, we find that f is simultaneously an outer and inner vertex
since (u,a,b, e, f) and (u,a,b,c,d, f) are both M-alternating paths. Then
we find an odd cycle Cy = (b,c¢,d, f,e,b) containing f, i.e., if we find a
vertex which is simultaneously outer and inner, then there exists an odd
cycle containing it, and we can easily find it.

Next we contract C into a single vertex vy, which also implies that we
delete loops and replace every multiple edge by a single edge, and denote the
resulting graph by G;. The matching of G; corresponding to M is obtained
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by deleting the edges in Co N M (Figure 1.43), i.e., we obtain

Gy =G/Co, My =M~ (B(Co)NM)=MnNE(G), u=C

Figure 1.43: The graph G; = G/Cj with the matching M;i; an odd cycle Cy =
(v,a,v1,h,g,a); and the graph Go = G1/C4 and the matching Mo.

In Figure 1.43, we find an odd cycle C; = (v, a, vy, h, g) since h is simul-
taneously an outer and inner vertex in G;. Then we obtain the new graph
G5 from GG; by contracting C7, where vy is the new root since C; contains the
root v. In general, if the odd cycle C; contains the root, then C; corresponds
to the new root in G;/C;, otherwise, C; corresponds to a saturated vertex in

G;/C;.
Gy = G1/Cy, My =M NE(Gy), wvy=Ch.
Then we find an Ms-augmenting path
Py = (vo, k,l,m) in Gs.
JFrom this path P, we can obtain an M;-augmenting path
P = (v,a,v,k,l,m) in Gj.

Since vy corresponds to the odd cycle C in Gy, k and v; € V(C) are joined
by an edge in G;. There are two alternating paths in C; joining v; to v and
one of them can be added to (k,l,m). Since v; corresponds to Cy in G and
vy can be replaced by the alternating path (a,b,e, f) in Cy, we obtain the
desired M-augmenting path

P = (v,a,b,e, f,k,l,m) in G.



1.7. ALGORITHMS FOR MAXIMUM MATCHINGS 57

a
c b v n 0
0 0 o)
d m
Ol ol
; . O o)
M={m} g ! ) j m

Figure 1.44: A matching M’ in G; and non-existence of M’-augmenting path in
G.

Therefore we obtain a larger matching M" = M A E(P) in G (Figure 1.44).
There are two M’-unsaturated vertices n and o, and by the same argu-
ment as above, we can easily determine that G' has no M’-augmenting paths
starting with n or o, which implies that M’ is a maximum matching in G.
We conclude this section by giving the following algorithm for finding a
maximum matching in a graph.

Algorithm 1.7.1 Let G be a connected graph. Then a mazrimum matching
of G can be obtained by repeating the following procedure: Let 1 =0, Gog = G,
My be any matching of Gg, vy be any My-unsaturated vertex of Gy. Initially,
Vg 18 the root.

We explore all the M;-alternating paths starting with v; as explained above.
If we find a vertex x; that is both inner and outer, then we can find an odd
cycle C; containing x;, and obtain a graph G;y1 from G; by contracting C;.
The contraction of C; is the verter v,y of Gir1. If C; contains the root
of G;, then v;yq is the new root of G;i1 and is unsaturated by a matching
M;y = M; — (E(C;) N M;). Otherwise, the vertex viyy of Git1 is a vertex
saturated by M;.1. Seti =1+ 1, and repeat the procedure.

If we find an M;-augmenting path in G; connecting the root and another
M;-unsaturated vertex y, then we can find an M;_1-augmenting path in G;_
connecting the root of G;_1 and another M;_i-unsaturated vertex. Set i =
1 — 1, and repeating the above procedure until © = 1, we get the desired M -
augmenting path starting with vy. Moreover, if G; has no M;-augmenting
path starting with the root, then G has no M-augmenting path starting with
the root vy.

Some improvements on Algorithm 1.7.1 results in an algorithm that finds
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a maximum matching in O(|G|?) time ([108], section 9).

Exercises

Exercise 1.7.1 Prove some parts in Algorithm 1.7.1, that is, show that if
G1 has an Mi-augmenting path starting with the root in Gy, then G has an
M -augmenting path starting with the root v.

Exercise 1.7.2 Let M be a matching in a connected simple graph G and C'
be a odd cycle of G containing (|C| —1)/2 edges of M, and let G' = G/C be
the graph obtained from G by contracting C. Prove that M is a maximum
matching in G if and only if M' = M 0 E(G') is a mazimum matching in
G'.



Chapter 2

Regular Factors and f-Factors

2.1 The f-Factor Theorem

In this chapter we consider regular factors and f-factors mainly in general
graphs. For a positive integer k, a regular spanning subgraph each of whose
vertices has degree k is called a k-regular factor or briefly a k-factor (Fig-
ure 2.1). In order to avoid confusion, we use ”k-regular factors” in theorems,
but often use ”k-factors” in proofs. For a general graph G and an integer-
valued function

f:V(G)—Z"=1{0,1,2,3,...},

a spanning subgraph F' such that
degp(x) = f(x) forall zeV(G)

is called an f-factor (Figure 2.1). For an integer k, if the function f is
defined as f(z) = k for all x € V(G), then an f-factor is equivalent to a
k-regular factor, and so an f-factor is a natural generalization of a regular
factor. Moreover, a k-regular factor or an f-factor F' usually means a subset
of E(G) since the vertex set of F' is always V(G) and so the factor F is
determined by its edge set.

We shall give criteria for a graph to have a k-regular factor and an f-
factor, and show results on regular factors and f-factors by using these cri-
teria.

If the edge set F(G) of a graph G is decomposed into edge disjoint k-
regular factors {F;} as

E(G)=FURU- UL, FNE=0 (i#j)

then G is said to be k-factorable and the decomposition is called a k-
factorization of G.

29
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1) (2)

Figure 2.1: (1) A general graph G with a 3-regular factor; (2) A general graph G
with an f-factor, where numbers denote f(v).

The following theorem, which was obtained by Petersen in 1891, is one
of the oldest results on regular factors.

Theorem 2.1.1 (The 2-Factorable Theorem Petersen [126]) For every
integer r > 1, every 2r-reqular general graph is 2-factorable. In particular,
for every integer k, 1 < k < r, every 2r-reqular general graph has a 2k-
reqular factor.

Proof. Let G be a 2r-regular general graph. We shall prove that G is
2-factorable by induction on r. If we prove that G has a 2-factor F', then
the theorem is proved because G — F' is a 2(r — 1)-regular graph and has a
2-factorization by induction. Moreover, the union of k edge-disjoint 2-factors
of GG forms a 2k-factor of GG, and so the latter part also follows immediately
from the existence of a 2-factorization.

We may assume r > 2 and the graph G is connected. Since every vertex
of G has even degree, G has an Euler circuit C. Traversing this Euler circuit,
we get an orientation of G (Figure 2.2). Then it is clear that in the oriented
graph E’), every vertex has indegree r and outdegree 7.

We construct an r-regular bipartite multigraph B with bipartition (X, Y)
as follows: two vertices z € X = V(G) and y € Y = V(G) are joined by
an edge of B if and only if G has a directed edge (zy) (Figure 2.2). By
Theorem 1.1.2, B can be decomposed into r 1-factors Hy, Hs, ..., H,. From
each H;, we obtain a spanning subgraph F; = (V(G), H;) of G by regarding
e_a)ch edge of H; as an edge of GG. Since for every vertex v of the oriented graph
G, H; has two directed edges expressed as (vz) and (yv), F; is a 2-factor of
the given graph GG. Consequently the theorem is proved. O

We now give the most important theorem in this chapter. This is called
the f-factor Theorem obtained by Tutte in 1952. His original proof uses
alternating trails and is interesting, but rather long. In 1954 he gave a new
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b abcdi j

abcdij
(1) G (2) B ) F={=}
Figure 2.2: (1) A graph G with Euler circuit (a,a,b,c,d, ¢, j, b,i,j,d,i,a); (2) The

bipartite graph B with a 1-factor Hy; and (3) The 2-factor Fy corresponding to
H;.

considerably simpler proof by making use of the 1-factor Theorem. Here we
adopt this new proof. Note that a different form of the criterion for a graph
to have a k-regular factor was obtained by Ore ([124]).

Theorem 2.1.2 (The f-factor Theorem Tutte [139], [140]) Let G be a gen-
eral graph and f : V(G) — ZT ={0,1,2,3,...}. Then G has an f-factor if
and only if for all disjoint subsets S and T of V(G),

=Y fl2)+ > (degg(z) — f(x) — ec(S,T) — q(S,T) > 0, (2.1)
zes zeT
where q(S,T) denotes the number of components C of G — (SUT) such that

" f@) +ea(C,T) =1 (mod 2), (2.2)

zeV(C)

and the function 6(S,T) is defined by (2.1).

Some remarks are in order. For convenience, we call a component C' of
G — (SUT) satistying (2.2) an f-odd component of G — (SUT). It is easy

to see that
ZdegG( —eq(S,T) Zdegg g(z

z€eT €T

and thus (2.1) can be expressed as

T)y=) fla)+ ) (dego_s(x) = f(z)) —a(S.T) 2 0. (2.3)

€S z€T

Another useful relation, due to Tutte, is the following:
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= Y f(x) (mod 2). (2.4)

zeV(G)

Thus if ) ) [ (x) is even, then

0(S,T) =0 (mod 2). (2.5)

Note that the f-factor theorem holds even if f(v) > degqs(v) or f(v) <0
for some vertices v of G, since the inequality (2.1) includes the condition that
0 < f(x) < degg(x) for every z € V(G). This will be shown in the proof of
sufficiency of the f-factor Theorem.

For a constant integer k > 1, by setting f(x) = k for all z € V(G), we
have the following k-regular factor theorem, which were obtained by Belck
[16] and Tutte [139] independently.

Theorem 2.1.3 (The Regular Factor Theorem, Belck and Tutte) Letk >
1 be an integer and G be a general graph. Then G has a k-reqular factor if
and only if for all disjoint subsets S and T of V(G),

5(S,T) = k|S|+ ) degg(x) — k|T| — ea(S,T) — q(S,T)  (2.6)

= kIS|+)_degg_s(x) — kIT| = q(S,T) > 0, (27)

zeT

where q(S,T) denotes the number of components C, called k-odd components,
of G — (SUT) such that

E|C|+ eq(C,T) =1 (mod 2). (2.8)

Proof of necessity of the f-factor Theorem. Suppose that a general
graph G has an f-factor F'. We may assume that GG is connected since if each
component of G satisfies (2.1), then G itself satisfies (2.1). Then we have

Z flx Z degp(x) = 2||F],

zeV (G zeV (G

and so G itself is not an f-odd component of G = G — () U(). Thus we have
5(0,0) = —q(0,0) = 0.

Let S and T be two disjoint subsets of V(G) such that SUT # 0. Let
G — F denote the spanning subgraph of G with edge set E(G)— E(F), and let
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Dl nE DI’ Cl nE Cm
N /X
S Jeasn
G

Figure 2.3: A graph G with disjoint subsets S U T, the f-odd components
Ci,...,Cp and the other components D1, ..., D,.

C1,Cs, ..., Ch,, where m = ¢(S,T), be the f-odd components of G — (SUT)
(Figure 2.3). By the equation

degg () — f(2) = degg(v) — degp(r) = degg_p (),

we have

> (degg(z) — f(z)) = ) degy ()

zeT zeT

> eq-p(T,S)+ Z ea—r(T,C;).
i—1

Furthermore, it follows that

m

Y fl@)=) degp(z) = er(S,T) + ) _er(S,C).

zeSs zeSs i=1

By the two previous inequalities, we have

0(S,T) = ep(S,T)+ Y er(S,Ci) +ea-r(T,S) + > ear(T,C)
=1 =1
—eq(S,T) —m

— Z(ep(s, C)) +eqrp(T,C;) — 1)'

i=1
Therefore, in order to prove (2.1), it is sufficient to show that for every
C= Cia
er(S,C) + eq_p(T,C) —1 > 0. (2.9)
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If eg_p(T,C) > 1, then (2.9) holds, and so we may assume that eg_p(T,C)
= 0, which implies

eq(T,C) =ep(T,C).
Hence

Y. fl@) + e(CT) = ) degp(z) +ep(C.T)

2€V(C) 2€V(C)
2[(V(O))pl| +er(C,SUT) +ep(C,T)
= ep(C,S) (mod 2).

By (2.2) and the above equation, we have er(C,.S) > 1, which implies (2.9)
holds. Consequently necessity is proved. O

Proofof (2.4). LetCy,Cs,...,Cp,m =q(S,T), bethe f-odd components
of G—(SUT), and Dy, Ds,..., D, be the other components of G — (SUT)
(Figure 2.3). Then

Z f(x) +eq(D;,T) =0 (mod 2) for every 1<i<r.

zeV(D;)
Hence
m = Z( Z x) + eq CZ,T)>
=1 zeV(C;)
= Z( 3N f@) teo CZ,T)) Z( 3 f(:z:)+eG(Dl-,T))
i1 2V (Ch) i=1 wev(D,)
= Y @) + eV(G) = (SUT),T) (mod 2)
2€V(G)—(SUT)
Therefore

6(S,T) = Z f(z) + Z(degg(x) + f(x)) +eq(S,T)+m

= > fl@)+ Y (degg(e) + f(2)) +ec(S,T)

+ ) fl@) +ec(V(G) - (SUT),T)

zeV(GQ)—(SuT)
= Zf ) + 2Tl + ea(T.V(G) = T) + ea(S, T)

zeV (G
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+eq(V(G) — (SUT),T)
= Z f(z) (mod 2).

zeV(GQ)
Consequently (2.4) holds. O

We now prove the sufficiency of the f-factor Theorem based on Tutte
[140], (]20], Section 2.3).

Proof of the sufficiency of the f-factor Theorem. If a general graph
G satisfies the condition (2.1), then each of its components satisfies (2.1),
and if each component of G has the desired f-factor, then their union is the
desired f-factor of G. Hence we may assume that G is connected.

For each vertex v of G, we have by (2.1)

6(0.{v}) = degg(v) — f(v) —q(@,{v}) 20, and
i{v},0) = flv)—aq({v},0) >0,
0

and so 0 < f(z) < degq(z). Since 6(0, D) = —q(0,0) > 0, we have ¢(0, 0) = 0,
which implies

Z f(x) =0 (mod 2). (2.10)

zeV (G

We now construct a new snnple graph G* from G as follows: For every
edge e = zy € E(G), where we allow x = y, we introduce two vertices e(x)
and e(y) of G*, and join them by an edge e of G*. Thus for every vertex v
of G, if {e1,ey,..., €.} is the set of edges incident with v in G, then G* has

a set
S(v) ={e1(v),ex(v),...,e.(v)}

of vertices corresponding to v (Figure 2.4).
Next for every vertex v of G, we add a set

T(U) = {Ul,...,Up}, p:degG(U) —f(U)
of vertices to G*, and join every vertex of T'(v) to every vertex of S(v)
(Figure 2.4). Of course, if f(v) = degs(v), then T'(v) = (). Hence we have
V(G*)=S"UT", where
U S(v) and T™ = U T(v); and (2.11)
veV(G) veV(G)
E(G")=EG)U{ry |z S(v) and yeT(v)}. (2.12)
We next show that G has an f-factor if and only if G* has a 1-factor.
Assume that G has an f-factor F'. Then by regarding E(F) as a subset of



66 CHAPTER 2. REGULAR FACTORS AND F-FACTORS

Figure 2.4: A general graph G with an f-factor; and the corresponding simple
graph G* with a 1-factor.

E(G*), we can get a matching which covers f(v) vertices of S(v) for every
v € V(G). The remaining uncovered vertices of S(v) can be covered by a
matching of G* which joins the remaining uncovered vertices of S(v) to all
the vertices of T'(v). Therefore G* has a 1-factor. Conversely, if G* has a 1-
factor K, then E(G)N E(K) C E(G*) induces an f-factor of G by regarding
it as a edge subset of G. Therefore G has an f-factor if and only if G* has a
1-factor (Figure 2.4).

Suppose that G satisfies the condition (2.1) but has no f-factor. Then
G* has no 1-factor. By the 1-Factor Theorem (Theorem 1.4.2), there exists
a subset Y C V(G*) such that odd(G* —Y') > |Y|. Choose a minimal set X
among such subsets Y. Then X # (). By Lemma 1.4.1, we have

odd(G* — X) > | X| + 2.

Then for each v € V(G), the following claim holds.
Claim 1. (1) IfT(v)NX #0, then T(v) C X.
(2) If S(v)NX #0, then S(v) C X.
(3) S(v)UT(v) L X. In particular, if T(v) =0 then S(v)NX =0 .

Proof. (1) Suppose that X N T'(v) # 0 but T(v) € X (Figure 2.5 (1)).
Then T'(v) # (), and

odd(G* — (X \ T(v))) = 0dd(G* — X) — 1> |X| + 1> |X \ T(0)].

This contradicts the minimality of X.
(2) Suppose that X N S(v) # 0 but S(v) € X (Figure 2.5 (2)). Let
e(v) € S(v) N X, where e = vu € E(G). Then e(v) is adjacent to at most
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two components of G* — X since T'(v) \ X is empty set or is contained in a
component as S(v) Z X. Hence

o(G" — (X \{e(v)})) = 0dd(G" = X) =2 = [X]| > [X\ {e(v)}].

This contradicts the choice of X.
(3) Assume S(v) UT(v) € X for some v € V(G). Choose a vertex
e(v) € S(v). Then

0dd(G" — (X \ {e(v)})) 2 0dd(G* — X) =1 > |X] +1 > | X\ {e(v)}],

a contradiction.

T(v)

()

Figure 2.5: (1) X NT(v) #0 but T'(v) € X; (2) X NS(v) # 0 but S(v) € X.

We define

X(5) = {veV(G) ]S X},
X(T) = {veV(G)|Tw)C X}

Then if T'(v) = 0, then v € X(T), and the next claim holds.

Claim 2. (4) The number of isolated vertices of G* — X contained in S*
is eq(X(T), X (S)) (Figure 2.6).

(5) The number of isolated vertices of G* — X contained in T™ is
> aex(s)(degg () — f(x)) (Figure 2.6).

(6) |X|—odd(G*— X)=0(X(5),X(T)).

Proof. (4) Let e(v) be an isolated vertex of G* — X contained in S*, and
let e = vw € E(G) C E(G*). Then T(v) C X and S(w) C X, and thus
v e X(T) and w € X(5), which implies e € Eg(X(T"), X(5)). Conversely, if
e =vw € Eg(X(T),X(5)), then T'(v) C X and S(w) C X, and so e(v) is
an isolated vertex of G* — X contained in S*. Hence (4) holds.

(5) This follows immediately from (2) and the definition of G*.
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{1 X©=() . %
"o T xMeabekar | TS g O T

Figure 2.6: G with X(S) and X(T'), and G* with X. The isolated vertices
of G* — X are denoted by black circles. C* is an odd component of G* — X,
V(C*)=S(d)uT(d)U{e(ur),e(ug)}, and V(C) = {d}.

(6) Let C* be an odd component of G* — X with order at least three
(Figure 2.6). It is clear that if C* contains an edge joining a vertex of S(x)
to a vertex of T'(x), then C* must contain S(z) UT (x). Hence we can write

V(e =@ uT(@) ule(w),. .. e(u)},

xT

where e(u;) are the endvertices of C* such that T'(u;) € X. Let
C={reV(G)|S)UT(x) CV(C")}e.

Then C' is a component G — (X (S) U X (7)), and

= Y (2degg(e) = f@) +{elw),- - e(ur)}]

zeV (C)

= Y f(z) +eq(C,X(T)) (2.13)
zeV(C)

= 1 (mod 2) (since C* is an odd component of G* — X.)

By (2.13), C'is an f-odd component of G — (X (S) U X(T)). Therefore the
number of those odd components of G* — X whose order is at least three is
equal to ¢(X(S), X(T)).

It is obvious that

X|= > deggl)+ > (degg(z) — f(x)).

z€X(S) zeX(T)
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By combining (4), (5), (6) and the above equation, we get
| X| — 0dd(G* — X)
= ) degg(e)+ Y (degg() — f(2)) — ea(X(S), X(T))
)

zeX(S zeX(T)
— ) (degg(w) — f(x)) — a(X(S), X(T))
z€X(S)
= D @)+ Y (degg(n) - f(2))
zeX(S) zeX(T)

- eG(X(S)v X(T)) - Q(X(S)7X(T)
_ 5(X(S), X(T)).

By (6) and by (2.1), we can derive a contradiction since 0 > | X |—odd(G*—
X)=0(X(S),X(T)) > 0. Consequently the proof is complete. O

We have now proved the f-Factor Theorem and k-Regular Factor The-
orem. It is not so easy to apply these theorems because §(S,7") may be
complex and the number ¢(S,T") of k-odd components of G — (S UT) may
be difficult to estimate. So many results in the following sections were only
recently obtained in the 1980s. The k-Regular Factor Theorem, however,
was proved in the early 1950s.

We conclude this section by giving the f-Factor Theorem in Bipartite
Graphs, which is simpler than the f-factor theorem.

Theorem 2.1.4 (The f-Factor Theorem in a Bipartite Graph) Let G
be a bipartite multigraph and f : V(G) — Z*. Then G has an f-factor if
and only if for all disjoint subsets S and T of V(G),

5(5,7) =3 fla) + 3 (dega(w) — f(a) —ea(S.T) 2 0. (214)

zes z€eT
The proof of Theorem 2.1.4 is shown in Section 2.4.

2.2 Regular Factors in Regular Graphs

In this section, we first consider regular factors in regular graphs. We already
showed that every 2r-regular graph has a 2k-regular factor for every k,1 <
k < r. Furthermore, some results on 1-factors in an r-regular graph show
the existence of (r — 1)-regular factors in the r-regular graph by taking the
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complement of the 1-factor in the given graph. For example, the existence
of a 1-factor in every 2-edge connected cubic graph means the existence of
a 2-factor in such a graph. We begin with the next theorem, whose proof is
based on [68] and give another proofs to the theorems mentioned above.

Theorem 2.2.1 (Regular Factors in Regular Graphs) Let r and k be
integers such that 1 < k < r, and G be a \-edge connected r-reqular general
graph, where X > 1. If one of the following conditions holds, then G has a
k-regular factor.

(1) r and k are both even. (Petersen [126] (1891))

(2) v is even, k is odd, |G| is even, and ¥ < k < r(1 —3). (Gallai [51]
(1950))

(8) ris odd, k is even and 2 < k < r(1—5). (Gallai [51] (1950))

(4) r and k are both odd and 5 < k. (Gallai [51], Babler [14])

(5) Let \ be an integer such that \* € {\ X+ 1} and \* = 1 (mod 2).
Either v is odd, k is even and k < r(1 — &), or both r and k are odd and

A*
1 < k. (Bollobds, Saito and Wormald [22])

Proof. We use the Regular Factor Theorem 2.1.3. It is immediate that
5(0,0) = 0 since k|G| is even. Let S and T be disjoint subsets of V(G)
such that SUT # 0, and let Cy,Cy,...,C,, be the k-odd components of
G—(SUT). Set =%, Then 0 < # < 1, and we have

8(S.T) = KS|+ ) degg(z) = k|T| —ea(S.T) = q(S.T)
= kS| + (r=K)|T| —ea(S,T) —q(5,T)
= Or|S|+ (1 —=0)r|T| —ec(S,T) —m

= 6’2 degq(z) + (1 —0) Zdegg(x) —eq(S, T)—m

zeSs zeT
> 0(eq(S,T) + Zea(S, Ci)) + (1 = 0)(ec(T,S)
+§: eq(T,Cy)) —eq(S,T) —m

i=1
m

= Z(@eg(s, CZ) + (1 - e)eG(Ta CZ) o 1)

i=1
Hence it suffices to show that for every C' =C;, 1 <1 < m,

Bec(S,C) + (1 — O)ea(T,C) > 1. (2.15)
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Since C'is a k-odd component of G — (S UT), we have
E|C|+ eq(T,C) =1 (mod 2). (2.16)
Moreover, since G is A-edge connected and

rlCl= )" degg(z) =ec(SUT.C)+2||C]l,
zeV(C)

we have
r|Cl=eq(SUT,C) (mod 2) and eq(SUT,C) > A (2.17)
It is obvious that the two inequalities eq(S,C) > 1 and eq(7,C) > 1 imply
Oeq(S,C)+ (1 —0)eq(T,C) >0+ (1 —0)=1.

Hence we may assume eg(S,C) = 0 or eq(T,C) = 0. We consider the
following two cases under the assumption that one of conditions (1)-(4) is
satisfied. Condition (5) will be considered later.

Case 1. eg(S,C) = 0.
If both r and k are even, then by (2.16) and (2.17), we have

eq(T,C) =1 (mod 2) and 0=eq(T,C) (mod 2).

This is a contradiction. If k < r(1— 1), then # <1— 1 andso 1 < (1—6)\.
By substituting (2.17) and eq(S,C) = 0 into (2.15), we have

(1—0)ec(T,C) > (1— A > 1.
If both r and k are odd, then by (2.16) and (2.17), we have
|IC| + eq(T,C) =1 (mod 2) and |C| = eq(T,C) (mod 2).

This is again a contradiction.
Case 2. eq(T,C) = 0.

By (2.16) we have k|C| = 1 (mod 2), which implies that £ must be odd.
Hence we may assume that k is odd. Then { < k by (2) and (4). Hence
OX > 1, and so by (2.17) we obtain

fec(S,C) > OA > 1.

Consequently, every condition (1)-(4) guarantees the existence of k-factors.
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In order to prove (5), it suffices to show that (2.15) holds under the

assumption that eg(S,C) = 0 or eq(T,C) = 0. We first consider the first

part of (5), i.e., we assume that r is odd, k is even and k < r(1 — &). If

eq(S,C) =0, then by (2.16) and (2.17), we have g
eq(T,C) =1 (mod 2) and eq(T,C) > A.
Hence eq(T,C) > A\*, and thus
(1—0)ec(T,C) > (1— 0N > 1.

If eq(T,C) = 0, then by (2.16), we have k|C| = 1 (mod 2), which contradicts
the assumption that k is even.

We next consider the second part of (5), i.e., we assume that both r and
k are odd and > < k. If eq(S,C) = 0, then by (2.16) and (2.17), we have

|IC| + eq(T,C) =1 (mod 2) and |C| = eq(T,C) (mod 2).
This is a contradiction. If eq (7, C') = 0, then by (2.16) and (2.17), we have
|IC| =1 (mod 2) and |C|=eq(S,C) (mod 2),
which implies eg(S, C') > A*. Thus
fec(S,C) > O3 > 1.

Consequently the proof is complete. O

We now show that every (r — 1)-edge connected r-regular multigraph G
has a 1-factor by making use of the above Theorem 2.2.1. First assume r
is even. Then an (r — 1)-edge connected r-regular graph must be r-edge
connected because G is an Euler graph. Hence

f:lezkgr@—l) 1,
AT r

and so G has a 1-factor by (2) of Theorem 2.2.1. We next assume that r is
odd. Then by (5) of Theorem 2.2.1, \* = r since A = r — 1 is even. Hence

A+
which implies G has a 1-factor.
The following corollary is an immediate consequence of Theorem 2.2.1,

but is a nice generalization of Petersen’s Theorem, which says that every
2-connected cubic graph has a 2-factor.
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Corollary 2.2.2 (Baebler [14] (1938)) (1) Let r > 3 be an odd integer.
Then every 2-edge connected r-reqular general graph has a 2-reqular factor.
(2) Let r > 3 be an odd integer and k an even integer such that 2 < k < r.
Then every k-edge connected r-reqular general graph has a k-reqular factor.

Proof. We shall prove only (2). We apply (5) of Theorem 2.2.1 to an odd
integer r and an even integer k such that 2 < k < r — 1. Since A = k and
A*=k+1in (5), we have

T(l—%>:7“<1—%+1> Z(k—i—l)(l—%ﬂ)zk.

Hence a k-edge connected r-regular general graph described in (2) has a
k-factor. O

We now show that some conditions in Theorem 2.2.1 are sharp (Bollobds,
Saito and Wormald, [22]). Let r > 2 be an even integer, k > 1 an odd integer
and A > 1 an even integer such that k < & or 7(1 — §) < k.

For integers r,t, A such that 1 < A\ < ¢ < r, let H(r,t;\) be a A-edge
connected bipartite simple graph with bipartition (U, W) such that every
vertex of U has degree r and every vertex of W has degree ¢, and let J(r,¢; \)
be a A-edge connected simple graph of even order in which one vertex, say
v, has degree t and all the other vertices have degree r (Figure 2.7). We
now construct our graph G(r,\) from H = H(r,A\;\) and |W| copies of
J = J(r,\; \)’s as follows: for every vertex w € W of H, replace w by J,
i.e., remove w from H, remove vy from J and join every u € U adjacent to w
in H to a vertex of J adjacent to vy in such a way that the resulting graph
is r-regular (Figure 2.7). It is immediate that G(r, \) is a A\-edge connected
r-regular simple graph.

H(4,2;2)

J(4,2:2)

Figure 2.7: Graphs H(4,2,;2), J(4,2) and G(4,2).

We now show that the graph G = G(r, A) has no k-regular factor for every
odd integer k such that k < % or (1 — ) < k. Let S = U and T' = (). Then
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each component J — vy of G — S is a k-odd component since
k|J —vo| + eq(V(J —vp),0) = k|J —vo| =1 (mod 2).

Thus if & < {, then
r
0(U,0) = kU| = q(U,0) < 1|U| = W] =0.

Hence G has no k-factor by the Regular Factor Theorem. Moreover, G has
no (r — k)-factor, which implies &' = r — k satisfies (1 — §) < &’ and an
r-regular graph G has no k’-factor.

We consider graphs H(r,\*; \) and J(r, \*; \) when r is odd and A > 1
and obtain a graph G(r,A). Then we can show that G = G(r, \) has no
k-regular factor if either k is even and k > (1 — 55), or k is odd and k < 5=.
The proof is left to the reader (Exercise 2.2.1).

The next theorem says that every regular graph of small order has a
regular factor. Of course, a connected 2-regular simple graph is a cycle, and
so if r = 2 and k = 1, the statement (i) in the following theorem holds for

every (G. Except for this trivial case, the conditions in the theorem are sharp.

Theorem 2.2.3 (Niessen and Randerath [116]) Let G be a connected r-reqular
simple graph with v > 3, and let k be an integer such that 1 < k < r. If
k|G| is even and one of the following conditions holds, then G has a k-regular
factor.

(i) 7 is even, k is odd, and |G| < (r 4 1)3r + 2.

(ii) r and k are both odd, and |G| < (r+2)(k+ 1).

(111) v is odd and k is even and |G| < (r+2)(r — k +1).

Proof. We shall first prove (i). We may assume that k& < r/2 since if G has
a k-factor F' for an odd integer 1 < k < /2, then G — F'is an (r — k)-factor
and r — k is an odd integer with r — k > r/2. Let S and T be disjoint
subsets of V(G) such that SUT # (), and let Cy,Cs, ..., C,, be the k-odd
components of G — (SUT). Set § = k/r. Then 0 < § < 1/2, and we have

0(S,T) = k|S|+)_ degg(w) = k[T| —e(S,T) — q(S,T)
kS| + (r = K)|T| = ec(S,T) — q(S,T)
Or|S|+ (1 —0)r|T| —eq(S,T) —m

> HZdegG(x) +(1-6) Zdegg(x) —eq(S,T)—m
zes zeT
> Bea(5,T)+ S el C) + (1- )(ealT,S) + 3 ea(T,0)

i=1 i=1
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—eq(S,T) —m

= i(&eG(S, CZ) + (1 - 0>€G(Ta CZ) o 1)

1

1

> S (0ea(SUT,C)—1)  (by 1—60>0)

M-

=1

Let C' = C;, 1 < i < m. Hereafter we show that feq(SUT,C)—1 >0 or
Yo (Beq(SUT,C;) — 1) > 0 which completes the proof.

Casel. 1 <|C|< .

Since G is a simple graph, for every vertex z € V(C), |Ng(z)N(SUT)| >
r —|C| + 1, which implies eq(C, SUT) > |C|(r — |C| + 1) > r. Hence

feg(SUT,C)—1>0r—1=k—-1>0.

Case 2. |C]|>7r+1.
There exist at most P components C; with |C;| > r+1 as |G| < 3r + 2.
S0

8(S.T) > (Bec(SUT,C;) —1) > (0 —1) > -2,

which implies 6(S,T) > 0 by §(S,7) = 0 (mod 2) (2.5). Consequently (i) is
proved.

We next prove (ii). Let S and T be disjoint subsets of V(G) such that
SUT # 0, and let Cy,Cs, ..., C,, be the k-odd components of G — (SUT)
such that
(i) |G| <rforl<i<agq
(i) |Cs] >r+1and eq(T,C;) > 1 for a <i < a+ b; and
(iii) |G| > r+1and eq(T,C;) =0fora+b<i<a+b+c=m,
where some of a, b, ¢ can be 0.

Since C; is a k-odd component, we have

k|Ci| + ea(T, C;) = |Ci] + ea(T, C;) = 1 (mod 2).
If eq(S,C;) = 0, then

Cl=rlCl = 3 degalr) = eo(SUT, C) +2/|C| = e6(T, Cs) (mod 2).

:EGV(X,L)
The previous two equations result in a contradiction, and so

eq(S,C;) >1 for all 1 <i<m. (2.18)



76 CHAPTER 2. REGULAR FACTORS AND F-FACTORS

If a > 1, then for every C;, 1 < i < a, by the same argument as before, we
have eq(SUT,C;) > r, and so

Oec(S,C;) + (1 — 0)ea(T, Cy) min{f,1 — 0}eq(SUT,C;)

>
; min{k,r — k}. (2.19)
For every C;, a < i < a+ b, we have
Oec(S,C;) + (1 —0)eq(T,C;)) —1>0+1—-60—-1=0.

Ifa+b<i<a+b+ec then k|Ci| + eq(T,C;) = |C;] = 1 (mod 2), and so
|C;| > r + 2, which implies ¢ < k as |G| < (r+2)(k + 1).
Claim. Ifa>1, then §(S,T) > 0. Hence we may assume a = 0.

Suppose a > 1. If k < r/2, then

SST) > 3 (0ea(S.C) + (1 0)ea(T.C) — 1)

- azc (Bec (S, Cy) — 1)

(k=Da+@-1)  (by (2.19))

(k=140 —Dk=k—1> -2 (byc<k)
>

(VALY

This implies 6(S,7) > 0. If k > r/2, then

SST) > 3 (0ea(S.C) + (1 0)ea(T.C) — 1)

a+b+c
+ Y (Bea(S,Cy) — 1)
i=a+b+1
> (r—k—1a+0O@—-1)c>r—k—1+(0—-1)k

]432 7“2
= r—-2k—14—>r—-2r—1+—=-1. (byr/2<k<r)
r T

This implies 6(S,T) > 0. Therefore we may assume that a = 0. We consider
the following two cases.

Case 1. |S| > |T).
In thiscase, m=b+c<k+1las|G|<(r+2)(k+1)<(r+1)(k+2),

and
Zdegg( =r|S|>r(|T|+1) = ZdegG

zeSs zeT
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Hence

5(S.T) = 0 degg(z)+ (1—0))  degg(x) — eq(S,T) —

€S zeT

> 0> degg(x)+0r+(1—6)> degg(x) —ea(S,T) —m

zeT zeT

> ) degg(x) —ea(S,T) +k— (k+1) > —1.

z€T
Thus 6(S,T) > 0
Case 2. |S| < |T.
It follows that

S degg(e) = r|T] > rlS| = 3 degg ()

zeT zeS
Then
8(S.T) = 0 degg(z)+ (1—0) ) degy(x) — eq(S,T) —
TES zeT
> HZdegG(x) (1-46 ZdegG —eq(S,T) —
zes €S
= Zdegg —eq(S,T) —
z€S

v

eqa(S,V(G) = (SUT))+eq(S,T) —eq(S,T) —m > 0. (by (2.18)

Therefore §(S,T) > 0. Consequently (ii) is proved.

(iii) is an easy corollary of (ii) since if 7 is odd and k is even, then r — k
is odd and so G has an (r — k)-factor F' by (ii), and then G — F'is a k-factor.
O

Theorem 2.2.4 (Katerinis [83] (1985)) Let a,b, k be odd integers such that
1 <a <k <b If a general graph G has both an a-reqular factor and a
b-reqular factor, then G has a k-regular factor. In particular, if an r-reqular
general graph H has a 1-factor, then for every integer h, 1 < h <r, G has
an h-reqular factor.

Proof. We first prove that G has a k-factor. Assume that G has no k-factor.
Then by the Regular Factor Theorem, there exist two disjoint subsets S and
T of V(G) such that

0(S,T) = k|S| = degq(w) — k|T| + ea(S,T) — q(S,T; k) <0, (2.20)

zeT
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where ¢(S,T; k) denote the number of k-odd components C' of G — (SUT),
which satisfy
E|C|+ eq(C,T) =1 (mod 2). (2.21)

Since GG has both an a-factor and a b-factor, we have

alS| =) " degg(z) — alT| + ea(S,T) — ¢(S, T;a) > 0
xzeT
bIS| = degq(w) — b|T| + ea(S, T) — q(S, T;b) > 0.

zeT

Since a, b and k are all odd integers, by (2.21) we can easily see that ¢(S,T; k) =
q(S,T;a) = q(S,T;b). By the two previous inequalities and (2.20), we obtain

(@ —=k)([S|=T]) >0 and (b—k)(|S|—[TT]) > 0.

If |S| > |T|, then (a—k)(|S|—1|T"|) < 0 as a < k, a contradiction. Similarly, if
|S| < |T|, then (b—Ek)(|S|—|T|) <0 as k < b, which is again a contradiction.
Consequently G has a k-factor.

Suppose that and an r-regular general graph H has a 1-factor Fy. If r is
odd, then by the statement proved above, for every odd integer ¢, 1 < ¢ < r,
H has a c-factor F,, and also an (r — ¢)-factor H — E(F.). Hence for every
integer h,1 < h < r, H has a h-factor.

If r is even, then H — F} is an (r — 1)-factor. Hence for every odd
integer ¢,1 < ¢ < r — 1, H has a c-factor by the statement proved above.
By the 2-Factorable Theorem 2.1.1, it is obvious that for every even integer
d,2 < d < r, H has a d-factor. Hence the latter part of this theorem is
proved. O

The next theorem shows the existence a k-regular factor that contains a
given edge or excludes such an edge, and its proof is based on [67].

Theorem 2.2.5 Let r and k be integers such that 1 < k < r, and G be a
A-edge connected r-reqular general graph, where A > 2. If G satisfies one the
following conditions, which are the same as in Theorem 2.2.1, then for any
given edge e, G has a k-reqular factor containing e and another k-reqular
factor excluding e.

(1) r and k are both even.

(2) r is even, k is odd, |G| is even, and 5 <k <r(1— 3).

(8) ris odd, k is even and 2 < k < r(1—3).

(4) r and k are both odd and < k.

(5) Let X be an integer such that \* € {\, \+1} and \* =1 (mod 2). Either

ris odd, k is even and k < r(1 — /\i), or v is odd, k is odd and = < k.
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>
S/
G &

Figure 2.8: A graph G with an edge e; a new graph H with a new vertex w of
degree two; and an f-odd component C' of H — (S UT).

Proof. Let e = uv be a given edge of G. Here we assume that e is not a loop
since otherwise we can prove the theorem as well. Moreover, if k = r — 1,
then G must be (r — 1)-edge connected and so G has no loops, and thus e
is a standard edge. Let H be the graph obtained from G by inserting a new
vertex w of degree two into e (Figure 2.8). Then V(H) = V(G) U {w}, and
define two functions fi, fo: V(H) — ZT as

filz) :{ O it w=w 4 £ :{ 2w =w (2.22)

k otherwise, k otherwise.

Then it is obvious that G has a k-factor excluding e or containing e if and
only if H has an fi-factor or an fo-factor, respectively. So we use the f-factor
Theorem 2.1.2. For convenience, we write f for f; or fs because most parts
of the proof of the existence of an f;-factor, i € {1,2}, are the same.

Since both > v fi(x) = k|G| and 3_ v ) fo(x) = k|G| + 2 are even
numbers and G is connected, 0 (0, ) = 0. Let S and T be disjoint subsets of
V(H) such that SUT # (). We shall show that §(S,T") > 0, which guarantees
the existence of the desired f-factor. Set §# = k/r. Then 0 < 6 < 1, and

f(z) =k =0degy(x) forallze V(H)—w,
fi(w) = 0 degy (w) — 26,
—fo(w) = —0degy(w) — 2(1 —0).

Hence we have

5(S.T) = > fla)+> (degy(x) — f(x)) — en(S,T) — q(S,T)

zeSs zeT
> HZdegH(m) +(1-9) Z degy (z)
€S zeT

_eH(Sa T) o Q(Sa T) + 6
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where

—20 if weSand f=Ff;
e=4¢ —2(1—-0) if weT and f=fo (2.23)
0 otherwise.

Since §(S,T) = 0 (mod 2) by (2.5), it suffices to show that §(S,T) > € as
€> —2.

Let Cy,Cs, ..., Cy, be the f-odd components of H — (S UT), where m =
q(S,T). Then

(S, T) > GZdegH(x) (1—0 ZdegH )—en(S,T)—m-+e

zeSs zeT
m

> 0(en(S.T)+ > en(S,Cy))

i=1

+(1—=0)(en(T,S)+ Zm:eH(T, Cy) —en(S,T)—m+e

= Z(QGH(S, CZ) + (1 — Q)QH(T’ CZ) — 1) + €.

i=1
We shall show that for every C'=C}, 1 <1 < m,

The proof is complete.
Since C'is an f-odd component of H — (SUT), by the f-Factor Theorem
we have

Z f(z) +eq(T,C) =1 (mod 2). (2.25)
zeV (C
Moreover,
Z degy(z) = en(SUT,C) +2[|C]], (2.26)
zeV(C)
follows and so
rlCl= ) degy(x) =en(SUT,C) (mod 2) if wgC.  (227)

zeV(C)

Suppose V(C) = {w}. Then f(w)+ eg({w}, T) =1 (mod 2) by (2.25).
Hence eg({w},T) =1, [{u,v} NT| =1 and [{u,v} N S| = 1. Therefore

Oerr(S,C) + (1 — 0)en(T,C) >0+ (1—6) = 1.
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Hence we may assume that C' # {w}, so, even if C' contains w, at least one of
{u,v} is contained in C, and thus ey (C, SUT) > X (Figure 2.8). Therefore
we may assume that

en(SUT,C) > A. (2.28)

It is obvious that the two inequalities ey (S,C) > 1 and ey (7,C) > 1
imply
Oey(S,C)+ (1 —0)eu(T,C) >0+ (1-0) =1.

Hence we may assume ey (S, C) =0 or eg(T,C) = 0. We consider two cases
under the assumption that one of conditions (1)-(4) holds. Condition (5) will
be considered later.

Case 1. ey(S,C) =0.
If both r and k are even, then by (2.25) and (2.26), we have

eg(T,C) =1 (mod 2) and 0=eg(7T,C) (mod 2),

which is a contradiction. If k < r(1—1), then § < 1—1 andso 1 < (1—0)\.
By (2.28) and ey (S, C') = 0, we have ey (T,C') > A, and hence
(1—=0)ey(T,C) > (1—-0)A > 1.

Therefore we may assume that both r and k are odd.
If w ¢ C, then by (2.25) and (2.26), we have

|IC| + eq(T,C) =1 (mod 2) and |C| = eq(T,C) (mod 2).
This is a contradiction. If w € C, then (2.25) and (2.26), we have
|IC| —1+eq(T,C) =1 (mod 2) and |C|—1=eg(T,C) (mod 2).
This is again a contradiction.

Case 2. ey(T,C) =0.

By (2.25) we have }_ .y ) f(z) =1 (mod 2), which implies that & must
be odd. Hence we may assume that & is odd. Then { < k by (2) and (4).
Hence OX > 1, and so by (2.28) we obtain

Oer(S,C) > O > 1.

Consequently, statements (1)-(4) in the theorem are proved.

We next prove the first part of (5), i.e., we assume that r is odd, k is even
and k < 7(1 — 5=). Suppose first ex(S,C) = 0. Then by (2.25) and (2.26),
we have

eg(T,C) =1 (mod 2) and ey(T,C) > A\
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Hence ey (T, C) > X*, and thus
(1—=0)ey(T,C) > (1 —0)\" > 1.

Next assume ey (7,C) = 0. Then by (2.25), we have k|C| = 1 (mod 2),
which is a contradiction.
The remaining part of (5) can be similarly proved (Exercise 2.2.2). O

Theorem 2.2.6 (Katerinis [86]) Let 1 < k < r—1 be integers, and G be an
(r—1)-edge connected r-regular multigraph of even order. Then for any r —k
gien edges of G, G has a k-reqular factor excluding these edges. Moreover,
for any given k edges of G, G has a k-reqular factor containing these edges.

Note that the latter part of the above theorem is an immediate conse-
quence of the first part because for given k edges, where k = r— (r — k), if G
has a (r — k)-regular factor F' excluding these k edges, then G has a k-factor
G — E(F) that contains the given k edges.

Exercises

Exercise 2.2.1 Consider graphs H(r,\*; \) and J(r,\*; X\) when r is odd
and A > 1 and obtain a graph G(r,\). Then show that G = G(r,\) has no
k-regular factor if either k is even and k > r(1— /\1—*), or k is odd and k < .

Exercise 2.2.2 Show that (5) of Theorem 2.2.5.

2.3 Regular Factors and f-Factors in Graphs

In this section we shall give some sufficient conditions for simple graphs to
have regular factors, where regular factors include 1-factors; but we mainly
deal with k-regular factors with k > 2, since the 1-factor cases have already
been proved earlier using shorter arguments. For a general graph G, it is clear
that G is t-tough if and only if its underlying graph is t-tough, where the
underlying graph of G is obtained from G by deleting loops and replacing
multiple edges by a single edge. Thus some results in this section can be
applied to general graphs though most results are applicable to simple graphs.

Recall that a graph G is said to be t-tough if for every subset S C V(G)
such that G — S has at least two components, it follows |S| > ¢ - w(G — 5),
where w(G — S) denotes the number of components of G — S. In particular,
every t-tough graph with ¢ > 0 is connected. We showed that every 1-
tough graph of even order has a 1-factor (Theorem 1.5.8). Here we consider
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regular factors and f-factors in t-tough graphs. The following theorem was
conjectured by Chvatal in 1973, and proved by Enomoto, Jackson, Katerinis
and Saito in 1985. Chvatal also proposed the conjecture that every 2-tough
graph has an Hamiltonian cycle. By the following theorem, such a graph has
a 2-factor, however a counterexample to this conjecture was found [15].

Theorem 2.3.1 (Enomoto, Jackson, Katerinis and Saito [45]) Let k > 2 be
an integer. Then every k-tough simple graph with |G| > k+ 1 and k|G| even
has a k-reqular factor.

Suppose that a simple graph G has no k-factor. Then there exists a pair
(S, T) of disjoint subsets of V(G) such that §(S,T) < 0. We say that (S, 7T)
is a minimal pair of G if §(S,T) < 0 and either T"= () or §(S,7") > 0 for
every proper subset 7" C T. The following lemma will be used in the proof
of Theorem 2.3.1.

Lemma 2.3.2 [45] Let k > 2 be an integer, and G be a simple graph with
k|G| even and having no k-reqular factor. Let (S,T) be a minimal pair of G.
If T # 0, then the mazimum degree of (T) is at most k — 2.

Proof. Let v € T and V = V(G). Since §(S,T) < 0 and k|G| is even, we
have §(S,T) < =2 by §(S,T) = 0 (mod 2) (2.5). It follows from 6(S, T —v) >
2 that
-2 > 0(5,T)—0(S, T —v)
= kIS|+ > _degg(x) = KIT| = (8, T) — (S, T)

weT
—(KIS|+ 3" degg(x) — KT — v| = ea(S,T = v) = 4(S,T — v))
= degs(v) —II:T—Z(;(S, v) —q(S,T) +q(S, T —v).
Since q(S,T —v) > q(S,T) — ec(v,V — (SUT)), we have
—2 > degg(v) — k —ea(S,v) — eg(v,V = (SUT)),
which implies
eq(v, T —v) =degs(v) —eq(v,S) —eq(v,V—(SUT)) < k—2.

Consequently A((T)¢) <k—2. O

Proof of Theorem 2.3.1. Suppose that G has no k-factor. Then G is not a
complete graph since a complete graph with order at least k+1 and k|G| even
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has a k-factor. Since k|G| is even and G is connected, 6(0,0) = —q(0,0) = 0,
and thus every minimal pair (S, T') of G satisfies SUT # 0.

Let (S,T) be a minimal pair of G, and let C4,Cy, ..., C,, be the compo-
nents of G — (SUT), where m = w(G — (SUT)) > ¢q(S,T). For any two
non-adjacent vertices u € S and x € V(G) — u, §(S,T) does not change if
a new edge uz is added to GG, and so the resulting graph still does not have
a k-factor. Hence we may assume that for every u € S, Ng(u) = V(G) —u
(Figure 2.9). Similarly, joining two non-adjacent vertices in any component
Ci,i=1,...,mof G— (SUT) results in a graph that has no k-factor.
Therefore the following Claim holds.

Figure 2.9: G—(SUT'), where Ng(u) = V(G)—u for all uw € S and every (V(C;))a
is a complete graph.

Claim 1. Ng(u) = V(G) —u for all u € S, and every (V(C)))a is a
complete graph (Figure 2.9).

For convenience, set U = V(G) — (SUT). Then

0 > 6(S,T)=k|S|+ ) degg(x) — k|T| — ea(S,T) — q(S,T)

zeT
Z k|S| + €G(T, U) + €G(T, S) + 2||<T>G|| — ]{3|T| — 6@(5, T) —m
= k|S|+eq(T,U) +2|(T)g|| — k|T| —m. (2.29)

Let B; be a maximal independent set of (T')g and T3 = T — B;. For
every i, 2 <1 < k — 1, we recursively define B; and T; as follows: let B; be
a maximal independent set of (T;_1)¢ and T; = T, — B; (Figure 2.10). By
Lemma 2.3.2 and Ng(B;) 2 T, it follows that (T _5)¢ is an independent set,
if exists, and thus By_1 = Tj,_» and Tj,_; = 0.

Claim 2. |S|+ |Ti|+ eq(U, B1) —m > k|By].

Proof. Let

U=V(G)—(SUT), U, ={xeU]|eg(x,By) >0},
Ly = {CZ ’ eG(CiaBl) > 1} = {Cla' . '7Cm1}7
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-------

/R Bt N2
NIANM | T2
B T1
B1
2 Uy

Uy Ump

C, L WU Cmi) Uz=U;-U
L1

m-mq components

Figure 2.10: A minimal pair (S,7") and the structure of G.

Ly ={C; | ec(u,By) =1 for some ue V(C;)}={Ci,...,Cn,},
Uy = {u; | For each C;, 1 <1i < mg, choose exactly one vertex

u; € V(C;) such that eg(u;, By) = 1}, and
Us = Uy — Uy,

where my < my; < m. Then |Us| = my, and

Ll — L2 = {Cz ‘ eg(u, Bl) 2 2 forall uwe V(CZ)}, and
|U1| < eq(Uyr, By) — (my — mg) = eq(U, By) — (m1 — ma).
Hence
‘Ug’ < €G(U, Bl) —mj.

Let G; = G — (SUT; UUs;). Since By is an independent set of (1) and
eq(B1,U — Uy) = 0, each vertex of By belong to different component of G;.
Hence w(G1) > |By| +m — my.

We first assume w(Gy) > 2. Then since G is k-tough, we have

On the other hand, [SUT, UUs| < |S| + |T1]| + ec(U, B1) — my. Therefore

|S| + |T1| —f-eg(U, Bl) — m Z k 'W(Gl)
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and the claim follows.
We next consider the case w(Gy) = 1. Then |By| = 0 or 1 since |By| +
m —m; < w(G1). Suppose that the claim does not hold. Then

If |B;| =0, then T =0, and so T; = ) and |S| — m < 0 by (2.29). If
w(G—S) =m > 2, then |S| > km, which contradicts |S| —m < 0. Therefore
w(G — S) =m < 1. This implies S = 0 as |S| —m < 0, and contradicts
SUT #10.

Hence we may assume that |B;| = 1 and this holds for any choice of Bj.
Therefore (T')¢ is a complete graph. Furthermore, w(G;) = 1 means that
for every component C}, there exists at least one edge joining C; to By, and
thus eq(U, By) > m. Then by (2.30), we have |S| + |T}| < k| By| = k. Hence
|SUT'| = |S|+|T1|+|B1| < k+1. On the other hand, we shall show that m > 2
and |S UT| > 2k, which contradicts the above inequality |SUT| < k + 1.
Assume m = 1. Since G is not a complete graph, by Claim 1 there exist
two non-adjacent vertices 1 € V(Cy) and y; € T. Setting By = {y1}, then
V(C1) — Us contains z; and so w(G1) > 2, which gives us a contradiction as
in the previous case w(G7) > 2. Hence m > 2, which implies

ISUT| > k- w(G— (SUT)) = km > 2k.

Therefore the claim is proved.

Claim 3. For everyi, 2 <1<k —1, it follows that

Proof. 1f B; = ), then T; = () and the claim holds. Thus we may assume B; #
(). Since B; is a set of isolated vertices of G — Ng(B;), if w(G — Ng(B;)) > 2,
then

IN¢(B;)| > k- w(G — Ng(B;)) > k|By.

It is clear that
‘NG(BZ)’ < |S‘ + €G(T — inflaBZ) + ’TL‘ + GG(U, Bz)

Hence (2.31) holds. Suppose w(G — Ng(B;)) = 1, which implies |B;| = 1 and

kBl +1 = k+1<|V(G)| =|Ng(B;) U B,
< S|+ eq(T = Tir, B) + T + ea(U, B)) + 1
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Consequently (2.31) follows.
By Claim 2 and (2.31), we have

k—1
KT = kY |Bi (by T = U\ B)
=1
S ‘S| + |T1| + €G(U, Bl) —m
k—1
> (IS1+ ea(T = Tir, B) + |Til + ea(U, By))
=2

k-1 k-1

< (k‘—1)|S|+Z|Tz‘|+Z€G(T—Tz‘—1,Bz')+ eq(U, B;) —m
=1 i—2 :
k2

< (k=DIS|+ ) IT+ [KT)ell + ec(U,T) = m, (2.32)
=1

where Tj,_; = 0.
By (2.29) and (2.32), we have

k-2
(k= DIS|+ D ITi + [(T6ll + ea(T,U) = m
i=1
> k|T| > k|S|+eq(T,U) + 2||{T)g|| — m,
and thus

ST > 151+ KTl 2 [KT)al (2.33)

On the other hand, since B; is a maximal independent set of (7;_;)s and
T, =T,_1 — B;, eq(z, B;) > 1 for every vertex x € T;, and thus we have

k—2 k—2
(Thall =Y ea(BiT;) = Y |Til.

i=1 i=1
This contradicts (2.33). Consequently the theorem is proved. O
Theorem 2.3.3 ([45]) Let k > 1 be integer. For every real number ¢ > 0,

there exists a (k — €)-tough simple graph G with k|G| even and |G| > k + 1
that has no k-factor.
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Proof. We construct the desired graph G = G(m, k) as follows (Figure 2.11).

k+2 k+2 k(k+2)

V(G)=AUBUC=A U (UBZUUB;) u U a,
=1 =1 =1

where

A= {a17a27 s 7@k}7
Bi:{bi,lab’i,%"';bi,m} (1§Z§]€—|—2>,
B =V, 1 b g Vs Vi } (1<i<k+2),
Ci = {xi,b ey Tims Yily - - - Yim+1, Zi} (1 S 7 S k‘(k + 2))
(m,k) a A a

G(m, 1 a, 3

m=2 ° o ° k+2=5

k(k+2)=15

Figure 2.11: The graph G(m, k) with £k = 3 and m = 2, where |A| = k,|B;| =
m,|Bl| = m+ 1,|C;| = 2m + 2, Ng(z) = V(G) — z for z € A, and (C)¢ is a
complete graph.

The adjacency of G is defined as follows:
(G) — Qg

1 Ng(&i) =V
Oi G — K2m+2‘

[\
—~

w

(e
- Ng(bij) = AU{zG-Dps1, - Ty 1<i<k+2, 1< <m),
- Ne(

4. No(b; ;) = AU{Yi-Drr2j, - Tikgryp (1<i<k+1, 1 <5 <m),
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d. NG(b;chQ,j) =AU {yk(k+1)+2,ja coy Yk(k+2),5) yl,j},

Sketch of the proof of Theorem 2.3.3 Let G = G(m, k) be the graph
defined above. It is clear that

G| = A+ (k+2)|Bi| + (k +2)|B]| + k(k + 2)|C}]
= k+(k+2m+(k+2)(m+1)+k(k+2)(2m+2)
= k+km+k(m+1)=0 (mod 2).
Hence |G| > k + 1 and k|G| is even.
Let S = Aand T'= B. Then every C' = C; is a component of G—(SUT),

and
E|IC|+eq(C,T)=k(2m+2)+2m+ 1 =1 (mod 2).

Hence C'is a k-odd component of G — (S5,T'). Thus we have
0(S,T) = KIS|+ ) _degg_g(x) = k|T| —q(S.T)

zeT

= K+ (degy () — k) — k(k +2)

zeT

— K —k(k+2) = -2k

Hence G has no k-factor.
We can show that
k—1 < tough(G) < k.
Let
k(k+2)
i=1

Then | X| = k(k +2)(2m + 1) + k and

k42 k(k+2)

W(G — Sp) = ’U(BZ- U B) ) +1 U {zl-}’ — @2m+k+1)(k+2).
i=1 i=1

and if m > k(k + 1), then we can show that

wG—-X) kk+2)2m+1)+k
ough(G) IX] CmiktDk+2)
and so for sufficiently large m, k — € < tough(G), and the theorem is proved.
(I

The next theorem gives a sufficient condition for a tough graph to have
an f-factor for some function f.
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Theorem 2.3.4 (Katerinis [85]) (1) Let G be a 2-tough graph. Then for
every function f: V(G) — {1,2} such that 3 .y ) f(z) is even, G has an
f-factor.

(2) Let 1 < a < b be integers. If

(a+b)24-2(b—a) . _

— if b= a (mod 2)
tough(G) = { (a+0)? 2 (b—a)+1
4

” otherwise,

then for every function f: V(G) — {a,a+1,...,b} such that 3 .y ) f(2)
1s even, G has an f-factor.

The binding number bind(G) of a simple graph G was defined as

. - {[Na(X))]
bind(G) = (=

ind(G) = min X
We proved that if G is of even order and bind(G) > %, then G has a 1-
factor (Theorem 1.5.7). We now give a sufficient condition for a graph to
have a regular factor by using binding number. This result was obtained by
Katerinis and Woodall [88] and by Egawa and Enomoto [38], independently.

Theorem 2.3.5 ([88], [38]) Let k > 2 be an integer, and G be a simple
connected graph of order n. If n > 4k — 6, kn is even and

(2k = 1)(n—1)
k(n—2)+3 "’

then G has a k-regular factor. In particular, (i) if bind(G) > %, then G has a
2-factor; (it) if bind(G) > 2, then G has a 3-factor; and (iit) if bind(G) > 2,
then G has a k-factor for every k > 2 with n > 4k — 6.

Note that Woodall [151] proved that every graph G with bind(G) > 3
has a Hamiltonian cycle, and so does 2-factor.

In order to prove the above theorem, we need to introduce a new concept,
which will be used in the proofs of other theorems too. Suppose that a
connected graph G has no k-factor. Then by the regular factor theorem,
there exists a pair (X,Y) of disjoint subsets V(G) such that §(X,Y) < 0.
We say that (S,7) is a maximal pair if |S UT| is maximal among all pairs
(X,Y) with §(X,Y) < 0.

. where NG(X);«EV(G)}.

bind(G) >

(2.34)

Lemma 2.3.6 Let k > 1 be an integer and G be a connected simple graph
with k|G| even. Suppose G has no k-factor. Let (S,T) be a mazimal pair of
G. Then the following statements hold.

(1) For everyu € V(G)—(SUT), degq_g(u) > k+1 and |Ng(u)NT| < k—1

(2) For every component C of G — (SUT), we have |V (C)| > 3.
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Proof. (1) Letu € V(G)—(SUT). Since 6(S, TU{u}) > 0and 6(S,T) < —2
by §(S,T) =0 (mod 2), we have

2

IN

5(S, T U {u}) — 8(S,T)
= K[S|+ ) degg g(x) — k[T U{u} —q(S,T U {u})

ze€TU{u}

—(KIS|+ Y dega_g(x) = KIT| - (S, 7))

doggs(w) — k — ho(S,T U {u}) +a(S,T)
degan_g(u) —k+1. (by q(S,TU{u}) > q(S,T)—1)

IAINA

Hence
E+1<deg,_g(u).

Similarly, it follows that

2 < §(SU{u},T)—6(S,T)
= k[SU{u}|+ ) degg(x) — kIT|

zeT

_6G(S U {u}7 T) - Q(S U {u}> T)
—(KIS| + Y dega (@) = KIT| = ea(S,T) = a(S,T))

< k- eg(u,;) —ha(SU{u},T)+q(S,T)
< k—eg(u, T)+1. (by ¢(SU{u},T)>q(S,T)—1)

since ¢(SU{u},T) > q(S,T) — 1. Hence
’Ng(u) N T’ = eg(u,T) < k—1.

(2) Let C be a component of G — (SUT) and u € V(C) (Figure 2.12).
By (1), we have

V(C) = {u}| [Ne(u) NV(C)| = degg_g(u) — [Na(u) N T

>
> k+1—(k—1)=2.

Hence |V (C)| > 3. Consequently the lemma is proved. O

Lemma 2.3.7 Let G be a connected simple graph of order n and bind(G) >
b. Then the minimum degree 6(G) satisfies

b—1n+1

(G) > 2
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Figure 2.12: G- (SUT),ue V(C) and M =V(G) — (SUT) - V(D).

Moreover, if X is a non-empty independent set of G, then

(b—1)n+ |X|

|Na(X)| > ;

Proof. Let X be a non-empty independent set of G, and let Y = V(G) —
Ng(X). Then X CY and Ng(Y) C V(G) — X, and thus

n—|X[ = [Na(Y)| > 0]Y| = b(n — [Na(X))).

Hence
b—1)n+|X|
2 .

For any vertex v of G, since {v} is an independent set of G, we have

No(X)] >

dezglv) = [No({op) > DL,

and the lemma is proved. O

In the proof of [88], the authors assume k > 3 since they use a result of
[151] for k = 2. Our proof includes the case k = 2 and is based on [38].

Proof of Theorem 2.3.5. Let b be the right-hand-side of (2.34). By
Lemma 2.3.7,

(2k—1)(n—1)
b—1Ln+1 ( k(n—2)+3 1)” +1

b 2k—1)(n-1)
k(n—2)+3

(k—Dn+2k-3 (k—1)n—2
(2k — 1) o (2k—1)

(@)

+ 1.
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Hence
(k—1)n—1 (k—1)n
T +1>7(2k—1)' (2.35)

Assume that G has no k-factor. Let (S,7T) be a maximal pair of G, where
SUT # 0 since §(0,0) =0 by kn =0 (mod 2). Put

I(G) >

s=1S| and t=|T|.

Let m be the number of components of G—(SUT') and ¢ denote the minimum
order of components of G — (S UT). Then by the Regular Factor Theorem
and Lemma 2.3.6, we have

2 > 6(8,T) = kS| + 3 degg_(r) — KIT| — (S, T)

zeT
> ks+ Z degq_g(x) — kt —m, (2.36)
zeT

m < n—s-—t, (2.37)

n—s—t
3 < ¢< — (when m > 1), and (2.38)
IG) < ec—1+s+t. (2.39)

Claim. T # 0.

Suppose T = (. Then t =0 and s > 1, and by (2.36) and (2.37),
ks+2<m<n-—s. (2.40)

Hence by (2.35), (2.39), (2.38) and by (2.40), we have

(k—1)n n—s

— <0 <c-—1 < — =1

(2k;—1)< (G)<c—1+s< — + 5

< n-—s _1+S:n—2_(n—2—ks—s)(ks—k+1)
ks + 2 k+1 (k+1)(ks+2)

Since n — 2 — ks — s > 0 by (2.40), it follows that

(k—l)n<n—2
2k -1 k+1

This is equivalent to (k? — 1)n < (2k — 1)(n — 2), which is a contradiction
since k> — 1 > 2k — 1 when k > 3 and 3n > 3(n — 2) when k = 2. Therefore
the claim is proved.



94 CHAPTER 2. REGULAR FACTORS AND F-FACTORS

By the above claim, we define

h = min dege_g(z).

Clearly
I(G) < h+s. (2.41)
We shall consider the three cases.
Casel. h=0.

Let Z ={x € T | deg_g(x) = 0} # (). Since Z is an independent set,
we have by Lemma 2.3.7,

b—1n+|Z
s = 181 2 ez > L2
2k—1)(n—1 3\
(S22 = 1)n+12 (k= D+ k|z] 4 =202
- @1 1) = oh 1
k(n—2)+3
(k—1)n+]2]—1
: 2.42
= 2%k — 1 (2.42)

On the other hand, by (2.36) and (2.37), we obtain

—2 > ks—k[Z|+ ) (degg g(x) —k) —m
zeT—-Z
> ks—klZ|+ A —-k)(t—1|Z]) — (k—1)(n—s—1),
where m < (k —1)(n — s — t). Hence
(k—Dn+|Z] -2
- 2k —1

This contradicts (2.42).
Case 2. 1<h<k-1.
By (2.36), (2.37) and by the assumption k — h > 1 of this case, we have

ks+(h—Fk)t—(k—h)(n—s—1t) < —-2.
Thus

(k—h)n—2
< — .
SS oy (2.43)
On the other hand, we obtain by (2.35) and (2.41)
(k—1)n—1

1< < .
-1 T <o(G)<s+h
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By combining the above inequality with (2.43), we have
(k—1)n—1 (k—h)n—2
- <h—-14 —7—"——.

) R T X

Hence
(h—1)kn < (h—1)(2k —1)(2k — h) — 2k + h — 2).

This implies h > 2, and thus

2k +h — 2
kn < (2k—1)(2k—h)—%
2k +h — 2

- 4k2—2(h+1)k—%<4k2—6k.

This contradicts the assumption n > 4k — 6.
Case 3. h=k.
It is clear from (2.36) that m > ks + 2. So by (2.38),

n—s—t n—s—1
<

3<c<
=TT T Thst2

J

and thus
n—s—t n—1

3 -3
If k> 3, then by (2.35) and (2.41), we have

ks +2 <

(2.44)

(k—1)n _ (k—1)n+2k—3
2k 2k — 1
Since k + s < sk + 2, we have
(k—1)n n-—1
%k 3
which is equal to (k —3)n+ 2k < 0, a contradiction. If £ = 2, then by (2.35),
(2.41) and (2.44), we have

<0(G)<h+s=k+s.

n—1 (k—1)n—-1 n—1
1< < = < 2< —.
s < or 1 +1<0(G)<h+s=k+s<sk+2< 3

This is a contradiction.
Case 4. h > k.
By (2.36), we have —2 > ks + (h — k)t — m, and so

m>ks+t+2>s+t+2 (2.45)
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Then m > 3, and by (2.45), (2.38) and (2.39), we obtain

0(G) < c—14s+t<c+m-—-3

< c+m—3+(c_3>ém_3):%

<

w3

This contradicts (2.35). Consequently the theorem is proved. O
We now show that the conditions in Theorem 2.3.5 are sharp. Let us
define the graph G, as follows:
Gni = Ky, + (nk — 1)Ky, where m =2(nk —n —1).
Then we can show that (i) G, has no k-factor, kn is even, and
S 2n—-1  (2k—-1)(n-1)
2nk —3  k(n—2)+3

Note that (ii) when k = 2, bind(G) — 2 as n — oo; (iii) when k = 3,
5

3
2
bind(G) — 2 as n — oo; and (iv) when k > 4, bind(G) — 2 — 1 as n — oc.

bind(G 1) = 2

Theorem 2.3.8 (Kano and Tokushige [79]) Let a and b be integers such that
1 <a<band?2 < b, and let G be a connected simple graph with order
n, n> (a+0)?/2. Let f: V(G) — {a,a+1,...,b} be a function such that
erV(G) f(z) =0 (mod 2). If one of the following two conditions is satisfied,
then G has an f-factor.

(a+b—1)(n—1)
an —(a+0b)+3 "~

bn —2
(2)  4(G) > P

(1) bind(G) >

In order to prove the above theorem, by the f-Factor Theorem 2.1.2 we
should show that

0(8,T) =3 f(w)+_(deggs(x) — f()) = a(S,T) > 0.
z€S zeT
Since a < f(x) < b, it suffices to show that
alS|+ ) degg(x) — BT| — (S, T) > 0.
zeT

The proof of this inequality is similar to that of Theorem 2.3.5
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It is well-known that if o(G) < k(G), then a graph G has a Hamiltonian
cycle (Theorem 11 in Basic Terminology). The next theorem gives a sufficient
condition for a graph to have a regular factor using independence number
a(@) and connectivity x(G). A similar result was obtained by Katerinis [82],
which says that if £ > 2, k|G| is even, |G| > k + 1 and if

(k+ 1)
4k

5k —4 2
e
a(G) + 3 k_H(G),

then G has a k-regular factor.

Theorem 2.3.9 (Nishimura [117]) Let k > 2 be an integer, and G be a con-
nected simple graph. If k|G| is even and one of the following two conditions
holds, then G has a k-reqular factor.

(1) k is odd, (k+1)%/2 < k(GQ) and ((k + 1)*/4k)a(G) < k(G).

(2) k is even, k(k +2)/2 < k(G) and ((k +2)/4)a(G) < k(Q).

Proof. Assume that k is odd and G has no k-factor. Let (S,7T) be a
maximal pair of G. Since k|G| is even and G is connected, S UT # (). Set
U=V(G)—(SUT).

INi[=n; A N N ™

Smmmmm=

Figure 2.13: A maximal pair (S,7T), vertices v;, closed neighborhoods N; and
components C; of G — (SUT).

Let T1 = (T)¢, and v; be a vertex of 77 with minimum degree, and let
Ny = Ny, [v1] = Np,(v1) U{v1} and Ty, = Ty — N;y. For i > 2, we inductively
define v;, T; and N; until T;,; = 0 as follows (Figure 2.13):
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Let v; be a vertex of T; with minimum degree, and
N; = Nr, [Uz] and Tiy1=1T; — N;.
Assume T),,11 = 0, and let n; = | V| for every 1 < i < m.

Then the following three statements hold, and their proofs are given below.

a((T)a) = m, (2.46)
IT|=n1+ng+ -+ ny (2.47)
Z <Z degy, (x)) > Z (nf —ny). (2.48)
1<i<m zeN; 1<i<m
(2.46) is an immediate consequence of the fact that {vq,...,v,} is an inde-

pendent set of (T')¢. (2.47) follows from 7,41 = 0. Since degy, (z) > n; — 1
for every x € V(T;) and |N;| = n;, (2.48) holds.

An edge zy joining z € N; and y € N; (1 < i < j < m) is counted in
degq_s(z), degq_s(y) and degy, () but not in degy, (y), and thus by (2.48),
we have

Zdegg_s(x) > Z (n? —n;) + Z eq(Niy, Nj) +eq(T,U). (2.49)
zeT 1<i<m 1<i<j<m
Let ¢ = k(G — S). Then we have
ea(NV;, UNj)+eg(Ni, U)>c¢ forevery 1 <i<m. (2.50)
JF

Note that the above inequality does not hold when m = 1 and U = (.
However, in this case, by the choice of v;, we have

0>6(S,T) = kIS|+ ) dege_s(x) = kIT| —q(S,T)
zeT
Z ]{3|S| +n1(n1 - ].) - knl,

which implies

ny(n; —1 n(2k+1—n
‘G’ = \S\+n1<n1—71(}€ ) ny = 1( i 1)
k(k+1
< %:k+l,

(since n1(2k + 1 — ny) takes a maximum value when n; = k).

2

This contradicts the assumption that |G| > k(G) > (kgl) :
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By summing up (2.50), we have

> (e(;(NZ-,UNj) +ec(Nz~,U)>

1<i<m G#j
= 2 > (N, Nj) +eq(T,U) > cm. (2.51)
1<i<j<m

By (2.49) and (2.51), we get

3 degg_s(z) = > mi(ni— 1) L emtea(TU) (2.52)

- 2
zeT 1<i<m

By applying (2.49) and (2.52) to 6(S,T) < —2, we have

—2 > §(S.T)=k|S|+ ) degy g(z) — k|T| — q(S,T)
xeT

T
> K+ Y - 1) + 2D S L)

1<i<m 1<i<m
me~+eq(T,U)
- k (s — b —
15| + Z ni(ni —k—1) + :
1<i<m
(k+1)*>m  mc+eq(T,U)
+
4 2
(since n;(n; — k — 1) takes a minimum value when n; =

—w(U)

v

kIS| =

—w(U) (2.53)

).

Let C4,...,C, be the components of G — (S UT) such that V(C;) C
Ne({v1,v2, ..., vn}), and let Cyiq,...,Cqyp be the other components of
G — (SUT). We estimate eq(T,U). If ¢ > 1 and T = {), then w(U) = 1
and so ¢(S,0) <1 and §(S,0) = k|S| — q(S,0) > k — 1 > 0, a contradiction.
Therefore if ¢ > 1, then T' # 0, and thus

eq(Ci,T)>c¢ forall 1<i<a+b.
By Lemma 2.3.6, eq(C;, T') > |C;] > 3 for every 1 <i < a. Hence

ec(T,U) > > ea(Ci,T) > 3a+ cb. (2.54)

1<i<m

Since

wlU)=a+b, a(G)>|{v,...,ou}+b=m+0b, and k(G)<|S|+¢,
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by (2.53) we have

(k+1)*m L me +eq(T,U)

-2 > Kk|S|- 1 5 —w(U)

> B(K(G) — ) — (k+41) m+mc+2a—i—cb Ca—b

> k(@) -0 - (Ym0
(k+1)* ¢

> (r(G) ) (o — 5 )al@)
(k+1)* ¢\ 4ks(G)

> kr(G) =) = (-~ ) Gy

(by the assumption w < k(G))
> ke( 26(G) 1) > 0. (by the assumption @ < k(G))

(k+1)2

This contradiction completes the proof of the case where £ is odd.

When £ is even, we have the following instead of (2.53) since n;(n; — k —
1) > —HE2)

k(k+2)*m N mt + eq(T,U)

9> —
= 4 2

—w(U).
Then we can similarly derive a contradiction. Consequently the theorem is
proved. O

We now show that the condition (kikl)Q&(G) < k(@) and H20(G) < k(G)

are best possible. Let £ > 2 be integer, and

G:KS+tK(k+1)/2 or G:Ks+th/2
according to the parity of k. If s and ¢ satisfy

t(k+1)2 th(k+2
ks < u or ks < g,
4 4
then G has no k-factor. Also, the above inequalities are equivalent to
(k+ 1)
4k

k(k+1)
4k

a(G) > k(G) or a(G) > k(G).

Hence we can choose s and t so that the difference between (kL:)Q&(G) and

k(@) is as small as we want. Therefore the conditions are sharp. Note that
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we can easily choose s and t so that they satisfy the above conditions and
k|G| is even.

We next consider sufficient conditions for a graph to have a regular factor
using neighborhoods.

Theorem 2.3.10 Let k > 2 be an integer, and G be a connected simple
graph of order n such that 6(G) > k and kn is even. If one of the following
three conditions holds, then G has a k-regular factor.

(1) 0(G) >n/2 andn > 4k —5. (Egawa and Enomoto [38]; Katerinis [82])
(2) degq(x) + deg(y) > n for every pair of non-adjacent vertices x and y
of G and n > 4k — 5. (lida and Nishimura [63])

(3) max{deg;(x),deg,(y)} > n/2 for every pair of non-adjacent vertices x
and y of G and n > 4k — 3.  (Nishimura [119]).

For a graph G, we define NC(G) as
NC(G) = min{|Ng(z) U Ne(y)| | z,y € V(G), zy € E(G)},

that is, NC(G) is the minimum size of Ng(x) U Ng(y) taken over all pairs
of non-adjacent vertices z and y of G. For a graph G with sufficiently large
order, Niessen generalizes the above theorem by using NC(G) as follows:

Theorem 2.3.11 (Niessen [113] (1995)) Let k > 2 be an integer, and G be
a connected simple graph of order n such that kn is even and n > 8k — 7. If
one of the following two conditions holds, then G has a k-reqular factor.

(1) NC(G) >n/2 and 6(G) > k + 1.

(2) NC(G) > (n+k—2)/2 and 6(G) > k.

Note that Niessen obtained a more general result, that is, he proved that
if 6(G) > k, n > 8k — 7 and NC > n/2, then G has a k-regular factor
or GG belongs to two families of exceptional graphs ([113]), which have no k-
factors. The above theorem is an easy consequence of this result; but we shall
prove the above theorem because of simplicity. Furthermore, when k& = 2,
Broersma, van den Heuvel and Veldman obtained the next theorem, and so
we assume k > 3, which makes the proof shorter.

Theorem 2.3.12 [23] Let G be a 2-connected graph. If NC(G) > |G|/2,
then G has a Hamiltonian cycle, G is the Petersen graph, or G belongs to
one of three families of exceptional graphs.

We prove only (1) of Theorem 2.3.11, but the proof is almost the same
as the original one. In order to do so, we need the next two lemmas.
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Lemma 2.3.13 Let G be a connected simple graph of order n, and let () #
X CcV(G). If NC(G) > n/2, then the following statements hold.

(1) If | X| > 3, then w(G — X) < |X]|.

(2) If | X| < 3, then w(G — X) < 3.

(8) If 4 < |X| < (n+20)/6, then w(G — X) < 4.

Proof. (1) Let m = w(G — X). If m < 3, then the lemma holds, and so we
may assume m > 4. Let C,Cs, ..., C,, be the components of G — X, where
|C1] < |Cy| < -+ < |Chl. For two vertices z € V(C4) and y € V(Cy), we
have

n

D < INa(e) U No()| <101~ 141Gl =1+ ||

Thus
n —|X|

5 H2-IXI< IOl +]c <2
This is equivalent to
m(n +4 —2|X]) < 4(n — [X]). (2.55)

If | X|> %, then m < [V(G) — X| < § < |X], and (1) holds. Thus we may
assume 3 < |X| < §. Suppose m > |X| + 1. Then by (2.55),

(IX[+ 1) (n +4 = 2[X]) < 4(n — |X]),

which implies
2IX|=n)(|X]| =3) = 4.

This is a contradiction. Therefore m < | X |, which implies (1).
(2) We may assume 1 < | X| < 3 since if X = (), (2) clearly holds. Assume
m > 4. By (2.55), we have

4(n+4—2|X|) <4(n— X)),
which implies 4 < | X]|, a contradiction. Thus (2) follows.
(3) Assume that 4 < |X| < (n+20)/6 and m > 5. Then n +4 — 2| X| >
(2n —8)/3 > 0. Thus, by (2.55) we have
5(n+4—2|X]) <4(n—|X]),

which implies 7 + 20 < 6|X|. This contradicts | X| < (n + 20)/6, and thus
(3) holds. DO
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Lemma 2.3.14 Let k > 2 be an integer. Suppose that a connected simple
graph G with k|G| even has no k-reqular factor. Let (S,T) be a maximal
pair of G. Assume T # (. Choose a subset T* C T so that 6(S,T*) < 0
but 0(S,T") > 0 for every proper subset T' C T*. If T* # 0, then for every
u € T* we have

degg g(u) <k —2+4c(u) <k —2+4q(S,T7),

where c(u) denotes the number of k-odd components of G—(SUT™) joined to u
by edges of G, and q(S,T*) is the number of k-odd components of G—(SUT™).
In particular, |Ng(u) N T*| < k — 2 for every u € T*.

Proof. Since 6(S,7*) < —2 and §(S, 7™ \ {u}) > 0, we have
2 < 05T \{u}) — (5, T7)
= KS|+ Y dega (@) — KIT*\ {u} —q(S.T7\ {u})

zeT*\{u}

—<k|S| + Z degG,g(fL’) - k|T*| - Q(Sv T*)>

zeT™*

= —degy_g(u)+k—hg(S, T\ {u}) + q(S,T7).
Since q(S,T*\ {u}) > q(S,T*) — c(u), we obtain

dege_s(u) <k —24c(u) <k —2+¢(S,T7). O

Proof of (1) of Theorem 2.3.11 Suppose that & > 3 and G satisfies the
conditions in (1), but has no k-factor. Let (S,7) be a maximal pair, and if
T # (), choose a subset T* C T as Lemma 2.3.14. Then §(S,T) < —2 by the
Regular Factor Theorem, which is equivalent to

q(S,T) > k|S|+2 = k|T| + > degg_g(). (2.56)

zeT

Since kn is even, SUT # (0. Let

s=18], t=|T| and U=V(G)-(SUT).

Claim 1. T # () and T* # 0.

Assume T' = (). Then S # 0. By (2.56), we have ¢(S,0) > k|S| +2 > 5.
This implies w(G — S) > 5, which contradicts Lemma 2.3.13. Hence T # 0.
If 7% = 0, then §(S,0) < —2, and so (2.56) holds, and we can derive a
contradiction as above. Therefore T # ().
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Claim 2. |T* <k -—1.

Since the proof of Claim 2 is difficult and long, we shall give it after the
proof of the theorem, i.e., we continue the proof under the assumption that
Claim 2 holds.

Claim 3. T induces a complete graph of G.
Suppose that there exist two non-adjacent vertices v,w € T*. Then
|T*| > 2. By NC(G) > n/2 > 4k — (7/2), we have
degy_¢(v) 4+ deg_g(w) > |Ng(v) U Ng(w)| —|S| > 4k — 3 —|S|. (2.57)

Furthermore, for every x € T* — {v,w}, it follows that deg,_g(x) > §(G) —
|S| > k + 1 —|S|. Hence setting |T™*| = t*, we have by (2.56) that

a(S,T7) = KIS+ 2= k|T"| + ) degg_s(2)
zeT™
> ks+2—kt'+ (" —2)(k+1—5)+4k—3—s
= s(k+1—t")+t"+2k—3
> 25+t"+2k—-3>2+6-3=5. (by Claim 2)
We can derive a contradiction from Lemma 2.3.13 as ¢(S,7*) > |[SUT*| =
s+ t* (see the above inequality). Therefore Claim 3 is proved.

By the previous claims, we know that
1<|T*"|<k—-1 and T* induces a complete graph.

Let C1,Cs,...,Cp, be the k-odd components of G — (S U T™), where m =
¢(S,T) and [C4] < |Gy < -+ < [Co.

If w(G— (SUT*)) > 2, then the edge-maximality of G implies m =
w(G — S UTY), that is, if there is an even component, then we can add an
edge joining an even component to a k-odd component because the resulting
graph still has no k-factor since §(S,7*) does not change. By the same
reasons, we may assume that each component C; induces a complete graph.
We consider two cases.

Case 1. |T*| =1.
Let T* = {u}. If S =0, then by (2.56) we have
q(0,{u}) >2—k+degs(u) >2—k+0(G) > 3. (2.58)

By Lemma 2.3.13 we have ¢(0, {u}) < w(G —{u}) < 3, and so ¢(0, {u}) = 3.
By substituting ¢(0, {u}) = 3 into (2.58), we have

degi(u) =6(G) =k + 1.
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Let Cy, Cy, C3 be the components of G—T* = G—{u}. Since 1 < eg(u, C;) <
degn(u) —2 =k—1forevery 1 <i <3 and|C;|] > d(G) > k+1, there exists
a vertex y; € V(C;) such that xy; & E(G). It follows that

3 (\ci\ +eq(u, V(G) — V(Cﬁ)) —n—1+2degg(u) =n+ 2k + 1.

i=1

We may assume that C takes the minimum value among all |C;|+e(u, V(G)—
V(C;), 1 <i<3. For two vertices u and y; € V(Cy), we have

+ 2k — 2
g < [Na(u) U Na(y1)] < |Cil + eq(u, V(G) = V(Cy)) =1 < %

This is a contradiction. Therefore S # ().
It is clear that degq,_g(u) > 0(G) —|S| > k+ 1 —s. By (2.56), we have

o(S. {u}) > KIS| 42— k + degg_glu) > (k—1)s 43> 5.
This inequality contradicts Lemma 2.3.13 as ¢(S, {u}) > s + 1.
Case 2. |T*| > 2.
It follows from Claim 2 that 2 < |T*] < k — 1. We first assume S = 0.
Since 0(S,T*) < —2 and §(G) > k + 1, we have
g0, T%) > 2= k|T*[+ ) degg(x) > 2+ |T7] > 4.
zeT™*

This contradicts Lemma 2.3.13 as ¢(0,7%) > |T*| + 1. So we may assume
that S # ). Let
U'=V(G)—(SUT).

Since |S|+ |T*| > 1+ 2 = 3, by Lemma 2.3.13 we have
q(S,T*) < s+ t". (2.59)

By Claim 3 and 6(G) > k + 1, we have

Z degg_g(x) = t°(t" = 1) +eq(T",U")
zeT™*

> "t =1)+t(k+1—-s—(t"—1)) (2.60)
Combining (2.56), (2.59) and (2.60), we obtain

s+t">q(S,T") > ks+2—kt"+t"t"—1)+t"(k+1—s—(t"—1))
= (k—t)s+2+t">s+2+1" (by Claim 2).
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Figure 2.14: Proof of Claim 2; |T*| > k, v1, va, G — S, S and T.

This is a contradiction. Consequently Theorem 2.3.11 is proved. O
We now prove the Claim 2.
Claim 2. |7 <k —1.

Proof. Suppose
|T*| > k.

Then 3 < k < |T*| < |T'| = t. Define

hi = min degg_g(),
and choose a vertex vy € T so that degs_g(v1) = hy, and vy € T*, if possible
(see Figure 2.14).

Sub-Claim 2A. h; <k.
Assume hy > k + 1. Then by (2.56) we have

WG = (SUT)) > q(S,T) > ks +2+1t> 4.

This contradicts Lemma 2.3.13 as |[SUT| = s+t < ks+t+2 < w(G—(SUT)).
Hence the sub-claim is proved.

Sub-Claim 2B. T\ Ng[vi] # 0.
Suppose T" C Ng[vq], which implies T C Ng_g[v1]. If v; € T*, then

|Ng(v))NT*| = |T*—v;| > k—1as |T*| > k, which contradicts Lemma 2.3.14.
Hence vy € T*. Thus

T >|T*|+1>k+1 and hy > |T —uv| >|T7] > k.

On the other hand, |T'| < |Ng_s[v1]] < hy +1 < k4 1 by Sub-Claim 2A.
Hence
t=|T)=k+1, hy =k, T=T"U{v1} and ¢ =k.
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By the choice of vy, vy & T* implies deg,_g(x) > hy + 1 for every = € T*.
By (2.56) we have

q(S,T) > ks+2—kt+h +t"(hy+1)=ks+2+k>s+t,

which contradicts Lemma 2.3.13. Thus T\ Ng[vi] # 0, and Sub-Claim 2B
holds.

Choose a vertex vo € T\ Ng(v1) so that degy,_g(v2) is minimum among
all vertices in T'\ Ng(v1). Let hy = degy_g(v2). Then

hi(hy + 1) + ho(|T| — hy — 1) if |T| > hy + 2,

D degg g(zr) = S hi+hy if |T| = hy +1,
zeT hl(hl — ].) + hg if |T| = hl,

Hereafter we often use the above inequality without specifically mention-
ing it. By NC(G) > %, we have § < |[Ng(v1) U Ng(v2)| < [S]+ hy + ho, and
SO

s=19| > {g-‘—hl—hgz%—S—hl—hQ. (byn>8k—7) (2.62)

We consider three cases.
Case A. 0< hy <k —1.
Using (2.56), we have
¢(S,T) > K|S|+2—K|T|+ ) degg_s(v)
xzeT
= ks+2+ (ha — k)t + (hy + 1)(hy — he)

Since ¢(S,T) < w(S,T) < |U|, by the above inequality we have

(k—=ho)t+|U| > ks+2+ (hy+1)(hy — he)
= k(n—t—1|U|)+2+ (h1 + 1)(hy — hy)

and thus
;> kn+2+ (i +1)(h—hy) k41 1o
2k — ho 2k — ho
2 1 —

2k — hy
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By (2.62) we can obtain

— ¢ > ——hi—h

n +|U|+s > ST +2 1=l
B2 = (2k—Dhi—hy  kn+2 n

_ L

% — hy Tok—n, T2 ™

Here the right-hand-side takes its minimum value when h; = hy since 0 <
hi < hy <k —1, and thus

kn+ 2 n
> — —2h
"ok —n, T2 ™

which is equivalent to 8hok — 4h3 — 4 > nhy. Therefore hy > 1 and hence
n <8k — 4hy — h% < 8k — 8. This contradicts the assumption n > 8k — 7.

Case B. hy = k.
By Lemma 2.3.6, we have |U| > 3¢(S,T). Combining this with (2.56),

we have

U
% > q(S,T)>Kk|S| +2+ Zdege—s(@ — k|T|

zeT
k(n —t — |U]) +2 — (k — hy)(hs + 1),

and thus
(k43)m—s) = (k+3)101+0)
3 3
t
1 1
Zn — _ > s — (k= )
<k+3>n kn—2 > <k+3>s (k — hn)(hy + 1)
Therefore we have
n 1 1
R — - _ 9> - _ _
S -2 <k+3>n kn 2_<k+3>s (k — hy)(hs + 1)

> <k + %) (g oy — k) S (k—h)(h 1) (by (2.62)

- hf—(2k+%—1>h1+<k+%)<g—k>—k;.

Since the right-hand-side takes the minimum value when h; = k since 0 <
hi < hy =k,
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3722 (e 5)(5-2%)

12k% + 4k — 12> (3k — 1)n > (3k — 1)(8k — 7),

Thus

i.e., we have
0 > 12k* — 33k + 19k = (k — 2)(12k — 9) + 1.

This is a contradiction since k > 3.
Case C. hy > k+1.
We shall consider six subcases.
Subcase C1. hy =k and ¢t =k%.
In this case T* =T as k = |T| > |T™*| > k. By (2.56), we have

¢S, T)>ks+2—k +k(k—1)+k+1=ks+3>3.

If s+t >q(S,T), then s+t > q(S,t) > ks+ 3, which implies s = 0 (if s > 1,
then s+ k=s+t>ks+3>k+ s+ 2, acontradiction.) Therefore

k+1<6(G) < degg(v) = degg_g(vi) = i =k,

a contradiction. Hence s +t = |SUT| < ¢(S,T).
By Lemma 2.3.13 and ¢t = k£ > 3, we have

ISUT| < q(S,T) <w(G—(SUT)) <|SuUT]|.

This is a contradiction.

Subcase C2. hy=Fkandt=%+1.

Since |T| = k + 1 > 4, we can apply Lemma 2.3.13 to S U T, and so by
(2.56)

k+1+|S] = |T|+1S| > q(S,T) > k|S| +2 — k|T| + h + hy
= k|S|+2—Fk+ hs.

Hence

% — 1> (k—1)|S| + ho.
Since hy > k + 1, we have S = () and hy < 2k — 1. By (2.62) we obtain

4k -3 < {g} <hy+hy<3k—1.
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Thus k£ < 2, a contradiction.
Subcase C3. hy =k andt > k+ 2.

Since | S|+ |T| > k+2 > 5, we can apply Lemma 2.3.13 to SUT, and so
by (2.56)

s+t > q(S,T)>k|S|+2—k|T|+k(k+1)+ho(t —k—1)
0 > (k=1)s+2+the—k—=1)+(k+1)(k— ho)
> (k—1)s+ hy — 2k

Hence hy < 2k — (k — 1)s. By (2.62)
n
> |2l —s—hy >3k—3—
hg_’VQ—‘ S hl_?)k? 3 S,

and so we have 3 > k+ (k —2)s. This is a contradiction if £ > 4. So we may
assume k = 3. Then s = 0 and the equality holds in all the above inequalities,
in particular, t = ¢(S,7) =5 > w(G — (SUT)). By Lemma 2.3.13 (3), we
have 5 = ¢ =[S UT| > %22 This contradicts n > 8k — 7 =17.

Subcase C4. hy =k —1and t > k.
Clearly

s = |S| > degg(v1) —degg_g(v1) > 6(G) —hy > k+1—h; =2. (2.63)

Since s+t > 2+ k > 4, we can apply Lemma 2.3.13 to SUT. If t = k, then
by (2.61) and (2.63) we have

s+t > q(S,T)>k|S|+2—kt+ hi+ hy
> s+t+(k—1)s—2k+hy+3>s+t, (by hg > k+1)

a contradiction.
Thus we may assume ¢t > k + 1. By (2.56) and (2.61) we have

s+t>q(S,T)>k|S|+2—kt+ (k—1)k+ ho(t — k).

Thus
0 > (k—=1)s+2+tlho—k—1)+k(k—1)— hok
> (k—=1s+2+(k+1)(ho—k—1)+k(k—1) — hok
= (k—1)s+hy—3k+1
= (k—2)s+s+hy—3k+1
> (k—2)s+k—2—h =(k—2)s—1 (by (2.62))
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This is a contradiction since k£ > 3 and s > 2.
Subcase C5. hy <k—-2andt> k.
It follows that

s = |S| Z degG(vl) — degG_S(vl) Z (5(G) - hl Z k +1-— hl Z 3. (264)
By applying Lemma 2.3.13 to S U T, and by (2.56) and (2.61) we have

Thus by hy > k+ 1 and s > k+ 1 — hy (by 2.64), we have

0 > (k—Ds+2+thy—k—1)— (ho — hu)(hy + 1)
> (k—1)s+2+k(hy —k—1) = (hg = hy)(h1 +1)  (2.65)
> (k= 1)(4k =3 —hy —ho) + 2+ k(hy — k — 1)

—hohy — hg + 3 + Iy (by (2.62))
Then we have

hi(k —2+hy)—h3 > (k—1)(4k—3) —k(k+1)+2
= (Bk—2)(k—2)+1.

Since left-hand-side takes its maximum when h; =k —2as 0 < hy < k — 2,
we have

(k—2)hs > 3k — 2)(k — 2) + 1.

Hence hy > 3k — 1. By substituting s > k + 1 — hy (by 2.64) in (2.65), we
have

0 > (k—1)(k+1—h)+2+k(hao—k—1)—(ha—hy)(h1 +1)
= 1—k+ho(k—hi—1)+hi(h1 +2—k)
= (k—hy1—2)(hg—hy) +hy+1—k

> 2k>0  (byhy <k—2, hy>hy and hy > 3k — 1.)

This is a contradiction. Consequently Claim 2 is proved, and the proof of
Theorem 2.3.11 is complete. O

It is well-known that a claw-free graph, i.e., a graph with no K3 as
an induced subgraph, has good properties (Figure 2.15). For example, we
showed that a connected claw-free graph of even order has a 1-factor. Here
we consider regular factors in such graphs. It is easy to see that every line
graph is claw-free, and Nishimura [118] showed that for an integer k > 2, if a
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connected graph G such that k| E(G)| is even satisfies 6(L(G)) > (9k+12)/8,
then the line graph L(G) of G has a k-factor. This result was extended to the
following Theorem 2.3.15 by Egawa and Ota. Moreover, a similar but weaker
result, which says that every claw-free graph with k|G| even and minimum
degree at least 2k has a k-regular factor, was obtained by Choudum and
Paulraj [32] independently.

T FI8

Figure 2.15: A claw-free graph G and a K 4-free graph G, which is not claw-
free.

Theorem 2.3.15 ([40]) Let k > 1 be an integer and G be a connected claw-
free simple graph with k|G| even. If the minimum degree 6(G) of G satisfies

12
56> o,

(2.66)

then G has a k-reqular factor.

In the same paper, Egawa and Ota obtained the following theorem,
and showed that the condition on minimum degree is almost best possi-
ble. By substituting n = 3 into the inequality (2.67) below, we obtain
8(G) > (9/8)k + (3/2) + (1/2k), which is slightly worse than (2.66).

Theorem 2.3.16 (Egawa and Ota [40]) Let n > 3 and k be integers such
that k > n —1 if k is odd, and k > 2 if k is even. Then every K, ,-free
connected simple graph G satisfying

n? 3In—6 n—1
> 2.
5(G) > T 1)143—1- 5 + P (2.67)

has a k-regular factor.

Note that the condition & > n—1 for an odd integer k cannot be removed,
i.e., for every n > 4 and every odd integer k such that £ < n — 1, there exists
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a K j,-free connected graph with even order and minimum degree 2k that has
no k-factor. We shall prove only Theorem 2.3.16, however, Theorem 2.3.15
can be proved in the same way with some careful estimation.

Proof of Theorem 2.3.16 Suppose that G has no k-factor. Then there
exists a pair (S,7") of disjoint vertex subsets S and 7" of G such that

0(8,T) = k|S|+ ) degg_s(x) — kIT| — q(S,T) < 0.

zeT

It is obvious that SUT # () since 6(0, 0) = —q(0, 0) = 0 as G is connected and
k|G| is even. Choose such a pair (S,T") so that 7" is minimal. Then for every
proper subset 7" C T, if any, 6(S,7") > 0. This implies 6(S,T") > 6(S,T)+2
by §(X,Y) =0 (mod 2).

Claim 1. For every vertex u € T, degq_g(u) < k+n — 3.

For a vertex u € T, let T" =T — {u}. Then 6(S,T") > §(S,T) + 2. Since
G is Kj ,-free, u is adjacent to at most n — 1 components of G — (SUT),
and so q(S,T) — (n—1) < ¢q(S,T"). Thus

2 < 6(S,T)—6(S,T)
= k|S|+ Z degg_s(7) — k|T'| — q(S,T")

zeT’
— (KIS + Y dega_g(x) — KIT| - (S, 7))
zeT
< —degqn_g(u) +k+mn—1.

Hence degq_g(u) < k+n —3.

For asubset Y C T, we write a(Y") for the number of k-odd components of
G —(SUT) that are joined to Y by edges of G. Fory € T, let a(y) = a({y}).
Then a(y) < n—1since G is K; ,-free. Assume T # (). Then we define a set
{y1,y2,...,y.} of vertices of T as follows: Let y; be a vertex of T" such that
dege_g(y) — a(y) is minimum among all y € T. Let T} = Ng[y:]) N T, where
Ng[y1] is the closed neighborhood of y;. Then for j > 2, if T — (T3 U--- U
T;—1) # 0, then choose y; so that degs_g(y) — a(y) is minimum among all
yeT—(TyU---UT;_y), and assume T — (T U- - -UT,) = () (see Figure 2.16).
When T = (), we define » = 0. Then {y1,¥2,...,¥,} is an independent set of
G.

, 1 O 1
Claim 2. |S|> — Zeg(vi, S) + E(q(S, T) — a(T)).

i=1
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Figure 2.16: The graph G and vertices y; and z;.

Let ¢ = q(S,T)—«(T). Then there exist ¢ k-odd components Cy, Cs, ..., Cy
such that eq(7T,C;) =0 for all 1 <i < /.

Suppose S = (). Then £ =0 by T # (), and so the claim holds. Hence we
may assume S # (). Since G is connected, eg(S,C;) > 1 for all 1 <7 < ¢,
and thus we can choose a vertex z; € V(C;) so that z; and S are adjacent.
Let X ={y1,..-,Yr, 21, ..., 20} (see Figure 2.16). Since X is an independent
set and G is K ,-free, every x € S is adjacent to at most n — 1 vertices of
X. Therefore

mAWIE@W$:Zm%®+Zm%®

> Z eq(yi, S) + L.
i=1

On the other hand, if £ is even then ¢ = 0 since for any k-odd component Cj
of G — (SUT), it follows that k|C;| + eq(T,C;) = eq(T,C;) =1 (mod 2). If
k is odd, then k£ > n — 1 by the assumption of the theorem. Hence

n—1

(n—1)|S ZZ@G(yi,S)+€Z;eg(yi,S)+ —

=1

Therefore Claim 2 holds.
By Claim 2, we have
k T
n—1

5(S,T) >

ea(yi, S) + Z (degg_g(z) — k) —a(T)

=1 zeT
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Z <n ﬁ 160(%, S) + Z (degg_g(z) — k) — Oé(Ti)).

=1 z€T;

v

Let
G = Z (degg_g(x) — k) — a(Th).

z€T;

Then in order to prove the theorem, it suffices to show that

p— 1eg(y, S)+ 5 >0, where y=y; and (=g, (2.68)

for all 1 < j <r because this implies 6(.S,T) > 0, a contradiction.

Case 1. a(y) <n—2.
It follows from a(Tj) < >°, 7, a(x) and the choice of y that

g = Z (degg_g(x) — k) — Z a(x)

z€T) z€T)

> \Tj|(degg_5(y) —a(y) — k).

If degy_g(y) — a(y) — k > 0 then f > 0, and thus (2.68) holds. So we
may assume that deg,_¢(y) — a(y) — k < 0. On the other hand, since
Ng_sly] 2 T;, we have

T;] < degg_s(y) —aly) +1.

Therefore

B > (degg_s(y) — aly) +1)(degq_s(y) — aly) — k) (2.69)
(k+ 1)

= (demasl) —afy) - 1) - I (2.70)

-1
Subcase 1.1 deg._¢(y) — kT <n-—2.
By (2.70) we have 8 > —(k + 1)?/4. Since

ey, 5) = deag(y) — desg_s(y) > desg(y) — (n—2+ ")

it follows that

k k
> _ _ _
n_lec(y,S)Jrﬂ_n_l(degc(y) n+2

k—1 (k +2)
2 >_ 4
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By the condition of the minimum degree of GG, we have

n—leG(y’S)—Fﬁ
k n? 3n—6 n-—1 kE—1 (k+1)?
> —n+42- -
= n—1<4(n—1)k+ > T "7 > ) 4
k kn? n—1—-k n-1 (k+ 1)
B n—1<4(n—1)+ >k )_ 4

En?+2k(n—1)(n—1—k)+(n—1)> = (k+1)*(n — 1)?

4(n —1)2
k2
- >
4n—1)%2 — 0
Hence (2.68) holds.
k—1
Subcase 1.2 deg,_¢(y) — —— >n—2.

2

Since a(y) < n—2, the right-hand-side of (2.70) takes the minimum value
when «(y) = n — 2. Hence it follows from (2.69) that

B> (degg_s(y) —n +3)(degg_s(y) —n —k+2). (2.71)
Then
k
n— 1€G(ya S) +ﬁ
k
= m( degg(y) — degg_s(y)) +
k n? 3In—6 n-—1
e <4(n L dengS@/))

+(degg_g(y) —n+3)(degg_g(y) —n — k +2)

= (dege_s(y) - nkt (Z(; ?g" =5 )2 >0

Consequently (2.68) holds.
Case 2. a(y) =n— L.

In this case, there exist n — 1 k-odd components C,Cs, ..., C,_1 of G —
(SUT) such that every C;, 1 < i < n — 1, contains a vertex z; adjacent
to y. Since G is K ,-free, every x € T; — {y} must be adjacent to some
z;. In particular, eg(x, C;) > 1 for some i and hence C; is counted in a(z).
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Therefore
a(Ty) < a(y)+ Z (a(z) —1)
zeT;—{y}
— Z a(z) — |T;] + 1.
Thus
g = Z(degg,s(x) — k) —a(T))
> 3" (degg_s(x) —ale) — K) + 1] ~ 1

> [Tjl(degg_g(y) — aly) — k) +[T;] - 1
= [Tj[(degg_s(y) —n—k+2) — 1.

By Claim 1, deg;_s(y) < n+k—3, and so deg,_q(y)—n—k+2 < —1 < 0. On
the other hand, |7};| < degq_g(y) — a(y) + 1 = degn_g(y) —n+ 2. Therefore

B > (degg_gs(y) —n+2)(dege_g(y) —n—k+2)—1
> (degg_g(y) —n+3)(degg_s(y) —n —k +2)

This inequality is equal to (2.71). Hence by the same argument given above,
we can show that (2.68) holds. Consequently, in each case we can derive a
contradiction, and thus the proof of the theorem is complete. O

We now give some variety of sufficient conditions for a graph to have
regular factor without proofs.

Theorem 2.3.17 (Saito [131]) Let G be a connected simple graph with order
at least four and having a 1-factor F. Let k be a positive integer. If G—{x,y}
has a k-reqular factor for every edge xy € E(F), then G itself has a k-regular
factor.

Theorem 2.3.18 (Katerinis [87]) Let r > 2 be an even integer and 1 < k <
r/2 be an integer. Let G be a r-edge connected r-reqular multigraph of odd
order. Then for every vertex v of G, G — v has a k-regular factor.

Theorem 2.3.19 (Niessen [113]) Let k > 4 be an even integer and let G be
a simple graph of order at least k + 1. If

k42 5k—3 2
(5(@) > TO&(G) + T - E7
then G has a k-regular factor, where o(G) denotes the independence number

of G.
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Note that the situation of the above Theorem 2.3.19 is changed a lot when
we consider an odd regular factor. Namely, for every integer o > 2 and any
arbitrary large number ¢, there exists graphs with independence number «
and minimum degree ¢ that have no k-factor. For example, such graphs are
Ky + aKy, where a > kd + 2, d is odd and b + ad is even.

For positive integers n and k with nk even, let p(n, k) denote the maximal
number of edges in a graph of order n that has a unique k-factor. Some
studies on p(n, k) were done as given below, and for some k, n, p(n, k) is
settled.

Theorem 2.3.20 (Hetyei [59] (1972)) If n is an even positive integer, then

2
n
p(n,1) = T

Proof. ([60]) Assume that a simple graph G has the unique 1-factor F'.
Let Hy, Hs, ..., H,/» be the components of F'. There can be at most two
edges joining H; to H; in G since otherwise (V' (H;) UV (H;))s contains two
1-factors and so does GG. Hence

\E(G)]gngQ(néz):n{. O

Theorem 2.3.21 (Hendry [57] (1984)) If n is a positive integer, then

n(n+1
Hendry [57] determined p(n,2) as above. Moreover for other p(n, k), he
constructed a class of graphs G that have a unique k-factor and satisfy
n*  (k—1)n n
= —+-—— if k<=
ol = o+ B it k<l
nk n—=~k n
— if k> —.
5 + ( ) 1 > 5

Il )

He conjectured that these two values give p(n, k), that is, he conjectured that
a graph in the class has a unique k-factor and has the maximum number
of edges. This conjecture was partially proved by Johann in the following
theorem.
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Theorem 2.3.22 (Johann [65]) Let n and k with nk even and k < n. Then

n? (k—1)n n
< — 4 ; < —

where equality holds for n = 2kl, | > 1, and
nk n—=k _ n

Recently p(n,3) and p(n, k) for many k were determined by Volkmann as
follows:

Theorem 2.3.23 (Volkmann [148]) Let n and k be positive integers such
that kn or 3n s even. Then

gk n_, _n
and
n?* n
p(n,3) = Z+§ for n=0,4 (mod 6),
2
p(n,3) = %+g—1 for n=2 (mod 6).

2.4 Regular Factors and f-Factors in Bipar-
tite Graphs

The criterion for a graph to have an f-factor or a regular factor becomes
much simpler when we consider bipartite graphs, i.e., the most complicated
term ¢(S,7T') in (S, T') disappears and also it may be assumed that S and T
are contained in distinct partite sets. We begin with this simpler criterion,
which was obtained by Ore [124], and Folkman and Fulkerson [49].

Theorem 2.4.1 (The f-Factor Theorem for Bipartite Graphs) Let G
be a bipartite multigraph with bipartition (A, B) and f : V(G) — Z*. Then
G has an f-factor if and only if Y ., f(x) =D ,cp f(x) and
0(S,T) = Y fl@)+) (deggs(w) = f(@)) 20 (272)
zes zeT

for all subsets S C A andT C B.
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It is clear that 6*(S,T") can be expressed as

=Y f@)+ ) (degg(x) — f(x)) = eq(S,T).

zeS z€eT

We first show that under the assumption ) _, f(z) => .5 f(2), (2.72) is
equivalent to the following symmetric condition

0T, S) = f(z)+ Y (degg q(x) — f(x)) =0 (2.73)

zeT €S

for all subsets S C A and T C B.
Proof. Assume that (2.72) holds for all S C A and T'C B. Then

0 < &(A—S,B—T)
= > f@+ Y (deggln) — f(x)) — ea(A— S, B~ T)

r€A-S zeB-T
= > fl@) =D fle)+ ) degglx) = > degy(x
€A z€eS zeB zeT
=Y f@)+) f@)—eq(A=S,B-T)
€D zeT
= =) f@)+ > fl@)+ ) degg(z) — > degy(x)
x€S xeT €A zeT

—€G(A - S, B — T)

- _Zf(x)+2f +Zdegg ) +eq(A—S,B)

€S zeT €S

—6(;(5, T) - eg(A - S T) - €G(A - S B — T)

= =) f@+) f@)+ ) degg(r) —eq(S,T)

z€S zeT €S

= 0(T,9).
Therefore (2.72) and (2.73) are equivalent.

An elementary direct proof of Theorem 2.4.1 will be given in the next
chapter. We now give some results on regular factors and f-factors in bipar-
tite graphs, which are proved using Theorem 2.4.1 or (2.73).

Theorem 2.4.2 Let G be a bipartite multigraph and k > 1 be an integer.
Suppose that the degree of every vertex of G s divisible by k. Then for a
function f defined by

f(z) = degTG(x) for all z € V(G), (2.74)

G has an f-factor.
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Proof. Let S and T be disjoint subsets of V(G). It is clear that §*((), 0) = 0,
and so we may assume that S UT # (). Then

0°(S,T) = Y flz)+ ) (degg(x) — f(x)) —ea(S,T)

z€eS zeT
_ %ZdegG(:p) +(1- _) 3 degg () — (S, T)
TES zeT

> %eg(s, 7)+ (1~ %)eG(T, S) — eq(S,T)

= 0.
Hence 6*(S,T) > 0, and thus G has an f-factor. O

Theorem 2.4.3 (Katerinis [84]) Let G be a bipartite simple graph of order
at least four. If tough(G) > 1, then G has a 2-regular factor.

Lemma 2.4.4 Let G be a bipartite ssimple graph of order at least three and
with bipartition (A, B). Then tough(G) < 1, and tough(G) = 1 implies
Al = |B].

Proof. We may assume |A| > |B|. Then |A| = w(G — B) > 2 by |G| > 3,

and so
BBl _,

w(G-B) A~
In particular, tough(G) = 1 implies |A| = |B|. O
Proof of Theorem 2.4.3 By the above lemma, |A| = |B|. Hence 2|A| =

2|B|. Suppose that G has no 2-factor. Then by Theorem 2.4.1 there exist
subsets S C A and 7' C B such that

0°(S,T) =2|S| + ) degy g(x) —2|T| < 0.
z€T
Choose such a pair (S,7T) so that T is minimal. Since §*(S,0) = 2|S| > 0
and 0*(A,T) = 2|A| — 2|T| > 0, we have T' # () and S # A.
Claim  For every v € T, it follows that deg_g(v) < 1.
Let T" =T\ {v}. Then

1 < §(S.T) - 6(S,T)

= 2|5+ Z degg_g(x) — 2|17

zeT”’

~ (2181 + Y dege_s(w) — 2IT])

zeT
- - degG_S(U> + 2

tough(G) <
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Hence deg,_¢(v) < 1.

Figure 2.17: A bipartite graph G with tough(G) = 1.

Let R={y €T |degs_g(y) =0} and X = SU (B —T). By the Claim,
ifu e A— S and v € T are adjacent, then the component D of G — X
containing u satisfies V(D) N (S — A) = {u} (see Figure 2.17). Thus

w(G = X) = |A] = |S] + [R].
Assume first w(G — X) > 2. By tough(G) = 1, we have
(Al =[S+ |R] = w(G = X) < [X]| = [S]+|B] = [T],

which implies 0 < 2|S| — |T| — |R|. On the other hand, by the Claim we
obtain

5*(S,T) = 2|S| + |T — R| — 2|T| = 2|S| — |R| — |T| < 0.

This contradicts the above inequality 0 < 2|S| — |T'| — |R|. Therefore we may
assume w(G — X) =1. Then |[A— S| =1and R =0, and so by |A| > 2 and
Claim, we have

(S, T)=2(|A| = 1)+ |T| = 2|T| > 2|A] =2 —|B| > 0,

which is a contradiction. Consequently the proof is complete. O

Katerinis showed that a similar result does not hold for a 3-factor. Namely,
he showed that for any large integer A > 2, there exist 1-tough A-edge con-
nected bipartite graphs that have no 3-factor. In the same paper, he obtained
another sufficient condition for a bipartite graph to have a 2-factor, which is
given in the next theorem.

Theorem 2.4.5 (Katerinis [84]) Let G be a bipartite simple graph with bi-
partition (A, B). If the following two conditions hold, then G has a 2-reqular
factor.
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(1) |Al=[B|, and
(i1) for every subset S C A, it follows that

3 2
> = ' -
Na($) = SIS if ISI< |5lAl|, and
Ng(S) = B otherwise.

Proof. Suppose that G has no 2-factor. Since 2|A| = 2|B| by (i), there
exists a pair (S,T) of subsets S C A and T' C B such that

(T, S) =2|T| + Zdegg_T(:p) — 2[5 <0. (see (2.73))

zeSs

Choose such a pair (5, T') so that S is minimal. Since §*(7',.S) > 2(|T'|—|S|) >
0 if |T'| > |S|, we have |T'| < |S|. By the same arguments used in the proof
of Theorem 2.4.3, we have

IT)<|S|, T#A and S #0,and
dege_r(v) <1 for every v € S.

Figure 2.18: A bipartite graph G of Theorem 2.4.5.

Let Ry ={x € S |degs_r(z) =0} and Ry = {x € S | deg_p(z) =1} (
Figure 2.18). Then S = Ry U R;. Since

0(T,S)=2|T|+ |R1| —2|S| <0 and |Ng(S)| < |T|+ |Rul,

we have

2|Na(9)| < 2|T| + 2|Ry| < 2|S| + |R1| < 3|S].

Hence 9
|S] > g’NG(S)\-
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Therefore it follows from (i) and (ii) that
Ng(S)=B and |S| > [(2/3)|A]] +1,

which implies eq(S,y) > 1 for all y € B. If eq(S,y) > 2 forally € B—T,
then

5*(S,T) = 2/T|+ ) degg_p(x) — 2|9
€S

> || +2|B —T| —2|S| > 2|B| - 2|S| >0,

a contradiction. Hence there exists a vertex u € B — T with eq(S,u) = 1.
Let w € S be a vertex adjacent to u. Then

u g No(S— {w}), but |5~ {w)] > | 2]4l].

This contradicts (ii). Consequently the theorem is proved. O

Note that Theorem 2.4.5 is best possible in the sense that the condition
|S] > (3/2)]S| in (ii) cannot be replaced by [S| > |(3/2)]S|], i.e., there exist
bipartite graphs G that have no 2-factor and satisfy that for every subset
S C A, |Ng(S)| > [(3/2)|S]] if |S] < [(2/3)]|A|], and Ng(S) = B otherwise.

The above Theorem 2.4.5 was generalized as follows.

Theorem 2.4.6 (Enomoto, Ota and Kano [46]) Let a > 2 and b > 2 be
integers, and let A = a — 1+ (1/b). Let G be a bipartite simple graph with
bipartition (A, B). Suppose that G satisfies the following two conditions:

(i) a|lA| <b|B| and |B| > a, and

(ii) for every S C A, it follows that

, B
Ne()| = NSl if 151 < |21, ana
Ng(S) = B otherwise. (2.75)
Then G has a spanning subgraph F' such that

degp(xz) = a forall x €A, and (2.76)
degp(y) < b for all y e B. (2.77)

If a|A| = b| B|, then equality holds in (2.77), and furthermore if addition-
ally @ = b = 2 holds, then A = 3/2 and the theorem implies Theorem 2.4.6.
Hence Theorem 2.4.6 is a generalization of Theorem 2.4.5. In order to prove
the above theorem, we need the next theorem, which will be proved in the
next chapter.
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Theorem 2.4.7 Leta > 2 and b > 2 be integers, and G be a bipartite simple
graph with bipartition (A, B). Then G has a spanning subgraph F' such that

degp(x) = a forall €A, and
degp(y) < b for all y € B.
iof and only iof
0*(T,S) = b|T| + ) _ degg_p(x) — alS| > 0 (2.78)
z€S

for all subsets S C A and T C B (see (2.73)).

Proof of Theorem 2.4.6 Suppose that G has no spanning subgraph
satisfying (2.76) and (2.77). Then by Theorem 2.4.7, there exists a pair
(S,T) of subsets S C A and T'C B such that

0*(T,S) = bIT|+ ) degg r(x) —alS|
€S

= BT|+ec(S,B—T)—alS] < 0. (2.79)

Choose such a pair (S,7T) so that SU (B —T') is minimal. Then it is easy to
see that S # () and T # B.

Figure 2.19: A bipartite graph G of Theorem 2.4.6.

Claim 1. For everyu € S, it follows that degq_r(u) < a—1, in particular,
eq(S,B—T) < (a—1)|S]| (Figure 2.19).

Let S" =S — {u}. Then
1 < §(T,8) — 6T, S)
= HT|+ Y degg_p(2) — alS| = (WT|+ Y dege_r(v) - alS))

zes’ res
= —degy_r(u)+a
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Hence deg,_;(u) < a — 1. The second inequality follows immediately from
this.

Claim 2. Foreveryv € B=T, it follows that e(S,v) < b—1 (Figure 2.19).

Let 77 =T U {v}. Then

1 < §(T",8) - 6*(T,S)

= BT+ degg(x) — ea(T", S) — alS|

€S

—(bITI+ Y dege(a) — ea (T, S) — al$])

x€S
= b—eg(v,9)
Hence eg(v,S) <b—1.
Claim 3. |Ng(S)| < AlS].
Since G is a bipartite simple graph, we have |[Ng(S)| < |T|+eq(S, B—T),
and by (2.79) we obtain

INc(S)| < |T|+ec(S,B—T)

< %\S\ + (1 . 1)eG(S,B —7)

b
a 1
< @ Y .
< b|S\ + <1 b)(a )|S] (by Claim 1)
= <a -1+ %)\S\ = \|S]|. (2.80)

Thus Claim 3 holds.

By Claim 3 and the condition (2.75), we have Ng(S) = B. Note that we
have shown that B — T # (. Let

h = min{eq(S,v) | ve B —-T}.
By Claim 2 and the fact that Ng(S) = B, we have
1<h<b-1

By the definition of h and Ng(S) = B, we have

1
1Bl = INa(S)| =TI+ ;ec(S B -T)
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< %\S\ + (1 - 1)eG(S, B—T) (by (2.79))

hob
a 1 1
_a 1 1y, .
< b\5\+(h b)(a 15| (by Claim 1)
1 a-1
B <E+ h >|S|'
Hence ) )
a_
|B\<<E+ - )|S\. (2.81)

Let v9g € B — T such that eq(S,v9) = h, and let Sp = S — Ng(vg). Since
Na(So) € B —{v}, we have by (2.75) that

B
1So] = |S] = h < ‘T|—1. (2.82)

By (2.82) and (2.81), we obtain

1 a-1
MIS|=h+1) 18] < (5 + )18,

<)\—%—a;1>]S]:(a—1)<1—%>\S\ <Ah—1),

< <b—1+;1)<b. (by1<h<b—1)

Hence |S| < b. Choose ug € S so that
p=eq(ug, B—T)=min{eg(u,B—T) | ue S}
Then by Claim 1, p < a — 1 and thus

[Ne(uo)l < |T| + eg(uo, B=T)

1
< %\S\—EeG(S,B_T)HG(uO,B_T) (by (2.79))

a p
< Z_F

= <b b)’SHp

< (9_“_1)(5—1)+ 1 (by|S|<bandp<a—1)
< (3 ; a y and p < a

= 1—1+a—1.

b
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Hence |Ng(up)] <a—1 < A by b > 2, which implies Ng(ug) = B by (2.75).
However this contradicts a < |B| = |Ng(ug)| < a — 1 (see Condition (i)).
Consequently the theorem is proved. O

Theorem 2.4.6 is best possible in the sense that there exist bipartite
graphs that have no spanning subgraph satisfying (2.77) and (2.77) but which
satisfy [Ng(S)| > [A|S|] — 1 if |S] < |S| < [A|B|/A], and Ng(S) = B other-

wise.



Chapter 3

(g, f)-Factors and [a, b]-Factors

3.1 The (g, f)-Factor Theorem

In this chapter we investigate (g, f)-factors and [a, b]-factors, which are nat-
ural generalizations of f-factors and regular factors, respectively. In this
section we begin with a criterion for a graph to have a (g, f)-factor, which is
given in the (g, f)-factor Theorem. In the following sections we obtain some
sufficient conditions for graphs to have (g, f)-factors and [a, b]-factors.

For a general graph G and two functions g, f : V(G) - Z ={...,—1,0,
1,2,...} with g(z) < f(z) for all x € V(G), a (g, f)-factor is a spanning
subgraph F' of G that satisfies

g(x) < degp(z) < f(x) for all = € V(G).

Note that we allow g and f to satisfy g(z) < 0 for some vertices x and
degi(y) < f(y) for some vertices y. For two integers a and b such that
0 < a < b, a spanning subgraph H of G is called an [a, b]-factor if

a < degy(x) <b for all = € V(G).

Of course, an [a, b]-factor is nothing but a (g, f)-factor with g(z) = a and
f(z) = b for all vertices z.

A necessary and sufficient condition for a graph to have a (g, f)-factor
was obtained by Lovdsz [101] in 1970, and is contained the (g, f)-Factor
Theorem. The original proof is difficult and long, however, in 1981, Tutte
[143] gave an elegant short proof to this theorem. This is the one we will use
here.

Theorem 3.1.1 (The (g, f)-Factor Theorem, Lovasz [101])  Let G be
a general graph and g, f : V(G) — Z such that g(x) < f(z) for allz € V(G).

129
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Then G has a (g, f)-factor if and only if for all disjoint subsets S and T of
V(G),

=Y fla)+) (dega(a) — g(x)) = ea(S.T) = ¢7(S,T) 2 0, (3.1)

where ¢*(S,T) denotes the number of components C' of G—(SUT) such that
g(x) = f(z) for all z € V(C) and

> f@)+ec(C.T) =1 (mod 2). (3.2)

zeV(C)
The function v(S,T) is defined by (3.1).

For convenience, we call a component C' of G — (S UT) satisfying g(x) =
f(z) for all x € V(C') and (3.2) a (g, f)-odd component of G — (SUT). It
is immediate that

and thus (3.1) can be expressed as
=3 f@)+ Y (degg_s(x) — g(x)) — (S, T) > 0. (33)
TES zeT

Notice that the inequality (3.1) includes the following condition. This will
be shown later.

g(x) < degg(z) and 0 < f(z) for every x € V(G).
Moreover, as we mentioned before, the (g, f)-factor Theorem holds even if
g(x) <0 and dega(y) < f(y) for some z,y € V(Q).

This small improvement will play a useful role later, though the following

natural condition was assumed in the preceding papers [101] and [143]: 0 <
g(x) < f(z) < degy(x) for all z € V(G).
Proof of necessity of the (g, f)-Factor Theorem. Suppose that G has
a (g, f)-factor F. We shall show that v(S,7) > 0. It is clear that we may
assume G is connected.

Consider first v((, #). By the definition of (g, f)-odd component, if g(v) <
f(v) for some vertex v of G, then ¢*(0,0) = 0. If g(x) = f(x) forallz € V(G),

then
Z fla Z degp(x) = 2||F|],

zeV (G zeV(G
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and so G itself is not a (g, f)-odd component of G, which implies ¢*(0, ) = 0.
Thus we have (0, 0) = —q¢*(0,0) = 0.

Let S and T be two disjoint subsets of V(G) such that SUT # . Let
G — F denote the spanning subgraph G — E(F), and let Cy,Cs, ..., C,, be
the (g, f)-odd components of G — (S UT'), where m = ¢*(S,T'). Since

degg(7) — g(x) > degg(z) — degp(r) = degg_p(2),

we have

Z(degG(m)—g(ﬂv)) 2 ZdegG—F(x)

xzeT zeT
> eq-p(T,S)+ Z ea—r(T,C;).
i=1

Furthermore, it follows that

> f@) > degp(z) > ep(S,T)+ > ep(S.Cy).
x€S z€S =1
By the previous inequalities, we have
VS, T) = ep(S,T)+ > er(S,Cy)
i=1
+eq— FTS +Z€GFTC (S,T)—
=1

— i(ep(s, C)) +eqr(T,C;) — 1)‘

i=1

Therefore, in order to prove (3.1), it is sufficient to show that for every
C= Cia

€F(S,C)+6G,F(T,C) —1 2 0. (34)

If eq_p(T,C) > 1, then (3.4) holds, and so we may assume that eq_p (T, C)

= 0. This implies
eq(T,C) =ep(T,C).

Since g(x) = f(z) = degp(x) for every x € V(C), we obtain
Z f(z)+ec(C,T) Z degp(z) + ep(C,T)

zeV (C zeV(C)
—2||<V( )>F||+€F(C,SUT)+€F(C,T)
=epr(C,S) (mod 2).
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By (3.2) and by the above equation, we have er(C,S) > 1, which implies
(3.4). Consequently necessity is proved. O

As we said before, the present proof of sufficiency is based on Tutte [143].

Proof of the sufficiency of the (g, f)-Factor Theorem. If a general
graph G satisfying the condition (3.1) is not connected, then each of its
components satisfies (3.1). Hence it suffices to prove that a general connected
graph G satisfying (3.1) has a (g, f)-factor, and so we assume that G is
connected.

For each vertex v of G, it follows from (3.1) that

(0, {v}) = degg(v) —g(v) — ¢ (0,{v}) >0, and
7({2)}7 Q)) - f(v) - q*({v}’ (b) >0,

Thus
g(v) <degg(v) and 0< f(v) forevery veV(G). (3.5)

If g(x) = f(z) for all x € V(G), then a (g, f)-factor is an f-factor, and
§(S,T) =~(S,T). So the (g, f)-Factor Theorem holds by the f-Factor The-
orem 2.1.2. Therefore we may assume that G has at least one vertex u such

that g(u) < f(u).

We now construct a new connected graph G* from G as follows (see
Figure 3.1): Add a new vertex w to GG, and join w to every vertex = of G by
f(z) — g(x) multiple edges, and add M loops to w, where M is a sufficiently
large integer expressed as

M = Z f(z) + 2N. (3.6)

zeV(G

Note that N can be defined as >, () [9(2)| + |G| (see Exercises). We next
define the function f*: V(G*) — {0, 1, ,3,...} as

ACE TR e

We first show that G has a (g, f)-factor if and only if G* has an f*-factor.
Assume G* has an f*-factor F'*. Then F' = F* — {w} becomes a (g, f)-factor
of G since for every vertex x € V(G), we have

degp(z) = degp.(z) —ep-(z,w)

degp.(z) — e+ (2, w)

f(@) = (f(z) —g(x)) = g(z); and
degp(z) < degp.(z) = f(x).

v
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...................

S mmmmmmm e -
S mmmmmmm e -

...................

Figure 3.1: Connected general graphs G and G*, and an f*-factor of G*; numbers
denote g(z) and f(z).

Conversely, assume that G has a (g, f)-factor F. For every vertex = of
G, add f(z) — degp(z) multiple edges connecting = and w to F, and add
N + (2 ,cve degp(x))/2 loops incident with w. Then the degree of each
vertex « of G is f(x) and that of w is

3 (f(2) — degp(@)) + 2N + Y degp(x)) = M.

zeV(Q) z€V(Q)

Hence the resulting subgraph is an f*-factor of G*.
We now prove that G* has an f*-factor by making use of the f-Factor
Theorem 2.1.2. Since G* is connected and

Z () = Z f(z) + M =0 (mod 2), (by 3.6)

zeV(G*) z€V(Q)

we have d¢+(0,0) = —gq-(0,0) = 0.
Let S and T be two disjoint subsets of V(G*) such that SUT # . If
w € S then since M is sufficiently large, we have

0c-(S,T)= > [fl&) + M+ (degg.(z) — f(x)) > 0.

zeS\{w} xeT

If we T, then degg. (w) — f*(w) > 2M — M = M, and thus

0a-(S,T) = Y fl@)+ D (degge(z) — f(x))+ M

z€S zeT\{w}

—eqg* (S, T) — 4G~ (S, T) 2 0.



134 CHAPTER 3. (G, F)-FACTORS AND |[A, B]-FACTORS

Therefore we may assume that w ¢ S UT. Then

0g-(S,T) = Y f(&)+ ) (degg.(z) - f*(x))

z€eS zeT

—eq+(S,T) — qa+ (S, T)

= Zf +Z (degg(z (x))

z€eS zeT

—eG(S, T) — qa~ (S, T)

Let C be an f*-odd component of G*— (SUT') not containing w. Then since
eq+(C,w) =0, we have g(z) = f(z) for all z € V(C'). Moreover,

> @) + e = Y f(z)+ec(C.T) =1 (mod 2).

zeV(C) zeV(C)

Hence C is a (g, f)-odd component of G — (S UT). Therefore qg«(S,T) <
q5(S,T)+1, where +1 corresponds to a component of G — (SUT') containing
w, which might be an f*-odd component. Consequently

0g+(S,T) = Y fl)+ Y (degg(x) — g(x)) — ea(S,T) = g(S,T) - 1
z€eS zeT

= (S, T)—-1>—1,

which implies dg+(S,T) > 0 by dg+«(S,T) = 0 (mod 2) (2.4). Consequently
G* has an f*-factor by the f-Factor Theorem, which implies that G has the
desired (g, f)-factor, and the proof is complete. O

We conclude this section by giving a direct simple proof for the (g, f)-
Factor Theorem with g < f, which does not use the f-Factor Theorem. This
proof was found independently by Kano and Saito [78],

Theorem 3.1.2 (The (g, f)-Factor Theorem with g < f) Let G be a
general graph and g, f:V(G) — Z such that g(z) < f(x) for all x € V(G).
Then G has a (g, f)-factor if and only if for all disjoint subsets S and T of
V(G), it follows that

=3 f@)+ 3 (degg(z) — g(x) —ec(S,T) > 0. (3.7)

€S zeT

Proof of sufficiency. Since necessity can be proved in the same way as
the (g, f)-Factor Theorem, we prove only sufficiency. Suppose that a general
graph G satisfies (3.7) but has no (g, f)-factor. Since for every = € V(G),
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v*({x},0) > 0 and v*(0, {x}) > 0, we have g(z) < degs(z) and 0 < f(x).
We define a (0, f)-factor of G as a spanning subgraph K satisfying

0 < degg(x) < f(x) for all z € V(G).

Then a spanning subgraph with no edge is a (0, f)-factor of G. Choose a
(0, f)-factor H among all (0, f)-factors of G so that

p(H) = Z(g(m) —degy(x)) is minimum,

zeU

where U = {z € V(G) | degy(z) < g(x)}.

Note that if U = (), then H is a (g, f)-factor and so we may assume U # ().
An H-alternating trail is a trail whose edges alternately in and not in H.
Take one vertex u from U, and define

OV = {x € V(G) | There exists an H-alternating trail of odd
length connecting u to z },

EV = {x € V(G) | There exists an H-alternating trail of even
length connecting u to z} U {u}.

Then the following four statements hold (see Figure 3.2):

(1) If (uzyyhzoys - -z (or y,)), xiyy; € V(G), is an H-alternating trail, then
degy(x;) = f(x;) and degy (v;) < g(y;)  for every i.

(2) OVNEV =40.

(3) degg_ov(y) =degy_oy(y) forally € EV.

(4) en(OV.EV) =3 oy degny(z).

(1) If degy(x1) < f(x1), then H + uxy is a (0, f)-factor and p(H +
uzy) < p(H) (see Figure 3.2 (1)). This contradicts the choice of H, and thus
degy(x1) = f(z1). If degy(y1) > g(y1), then we can get a contradiction by
considering H + ux; — x1y;. Thus degy(y1) < g(y1). If degy(z2) < f(x2),
then we can derive a contradiction by considering H + uxy — x1y1 + y122.
Hence degy(x2) = f(x2). we can prove (1) by repeating this argument.

(2) If v € EV NOV, then we obtain by (1) degy(v) = f(v) as v € OV
and degy (v) < g(v) as v € EV. However this is impossible since g(v) < f(v).
Hence (2) holds.

(3) We show that if y € EV and yx € E(G)\ E(H), then x € OV, which
implies the desired property

degG—ov(?J) = degH—ov(?J)-
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u X1 Y1 X2 Y2 X3 Y3
(1) O——O==eO——OeeO—— OO

H={=—1}  EV={X}, OV={Yyi}

XP(u!y) y
0 vo—o—x o<
x  Pluy) Y
uo c\c_c/<
P(U,y) y X
U O——O=——0——0 :é—o

Figure 3.2: H-alternating trails to illustrate the proofs of (1) and (3), where
degpy (u) < g(u).

q

Let y € EV, yr € E(G) \ E(H) and P(u,y) denote a shortest H-
alternating trail connecting u and y (see Figure 3.2 (3)). Then P(u,y) ter-
minates at y and does not pass through y on the way. If x € P(u,y) N EV/,
then we can find an H-alternating trail P(u,z)+ xy of odd length connecting
u and y, which contradicts y € EV and (2). If z € P(u,y) N OV, then of
course x € OV. Thus we may assume that = € P(u,y). Again P(u,y) + yx
is an H-alternating trail of odd length connecting v and z, and so x € OV..
Therefore (3) is proved.

(4) We can similarly show that if z € OV and 2y € E(H), then y € EV,
which implies (4).

By (1), (2), (3), (4) and by g(u) > degy(u), we obtain

Y(OV,EV) = Y f)+ ) (degg_ov(x) = g(x))

zeOV zeEV
< Y degy(a)+ D (degy_ov(x) - degy(x))
zeOV zeEV

= ¢y(OV,EV) — ey (EV,0V) = 0.

This contradicts (3.7). Consequently sufficiency is proved. O

When we consider a (g, f)-factor in a bipartite graph, the criterion be-
comes simpler. This result was obtained by Folkman and Fulkerson [49].
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Theorem 3.1.3 (The (g, f)-Factor Theorem for Bipartite Graphs) Let
G be a bipartite multigraph with bipartition (A, B) and g, f : V(G) — 7Z such
that g(x) < f(x) for all x € V(G). Then G has a (g, f)-factor if and only if

YXY) = 3 f@) + Y (degg(e) - g() — eal(X.Y) 20, (38)

o reX zeY
YV, X) = Y fla)+ ) (degg(e) — g(2)) —ea(Y, X) 20 (3.9)

for all subsets X C A andY C B.

Proof of sufficiency. Since necessity can be proved in the same way
as the (g, f)-Factor Theorem, we here prove only sufficiency. Suppose that a
bipartite multigraph G satisfies (3.8) and (3.9). We first show that for any
disjoint subsets S and T of V(G), we have

YIS, T) = fx) + ) (degg(z) — g(x)) = ec(S,T) > 0. (3.10)

zeSs zeT

Let Sy =SNA Sg=5SNB, Ty =TNAand Tg =T N B. Then by the
two inequalities (3.8) and (3.9), we have

VS, T) = > fl@)+ ) (degg(r) — g(x)) — ea(S,T)

= Y f@)+ Y (degg(a) — g(2) — ec(Sa, Tk)
+ Y fa@)+ Y (degal) — g(@) — ea(Sp,Ta) = 0.

Hence v*(S,T") > 0.

We now apply the same argument as in the proof of Theorem 3.1.2 since
the statements (2), (3) and (4) in the proof hold even if g(v) = f(v) for
some vertices v of G. This is because OA and EV are subsets of A and B,
respectively, or vice versa. Therefore we can prove the theorem in exactly
the same way as Theorem 3.1.2. O

We next give a criterion for a graph to have a special (g, f)-factor, which
satisfies 0 < g(xz) < 1 for all vertices x. This criterion, obtained by Las
Vergnas [92], is a natural extension of the 1-factor Theorem.

Theorem 3.1.4 (The (g, f)-Factor Theorem with g < 1, Las Vergnas)
Let G be a simple graph and g, f : V(G) — ZT such that 0 < g(z) < 1 and
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g(x) < f(x) for all z € V(G). Then G has a (g, f)-factor if and only if for
every subset S C V(G), we have

odd(g;G—S) <> f(x) (3.11)

zeSs

where odd(g; G — S) denotes the number of components C' of G — S such
that either (i) C = {z} and g(x) = 1 or (i) |C| is odd, |C| > 3 and
g(x) = f(z) =1 for all z € V(C).

Las Vergnas gave two proofs for Theorem 3.1.4. In one proof, he consid-
ered a graph G that satisfies (3.11) but has no (g, f)-factor and for any new
edge e not in G, G+e has a (g, f)-factor. That is, if G satisfies (3.11) then for
any new edge €’ not in G, G + ¢’ also satisfies the same condition. So we can
take as a counterexample G' having a maximal number of edges and having
some nice properties. This proof technique is used for other theorems. In
the second proof, he used the (g, f)-Factor Theorem. We give another proof,
which uses a standard technique found in many other theorems including the
1-Factor Theorem.

Proof of Theorem 3.1.4. Let C be a component of G — S satisfying the
condition (i) or (ii) in the theorem. It is convenient to refer to C' as g-
odd component, and to any other components of G — S not satisfying the
conditions (i) and (ii) g-even components.

We first prove necessity. Assume that G has a (g, f)-factor F.. Then it
is obvious that odd(g; G) = 0, and so (3.11) holds for S = ). Let S be an
non-empty vertex subset of G, and let C' be a g-odd component of G — S.
Then we can easily show that

eF(Sa C) 2 17

that is, there exists at least one edge of F joining C' to S. Hence

odd(g;G — S) <ep(S, V(G ZdegF < Zf(x)

TE€S €S

We next prove sufficiency by induction on the order |G| of G. We may
assume that G is connected since otherwise we can apply the inductive hy-
pothesis to each component, and get a (g, f)-factor of G. If G has a vertex v
with g(v) = f(v) = 0, then G — v satisfies the condition (3.9) since for every
subset S C V(G) — {v}, we have

odd(g; (G —v) = §) = odd(g; G — (SU{w}) < Y fla)=>_ f(w)

zeSU{v} z€eS
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Hence by the inductive hypothesis, G — v has a (g, f)-factor, which is the
desired (g, f)-factor of G as g(v) = f(v) = 0. Therefore we may assume that
G has no vertex v with g(v) = f(v) = 0, in particular, f(z) > 1 for very
vertex x.

Claim 1. There exists 0 # X C V(G) for which odd(g; G—X) > 3" . f(x)
—1.

Assume that odd(g; G —S5) <> .o f(x)—2forall ) # .5 C V(G). Then
for any chosen edge e of G and for any subset S C V(G), we have

odd(g;G—e—8) <odd(g;G—S)+2< Zf(x)
xeS

Thus by the inductive hypothesis, G — e has a (g, f)-factor, which is the
desired (g, f)-factor of G. Hence we may assume that Claim 1 holds.

Let us define the integer 7 as

T = max {oddg,G X) Zf

0£XCV(G
7 rzeX

By the condition (3.11) and Claim 1, we have 7 € {—1,0}. Choose a maximal
vertex subset S of GG subject to

odd(g; G — S) =Y _ f(=) (3.12)
€S
Then S # () and
odd(g;G - X) = > f(x forall Sc X CV(G). (3.13)
rzeX

Claim 2. For every g-odd component C' of G — S and any vertex v of C,
C' — v has a 1-factor, which is a (g, f)-factor of C' —v.

We may assume |C| > 3. Let T'C V(C) \ {v}. It is clear that every odd
component of (C'—v) — T is a g-odd component since g(z) = f(x) = 1 for
all z € V(C). Then since S C SU{v}UT, we have by (3.13)

odd(g;G — (SU{v}UT)) =o0dd(g;G—S)—1+o0dd(C —v—T)
< Y f@HT—1=) fl@)+7+I|T|.

zeSU{v}uT z€S
Hence odd(C' —v —T) < |T'| + 1, which implies odd(C —v —T) < |T] as
0dd(C —v—T) = |T| (mod 2). Therefore C'—v has a 1-factor by the 1-factor
Theorem.
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Claim 3. Every g-even component D of G—S has a (g, f)-factor. Moreover,
if g(v) < f(v) for some vertex v of D, then for every edge uvw of G joining
u € Stow € V(D), D+ uw also has a (g, f)-factor, where we define

g(u) = f(u) =1.
Let 0 # T C V(D). Then by (3.13), we have

odd(g;G —S) 4+ o0dd(g; D —T) = odd(g;G— (SUT))
< ) f@)+r-1

xeSUT

By (3.12) we have
odd(g; D —T) < Zf(x) -1, (3.14)

zeT

and so D has a (g, f)-factor by induction. Moreover, by the above inequality,
we have

odd(g; (D +uw) —T) <odd(g;D—T)+ 1< Z f(z).

zeT

It is clear that

odd(g; (D + uw) — (T U{u})) = odd(g; D —T) < > f(x)—2.

zeTU{u}

Furthermore the existence of a vertex v with g(v) < f(v) guarantees odd(g; D+
uw) = 0. Hence D + uw has a (g, f)-factor by induction when D + uw # G.

Note that if G = D+uw, then S = {u}, f(u) =1, 7 = —1 and odd(g; G—
S) = 0. In such a case D has a (g, f')-factor with f'(z) = f(x), = €
V(D) \ {w}, and f'(w) = f(w) — 1 by (3.14). Hence by adding uw to this
factor, we can get the desired (g, f)-factor of G = D + uw.

Let {Cy,Cy,...,Cy} be the set of g-odd components of G — S, where
m = odd(g;G — S). We construct a bipartite graph B with bipartition
(S,{C1,Cs, ..., Cy}) as follows: x € S and C; are joined by an edge of B if
and only if  and C; are joined by at least one edge of G (see Figure 3.3).
Then B has the following properties.

Claim 4. If 7 =0, then B has a factor F such that (i) degp(x) = f(z) for
all x € S and (i) degp(C;) =1 for all 1 < i <m. If T = —1, then for any
giwen vertex uw € S, B has a factor F such that (iii) degp(z) = f(x) for all
x €S —u,degp(u) = f(u) — 1, and (iv) degp(C;) =1 for all 1 <i < m.
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Figure 3.3: The graph G with S, and the bipartite graph B.

We shall prove only the case 7 = —1 since the proof of the case 7 = 0 is
similar. Let ) # X C S. Assume that [Np(X)| <> .y f(z). Then

0dd(g; G — (S\ X)) > odd(g;G — S) — |Ns(X)|

> > f@)+r=> fla)= Y fl@)+7

zes rzeX €S\ X

This contradicts the definition of 7. Hence [Ng(X)| > >°_ . f(z). Moreover,

INp(S)| = m = odd(g; G — ) = > _ f(x)

z€S

Consequently by Theorem 1.1.10, B has a factor F' such that (i) degp(z) =
f(z) for every x € S —u, degp(u) = f(u)—1, and (ii) degy(C;) = 1 for every
1< <m.

Claim 5. If G — S has a g-even component D such that g(v) < f(v) for
some vertex v of D, then G has a (g, f)-factor.

We may assume that 7 = —1 since if 7 = 0, then we can similarly prove
the claim. Suppose that G — S has a g-even component D that contains
a vertex v with g(v) < f(v). Let uw be an edge of G joining u € S to
w € D. Let {C4,...,C,} be the set of g-odd component of G — S. Then by
Claim 4, the bipartite graph B with bipartition (S,{C4,Cy,...,C,,}) has a
factor F' such that degp(z) = f(z) for all x € S —u, degp(u) = f(u) —1 and
degp(C;) =1 for all 1 <i < m. For every edge xC; of F'; we can choose an
edge of G joining z to a vertex v; € V(C;), and obtain a subgraph H of G
by collecting these edges. Since D + ww, the other g-even components and
C; — v; have (g, f)-factors by Claims 3 and 4. By combining these factors
and H, we can obtain the desired (g, f)-factor of G (see Figure 3.4).
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Figure 3.4: A (g, f)-factor, denoted by bold edges, of G with 7 = —1.

By Claim 5, we may assume that no g-even component D of G — S
satisfies the condition of Claim 5. Thus every g-even component D satisfies
g(x) = f(z) =1 for all z € V(D), and has a 1-factor by Claim 3.

If 7 =0, then we can get the desired (g, f)-factor of G in the same way
as in the proof of Claim 5, i.e., by considering the factor F' given in Claim 4
with 7 = 0 and by the fact of Claim 2.

So we may assume that 7 = —1. If g(u) < f(u) for some vertex u € S,
then by considering the (g, f)-factor F' in Claim 4 with 7 = —1 and by
Claim 2, we can get the desired (g, f)-factor of G. So we may assume g(x) =
f(z) for all x € S. In this case, if G — S has an isolated vertex v, then v and
S must be joined by at least two edges as 7 = —1. If an isolated vertex v; of
G — S satisfies f(vy) > 2, then we can find the desired (g, f)-factor of G. Its
two edges join v; to S. If every isolated vertex v of G — S satisfies f(v) = 1,
then g(z) = f(x) =1 for all x € V(G), and thus

|G| = |S|+m=7=1 (mod 2).

Hence G itself is a g-odd component, which contradicts (3.9) with S — (.
Consequently the proof is complete. O

We now consider factors combining f-factors and (g, f)-factors. Let g, f :
V(G) — Z% such that g(x) < f(x) for all x € V(G). Then we say that
G has all (g, f)-factors if for every function h : V(G) — Z* such that
g(z) < h(z) < f(z) for all z € V(G) and 3 cy g M(z) = 0 (mod 2), G
has an h-factor. A necessary and sufficient condition for a graph to have all
(g, f)-factors is given in the next theorem.

Theorem 3.1.5 (Niessen [115]) Let G be a general graph and g, f : V(G) —
ZT with g(x) < f(z) for allx € V(GQ) and g(w) < f(w) for at least one vertex
w, which guarantees the existence of a function h defined above. Then G has
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all (g, f)-factors if and only if for all disjoint subsets S and T of V(G),

Y g@) + Y (dega(a) — f(x)) —ec(S,T) — (S, T) = ~1, (3.15)

zeS zeT

where (S, T') denotes the number of components C of G — (SUT) such that
either (i) g(u) < f(u) for some vertex u € V(C) or (i) g(x) = f(z) for all
z e V(C) and

Z f(x) +ec(C,T) =1 (mod 2). (3.16)

zeV(C

Proof. We first prove sufficiency. Let h : V(G) — Z* such that g(z) <
h(z) < f(z) for all z € V(G) and 3_ (g h(z) = 0 (mod 2). Let S and
T be disjoint subsets of V(G). Then by the f-factor Theorem, it suffices to
show that

0(h; S, T) = h(x)+ Y _(degg(x) — h(x)) = ea(S,T) — q(h; S, T) > 0

z€eS zeT
(3.17)
where g(h; S, T') denotes the number of components C' of G—(SUT) satisfying

Z h(z) +eq(C,T) =1 (mod 2).
zeV(C)

Since every component C of G — (S UT) counted in q(h; S, T') satisfies the
condition (i) or (ii) in the theorem, we have ¢q(h;S,T) < Q( ,T). Hence by
the inequality g(z) < h(z) < f(x), we have

5(h8,T) = " h() + 3 (dege(x) — b)) — ea(S,T) — a(S.7)

z€S zeT

> > g(x)+ > (degg(x) — f(2) — eal(S,T) = 4(5,T)

€S zeT
> —1.

The following congruent expression holds by the f-Factor Theorem.

8(h; 8, T)= Y h(z) =0 (mod 2).
zeV(Q)

Hence 6(h; S,T) > 0. Therefore G has an h-factor.

We next prove necessity. Let S and T be disjoint subsets of V(G). We
define a function h : V(G) — Z* as follows:
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(1) h(x)
(2) h(x)
(3) for every component C' of G — (S UT) having a vertex u
with g(u) < f(u), define h(z) = f(x) for all x € V(C) — u and
h(u) = f(u) or f(u) —1 so that 3° v h(z) + ec(C,T) = 1
(mod 2); and

(4) for every component C' of G — (SUT) with g(z) = f(x) for
all z € V(C), define h(z) = f(x) for all z € V(C).

f(z) for x € S,
g(x) forz €T,

If erV(G) h(z) is even, then G has an h-factor, and so by the f-Factor
Theorem, we have

0 < 6(h;S,T)
= Y h(z) + Y (degg(x) — h(x)) — ec(S,T) — q(h; S, T)
€S zeT
= > gla)+ > (degg(x) — f(x)) = ea(S,T) — 4(S,T).
€S zeT

If > cv(q) h() is odd, then since g # f, G has a vertex w with g(w) <
f(w). We change exactly one value h(w) so that g(w) < h(w) < f(w)
and >y (@) is even. If w € SUT then ¢(h;S,T) = ¢(S,T) and
h(w) = f(w) —1 or h(w) = g(w) + 1; otherwise ¢q(h; S,T) > ¢(S,T) — 1.
Then G has an h-factor, and so by the f-factor Theorem, we have

0 < o(h;S,T)
= ) h(z)+ ) (degg(x) — h(z)) — ea(S,T) — q(h; S, T)
z€S zeT
< Y gla)+ S (dega(a) - £(@)) — ea(S.T) — a(S,T) + 1.
TES zeT

Consequently (3.15) holds in this case, and the proof is complete. O

Theorem 3.1.6 (Katerinis [85]) Let G be a 2-tough simple graph. Then for
every function f : V(G) — {1,2} such that 3_ (g f(z) = 0 (mod 2), G

has an f-factor.

Proof. Since G is 2-tough, GG is connected. Suppose that the theorem does
not hold. Then G is not a complete graph, and so

|G| > 6 and 5(G) >4



3.1. THE (G, F)-FACTOR THEOREM 145

by tough(G) > 2 (see Exercises). By Theorem 3.1.5, there exists a pair (S, T)
of disjoint subsets S and T" of V(&) such that

p(S,T) =S|+ dege_s(a) = 27| —w(G — (SUT)) < =2, (3.18)

zeT

where w(G — (SUT)) = ¢(S,T) denotes the number of components of G —
(SUT). We choose such a pair (S,T) so that T is minimal. Then SUT # 0.
It follows that 7' # ) since if w(G —S) = 1 then p(S,0) = |S|—w(G—=S) > 0;
otherwise, |S| > 2w(G—S) and thus p(S, ) = |S|—w(G—=S) > w(G-S) > 2,
which are contradictions.

Claim 1. For every x € T, it follows that eq(x,T) = 0 and degg_g(x) < 2.
In particular, |S| > 2.

Let v € T. By the choice of (S,T), it follows that
1 < p<S>T - U) - p(Sa T)
=[S+ ) dege_g(z) = 2T —v| = w(G — (SU(T —v)))

—(181+ Y- degg_s(w) = 27| —w(G = (SUT))
< —degn_g(v) +2+eq(v,V(G)— (SUT)) —1
= —eg(v,T)+1.

Hence eq(v,T) = 0.
Similarly, it follows from w(G — (SUT)) = w(G — ((S +v) U (T — v)))
that
1 < p(S+0,T—v)=p(ST)
= [S]+1+ > degg(x) —eq(S+v,T —v) — 2T — v

zeT—v

—(I81+ > degale) - ea(s,T) - 2171)
= 1—degu(v) +ec(v,S) —ec(v,T —v) +2

= —degg_g(v)+ 3. (by ec(v,T) = 0)
Hence deg,_g(v) < 2. Since 6(G) > 4, we have
4 < degg(v) < |5+ deggs(v) < [S]+2,

which implies |S| > 2.
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Claim 2. |T| > 2.

Assume T' = {v}. If w(G — (S U {v})) =1, then it follows from |S| > 2
that

p(S,{v}) = |5] = 2{v}| = w(G' = (SU{v})) = —1,

which contradicts (3.18). If w(G'— (SU{v})) > 2, then |SU{v}| > 2w(G —
(SU{v})), and so

p(S,{v}) = |S[-2{v}-w(G=(SU{v})) = w(G=(SU{v})) —1-2[{v}] = —1,

a contradiction. Therefore the claim holds.

Figure 3.5: A graphs G with a pair (S,7).

By Claim 1, we can partition 7" into the following three disjoint subsets.

To={r €T |degg_g(z) =0}; Ti={x €T | degg_g(x) = 1};
Ty ={xeT|degs_g(x) =2}

We divide the set © of components of G — (S UT') into the following three
subsets.

Q={C€Qeq(C,T)
0, ={CeN|eq(C,T)
Oy ={C €N |eq(C,T)

2

0
1 and eg(z,T) =1 for some vertex x € V(C) },
1 and eg(z,T) > 2 for all z € V(C)}.

(AVARYS

For each C' € Qy, choose one vertex y of C' such that eq(y,T) = 1, and let
Y denote the set of these vertices, that is,

Y={yeV(C)|eg(y, T)=1, C€Qy, Y NV(C)| =1}.
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Then by Claim 2, G — (SU (Ng(T') —Y)) has at least |T'| > 2 components,
and so

S|+ [T1| + 2[To| — [ — Q2] > [S U (Na(T) - Y))|

> 2u(G — (S U (Ne(T) - Y))
> 2(1Q0| + |To| + [Th] + |T3]).
Hence
|S] > 2|Q0| + || + Q2 + 2|To| + |T1].
Therefore
p(S.T) = [S|+) degy g(x) —2|T| - w(G — (SUT))

zeT
> S|+ |Th| + 2|Ta| — 2(|To| + [T1] + |T2]) — (|Q0] + 1] + [Q22])
> S| = (2|To| + [T1] + || + [21] + [Q2]) > 0.

This contradicts (3.18). Consequently the theorem is proved. O

Exercises

Exercise 3.1.1 Show that N in (3.6) can be defined as N = 3,y |9(x)|+
|G|. In order to show this, it suffices to prove that dg+(S,T) > 0 when w € S
orweT.

Hint + Answer If w € S, then

5o (S,T) = 3 flo)+ Y (dege. (2) — f(x))

zes zeT
—EG* (Sv T) — gg (S’ T)
> f@)+ M+ (degg(r) + f(x) — g(x))

zeS—{w} z€T

=Y (f@) = g(x)) = ea(S — {w},T) - |G|

zeT

> M+ degg() — eq(S — {w}, T) — |G| > 0.

zeT

v

Assume w € T, then

0a-(S,T) = D fla)+ Y (degg.(x) — f(x)) + M

z€S zeT—{w}
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—€agx (S’ T) — 4g~* (Sv T)

> ;f(m) + e;{ }(degc(flf) —g(x))

- Zs(f(x) —9(x)) —ea(S, T —{w}) — |G| + M
> ;:Eg(ﬂﬁ) - TZ g(@) — |G|+ M

> }dfge(;} 65,7 — fw}) > 0.

Exercise 3.1.2 Let G be a connected non-complete graph with tough(G) >
2. Show that the order of G is at least six and §(G) > 4.

3.2 Graphs Having the Odd-Cycle Property

Before going to the next stage of (g, f)-factors and [a, b]-factors, we investi-
gate factor theory in a special class of graphs which possess the odd-cycle
property. Many results on factors in bipartite graphs can be extended to
factors in graphs of this class. A graph is said to have the odd-cycle prop-
erty if any two odd cycles either have a vertex in common or are joined by
an edge. Of course, every bipartite graph has the old-cycle property, and
so the class of graphs having the odd-cycle property is larger than the class
of bipartite graphs. For example, the graph G given in Figure 3.6 has the
odd-cycle property because each of its odd cycles passes through u or w and
two vertices u and w are adjacent.

Figure 3.6: A graph possessing the odd-cycle property.

We begin with the next theorem, which is similar to Hall’s theorem in
bipartite graphs.
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Theorem 3.2.1 (Berge [19]) Let G be a connected simple graph of even or-
der possessing the odd-cycle property. Then G has a 1-factor if and only
of

|INc(S)| > |S| for all S C V(G). (3.19)

Moreover, the above theorem is equivalent to the following theorem, which
is similar to Tutte’s 1-Factor Theorem but counts only isolated vertices. Note
that the two conditions (3.19) and (3.20) are equivalent only in special graphs.
They are not equivalent in general graphs though (3.19) implies (3.20).

Theorem 3.2.2 Let G be a connected simple graph of even order possessing
the odd-cycle property. Then G has a I-factor if and only if

iso(G —S) <|S| for all S C V(G). (3.20)

Proof of Theorems 3.2.1 and 3.2.2. Suppose that G has a 1-factor
F. Let ) # S C V(G). Then |Ng(S)| > |Nr(S)| = |S|. Moreover, since
iso(G — S) < odd(G — S), necessity follows immediately from the 1-Factor
Theorem.

In order to prove sufficiency, we use the same argument as we did in the
proof of Theorem 1.4.3, i.e. if for every vertex subset S of a graph H, the
number of factor critical components of H — S is less than or equal to |S],
then H has a 1-factor.

Assume that G has no 1-factor. Then by the 1-Factor Theorem, there
exists a subset S C V(@) such that odd(G — S) > |S| + 2. Choose such a
maximal subset S. Then by the proof of Theorem 1.4.3, every component
of G — S is factor critical. Since every factor critical component of order at
least three contains an odd cycle, G — S has at most one such component.
Hence

iso(G — S)
[Ne(Is0(G = 5))]

> odd(G—S)—1>|S|+1; and
< |81 < Hso(G = 95) -1,

where Iso(G — S) denotes the set of isolated vertices of G — S. Therefore
neither (3.20) nor (3.19) hold. O

We now give a criterion of f-factors and (g, f)-factors in graphs with the
odd-cycle property. The proof presented here was given by Mahmoodian
[109].
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Theorem 3.2.3 (Folkman, Hoffman and McAndrew [50]) Let G be a con-
nected multigraph possessing the odd-cycle property, and f : V(G) — Z.
Then G has an f-factor if and only if erv(G‘) f(z) is even and for all dis-
joint subsets S and T of V(G),

0°(5,T) = > fla)+ Y (degg(x) — f(x)) —ea(S,T) > 0. (3.21)

z€S z€T

Proof. Let S and T be two disjoint subsets of V(G) such that S UT # (.
We use the f-Factor Theorem 2.1.2.
Assume first G has an f-factor F'. Then

Z fz) = Z degp(x) = 2||F|| = even

2V (G) 2eV(G)
and 6*(0,0) = 0. Tt follows from the f-Factor Theorem 2.1.2 that
(S, T)=46(5,T)+q(S,T) > 6(S,T) > 0.

We next prove sufficiency. In order to do so, it suffices to show that
6(S,T) > 0 and 6(0,0) = 0, where §(0, 0) = 0 follows from 3, v f(2).

Figure 3.7: A bipartite f-odd component C' of G— (SUT') with bipartition (A, B),
and another f-odd component C’.

Let C’ be an f-odd component of G — (S UT). Then C’ satisfies

S f@) +ea(CT) =1 (mod 2).

zeV(C)

If an f-odd component C' of G— (SUT) is a bipartite graph with bipartition
(A, B), then

q(SUATUB)=¢q(SUB,TUA) =¢q(S,T) - 1. (see Figure 3.7)
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Thus we obtain
d(SUATUB)+6(SUB,TUA)—26(S,T)
= Y f@+ Y fl@)+ Y (degglr) - f(x)

reSUA reSUB zeTUB
+ Y (degg(r) — f(x) — ec(SUATUB) —ec(SUB,T U A)
zeTUA

—q(SUATUB)—q(SUB,TUA)
—2) " f(x) =2 (degg(x) — f(x)) + 2ea(S,T) +24(S,T)

— Z flx)+ Z (degg () — f(x))

—ZGG(A, B) - 6@(_/4 U B, SuU T) + 2
= Z degq(z) — Z degs(z) +2=2. (C is a bipartite graph.)

e AUB € AUB

Since

(S, T)=6(SUATUB)=46(SUB, TUA) (mod 2),
it follows that
(S, T) > 6(SUA,TUB) or 6(SUB,TUA).
Namely, by setting (S",7") = (SUA,TUB) or (SUB,T U A), we have
8(S,T) > 6(5",T).

By repeating the same procedure for every bipartite f-odd components of
G — (S U B) one by one, we obtain

(S, T) > 6(5*,T7),

where G —(S*UT™) has at most one f-odd component since G—(SUT') has at
most one non-bipartite component. Therefore it follows from 6*(S*,T*) > 0
and ¢(S*,T*) <1 that

0(S,T) > 6(S*,T*) =6"(S*, T*) — q(S*, T*) > —1.
This implies 6(S,T) > 0 by 6(S,T) = > cy () f(z) = 0 (mod 2). Conse-
quently, the proof is complete by the f-Factor Theorem. O

The proof of the f-Factor Theorem for a graph having the odd-cycle prop-
erty used the original f-Factor Theorem. On the other hand, we gave an ele-
mentary direct proof to the f-Factor Theorem for a bipartite graph without
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using the f-Factor Theorem. So it might be possible to give an elementary
proof for Theorem 3.2.3. Actually Folkman, Hoffman and McAndrew gave
another proof using flow theory without using the f-Factor Theorem.

A criterion for a graph with the odd-cycle property to have a (g, f)-factor
is different from the (g, f)-Factor Theorem for general graphs. In fact, it gives
only a sufficient condition and the sufficient condition cannot be obtained by
only removing ¢*(S,7T) from «(S,T). The assumption of the existence of a
vertex u with g(u) < f(u) in the following theorem is natural since otherwise
a (g, f)-factor becomes an f-factor.

Theorem 3.2.4 (Chen and Wang [30] (1993)) Let G be a connected multi-
graph possessing the odd-cycle property. Let g,f : V(G) — Z*% such that
g(x) < f(x) for all x € V(G) and g(u) < f(u) for some vertex u. Then G
has a (g, f)-factor if for all disjoint subsets S and T of V(G) with SUT # 0,
we have

P(S.T) =3 fla) + 3 (deggla) — g(x) — ea(S,T) 2 e, (3.22)

z€S zeT

where €g = 1 if G has an odd cycle with g(x) = f(x) for all its vertices;
otherwise €y = 0.

The constant ¢, cannot be removed, that is, there are graphs that have
no (g, f)-factors but have the odd-cycle property and satisfy v*(S,7") > 0 for
all disjoint subsets S and T of V(G) with SUT # 0.

Proof. Our proof is similar to that of Theorem 3.2.3 and uses the (g, f)-
Factor Theorem 3.1.1 instead of the f-Factor Theorem.

Let S and T be two disjoint subsets of V (G) such that SUT # (). In order
to prove the theorem, it suffices to show that v(S,T) > 0 and ~(0,0) = 0,
where (S, T) is given in (g, f)-Factor Theorem and (), #) = 0 holds because
of the existence of a vertex u with g(u) < f(u).

Let C’" be a (g, f)-odd component of G — (SUT). Then C’ satisfies

g(x) = f(z) for all = € V(C"), and
Z f(x) +eq(C;T) =1 (mod 2).

zeV(C")

Ifa (g, f)-odd component C' of G—(SUT) is a bipartite graph with bipartition
(A, B), then

F(SUATUB)=¢"(SUB,TUA)=¢q"(5,T)—1.
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Thus we obtain

WSUATUB) +~(SUB,TUA) —2+(S,T)
= Y f@+ Y fl@)+ Y (deggle) - g(@))
reSUA reSUB z€TUB

+ 3 (degg() — g(x)) — ec(SUA,TUB) — ea(SUB, T U A)
zeTUA

—q¢"(SUA,TUB)—q¢"(SUB, TUA)
—2)" f(z) =2 (degg(x) — g(x)) + 2e6(S,T) + 2¢°(S, T)

€S zeT
= D f@+ Y (degglr) —g(x)
r€AUB r€EAUB
—ZGG(A B) - eg(A U B SuU T) + 2
= Z degg(x Z dega(x) +2 (by g(z) = f(z) for x € AU B)
r€AUB r€AUB

= 2.
On the other hand, it follows that

YSUA,TUB)—~(S,T)
- Zf(x) + Z(degG(x) - g(x)) - eG(Sv B) - eG(AvT) - 6@(14, B) +1

= Z flz)+ ZdegG(x) (by g(z) = f(z) for x € AU B)
—ec(S,B) — (A, T) —ec(A,B) + Y f(z)+ec(C.T) (mod 2)
zeV(C)
= 2 ) f(x)+ec(B,A) +eq(B,S) + ea(B,T)
zeV(C)

—eq(S,B) —eq(A,T) —eq(A, B) + eq(C,T) (mod 2)

2 Y f(x)+2ea(B,T) =0 (mod 2).
zeV(C)

Hence
(S, T)=~v(SUATUB)=~(SUB, TUA) (mod 2).
Therefore we obtain

v(S,T) >~v(SUA,TUB) or v(SUB,TUA),
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i.e., by setting (S",7") = (SUA,TUB) or (SUB,TUA), we have
(S, T) > (5", T").

By repeating the above procedure for every bipartite (g, f)-odd compo-
nents of G — (S U B) one by one, we obtain

(S, T) > ~(S*,T7),

where G — (S*UT™) has at most one (g, f)-odd component since G — (SUT)
has at most one non-bipartite component. Define e = 1 if G — (S UT) has
exactly one non-bipartite component and € = 0 otherwise. Then if € = 1 then
€0 = 1 by the definition of (g, f)-odd components, and therefore it follows
from «*(S*,T*) > €, that

> e —€e=0.

This implies v(S,7) > 0. Consequently, the proof is complete by the f-
Factor Theorem. 0O

3.3 [a,b]-Factors and (g, f)-Factors

In this section we shall give some sufficient conditions for a graph to have an
la, b]-factor, also some sufficient conditions for a graph to have a (g, f)-factor.
Recall that for two integers 0 < a < b, a spanning subgraph F' of a graph G
is called an [a, b]-factor if

a<degp(xr)<b forall zeV(G).

Similarly, a graph G is called an [a, b]-graph if a < deg,(z) < b for all
vertices x of G.

We begin with a criterion for a graph to have an [a, b]-factor, which is
easily obtained from the (g, f)-Factor Theorem or the (g, f)-Factor Theorem
with ¢ < f by simply setting g(z) = a and f(x) = b for all vertices z. Note
that if @ = b, then an [a, b]-factor becomes a regular a-factor, and so in this
section we always assume a < b. If a = 0, then every graph has an [a, b]-
factor, which contains no edges, and so we may restrict ourselves to the case
of a > 1.
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Theorem 3.3.1 (The [a, b]-Factor Theorem, Lovasz) Let a and b be in-
tegers such that 1 < a < b. Then a general graph G has an [a,b]-factor if
and only if for all two disjoint subsets S and T of V(G), we have

VS, T) =0b|S|+ ) degg(z) — a|T| — ec(S,T) > 0. (3.23)

zeT

It is obvious that v*((),#) = 0 and so we check only the case SUT # (). Note
that (3.23) is equivalent to

V(S T) =b|S|+ ) degg_g(x) —a|T| > 0. (3.24)
zeT

The conditions (3.23) and (3.24) can be replaced by the following inequality,
which is sometimes more useful.

Theorem 3.3.2 (Heinrich, Hell, Kirkpatrick and Liu, [56]) Let G be a gen-
eral graph, and a and b be integers such that 1 < a < b. For any subset
S C V(G) and any integer j > 0, let nj(G — S) denote the number of ver-
tices of G — S with degree j. Then G has an [a,b]-factor if and only if

> (a—j)-n(G—5) <blS| for all S C V(G). (3.25)

0<j<a

Proof. We first prove sufficiency by using the [a, b]-Factor Theorem 3.3.1.
Let S and T be two disjoint subsets of V(G). Then

a|T| - Z;degcsu) (3.26)
= OZ (a:) {z €T | degg_g() = j}|
< Oi (a—j){z € T |degg_g(x) = j}|
< OjZ:(a —J) {z e V(G) = 5 | degg_g(x) = j}|
- 0;::(@ — j)n;(G = 9). (3.27)

Hence if G satisfies (3.25), then

bIS| > Y (a—j)n;(G—S) > alT| =) degg_g(x).

0<j<a zeT
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Therefore (3.24) holds, and so G has an [a, b]-factor.
Conversely, assume that G has an [a, b]-factor. For any subset S C V(G),
we define
T={zxeV(G)—-5|degs_g(x) <a}.

Then all the inequalities between (3.26) and (3.27) become equations, and

a|T| - ZdegG,S(x) = Z (@ —j)n;(G = S).

zeT 0<j<a
On the other hand, by the [a, b]-Factor Theorem, we have
bS]+ " degy g(x) —alT| > 0.

zeT
Combining the two inequalities, we have
BSI> S (a— j)ny(G = S).
0<j<a
Consequently the theorem is proved. O
To show the existence of an [a, b]-factor, we may apply Theorem 3.3.1

together with the next lemma instead of Theorem 3.3.2.

Lemma 3.3.3 Let G be a general graph, and a and b be integers such that
1 < a < b. Suppose that G has no [a,b]-factors. Then there exist disjoint
subsets S and T of V(G) such that

VS, T) = blS| + ) degg_g(x) —alT| <0.

zeT

Among such subsets S and T, choose S and T so that T is minimal. Then
(1)) T # 0 and (i1) degs_g(x) <a—1 forallz €T.

Proof. Tt is trivial that T # ). Let v € T. Then

= 0S|+ Z degg_g(x) — a|T — v

xeT —v

~(bIS1+ > degg_s(x) — alTl)

zeT

= —degy_g(v) + a.

Hence deg,_g(v) <a—1. O
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By setting a = 1 in Theorem 3.3.2, we can obtain the following Theo-
rem 3.3.4 since

no(G — S) = iso(G — S) = the number of isolated vertices in G — S.

This theorem is also obtained from Las Vergnas’s (g, f)-Factor Theorem with
g <1 (Theorem 3.1.4) because if g(z) = 1 and f(x) = b > 2 forall z € V(G),
then odd(g; G — S) is equal to the number of isolated vertices of G — S (see
(3.9)). We shall give another direct proof for this theorem in the Chapter 5
by regarding a [1, b]-factor as a component factor.

Theorem 3.3.4 (Las Vergnas (b > 2) [92]) Let b > 2 be an integer. Then a
general graph G has a [1,b]-factor if and only if

iso(G —S) < bS] for all S C V(G). (3.28)

Furthermore, the following inequality quarantees the existence of a [1,b]-
factor.

|INg(S)| > |—§| for all S C V(G). (3.29)

We explain only that (3.29) implies (3.28). For every S C C(G), (3.28)
follows from
|[Iso(G — S)| iso(G—295)
b Ty
where Iso(G — S) denotes the set of isolated vertices of G — S.

The following theorem was obtained independently by Heinrich, Hell,
Kirkpatrick and Liu [56] and Egawa and Kano ([41], [146] p. 121).

Theorem 3.3.5 Let G be a connected general graph and g, f : V(G) — Z
such that g(x) < degs(z), 0 < f(z) and g(z) < f(x) for all x € V(G). If
for every pair of adjacent vertices x and y of G, we have
g(x) _ _f)
degg(x) ~ dega(y)’

5] > |Na(Iso(G = 5))| =

(3.30)

then G has a (g, f)-factor.

Proof. We use the (g, f)-Factor Theorem with ¢ < f (Theorem 3.1.2) since
g(x) < f(z) for all x € V(G). Let S and T be disjoint subsets of V(G) such
that SUT # (). Then we have

V(S T) = Y f(s)+ > (degg(t) — g(t) — ea(S, T)

seSs teT

- ZdegG(S)deJ;(j()s) + Zdegdt)(l _ 9 ) —eq(S,T).
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Figure 3.8: The weights of edges of G with SUT.

For each vertex s € S, add the weight f(s)/degq(s) to all the edges inci-
dent with s, for each vertex ¢t € T, we add the weight 1— g(t)/ degq(t) to all
edges incident with ¢, and finally add the weight —1 to all the edges between
S and T, (see Figure 3.8). Since f(s)/ dega(s) > 0and 1— g(t)/ degq(t) > 0,
we have by the above expression for v*(S,T")

. f(s) 9(t)
YIS, T) = deg,(s)——— + deg (t)(1 — ——=) —eq(S,T
(1) = 3 derols) g 55 + 3 detal (1= qeg@) ~ 8D
> The total sum of weights of edges between S and T’
t
_ v (df(s> 1o 0 _1)
steE(G), s€S, teT egG(S) egG(t)
> 0. by (3.30)
Hence v*(S,T) > 0 and thus G has a (g, f)-factor. O

The next theorem follows immediately from the above theorem, but it
also can be proved directly by the (g, f)-Factor Theorem with (¢ < f) as we
show in the proof.

Theorem 3.3.6 (Kano and Saito [77] (1983)) Let G be connected general
graph and g, f : V(G) — Z such that g(z) < f(x) for all x € V(G). If
there exists a real number 0 < 0 <1 such that

g(x) < Odegq(z) < f(x) for all =€ V(G), (3.31)
then G has a (g, f)-factor.

Proof. We use the (g, f)-Factor Theorem with g < f (Theorem 3.1.2). Let
S and T be disjoint subsets of V(G) such that S UT # 0.

V(S T) = Y fl@)+> (degg(z) — g(x)) — ea(S, T)

zes zeT
> 92 degq(z) + Z(l —0) degs(z) — eq(S,T)
z€S zeT

> (966'(5, T) + (1 - 9)66'(5, T) — eG(S, T) =0.
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Therefore G has a (g, f)-factor. O

Theorem 3.3.7 (Kano and Saito [77] (1983)) Let m, n, a and b be integers
such that 1 <m<nandl1 <a<b<n. If

<

s |3

I

Sl

then every general [m,n|-graph has an |a,b]-factor.

Proof. Let G be a [m,n]-graph. Define g(z) = a and f(z) = b for all
z € V(G), and 0 = b/n. Then

g(x) =a < O0m < Odegs(x) <On=>b= f(x).

Hence by Theorem 3.3.6, G has an [a, b]-factor. O

We now show that the condition in Theorem 3.3.7 is sharp, i.e., we can
prove that if a/b > m/n then the complete bipartite graph K(m,n), which
is an [m, n]-graph, does not have an [a, b]-factor. Let G = K (m,n), and let
S and T be the partite sets of K (m,n) such that |S| = m and |T'| = n. Then

S|+ 3" desg(e) — alT| e (S.T)
zeT
= bm+mn—an—mn=bm—an <0 (by a/b>m/n)

Hence by Theorem 3.3.1, G has no [a, b]-factor.

As was shown in Chapter 3, some r-regular simple graphs have no k-
regular factors, but the next theorem, which was conjectured by Erdés and
proved by Tutte, shows that every r-regular graph has a [k, k + 1]-factor.
Such a factor is sometimes called a semi-regular factor.

Theorem 3.3.8 (Tutte [142] (1978)) Let k and r be integers such that 1 <
k < r. Then every r-reqular general graph has a [k, k + 1]-factor.

The next theorem is a generalization of previous theorem. Thomassen
gave an elementary proof for it by using Hall’s Marriage Theorem. Note that
Theorems 3.3.8 and 3.3.9 follows from Theorem 3.3.7 as k/(k+ 1) < r/r and
k/(k+1) <r/(r+1). We shall later show that if 1 <k < 2r/3, then every
r-regular simple graph has a [k, k + 1]-factor each of whose components is
regular.

Theorem 3.3.9 (Thomassen [136] (1981)) Let k and r be integers such that
1 <k <r. Then every general [r,r + 1]-graph has a [k, k + 1]-factor.
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Theorem 3.3.10 (Heinrich, Hell, Kirkpatrick and Liu [56] (1990)) Leta, b, m,
n and k be integers such that 1 < a < b, 1 <m < nand 1 < k. Then a
general [m,n|-graph has k edge-disjoint [a, b]-factor if

(k—1)(*—a®)<mb—na and a<b<n-—(k—1)a. (3.32)

In particular, if (k—1)(a+b) <7 anda < b < r — (k— 1)a, then every
general r-reqular graph has k edge disjoint |a, b]-factors.

Proof. Let G be a general [m, n]-graph. We prove the theorem by induction
on k. If k =1, then 0 < mb—mna by (3.32), which implies a/b < m/n, and so
G has an [a, b]-factor by Theorem 3.3.7. Assume k > 2. Then 0 < mb — na,
and so G has an [a, b]-factor F' by Theorem 3.3.7. It is clear that G — E(F)
is an [m — b,n — a]-graph. Then

(k—2)(b* —a®) < (m —b)b— (n—a)a
<

22
s (k—1)(* —a®) < mb—na,

and
b<(n—a)—(k—2)a & b<n-—(k—1)a.
Hence by applying the inductive hypothesis to G—F and k—1, we can obtain

k — 1 edge disjoint [a, b]-factors of G — F', and thus G has k edge disjoint
la, b]-factors. O

A general graph G is said to be locally s-almost regular if
| deg(z) — degi(y)| < s for all two adjacent vertices x and y.

In particular, a locally 0-almost regular connected graph is a regular graph.
This notion was introduced by Joentgen and Volkmann [64], and they proved
the following theorem.

Theorem 3.3.11 (Joentgen and Volkmann [64] (1991)) Let k, s and t be
integers such that 1 < k,t and 0 < s, and let G be a locally s-almost regular

general graph. If
s

0(G)

k <46(G) and < (3.33)

t
k?
then G has a [k, k + t]-factor.

Proof. We define g(z) = k and f(z) = k + ¢ for all z € V(G). Let x
and y be two adjacent vertices of G. Since §(G) < degq(z), sk < §(G)t and
dege(y) < degq(x) + s, we have

o@) _ k _ k+t _ f)
degg(z) = 3(G) = 8(G) s — deggly)’
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Therefore by Theorem 3.3.5, G has a (g, f)-factor, which is a [k, k +t]-factor.
O

Theorem 3.3.12 (Egawa and Kano [41] (1996)) Let G' be a connected gen-
eral graph and g, f : V(G) — Z such that g(z) < degq(x), 0 < f(x) and
g(x) < f(x) for all vertices x of G. If the following three conditions hold,
then G has a (g, f)-factor.

(1) G has at least one vertex v with g(u) < f(u).

(i1) For any two adjacent vertices x and y of G, we have

g(x) f(y)
degq (@) = dega(y)’

(111) For every non-empty proper subset X of V(G) such that g(z) = f(x)
for all z € X and (X)¢g is connected, we have

3 (eg(v,X)min{ flo) 9 })21. (3.35)

o degg()'  dogglv)

(3.34)

Proof. We shall show that v(S,7) > 0 as required in the (g, f)-Factor
Theorem 3.1.1. Let S and T be two disjoint subsets of V(G). By condition
(i), we have y(0),0) = 0, and so we may assume SUT # (). Let Cy,Cs, ..., C,,
be the odd components of G — (S UT), where m = ¢*(S,T). Then we have

VS, T) = D f(s)+ > (degg(t) — g(t)) — ea(S,T) = ¢*(S, T)

ses teT
f(s "
- ; degg(s) deg(G()s) + ; dege(t) (1 _ degg(G)(t)> CeelS.T) —m.

For each vertex s € S, add the weight f(s)/degq(s) to all the edges incident
with s, for each vertex t € T, add the weight 1 — g(t)/ degs(t) to all edges
incident with ¢, and add the weight —1 to every edge joining S and T (see
Figure 3.9).

Then V(C;) = X satisfies (3.35), f(s)/dega(s) > 0,1— g(t)/ degs(t) >0

and
Z eq(v,C;) = Z eq(v, C;).

veV(G)-V(C;) veSUT
Hence we have

(S, T) = Zdegg(s) f(s>s)+2dega(t)<l 9(t) )

Py degg( T degq(t)
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Figure 3.9: The graph G with S U T, and the components C4,...,C,,, where
m = q¢*(S,T).

—eq(S,T) —m
> (The total sum of weights of edges between S and T')
+ (The total sum of weights of edges joining SUT
and V(C))U---UV(Cy)) —m
Z Z (df&_f_l_dg(t) —1)
steE(G), s€S, teT egG(S) egG(t)
- oy fv) 9(v)
+ eq(v,Cy) min{ ——— 1 — ———, —1
22 e ' )
> 0.

Consequently, G has a (g, f)-factor. O

Theorem 3.3.13 (Egawa and Kano [41] (1996)) Let G be an r-regular sim-
ple graph and g, f : V(G) — Z such that g(z) < r, 0 < f(z) and g(x) < f(z)
for all x € V(G). If the following two conditions hold, then G has a (g, f)-
factor.

(i) g(x) < f(y) for all two adjacent vertices x and y; and

(i) for every vertex u with g(u) = f(u), there exists at least one verter w
that is adjacent to u and satisfies g(w) < f(w) (see Figure 3.10).

Proof. We shall show that the three conditions of Theorem 3.3.12 hold.
Since (i) and (ii) of Theorem 3.3.12 follows immediately, it suffices to show
that condition (iii) holds. Let @ # X C V(G) such that g(z) = f(z) for all
x € X and (X)g is connected. By condition (ii), for every vertex z € X (see
Figure 3.10), there exists a vertex y € V(G) — X such that ¢g(y) < f(y) and
y is adjacent to z. Hence if | X| > r, then

eq(X,V(G)—X) > |X| >
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g(u) = f(u) r- X+
N
g(x) < f(y) g(w) < f(W)

IX|=r IX|<r

Figure 3.10: The conditions in Theorem 3.3.12, and X in the proof.

If | X| < r, then since G is a simple graph, x € X is adjacent to at least
r— | X|+ 1 vertices in V(G) — X (see Figure 3.10), and thus we have

eq(X,V(G)—X) > (r—|X|+1)|X]| >
Therefore, by

g9(v) r—1
and <
degG(v) degG(v) r

Y

we obtain

o x degq(v) degq(v) }

> eg(X,V(G)—X)min{%,l—r_l} >r.-=1.

T r

Z eg(v,X)min{ /) , 11— 9(v)
1

Consequently G has a (g, f)-factor by Theorem 3.3.12. O

The following theorem is an improvement of Tutte’s Theorem 3.3.8, which
says that every r-regular graph has a [k, k + 1]-factor, i.e., the following
corollary guarantees the existence a [k, k + 1]-factor that has many vertices
of degree k (or k + 1) and a small number of vertices of degree k + 1 (or k).

Theorem 3.3.14 (Egawa and Kano [41] (1996)) Let k andr be integers such
that 0 < k < r, and G be an r-reqular simple graph. Let W be a mazximal
independent vertex subset of G. Then G has a |k, k + 1]|-factor F such that
degp(z) =k for allz € V(G)—W, as well as a [k, k+ 1]-factor H such that
degy(x)=k+1 forallz € V(G) —W.

Proof. This theorem is an easy consequence of Theorem 3.3.13. For any
vertex u € V(G) — W, there exists at least one vertex w in W adjacent to u
since otherwise W U {u} becomes an independent set, which contradicts the
maximality of W. Define g and f as

g(x) = f(z) =k for all x € V(G)—W; and
gly)=Fk and f(y)=k+1 forall ye W.
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Then g and f satisfy the conditions of Theorem 3.3.13, which implies that
G has the desired [k, k+ 1]-factor F'. We can similarly prove the existence of
a [k, k+ 1]-factor H. O

The following theorem is proved after the second theorem.

Theorem 3.3.15 (Kano and Saito [77]) Letl, k,r,s,t, u be integers such that
0<I<EkE<Z<r,l+u<k+t<r+s,l#r,l+u#r+s,0<s, 0<uand
1 <t. Let G be a general [r,r + s]-graph and H be an [l,1 + u]-factor of G.

If
(l—Fk)s+ (k—r)u+ (r—10)t >0, (3.36)

then G has a [k, k + t]-factor that contains the given factor H as a subgraph.

By setting s = u =t in Theorem 3.3.15, we obtain the next theorem.

Theorem 3.3.16 ([77]) Let 1, k,r,t be integers such that 0 < ¢ < k < r and
1 <t. Then for any given [{, ¢ + t]-factor H of a general [r,r + t|-graph G,
G has a [k, k + t]-factor that contains H as a subgraph.

Proof of Theorem 3.3.15. Let G be a general [r,r + s]-graph, H be
a [(,¢ + u]-factor of G, and K = G — E(H). Define two functions g, f :
V(K) — Z* by

g(x) =k —degy(z) and f(x)=k+t— degy(x) for all x € V(G).

If K has a (g, f)-factor F', then F'U H is the desired [k, k + t]-factor. Let

0:

r—2/¢ r4+s—4~0—u

Then 6 < X by (3.36). We shall show that K, g and f satisfy condition (3.31)
in Theorem 3.3.6. It is clear that 0 < 0 < 1 and g(z) < f(x). Since

k=0r+(1—0)<0degs(x)+ (1 —0)degy(x)

and
degK(x) = degG(x) - degH(x),

we have

g(e) = k- degy(x) < Odegg(x) + (1 — ) degyy(z) — degy (2)
— f(degg(x) — degy (x)) = 0 degy(x).
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Similarly, since

k+t=Ar+s)+(1—=XN(+u) > Adegg(z) + (1 — X) degy(z),

we have
flz) = k+t—degy(x)
> Adegg(z) + (1 — A) degy(z) — degy ()
= A(degg(r) —degy(z)) = Adegy(z)
> Odegg(x). (by 8 < \)

Hence g(z) < 6degy(z) < f(x). Consequently (3.31) holds, and the theorem
is proved. O

It is shown in Theorem 2.2.4 that for odd integers a, b, k such that 1 <
a < k < b, if a graph G has both an a-factor and a b-factor, then G has a
k-factor. The following theorem gives a similar result for [a, b]-factors. Note
that condition (3.37) is equivalent to the condition that the point (m,n) in
the plane lies above the straight line passing through the points (a,b) and
(¢,d). This will be explained after the proof.

Theorem 3.3.17 ([69]) Let a,b,c,d, m,n, be integers such that 0 < a <
m<canda<b, ¢c<dandm-+1<n. Suppose that a general graph G has
both an [a,b]-factor and [c, d]-factor. If

n—=b n—d
>

m—a m-—c

(3.37)

then G has an [m,n|-factor.

Proof. Let S and T be disjoint subsets of V(G) such that SUT # (). By
the (g, f)-Factor Theorem with ¢ < f (Theorem 3.1.2), it suffices to show
that v*(S,7) > 0. Assume that

Y(S,T) =nlS|+ ) degg_g(x) —m|T| <0

zeT

for some S, T C V(G), SNT = (. Since G has an [a, b]-factor and a [c, d]-
factor, if a < b and ¢ < d then

VT(S’ T) = b|S‘ + ZdegG—S(x) - CL|T‘ >0,

zeT

(S, T) = dS[+ ZdegG,S(x) —|T| = 0.

zeT
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Note that if a = b, then
'7(37 T) = b|S| + Z degG—S(x) - CL|T‘ - Q(Sa T) >0,
zeT

and thus the above inequalities hold even if a = b or ¢ = d. Hence we obtain
0>7"(5,T) =n(5T) = (n="b)|S| = (m—a)|T]| (3.38)
0>7%(5T) =5 T) = (n=d)|S| = (m—0)|T].  (3.39)
If S =0, then 0 > —(m — ¢)|T| by (3.39), which contradicts m < ¢. Thus

S # (. By (3.38) and (3.39), we obtain
n—>b B

< and |T|<n_0l
nd — :
m—a |S| |IS| m—c

Thus
n—=b n—d
<

m—a m-—c
This contradicts condition (3.37). Hence v*(S,T) > 0, and therefore G has
an [m, n]-factor.

It is clear that the point (m,n) lies above the line passing through (a,b)
and (¢, d) if and only if (¢, d) lies below the line passing through (a,b) and
(m,n). The line passing through (a,b) and (m,n) is

—b
" (x —m) +n.
a

y:
m_

Hence (¢, d) lies below this line if and only if

d< n—=b

m_a(c—m)+n.

This is equivalent to (3.37). O

We now turn our attention to other types of sufficient conditions for a
graph to have an [a, b]-factor. When we consider a general graph with given
binding number or given toughness, we may restrict ourselves to a simple
graph because a general graph and the simple graph have the same binding
number and toughness.

Theorem 3.3.18 (Kano [70] (1990)) Let a and b be integers such that 2 <
a < b, and G be a simple graph with |G| > 6a +b. Put A\ =1+ (a —1)/b.
Suppose
- |G|
o)l = x| )< [ e @)
INe(X)| = V(G) otherwise. (3.41)

Then G has an [a,b]-factor.
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We first note that a similar condition for a graph to have a [1,b]-factor
with b > 2 was given in Theorem 3.3.4, which says that if |Ng(X)| > | X|/b
for all X C V(G), then G has a [1, b]-factor. From this theorem, it follows
that if bind(G) > 1/b, then G has a [1,b]-factor. On the other hand, if a
connected simple graph G with order at least 4k — 6 satisfies

, 2k — 1)(|G] - 1) 1 2 —7/k+3/k?
bind —9 - -
ind(G) > G 2) + 3 FTO TG =213k

then G has a k-regular factor (see Theorem 2.3.5). If we substitute a = b = k
into A in Theorem 3.3.18, then A = 2 — 1/k, which is almost the same as
the lower bound of the above bind(G) though Theorem 3.3.18 holds only in
the case a < b. We give one more remark on Theorem3.3.18. The conditions
(3.40) and (3.41) cannot be replaced by |Ng(X)| > A X| or Ng(X) = V(G)
for all X C V(G).

The proof of Theorem 3.3.18 is fairly long and the proof technique used
is similar to that of the next theorem, and so we shall give only the proof to
the next theorem.

Theorem 3.3.19 (C. Chen [28] (1993)) Let a and b be integers such that
2<a<b, and G be a simple graph with |G| > b+3a. Put \ =1+ (a—1)/b.

If
(A = DIG|

bind(G) > A and  §(G)>1+ 3

(3.42)

then G has an |a, b]-factor.

In the proof of the above theorem, we need the next lemma.

Lemma 3.3.20 (Woodall [151] (1965)) Let G be a simple graph. If bind(G) >
t, then
(t - DIG[ + [X]
t
for every independent vertex subset X of G.

[N (X)| >

Proof of Theorem 3.3.19. Suppose that G has no [a, b]-factor. Then by
the [a, b]-Factor Theorem, there exist two disjoint subsets S and T of V(G)
such that
bS]+ " degy g(z) —alT| < 0. (3.43)
zeT

Clearly T # (). Define

h = min{deg._gq(z) | x € T'}.
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Then 0 < h < a— 1. We consider the following two cases.
Case 1. h=0.

Let I = Iso(G—S)NT = {x € T | degs_g(x) = 0}. Then I is an
independent vertex subset of G and I # (). By Lemma 3.3.20, we have

(A= DIGI+ ]
X .

[Ne(I)] = (3.44)

On the other hand, by (3.43) we have

0o > b\S]—l—Zdegg,S(x)—dT]

zeT
blS| + |T — I| — a|T]
blS| — all| + (1 —a)|T — 1|
> S| —all]+ (1 =a)(|G] = |S] = |1])
(a+b—1)|S|—|I] - (a—1)|G].

v

Thus
[+ (a=DIG] _ 2]+ (A= DIG]

Na(I)] <
Na(D)] < 18] < === -

This contradicts (3.44).
Case 2. 1<h<a-1.
Since
0 > b|S|+ ) degg g—alT| > b|S|+ (h —a)|T]

zeT

> blS[+ (h = a)(|G] = |5]) = (a+b = h)|S] = (a = H)[G],

we have e
a _
S| < ————.
5] < a+b—nh
By considering a vertex v € T with deg._g(v) = h, we have

(a —h)|G]|

< < .
0(G) < degg(v) <h+|S| < h+ P —

If h =1, then we get a contradiction by the assumption that

(A =1)|G] (a —1)|G]
S Az el ta= DIGEH
o(G) z 1+ —— R -
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So we may assume h > 2. Let

(a=hG|
a+b—nh

bl G|

_ 2<h<a-—1.
a+b—~h’ =nh=a

f(h) =h+ h+ |G| —

Then f(h) takes its maximum value at h = 2 since its derivative

— bG|
Fh = 1=y
b(b+ 3a)
- 1_(a+b—2)2§0

as b+ 3a < |G| and 2 < h. Hence

(a —2)|G]|

1+w§5((})<f(h)§f(2):2+ P

a+b—-1

This implies |G| < (a +b—1)(a +b —2)/b < b+ 3a, which contradicts
|G| > b+ 3a. Consequently the theorem is proved. O

Theorem 3.3.21 (Katerinis [85]) Let G be connected simple graph, and a
and b be integers such that 1 < a < b. If

tough(G) > a + % -1, (3.45)
then G has an [a, b]-factor.

Proof of Theorem 3.3.21 in the case a = 1. Let S be a non-empty subset
of V(G). By the definition of toughness, tough(G) > 1/b and w(G — S) > 2
implies that

. 151

_ < _ < =
iso(G—8S)<w(G-19)< tough(G)
If iso(G — S) = 1, then obviously iso(G — S) = 1 < b|S|. Hence by The-
orem 3.3.4, G has a [1, b]-factor. Therefore the theorem holds when a = 1.
a

< bs].

In order to prove the above theorem in the case a > 2, we need the
following lemma. Recall that a vertex subset D of a graph G covers G if
N¢|[D] = No(D)U D = V(G), that is, for every edge of G, at least one of its
endvertices is contained in D. Note that the minimum cardinality of covering
vertex subsets of GG is called the vertex covering number of G though we
will not use it here.
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Lemma 3.3.22 (Katerinis [85]) Let a > 2 be an integer, G be a simple
graph, and T\, Ts,...,T,—1 be a partition of V(G) such that degg(x) < j
for all x € T} and every 1 < j < a — 1, where some Tj’s may be empty sets.
Then there exist a covering vertex subset D and an independent vertex subset
I of G such that V(G) =D U I and

—_

-1

(a—§)|DNT;| < Z NI NT. (3.46)

a—

.
I
-

Proof. We prove the lemma by induction on the order |G| of G. If |G| = 1,
then D = I = V/(QG) satisfies (3.46). So we assume |G| > 2. Let m =
min{j | T; # 0}. Choose a vertex y € T}, and let

G' =G - ({y}UNg(y)) (see Figure 3.11).

Then by the induction hypothesis, there exist a covering vertex subset D’
and an independent vertex subset I’ of G’ such that

—_

a— —1
(a—j|D'ﬁT|§Z NI NTy.

1

<.
I

Let I = I'"U{y} and D = D" U Ng(y). Then

a—1
> _ila=HINT
j=1
a—1
= D _ila=HI'nTl+mla—m)  (byyeTy)
j=1
a—1
> Z(a —)|D' NT;| + m(a —m). (by induction)
j=1

Since degq(y) < m and m = min{j | T; # 0}, we have

—

(0~ HINe() NT)) < (a—m)|Ne(w)| < (a—m)m,

[
Il

and so ) X
(a=HIDNT| <Y (a=HID' NT| + (@ = m)m.
J=1 J=1



3.3. [A, B-FACTORS AND (G, F)-FACTORS 171

Lo

Figure 3.11: The vertex y and Ng(y) of G.

Therefore

—

a—1 a—

D a=NIDNTI<Y jla=HINT. O

Jj=1 1

<
Il

Lemma 3.3.23 If G is a connected non-complete graph, then 2-tough(G) <
0(G), in particular, if tough(G) > 1, then tough(G) +1 < §(G).

Proof. Let v be a vertex of G with degg(v) = 6(G). Since G is not a
complete graph, we have Ng(v) # V(G) —v. Then w(G — Ng(v)) > 2, and
S0

2 tough(G) < w(G = Ng(v))tough(G) < [Na(v)| = degg(v) = 0(G).

Hence 2 tough(G) < 6(G). The latter part is immediate by this inequality.
O

Proof of Theorem 3.3.21 in the case a > 2. By Lemma 3.3.23, a com-
plete graph trivially has the desired [a,b]-factor as §(G) > a + 1. Hence
we may assume that G is not a complete graph. Let §) # S C V(G). By
Theorem 3.3.2, it suffices to show that

—

a—

(@ —j)n;(G—S) <blS|, (3.47)

Il
=)

J
where n;(G — 5) denotes the number of vertices in G — S with degree j. Let

T = {z|zeV(G)—S and 1 <deg,_¢(z) <a-—1},
i {r|zeT and deg, g(z)=7} (1<j<a-1), and
H = (T)c.

~
Il
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Then Ty UT, U---UT,_; is a partition of T'= V(H) such that degy(z) < j
for all z € T; (1 < j < a —1). Note that we may assume T # () since
otherwise (3.47) holds as a - ng(G — 5) < a < b|S| if ng(G — S) <1, and

a nO(C? ;9) aa((? ;S) » h((;)

By Lemma 3.3.22, there exist a covering vertex subset D and an independent
vertex subset I of H such that V(T') = DU [ and

<b|S|  if ng(G—S) > 2.

a—1 a—1
(a=HNIDNT <D jla—HINT. (3.48)
P =1
It is obvious that I # (), and it follows that
a—1 a—1
D (a—j)ni(G—=8)=a-ny(G—S)+ > (a—j)T;
=0 j=1
a—1
= a-ng(G=9)+> (a—H(INT[+[DNT)
j=1
a—1

< a-no(G—S)%—Z(G_j)umYH

j=1
a—1
+Y la—HINT|  (by (3.48))
j=1
a—1
= a-n(G—=9)+ ) (a—7)1+HINT;. (3.49)
j=1
T=luD
:T]_UUTa_l

Figure 3.12: T=ITUD, IND =0 and X = SU Ng_s(I).

Let X = SUNg_s(I) (see Figure 3.12). Then
a—1

XI < IS+ dega_g(a) =S|+ Y jIINT, (3.50)

zel j=1
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and

w(G—X)Z\]UISO(G—S)|:aZ:|]ﬂ7}|+no(G—S). (3.51)

j=1
If w(G — X) > 2, then we have
| X| > tough(G)w(G — X).
If w(G — X) =1, then for a vertex v € I, we have by Lemma 3.3.23 that
1X] 2 |8] + [Ne_s(v)] = degg(v) > 6(G) > tough(G)w(G — X).

Therefore in any case, by (3.50), (3.51) and by |X| > tough(G)w(G — X),
we obtain

a—1 a—1
. a
SI+ 20N T = 1X] = (a+ 3 = D(P N T +no(G = 5)).
j=1 j=1

Thus

—_

b|S| > (ab+a—b)ng(G—S)+ » (ab+a—0b—10bj)|INTy|.

1

J

Hence in order to prove (3.47), by the above inequality and (3.49), it suffices
to show that

—_

a—

a-ng(G—95)+)> (a—7)(1+7)INTj|

<.
I
_

< (ab+a—bmne(G—8)+S (ab+a—b—bHINT. (3.52)

1

<.
I

It is clear that a < ab+a — b as 2 < a < b, and the desired inequality
(a—5)(1+j)<ab+a—b—bj
follows from
(@b+a-b—="bj)—(a—j)(1+j)=(@-j—-1)(b—j)>0

as 1 < j <a—1. Consequently (3.51) holds, and thus the theorem is proved.
([
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Theorem 3.3.24 (Y. Li and M. Cai [94]) Let G be a simple connected graph,
and a and b be integers such that 1 < a <b. If 5(G) > a, |G| > 3a+b and

alG
max{dogg (x), deg(y)} > 2%

(3.53)

for any two non-adjacent vertices x and y of G, then G has an [a, b]-factor.

Proof. Suppose that a simple G satisfies the conditions of the theorem, but
has no [a, b]-factors. By the [a, b]-Factor Theorem and by Lemma 3.3.3, there
exist disjoint subsets S and T' # () of V(@) such that

bS]+ degy g(z) —alT| <0, and (3.54)
zeT
0 <degs g(z) <a-—1 for all x €T. (3.55)

Define
hy = min{deg,_¢(x) | x € T},

and choose a vertex v; € T such that deg,_g(v1) = hy. Then, if T' # Np|vy],
where Nr[v1] = (Ng(vi1) N T) U {v,}, define

hy = min{deg,_g(z) | v € T — Nr[v]},
and choose a vertex vy € T'— Nrp[vq] satisfying degs_g(v2) = he. Then
hy <hg<a-1 and dega(vi) <|S|+h; for i=1,2.

If T # Nrlvi], then since v; and vy are not adjacent in GG, we have

G
|S| + hy > max{deg;(v),degq(v2)} > ;L|+ L (3.56)

We consider the following two cases.
Case 1. T = Np[nq].
In this case, we obtain |T'| = |Nr[v]| < degq_g(v1)+1<hi+1<a<b.

Then we have

0 > bS]+ ZdegG,S(x) — a|T|

zeT

= bS]+ (hn —a)[T]

> bla—hi)+ (h —a)|T| (by a <4(G) < degg(vr) < [S]+ hi)
= (a—hi)(b—|T])

> 1.
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This is a contradiction.
Case 2. T # Np[vy].
Let p = |Np[v]|. Then 1 <p < |T| and p < hy + 1. It follows that

(G| =51 = IT])(a = h2) = 0.
Moreover, we have

0 > blS|+ ) degy_g(x) —alT]|

zeT
> bS]+ hp + ho(|T| — p) — a|T)|
= bS]+ (h1 — ho)p + (he — a)|T|
> 0[S| + (hy — ho)(h1 + 1) + (ha — a)|T|.  (by hy < hy)

By the previous two inequalities, we obtain

(1G] = [S| = [T[)(@ — hg) > b[S| + (h1 — ha)(h1 + 1) + (ha — a)|T|
(@ —ha)|G| = (a+b—ha)|S| > (hy — ha)(h1 +1). (3.57)

By (3.56), we have |S| —a|G|/(a+ b) > —hy. Combining this inequality and
a+b— hy > 1, we have

alG]|
a+b

Since |G| > 3a + b, we have

b|G| S b(3a +b) S
a+b~ a+b

a+b,

and hence He
| lb > ha(a+0b). (3.59)

h
2a+

If we add the three inequalities (3.57), (3.58) and (3.59), then the left hand-
side becomes 0, and therefore

0 > (h1—hg)(hl—l—l)—hg(a+b—h2)—|—h2(a+b).

The right hand-side of the above inequality is a function of hy, and takes the
minimum value at h; = (hy — 1)/2. Substituting h; = (hy — 1)/2 into the
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function, we have

—1 > hi—(ha—1)h1 +h5— hs

1

> —Z(h2—1)2+h§—h2
1.5 1 1o 2

- —2hy — 1) = = - =) - = —1.
4(3h2 hy —1) 4(3(h2 3) 3) >

This is a contradiction, and consequently the theorem is proved. O

We now show some other results on [a, b]-factors without proof.

Theorem 3.3.25 (C. Chen and G. Liu and [31]) Let G be connected simple
graph, and a and b be integers such that 2 < a < b. If
tough(G) > a + % —1, (3.60)

then for any edge e of G, G has an |a,b]-factor including e and another
la, b]-factor excluding e.

We say that a graph G is (a, b; k)-critical if for every vertex subset X C G
with | X| =k, G — X has an [a, b]-factor.

Theorem 3.3.26 (G. Liu and J. Wang [93] (1998)) Let G be connected sim-
ple graph, and a, b and k be integers such that 1 < a < b and 1 < k. Then
G is (a, b; k)-critical if and only if

a—1

> (a—j)n;(G — 8) < b|S| — bk

=0
for all subset S C V(G) with |S| > k.

Corollary 3.3.27 (G. Liu and J. Wang [93] (1998)) Let G be connected sim-
ple graph, and let k,a,b, m,n be integers such that1 < a <b<n and1 < k.

If

a m-—k
— < ,

b~ n

then every [m,n|-graph is (a, b; k)-critical.

Theorem 3.3.28 (G. Liu and J. Wang [93] (1998)) Let G be connected sim-
ple graph, and a, b and k be integers such that 1 < a <b, m <n and1 < k.
Then G is (a, b; k)-critical if and only if

1

e
|

(a— j)n;(G — S) < b]S| — bk

21

J

for all subsets S C V(G) with |S| > k.
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We conclude this section with the following theorem on semi-regular fac-
tors of regular graphs, which gives an additional property to Theorem 3.3.8
saying that every r-regular graph has a [k — 1, k]-factor. Notice that by
Petersen’s 2-factorable Theorem 2.1.1, for every integer 1 < k < 2r, ev-
ery 2r-regular graph has a k or (k — 1)-regular factor, which is obviously a
[k — 1, k]-factor each of whose components is regular. So we may consider
only odd regular graphs for such factors in regular graphs.

Theorem 3.3.29 (Kano [69] (1986)) Let r > 3 be an odd integer and k an
integer such that 0 < k < 2r/3. Then every r-reqular multigraph has a
[k — 1, k]-factor each of whose components are reqular.

In order to prove the above theorem, we need the following theorem.

Theorem 3.3.30 (Kano [68] (1985)) Let G be a n-connected multigraph (n >
1), 0 be a real number such that 0 < 0 <1, and f: V(G) — {0,2,4,6,...}.
If the following two conditions hold, then G has an f-factor.

(i) € =2 sev(ey |/ (2) — O degg(z)| < 2.
(i1) m(1 — )>1 where m € {n,n + 1} and m =1 (mod 2).

Proof. Let S and T be disjoint subsets of V(G). By the f-Factor The-
orem 2.1.2, it suffices to show that §(S,7) > 0. Since G is connected and
> wev(e) f(@) = 0 (mod 2), we have §(0,0) = 0. So we may assume that
SUT # (. Let £ =q(S,T), and Cy,Cy,...,C; be the f-odd components of
G — (SUT). Then for every f-odd component C;, we have

Z f(@)+ec(Ci,T) =eq(Cy, T) =1 (mod 2).
zeV(C;)

Hence eq(C;,T) > 1. If eq(S,C;) =0, then n < eq(C;, SUT) = eq(C;, T),
and so eg(C;,T) > m, where m is defined in the condition (ii). It follows
that

68, T) = 3 f)+ D (dega(w) - f(@)) = ea(S,T) — 4(S.T)

z€eSs zeT

= HZdegG(x) (1-46 ZdegG ) —eq(S,T)—1¢

zes z€T
+2 ( — O degg(x )) -y (f(x) — QdegG(x))
zeS zeT

L

0(ca(S,T) + Y ea(S,C)

=1

v
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(11— 0) (eG(T, S) + ZeG(T, cl-))
—ea(S,T) = L= Y |f(x) — 0 degg(x)]

zeSUT
l

> Y (9@G(S, C) + (1—0)(T,Cy)) — 1) e

i=1
If eq(S, C;) > 1, then the following holds since eq(T, C;) > 1.
06(;(5, Cz) + (1 - Q)eG(T, Cz)) —1 Z 0 + (1 - 0) —1=0.

If eq(S,C;) = 0, then eq(T, C;)) > m as shown above, and so by condition
(ii), we have

Oec(S,C)) + (1 — 0)ea(T,C)) —1> (1 — )m —1 > 0.

Therefore, 6(S,T) > —e > —2 by (i), which implies §(S,T) > 0 as 6(S,7) =0
(mod 2) (see (2.4)). Therefore G has an f-factor. 0O

For a set 7 of integers, an Z-factor of a graph G is a spanning subgraph
F' of G such that

degp(z) € Z  forall z € V(Q).

Analogously, an Z-graph can be defined as a graph G with degp(x) € 7 for
every x € V(G).

Lemma 3.3.31 Let r > 3 be an odd integer, and G be a 2-edge connected
r-reqular multigraph. Then for every even integer h, 2 < h < 2r/3, G has
a h-reqular factor. Moreover, for every odd integer h', r/3 < h' <r, G has
a h'-regular factor. In particular, for every integer k,1 < k < r, G has a
[k — 1, k]-factor each of whose components is regular.

Proof. This lemma follows immediately from (5) of Theorem 2.2.1. This
can also be proved by using the above Theorem 3.3.30. Define § = h/r and
f(z)=hiforallz € V(G). Thene =0, m =3 and m(1—-0) =3(1—h/r) > 1
as h < 2r/3. Hence G has an h-factor, which is the desired h-regular factor
F. Tt is clear that G — F' is a (r — h)-regular factor, which is the desired
I -regular factor of G. O
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Lemma 3.3.32 Let r > 3 be an odd integer, and G be a 2-edge connected
[r — 1, 7]-multigraph having exactly one vertex w of degree r — 1. Then

(i) for every even integer h, 2 < h < 2r/3, G has a h-regular factor; and
(i1) for every odd integer h', r/3 < h' <r, G has a [h' — 1, W'|-factor F' such
that degp(w) = h' — 1 and degp(z) = 1 for every x € V(G) — {w}.

Proof. We prove the lemma by using Theorem 3.3.30. We first prove (i).
Define § = h/r and a function f by f(z) = h for every x € V(G). Then

e = Y |f(x) —Odegg(x)| = | f(w) — O degg(w)]

z€V(Q)

Moreover, m = 3, as is defined in (ii) in Theorem 3.3.30, and so

m(l—e):3<1—@)z3<1—§):1.

r

Hence G has an f-factor, which is a h-regular factor.
We next prove (ii). Let F' be a h-regular factor obtained in (i). Then
G — F is the desired factor of G. O

Lemma 3.3.33 Let r > 3 be an odd integer, and G be a 2-edge connected
r-reqular multigraph having at least two bridges. Then for every integer
k, (r/3)+1 <k <2r/3, G has a [k — 1,k]-factor each of whose compo-
nents is reqular.

Proof. We first prove that for every odd integer k, r/3 < k < 2r/3, G has
a [k — 1, k]-factor with regular components, that is, we first show that the
lemma holds for an odd integer k.

Since G has at least two bridges, for any bridge vw € E(G), G — vw has
at most one 2-edge connected component. Let viwq, vews, ..., vsws be the
bridges of GG such that G —v;w; has exactly one 2-edge connected component
D; (see Figure 3.13). We may assume w; is contained in D; for every 1 <
1 < s. Let

H=G- O(V(Dl) —{w;}). (Figure 3.13)

=1

Then H is a {1, r}-graph whose endvertices are wy, ws, . .., ws.
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Figure 3.13: A 2-edge connected r-regular multigraph G with at least two bridges;
and the subgraph H.

We now show that H has {0, 1, k}-factor F' such that

degp(z) = k if xeV(H)—{wy,...,ws}; and
degp(w;) € {0,1} for every 1 <i <.

Define two functions g and f on V(H) by

B kit xeV(H)—A{w,...,ws}
g(x) = { 0 otherwise,
Eoif xeV(H)—A{w,...,ws}
1 otherwise.

Then a (g, f)-factor is the desired factor F' of H.

We apply the (g, f)-Factor Theorem 3.1.1. It suffices to show that v(S5,T") >
0 for all disjoint subsets S and T" of V/(H). By the existence of w;, we have
v(0,0) = 0. Suppose that v(S,T) < 0 for some S and T. Choose such a
pair (S,T) so that |SUT| is minimum. Let Cy, Cy, ..., C,, be the (g, f)-odd
components of H — (SUT), where m = ¢*(S,T). Then g(z) = f(z) = k for
all z € V(C;) and

> f@) +en(CiT)

xEV(C’l)
In particular, C; contains no endvertices w;, 1 < j <'s.

Assume that S contains an endvertex w = w;. Let v = v; be the vertex
adjacent to w in H. Then

WS =w,T) = Y f@)+ (degule) - g(a))

rES—w zeT
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—eg(S —w,T)—q"(S —w,T)
PY(S: T) - f(w) + eH(w’T> + q*(S’ T) - q*(S - w7T)
< (S, T)—1+ey(w,T)+q*(S,T) — ¢ (S —w,T).

IfveT,then ey(w,T)=1and ¢*(S —w,T) = ¢*(S,T). Thus v(S —w,T)
= (S, T) < 0, which contradicts the choice of (S,T"). If v € S, then ey (w,T)
=0 and ¢*(S —w,T) = ¢*(S,T), and so y(S —w,T) = (S, T) -1 <0, a
contradiction. If v is not contained in SUT, then ¢*(S,T) —¢*(S—w,T) < 1,
and so v(S —w,T) < 0, a contradiction. Therefore S contains no w;, 1 <
1 < s.

Assume that 7" contains an endvertex w = w;. Then

v(S, T —w)=~(S,T) =1+ ey(S,w)+ ¢ (S,T) — ¢*(S, T — w).

If v=wv; €T, then v(S,T—w) = v(S,T) — 1, a contradiction. If v € S, then
v(S, T —w) = ~(S,T), a contradiction. If v & SUT, then (S, T — w) <
v(S,T) as ¢*(S,T) — ¢*(S,T —w) < 1, which is again a contradiction. Hence
T contains no w;, 1 <1 < s.

We now consider a (g, f)-odd component C; of H — (SUT). It is clear
that ey (C;, SUT) > 1. If ey (C;, SUT) = 1, then C; contains at least one
vertex in {wy, ws, ..., ws}, which contradicts the fact that g(x) = f(z) for
all z € V(C;). Hence

ec(Ci, SUT) > 2. (3.62)

Let 6 = k/r. Then 0 < 6 < 1, and since S U T contains no endvertices
w;, we have

AST) = D f@)+ Y (degy(e) — g(x)) = en(S,T) = q'(S.T)

z€eS zeT

= k|S|+ (r—K)|T| — eq(S,T) —m
= 0) degy(z)+(1—0)) degy(x) —ex(S,T) —m

z€S z€T
> 0(en(S,T)+ Y en(S,C)
=1

+(1-6) (eH(T, $)+ > en(T. Ci)) —en(S,T) —m

> 3 (en(S,C) + (1= 0)en(T.C) 1),

i=1
Hence it suffices to show that for every C' = C;,
Oep(S,C)+ (1 —0)ey(T,C)—1> 0. (3.63)



182 CHAPTER 3. (G, F)-FACTORS AND |[A, B]-FACTORS

If eg(S,C) > 1 and ey (T,C) > 1, then (3.63) obviously holds. Since r is
odd, we have

ICl=rCl= > degy(z) =2||C||+en(C,SUT) (mod 2).  (3.64)
zeV(C)

Assume ey (S, C') = 0. Then by (3.64) we have |C| = ey (C,T) (mod 2). But
this contradicts (3.61). Next suppose ey(7,C) = 0. Then by (3.64) and
(3.61), we have

en(S,C) =(C|] =1 (mod 2).

Thus ey (S, C) > 3 by (3.62). Therefore
k
Oeg(S,C)—1> ;~3—1 >0. (by k>r/3)

Consequently H has the desired factor F'.

We are ready to construct the desired factor of G. If degp(w;) = 0,
then by Lemma 3.3.32 we can take a (k — 1)-regular factor R(i) of D;. If
degp(w;) = 1, then by Lemma 3.3.32 we can take a [k — 1, k|-factor R(i) of
D; such that degp;)(w;) = k—1 and degp;)(x) = k for all x € V(D;) — {w;}.
Then the following set forms the desired [k — 1, k|-factor of G with regular
components:

=1

We next prove that for every even integer k, (r/3)+1 <k < 2r/3, G
has a [k — 1, k]-factor with regular components. Since k — 1 is an odd integer
satisfying r/3 < k — 1 < 2r/3, by the preceding result, the graph H defined
above has a {0, 1, k — 1}-factor F such that

degp(z) = k-1 if e V(H)—{w,...,ws}; and
degp(w;) € {0,1} for every 1 <i <s.

If degp(w;) = 0, then by Lemma 3.3.32 we can take a k-regular factor R(7)
of D;. If degp(w;) = 1, then by Lemma 3.3.31 we can take a [k — 2,k — 1]-
factor R; of D; such that degp;(w;) = k — 2 and degp;)(z) =k — 1 for all
x € V(D;) — {w;}. Then U{_,R(i) U F is the desired [k — 1, k]-factor of G
with regular components. Consequently the lemma is proved. O

Proof of Theorem 3.3.30. We shall prove the theorem by induction on r.
Let r > 3 be an odd integer and k be an integer such that 1 < k < 2r/3.

Let G be a connected r-regular multigraph. Since every regular graph has
a 0-factor, which is a [0, 1]-factor with regular components, we may assume
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k > 2. By Lemma 3.3.31, we may assume that G is not 2-edge connected.
Suppose that G has exactly one bridge vw. Then each component C' of
G — vw is 2-edge connected, and so by Lemma 3.3.32, for an even integer
h € {k —1,k}, C has an h-factor. Thus G itself has an h-factor, which is
the desired [k — 1, k]-factor of G with regular components. Hence we may
assume that G has at least two bridges.

We first show that if the theorem is true for 3 < r < 15 (which will be
shown later), then the theorem holds for every odd integer r. Let r > 17 be
an odd integer. Let r = 2s+1, where s > 8. If (r/3)+1 < k < 2r/3, then by
Lemma 3.3.33, G has a [k — 1, k|-factor with regular components. So we may
assume 2 < k < (r/3) +1 = (2s +4)/3, which implies k < (2s+ 3)/3. Let h
be the greatest integer not exceeding 2r/3. Then (2r/3) — (2/3) = 4s/3 < h.

Since 96 1 4 5
T S T
1= <h< <
5" 3 =t=3 s

by Lemma 3.3.33 G has a [h— 1, h]-factor F; with regular components. Since

L < 2543 < 2(4s — 3) < 2(h—1)7
- 3 = 9 - 3

every odd-regular component C' of Fy, where C' is an (h — 1)- or h-regular
graph, has a [k — 1, k]-factor with regular components by the induction. On
the other hand, every even-regular component of F| contains a regular k or
(k — 1)-regular factor by Petersen’s 2-Factorable Theorem. By combining
these factors, we can obtain the desired [k — 1, k]-factor of G with regular
components ([69]).

We finally show that the theorem holds for every odd integer 3 <r <15
by induction on r. We may assume that G is an r-regular multigraph having
at least two brides. We use Lemma 3.3.33 and the inductive hypothesis
without mentioning them.

Case r = 3. Since (r/3) +1 <2 < 2r/3, G has a [1, 2]-factor with regular
components, and the theorem holds for r = 3.

Case r = 5. Since (r/3) +1 < 3 < 2r/3, G has a [2, 3]-factor F'(2,3) with
regular components. Every 3-regular component of F'(2,3) has a [1, 2]-factor
with regular components, and so F(2,3), in particular, G itself, has a [1,2]-
factor with regular components. Thus the theorem holds for r = 5.

Case r = 7. Since (r/3) +1 <4 < 2r/3, G has a [3,4]-factor F(3,4) with
regular components. Every 4-regular component of F'(3,4) has a 2-factor,
and so F'(3,4), in particular, G itself, has a [2, 3]-factor F'(2,3) with regular
components. Since F'(2,3) has a [1,2]-factor with regular components, the
theorem holds.

(by s > 8)
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Case r = 9. Since (r/3) +1 < 4,5,6 < 2r/3, G has a [k — 1, k]-factor
F(k — 1,k) with regular components for k£ € {4,5,6}. Since F'(3,4) has
a [2, 3]-factor with regular components, G has such a factor. By the same
argument as above, the theorem holds for » = 9.

Case r = 11. Since (r/3) +1 < 5,6,7 < 2r/3, G has a [k — 1, k]-factor
F(k — 1, k) with regular components for k£ € {5,6,7}. Since every 7-regular
component of F'(6,7) has a [3, 4]-factor with regular components and every
6-regular component of F'(6,7) has a 4-regular factor, F'(6,7), in particular,
G itself has a [3, 4]-factor with regular components. Since F'(3,4) has a [2, 3]-
factor F'(2,3) with regular components and F(2,3) has a [1, 2]-factor with
regular components, G has a [k — 1, k]-factor with regular components for all
1<k<T.

Case r = 13, 15. The proof of these case is left to the reader.
Consequently the proof is complete. O

The sharpness of the upper bound k£ < 2r/3 has not yet been established.
It is known that if an odd integer r and an integer k satisfy r+1—+/r +1 <
k < r, then there exists a simple connected r-regular graph that has no
[k — 1, k]-factor with regular components ([69]). However, for other integers
k, it is an open problem whether or not every r-regular graph has a [k —1, k|-
factor with regular components.



Chapter 4

la, b]-Factorizations

Let G be a graph, and g, f : V(G) — Z be functions such that g(z) < f(z)
for all z € V(G). If the set of edges of G can be decomposed into disjoint
subsets
EG =FRUFRU---UF,

so that every F; induces a (g, f)-factor of G, then we say that G is (g, f)-
factorable, and the above decomposition is called an (g, f)-factorization
of G. As special case of (g, f)-factorization, we can define 1-factorization,
k-regular factorization, [a, b]-factorization and f-factorization. In this
chapter, we mainly investigate [a, b]-factorizations of graphs. We begin with
some basic results on factorizations of special graphs.

4.1 Factorizations of Special Graphs

A graph G is said to be 1-factorable if £(G) can be decomposed into disjoint
1-factors

EG =FRUFRU---UF,, where every F; is a 1-factor of G.

The next theorem shows the existence of 1-factorizations of complete graphs
with even order. The readers who are interested in this topics should refer
to a survey [111] by Mendelsohn and Rosa.

Theorem 4.1.1 Let n > 2 be an even integer. Then the complete graph K,
is 1-factorable.

Proof. We may assume n > 4. Let V(G) = {vp,v1,- -+, vp—2} U {w}. For
every integer 0 <1 < n — 2, let

Fy = {vim10iq1, vicaViga, - -, Vim(n—2)/2Vig(n—2)/2} U {viw},

185
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where the subscripts are expressed modulo n — 1 (see Figure 4.1). Then we
can obtain the desired 1-factorization Fy U Fy U---U F,,_9 of K,. O

VO
V5O-—Ov2 Vs \ j O?[Q
v,O0—0;
Fy
) Vo
VZO?OVI Ve Vi
w
w
Vg V3 V4 V3
F3 F¢

Figure 4.1: A 1-factorization of Kg.

The following theorem was obtained by Konig (see Theorem 1.1.2).
Theorem 4.1.2 FEvery reqular bipartite multigraph is 1-factorable.
The following theorem is given in Theorem 2.1.1.

Theorem 4.1.3 (Petersen’s 2-Factorable Theorem) Let r > 2 be an even
integer. Then every r-reqular general graph is 2-factorable.

It is known that the following theorem is equivalent to the Four Color
Theorem. But here we prove the theorem by using the Four Color Theorem
(Appel and Haken [13]; [129)]).

Theorem 4.1.4 FEvery simple 2-connected planar cubic graph is 1-factorable.

Proof. Let G be a simple 2-connected planar cubic graph, which is drawn in
the plane. Then the plane is partitioned into faces, sometimes called regions.
By the Four Color Theorem, we can color all the faces with four colors so
that any two faces having an boundary edge in common have different colors.
We denote these four colors by 00,01, 10, 11. From this face-coloring, we can
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get an edge-coloring as follows: If an edge e of G is a boundary edge of two
faces with colors z and y, then e is colored with x4y (mod 2), where z+y €
{00,01,10, 11} (see Figure 4.2). We shall show that x +y € {01,10,11} and
for each color ¢ € {01, 10, 11}, the set of edges colored with ¢ forms a 1-factor
of G.

Let v be any vertex of G. Then there exist three edges ey, es, 3 incident
with v, and three faces around v, which are colored with three distinct colors,
say r,s,t. Then r 4+ s,s 4+ t,t + r are all distinct and not equal to 00. Hence
ey, g, e3 are colored with distinct colors of {01, 10,11}, i.e., for every color
c € {01, 10, 11}, exactly one edge colored with ¢ is incident with v. Therefore,
each color induces a 1-factor of G. O

Figure 4.2: A face-coloring of a simple 2-connected cubic planar graph and the
edge-coloring induced by it.

The following theorem says that a trivial necessary condition for the ex-
istence of a (g, f)-factorization is sufficient in bipartite graphs. Thus the
(g, f)-factorization problem is completely solved for bipartite graphs.

Theorem 4.1.5 (Lovéasz [107](p.50, Problem 7.11)(1979)) Let n > 1 be an
integer and G be a bipartite multigraph. If two functions g, f : V(G) — Z
satisfy

ng(x) < degs(z) < nf(x) for all e V(G), (4.1)

then G can be decomposed into n (g, f)-factors. Moreover, if the degree of
every vertex is divisible by n, then for a function h(x) = degqs(x)/n for all
x € V(G), G can be decomposed into n h-factors.

Note that if we define two functions g, f : V(G) — Z as

o) = |RELD| g - | el

n n

for all z € V(G), then g and f always satisfy condition (4.1).
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Lemma 4.1.6 Let G be a bipartite multigraph, and let 8 be a real number
such that 0 < 0 < 1. If g, f : V(G) — Z satisfy

g(x) < Odegy(z) < f(x) for all z € V(GQ), (4.2)
then G has a (g, f)-factor.

Proof. Let S and T be disjoint subsets of V(G). Then

VS, T) = D f@)+ ) (degg(r) — g(x)) —ea(S, T)

zes zeT
> 0 degg(x)+ (1—0))  degg(r) — ea(S, T)
z€S z€eT

> 96@(5, T) + (1 - 9)€G(T, S) — eg(S, T) =0.

Hence v*(S,T) > 0, and thus G has a (g, f)-factor by Theorem 3.1.3. O

Proof of Theorem 4.1.5 We prove the theorem by induction on n. For
n = 1, the theorem holds since G itself is an h-factor and thus a (g, f)-factor.
Hence we may assume n > 2. We first prove the latter part of the theorem.
Assume that the degree of every vertex is divisible by n and a function h
is defined by h(z) = degg(z)/n for all x € V(G). By Lemma 4.1.6 with
g(x) = f(x) = h(x), G has an h-factor F. Then every vertex = of G — F' has
degree degq(x) — h(z) = (n — 1)h(x), which is a multiple of n — 1. Hence
by applying the inductive hypothesis to G — F', G can decomposed into n
disjoint h-factors.

We now prove the first part by induction on n. For any vertex x of G,
define ¢’ and [’ as

Jo) = |SEAD| e - [l

n n

Then ¢'(x) < deg(z)/n < f'(x) for all x € V(G). So by Lemma 4.1.6, G
has a (¢, f')-factor F', which is of course a (g, f)-factor. We shall later show
that

(n—1)¢'(z) < degy_p(z) < (n—1)f(z) for all x € V(G). (4.3)

If (4.3) holds, then by induction, G — F' can be decomposed into n—1 (¢’ f')-
factors, and therefore G is decomposed into n (¢’, f’)-factors. Consequently
the theorem is proved.

We now prove (4.3). Let

degs(x) = mn +t, 0<m and 0<t<n.
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If t =0, then ¢'(z) = f'(z) = m and so
(n=1)g'(z) = (n = 1)m = degg_p(z) = (n — 1) f'(z).
If t > 1, then ¢'(x) = m and f'(z) = m + 1. If degp(z) = m, then
(n—1)g'(z) < degg_p(z) = (n—m+1 < (n—1)f(x).
If degp(x) = m + 1, then
(n—1)g'(x) < degg_p(x) = (n—D)m +t —1< (n—1)f(x).
Therefore (4.3) holds and the proof is complete. O

Theorem 4.1.5 can be proved by using Theorem 4.1.3, which is an easy
consequence of Hall’s Marriage Theorem 1.1.1, i.e., we can prove Theo-
rem 4.1.5 without using (g, f)-Factor Theorem, and we explain this elemen-
tary proof below.

a b ¢ d ap by by ¢; ¢ d;
n=3

G >

st u v wkx S; tp up vy vy wp o Xxj

\

ar by by ¢y ¢y d

Sp tp up vy vy wp X S I uyp vy vy wp oXxg

M

ap by by ¢y ¢ d a b ¢ d
M,
1 F;
o o)
Sy tp up vy vy wp X st u v wx

Figure 4.3: A bipartite multigraph G, a new 3-regular bipartite multigraph H,
and a (g, f)-factor F} of G obtained from a 1-factor M;, where n = 3.

Another Proof of Theorem 4.1.5 (Lovész [107], Solution 7.11) If the
degree of a vertex v of GG is

degs(v) = mn +1t, where 0 <m and 0<t<mn,
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we split v into m + 1 vertices vy, vo, ..., vy if t > 1; otherwise we split v
into m vertices vy, vs, ..., v, so that all vertices vy, v, ..., v, have degree
n and v,,41 has degree t if any (Figure 4.3). Then add some new vertices,
if necessary, and some new edges between vertices with degree less than
n so that the resulting graph H becomes a n-regular bipartite multigraph
(Figure 4.3).

By Theorem 4.1.2, H can be decomposed into n 1-factors

EH)=MUMU---UM,, where every M, is a 1-factor of H.

Let F; = M; N E(G), where 1 < j < n (Figure 4.3). Then for every vertex
v; (v e V(G), 1 <i<m), M; contains exactly one edge incident with v;,
which is an edge of the given graph GG. Hence

m < degFj(v) <m+1.

Therefore Fj is a (g, f)-factor of G since g(v) < m and m+ 1 < f(v).
Consequently G is decomposed into n (g, f)-factors Fy U FoU---U F,. O

4.2 Semi-Regular Factorization

Recall that a graph G is said to be [a, b]-factorable if F(G) can be decom-
posed into disjoint [a, b]-factors of G. The (g, f)-factorization problem in
bipartite graphs is completely solved as shown in Theorem 4.1.5. However,
the situation is very different when we consider the same problem in general
graphs. This section deals with [k, k 4+ 1]-factorization problem in general
graphs, and a general [a, b]-factorization of usual graphs will be considered in
the next section. A [k, k + 1]-factor is often called an semi-regular factor,
and analogously an [r,r + 1]-graph and a [k, k + 1]-factorization are called a
semi-regular graph and a semi-regular factorization, respectively.

We review some results on semi-regular factorizations. The following
result is easy but it is a starting point of the [a, b]-factorization problem.

Theorem 4.2.1 (Akiyama, Avis, Era [1] (1980)) Ewvery regular general graph
is [1,2]-factorable, in particular, if v is an odd integer, then every r-reqular
general graph can be decomposed into (r + 1)/2 [1,2]-factors.

Proof. Since every even regular general graph is 2-factorable by Theo-
rem 4.1.3, we may consider only odd regular graphs. Let » > 3 be an odd
integer, and G be an r-regular general graph.

Let G’ be a copy of G. We obtain a new (r + 1)-regular general graph
H from G U G’ by joining each pairs of corresponding vertices v € V(G)
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and v" € V(G') by a new edge (Figure 4.4 (a)). Since r + 1 is even, H can
be decomposed into m = (r 4+ 1)/2 2-factors Iy, Fy, ..., F,, by Petersen’s
2-Factorable Theorem 4.1.3. Then G is decomposed into m [1, 2]-factors

(GNF)U(GNF)U--U((FanG). O

G G-E(H)

o ¢ (G-E(H))’

@ H (b) R

Figure 4.4: (a) An r-regular graphs G and and an (r + 1)-regular graph H con-
taining G as an induced subgraph; (b) An [r,r + 1]-graph G — E(H) and an
(r 4+ 1)-regular graph R containing G — E(H) as an induced subgraph.

From Theorem 4.2.1, Akiyama conjectured that for every integer k > 1,
there exists an integer ®(k) such that for any integer r > ®(k), every r-
regular graph is [k, k + 1]-factorable. This conjecture was proved by Era [4§]
in 1985 and the sharp bound for ®(k) was obtained by Egawa [37] in the
following year. These results are given in the next theorem.

Theorem 4.2.2 (Era [48], [47], Egawa [37]) Let k > 2 be an integer. Then
(1) if k is even and r > k?, then every simple r-reqular graph is [k, k + 1]-
factorable;

(ii) if k is odd and v > k* + 1, then every simple r-reqular graph is [k, k + 1]-
factorable.

(i11) these bounds on r are sharp.

In order to prove this theorem we need some results on edge-coloring.
Recall that a proper edge-coloring of a graph G is a coloring of the edges
of G so that no two adjacent edges have the same color. The smallest number
of colors by which G can be properly edge-colored is called the chromatic
index (or edge chromatic number) of G and denoted by x'(G). It is
clear that for each color ¢ of a proper edge-coloring of G, the set of edges
colored with ¢ forms a matching of G. Thus the chromatic index x'(G) is
the smallest integer k for which E(G) can be decomposed into k disjoint
matchings. Furthermore, a matching is a nothing but a [0, 1]-factor. The
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famous Vizing’s Theorem 9 says that the chromatic index of a simple graph
with maximum degree A satisfies

A <Y(G) <AG) + 1. (4.4)
He also proved the next theorem.

Theorem 4.2.3 (Vizing, [145] (1965)) Let G' be a simple graph with mazi-
mum degree A. If the set

W= {2z eV(G) | degg(x) = A}

1s independent, that is, if no two wvertices in W are adjacent in G, then
X' (G) = A. In particular, G can be decomposed into A [0, 1]-factors.

Lemma 4.2.4 Let ¢ > 2 be an integer, and G be a simple graph with maz-
imum degree A. If the set W = {z € V(G) | degq(x) = A} is independent
and is decomposed into disjoint subsets

W=W,uWeU---UW, and A <gq,

where some W;’s may be empty sets, then G has a [0, 1]-factorization Fy U
FyU--- UF, such that

every vertex of W; has degree one in F} for all 1 < 5 <gq. (4.5)

Proof. If Way 1 U---UW, = (), then the lemma follows from Theorem 4.2.3
since for a [0, 1]-factorization FyU- - -UFa of G, every vertex of W, has degree
onein all F; (1 <7 < A). Thus we may assume that WaU- - -UW, # (. Let
04X CWarU---UW,. Then Ng(X) C V(G) —W as W is independent.
Since every vertex of Ng(X) has degree at most A — 1, we have

[ X[A =[{(z,y) | z € X, y € Na(X)}| < [Ne(X)[(A—-1).

Hence | X| < |[Ng(X)|. Since X is an arbitrary subset of Waiq U--- U W,
by Hall’s Marriage Theorem 1.1.1 there exists an injection

h:WapU---UW, - V(G)-W such that h(z) € Ng(z).

It is obvious that M = {zh(x) | z € X} forms a matching of G.

Let H = G — M. Then H satisfies the condition of Lemma 4.2.4 since
Wy ={zx e V(H)| degy(v) = A} =W U---UWx C W is independent
or empty. Hence H has a [0, 1]-factorization F; U Fy U --- U Fa such that
every j (1 < j < A) satisfies (4.5). Note that if Wy is empty, H can be
decomposed into A [0, 1]-factors by (4.4), where some [0, 1]-factors may be
O-factors. For every A < i < ¢, let us define F; = {xh(z) | v € W;}. Then
FyUF,U---UF, is the desired [0, 1]-factorization of G. O
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Lemma 4.2.5 Let r > 1 be an integer, and G be a connected 2r-regular
general graph. If G has even size, then G can be decomposed into two r-
reqular factors. If G has odd size, then for any vertex u of G, G can be
decomposed into an [r — 1,r|-factor having exactly one vertex u of degree
r—1 and an [r,r + 1]-factor having exactly only the vertexr u of degree r + 1.

Proof. Since every vertex of G’ has even degree, G has an Euler circuit C'
(Theorem 10). We traverse all the edges of G along C' and alternately color
the edges red and blue. Then if G is of even size, the sets of red edges and
blue edges form r-regular factors, respectively. If G is odd size, we start with
the vertex u, and alternately color the edges red and blue, then the sets of
red edges and blue edges form the desired two factors. O

Proof of Theorem 4.2.2 Assume first £ > 2 is an even integer. Since
r > k2, we can write

r=kq+s, where 0 < s < k < q.

By Theorem 3.3.8, G has an [s, s+ 1|-factor. Choose such a minimal [s, s+1]-
factor H. Then

W ={veV(H)| degy(v) =s+1}

is empty or independent since H has no edge joining two vertices with degree
s+1in H. Since G—FE(H) is a [kg—1, kq|-graph, two copies of G— E(H) can
be embedded in a kg-regular graph R (see Figure 4.4 (b)). Since k is even, by
applying Petersen’s 2-Factorable Theorem 4.1.3 to R, we obtain a k-regular
factorization of R, and so we get a [k — 1, k]-factorization of G — E(H)

G—-—FEH)=AUAU---UA,, whereall A; are [k — 1, k]-factors.

Let
Wi={z € V(G) | degy,(x) =k —1} for 1 <i<gq.

Since every v € W has degree ¢k — 1 in G — E(H), v has degree k — 1 in
exactly one A;. Hence W is decomposed into disjoint subsets

W=W,UW,U---UW,.

Since s + 1 < k < ¢, by Lemma 4.2.4, H has a |0, 1]-factorization F; U F; U
-+ U Iy such that degp, () = 1 for all z € Wj for every 1 < j < g. Then

(ATzUF) U (AU Fy)U---U (A, UF)
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is the desired [k, k + 1]-factorization of G.

Next assume that £ > 3 is an odd integer. Here we consider only the case
when r can be expressed as r = k? + 2s + 1, where s is an integer such that
0 <s < (k—1)/2. The proofs of the other cases are similar but fairly long,
and so are omitted here. Then r can be expressed as

k-1
r:2k<T—s)+2(k+1)s+k+1.

Since r is even, by Petersen’s 2-Factorable Theorem 4.1.3, G' can be decom-
posed into

kE—1
2

where F; (1 < i < n) is a 2k-regular factor, F; (n+1 < j < n+s) is
a 2(k + 1)-regular factor and F' is a (k + 1)-regular factor. Since k + 1 is
even, every Fj (n+1 < j < n+s) can be decomposed into two (k + 1)-
regular factors by Lemma 4.2.5. So we shall decompose F} U ---U F,, U F'
into [k, k + 1]-factors of G.

Let H;(1), H;(2),..., H;(¢;) be the components of F;, 1 < i < n. Then
|V(H;(t))| > 2k + 1 as G is a simple graph. Set

F1UUFnUFn+1UUFn+SUF, n = S,

I={i,t)|1<i<n, 1<t<l}).

By Theorem 4.2.1, F has a [1,2]-factor. Choose a minimal [1, 2]-factor @
of F. Then each component of () is a path of order two or three. Let
Q1,Q2, ..., Qy be the components of Q). For every (i,t) € I, let

O, t) ={j | V(Hi(1)) NV(Q;) #0} < {1,2,...,m}.

Then for any X C I, we have

U o6n|-n

(it)eX
> (@ 1),9) [ (1) € X, j € (1)}
> | X|(2k+1)/3
since for each j, there are at most n (i,t)’s (i.e., Fy,...,F,), and for each
(i,t) of X, there are at least (2k + 1)/3 j’s as |V(H;(t))| > 2k + 1. Then
’ Uiex 3, t)’ > | X|. Hence by Hall’s Marriage Theorem 1.1.1 there exists

an injection

¢:1—{1,2,...,m} such that ¢(i,t) € ®(i,1).
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Let
J ={(i,t) € I | H;(t) has odd size}.

For every (i,t) € J, choose a vertex

v(ist) € VHi(t)) NV (Qoin)-

By Lemma 4.2.5, if H;(t) has even size, then H;(t) is decomposed into two
k-regular factors A;(t) and B;(t), and if H;(t) has odd size, then H;(t) is
decomposed into a [k — 1, k]-factor A;(t) and a [k, k + 1]-factor B;(t) such
that only one vertex v(i,t) has degree k — 1 in A,(¢) and k+ 1 in B;(t). For
every (i,t) € J, choose an edge e(i,t) of Q44 that is incident with v(i,t).
Then

JAit) U {e(i,t)|i,t) e T} and | Bi(1)

are [k, k + 1]-factors of G. Since F'— {e(i,t)|(i,t) € J} is a [k, k+ 1]-factor of
G, F1U---UF,UF is decomposed into [k, k + 1]-factors of G. Consequently
the proof of this case is complete.

The proof of (iii) is found in Era [47]. O

It is plausible that not only regular graphs but also some other graphs
might be semi-regular factorable. In fact, the following theorems are ob-
tained. The proof of these results are given in next section.

Theorem 4.2.6 (Akiyama and Kano [5] (1985)) Let k > 2 be an even inte-
ger, and s > 0 andt > 1 be integers. Then every [(6k+2)t+ks, (6k+4)t+ks|-
multigraph is [k, k + 1]-factorable.

Theorem 4.2.7 (Cai [24] (1991)) Let k > 1 be an odd integer, and s > 0
and t > 1 be integers. Then every [(6k + 2)t + (k + 1)s, (6k +4)t + (k + 1)s]-
multigraph is [k, k + 1]-factorable.

4.3 [a,b]-Factorizations of Graphs

We begin with the following theorem, which will play an important role in
this section and contains some known results as corollaries.

Theorem 4.3.1 (Kano [68]) Let G be an n-edge connected general graph
(n > 1), 0 be a real number such that 0 < 0 < 1, and g,f : V(G) — Z
such that g(x) < f(x) for all z € V(G). If one of {(ia),(ib)}, (ii) and one of
{(iila), (iiib), (ilic), (iiid), (ilie), (iiif)} hold, then G has a (g, f)-factor.
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(ia) g(x) < Odegy(z) < f(x) for all z € V(Q).
(ib) € = > cv(o) <max{0, g(x)—0degq(x) }+max{0, GdegG(x)—f(x)}) < 1.

(ii) G has at least one vertex v such that g(v) < f(v); or g(z) = f(x) for all
€ V(G) and 3 ey ) f(x) =0 (mod 2).

(ilia) n@ > 1 and n(1 —6) > 1.

(iiib) Both {degg(1)lg(x) = f(x),2 € V(G)} and {f@)lg(x) = f(x), s €

V(G)} consist of even numbers.

(ilic) {deggs(x)|g(z) = f(z),x € V(G)} consists of even numbers, n is odd,

(n+1)0>1and (n+1)(1—-6)>1.

(ilid) {f(2)|g(z) = f(z),x € V(G)} consists of even numbers and m(1—6) >

1, where m € {n,n+ 1} and m =1 (mod 2).

(ific) Both {degg(n)lg(e) = f(a)x € V(G)} and {f(2)lglx) = f(x). €
V(G)} consist of odd numbers, and m@ > 1, where m € {n,n+1} and m =1

(mod 2).

(ilif) g(z) < f(x) for all x € V(G).

Proof. Let S and T be disjoint subsets of V(G). By the (g, f)-Factor
Theorem 3.1.1, it suffices to show that v(S,7) > 0. By (ii), it follows that
7v(0,0) = 0, and so we may assume that S UT # ). Since (ia) implies (ib)
with € = 0, we may assume that (ib), (ii) and one of (iiia)—(iiif) hold. Let
Cy,Cy, ..., Cy, be the (g, f)-odd components of G — (S UT'), where m =
¢*(S,T). Then

AST) = Zf<x>+2(degg<x>—g<x>)—eG<s,T>—q*<s,T>

zes seT
> HZdegG(x) (1-— Zdegg —eq(S,T) —
z€S z€T
=Y (vdegala) - £@) =D (9(x) - edeg(;(x))
x€S z€T
> 0(eal(S,T) + i ea(S,C1)

i=1
m

+(1-6) (eG(T, S)+ 3" ealT, Ci)) — (S, T) —m—e

=1

.

=1



4.3. [A, BJ-FACTORIZATIONS OF GRAPHS 197

Since y(S,T) is an integer and € < 1, in order to prove v(S,T) > 0 it suffices
to show that every C' = C; satisfies

fec(S,C) + (1 — O)ea(T,C) —1 > 0. (4.6)

It is clear that if eq(S,C) > 1 and eq(T,C) > 1, then (4.6) follows. Hence
we may assume that

eq(S,C) =0 or  eq(T,C)=0. (4.7)

Since C'is an (g, f)-odd components of G—(SUT) and G is n-edge connected,
we have g(z) = f(z) for all x € V(C) and

Z f(@)+ec(C,T)=1 (mod 2) and eg(SUT,C)>n. (4.8)
zeV(C)

Moreover, we have

D degg(x) =2/|C|| + ec(C, SUT) (mod 2). (4.9)
zeV(C)

Assume that (iiia) holds. Then by (4.7) and (4.8), we have either eq(T, C') =
0 and eq(S,C) > n or eq(S,C) = 0 and eq (T, C) > n, and thus

feq(S,C)—1>0n—-1>0 or (1—-0)eg(T,C)>(1—-60)n—1>0.

Hence (4.6) follows.

Assume (iiib) holds. By (4.8), eq(C,T) = 1 (mod 2). Hence eq(C,T) >
1, in particular, we may assume eg(S,C) = 0 by (4.7). So, by (4.9) we have
eq(C,T) = 0 (mod 2), which contradicts the above eq(C,T) = 1 (mod 2).
Thus (4.6) follows.

Assume (iiic) holds. By (4.9), we have eq(C, SUT) =0 (mod 2), which
implies eq(C, SUT) > n+1asnisodd. Soif eq(C,T) = 0, then e (S, C)—
1>0(n+1)—1>0. Ifeg(C,S) =0, then (1 —0)ec(S,T)—1> (1—0)(n+
1) =1 > 0. Hence (4.6) follows.

Assume (iilid) holds. By (4.8), we have eq(C,T) = 1 (mod 2), which
implies that we may assume eq(C,.S) = 0. Then eq(T,C) = eq(SUT,C) > n
and so eq (T, C') > m, where m is defined in (iiid). Hence (1—0)eq(T,C)—

(1 —0)m —1> 0. Therefore (4.6) follows.

Assume (iiie) holds. By (4.8), |C| + eq(C,T) = 1 (mod 2). By (4.9),
we have |C] = eq(C,SUT) (mod 2). Thus we have a contradiction when
eq(S,C) = 0. Hence eq(T,C) = 0. Then eq(S,C) = |C| = 1 (mod 2).
Therefore feq(S,C) —1>60m —1 >0, and (4.6) follows.
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Assume (iiif) holds. In this case m = ¢*(S,T) = 0 and so (S, T) > —e
from the fist calculation. Consequently the theorem is prove. O

As an easy consequence of the above theorem, we can obtain the following
theorem, which is an extension of Petersen’s 2-Factorable Theorem.

Theorem 4.3.2 (Kano [68] (1985)) Let a and b be even integers such that
0 <a<b andn > 1 be an integer. Then a general graph G can be
decomposed into n [a, b]-factors if and only if G is an [an, bn]-graph.

Proof. Tt is trivial that if a general graph G can be decomposed into n [a, b]-
factors, then G is [an,bn]-graph. So it suffices to prove that every general
[an, bn]-graph can be decomposed into n [a, b]-factors by induction on n. We
may assume n > 2.

Let G be a general [an, bn]-graph, and 0 = 1/n. Define g, f : V(G) — Z
as follows:

=f(zx)=a if degi(x) = an,
Odeg,(z) < f(x) and f(z) —g(x) =1 if an < degy(z) < bn,

glx)=f(z)=b  if degy(z) = bn.

Then g, f, 6 satisfy the conditions (i), (ii) and (iiib) of Theorem 4.2.1. Hence
G has a (g, f)-factor F. For any vertex x with an < degq(z) < bn, we have

a(n—1) < (1 —0)degs(z) <b(n—1)

as 1—0 = (n—1)/n, and thus a(n—1) < degy_p(z) < b(n—1). Hence G—F
is an [a(n — 1),b(n — 1)]-graph. By the inductive hypothesis, G — F can be
decomposed into n — 1 [a, b]-factors, and therefore G' can be decomposed into
n |a, bl-factors. O

Here we give another application of Theorem 4.3.1, that is, we give an-
other proof of the following theorem (Theorem 1.5.4).

Theorem 4.3.3 Let r > 2 be an even integer, and G be a (r — 1)-edge
connected r-reqular multigraph of odd order. Then for every vertex v, G — v
has a 1-factor.

Proof. Define 6 = 1/r, and g, f : V(G) — Z by g(z) = f(z) = 1 for all
z € V(G)—vand g(v) = 0and f(v) = 1. Then conditions (ia), (ii) and (iiic)
are satisfied since n = r — 1 is odd. Hence G has a (g, f)-factor F, which is
the desired 1-factor of G — v since degy(v) = 0 by the parity of |G|. O

We now give the main theorem in this section, which was obtained by
Cai.
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Theorem 4.3.4 (Cai [24] (1991)) Let a,b,m,n be integers such that 1 <
a<b, 0<m,nand1 <m+n. Then

(1) If a is even, b is odd and b < 2a + 1, then every [(6a + 2)m + an, (6b —
2)m + (b — 1)n]-multigraph is [a, b]-factorable.

(11) If a is odd, b is even and b < 2a, then every [(6a +2)m + (a+ 1)n, (6b —
2)m + bn|-multigraph is [a, b]-factorable.

(111) If both a and b are odd and b < 2a + 1, then every [(3a + 1)m + (a +
)n, (3b — 1)m + (b — 1)n]-multigraph is [a, b]-factorable.

The bounds in the above theorem are sharp in the following sense: Con-
sider, for example, the case when a is even and b is odd. Then there exist a
[6a+1, 60— 2]-graph and a [6a+2, 6b— 1]-graph that are not [a, b]-factorable.
For other cases, the same situations hold. We now show that the graphs
G1 and Gy of Figure 4.5, which are a [6a + 1,60 — 2]-multigraph and a
[6a + 2, 6b — 1]-multigraph, are not [a, b]-factorable. Assume that G, is [a, b]-
factorable. Since deg.(v) = 6b — 2 and deg,(u) = 6a + 1, G; must be
decomposed into six [a, b]-factors. We may assume that an [a, b]-factor F;
contains the minimum number of edges joining v to w. Then F; contains at
most a— (b+1)/2 edges joining u to w. Since the degree of u in F} is at least
a, Fy contains at least (b+ 1)/2 edges joining u to v. Similarly F} contains
at least (b+ 1)/2 edges joining w to v. Therefore the degree of v in Fj is at
least b+ 1, which is a contradiction. Therefore G is not [a, b]-factorable.

Assume that Gy is [a, b]-factorable. Then Go must be decomposed into
six [a, b]-factors. It is clear that there exist at least three [a, b]-factors that
contain at least (b+ 1)/2 edges each joining y and z. Similarly, there exist
at least two [a, b]-factors containing at least (b + 1)/2 edges each joining x
to y, and another two [a, b]-factors containing at least (b + 1)/2 edges each
joining z or z. Therefore there exists an [a, b]-factor F» that contains at least
(b+1)/2 edges joining y and z and also at least (b+1)/2 edges joining either
x to y or x to z. Then one of {y, z} has degree at least b+ 1 in Fy, which is
a contradiction. Therefore G is not [a, b]-factorable.

Some results are corollaries of the above theorem. By setting a = k and
b=k+1in (i), we can obtain Theorem 4.2.6. Similarly by setting a = k
and b = k + 1 in (ii) we obtain Theorem 4.2.7. Moreover by taking a = 1
and b = 2 in (ii), we obtain the next theorem, which is the main result in

[68] and whose proof gives some proof techniques that are used in the proof
of Theorem 4.3.4.

Theorem 4.3.5 ([68]) Let m > 1 and n > 0 be integers. Then every [8m +
2n, 10m + 2n]-multigraph is [1, 2]-factorable.
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Figure 4.5: (a) An [6a + 1,6b — 2]-multigraph G that is not [a, b]-factorable; (b)
an [6a 4 2,6b — 1]-multigraph that is no [a, b]-factorable.

We shall prove only (i) and give brief sketch of proofs of (ii) and (iii)
which can be proved in a similar way. Let us first consider the case where
a > 2 is an even integer, b > 3 is an odd integer and a < b < 2a + 1. We
prove (i) of the theorem in several steps, which are given in the following
lemmas.

Lemma 4.3.6 Assume that a is even, b is odd and 1 < a < b < 2a + 1.
Let m > 1 and n > 1. Then every [(6a + 2)m + an, (6b — 2)m + (b — 1)n]-
multigraph G contains an [a,b]-factor F such that G — F is a [(6a + 2)m +
a(n—1),(6b —2)m+ (b —1)(n — 1)]-graph.

Proof. Let G be a [(6a+ 2)m +an, (60— 2)m + (b— 1)n]-multigraph. Define
9.f:V(G) = Zby

g9(x) = max{a,degg(z) — (60— 2)m + (b—1)(n — 1))},
f(z) = min{b,degy(z) — ((6a + 2)m + a(n —1))}.

Then
a < degq(z) — ((6a + 2)m + a(n — 1)),
deg(z) — ((6b—2)m+ (b—1)(n—1)) <b—1<b,
(6a+2)m +a(n—1) < (6b—2)m+ (b—1)(n—1).
Hence

gx) < f(x) forall ze€ V(G), and
g(x) = f(x) ifandonlyif degy(z) = (6a+ 2)m + an,
which implies g(z) = f(z) =
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Since a < g(z) and f(z) < b, a (g, f)-factor is an [a, b]-factor. Define
a
(6a +2)m +an’
Then it follows from b < 2a + 1 that
-l <0< b
(6b—2)m+ (b—1)n — (6b—2)m + (b—1)n’

In particular,

a < fdegq(x) < b.
We obtain
(1—6)dega(z) < u—emmb—mm+«n—n@
< 6b—=2)m+(b—-1)n—(b—-1)
(6b—2)m+ (b—1)(n—1),

which implies degq(z) — ((6b — 2)m + (b —1)(n — 1)) < #degq(x), and thus
9(2) < Bdegq(x).
Similarly,
(1 —0)degs(z) > (1 —0)((6a + 2)m + an)
= (6a+2)m+an—a= (6a+2)m+a(n—1),
which implies deg.(z) — ((6a 4+ 2)m + a(n — 1)) > O deg.(x), and so
0 degg(z) < f(w).

Therefore 6, n = 1, g and f satisfy conditions (ia), (ii) and (iiib) of Theo-
rem 4.3.1. Thus G has an (g, f)-factor F.
It follows from

A—max{B,C} <A—-B and A—min{B,C}>A-B

that
degg(z) —g(z) < degg(x)
—((degg(@) = (60— 2m + (b= 1)(n - 1))
= (60— 2)m+(b—1)(n—1),
and

degg(r) — f(z) > degg()
—<degG(1:) — ((6a + 2)m + a(n — 1)))
= (6a+2)m+a(n—1).
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Hence G — F'is a [(6a + 2)m + a(n — 1), (6b — 2)m + (b — 1)(n — 1)]-graph,
and the lemma is proved. 0O

Lemma 4.3.7 Assume that a is even, b is odd and 2 < a < b < 2a + 1.
Then every connected [6a + 2,6b — 2]-multigraph can be decomposed into a
[3a, 3b—1]-factor having at most one vertez of degree 3a and a [3a+1,3b—1]-
factor.

Proof. Let G be a connected [6a + 2, 6b — 2]-multigraph. If G has a vertex
of degree 6a + 2, then choose one such vertex w. Define g, f : V(G) — Z by

g(x) = max{3a+1,degs(x) — (3b—1)} forallz € V(G) —

glw) = g(x)—1, where x # w, and
f(z) = min{3b—1,degs(z) — (3a+ 1)} forall z € V(G).
Then
dogg(x) — (3 —1) < degg(x) — 5 - dege(r) = 5 - degq(x).
dogg(r) — (3a+1) > degg(s) — 5 - degg(w) > - desg ().
Thus
g(x) < % degq(z) < f(x) for all = € V(G), and
g(z) = f(z) if and only if degg,(z) =6a+2, x # w

or degg,(z) =6b—2

Then 6 = 1/2, n =1, g and f satisfy (ia), (ii) and (iiic) of Theorem 4.3.1,
and thus G has a (g f) factor F'. It is easy to verify that F is the desu"ed
[3a, 3b — 1]-factor and G — F' is the desired [3a + 1,3b — 1]-factor. O

Since the proof of the next Lemma 4.3.8 is long, we postpone it and now
prove Theorem 4.3.4 under the assumption that Lemma 4.3.8 is true.

Proof of (i) of Theorem 4.3.4 Let G be a [(6a + 2)m + an, (6b—2)m + (b
—1)n]-multigraph. By considering each component of G, we may assume
that GG is connected. We use this argument below without mentioning it
again. If m = 0, then G is [an, (b — 1)n]-graph, and so G can be decomposed
into n [a,b — 1]-factors by Theorem 4.3.2. Hence we may assume m > 1.
By Lemma 4.3.6 G' can be decomposed into n [a, b]-factors and one [(6a +
2)m, (6b — 2)m/|-factor. By Theorem 4.3.2 the [(6a 4 2)m, (6b — 2)m]-factor
can be decomposed into m [(6a+2), (6b—2)]-factors. By Lemma 4.3.7 and by
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the following Lemma 4.3.8, every [(6a+2), (6b—2)]-factor can be decomposed
into six [a, b]-factors. Consequently, G is decomposed into [a, b]-factors, and
the theorem is proved. O

Lemma 4.3.8 Assume that a is even, b is odd and 2 < a < b < 2a + 1.
Then every connected [3a,3b — 1]-multigraph having at most one vertex of
degree 3a can be decomposed into three [a, b]-factors.

Proof. Let G be a connected [3a, 3b — 1]-graph having at most one vertex of
degree 3a. We shall prove the lemma by induction on the order |G|. Since G
has no loops, |G| > 2. It is easy to verify that the assertion holds if |G| < 3.
So we may assume |G| > 4. Define two functions g and f on V(G) as

g9(x) = max{a,degg(z) — (20— 1)},
f(z) = min{b,deg,(z) — 2a}.

However, if G has no vertex = with 3a < degq(z) < 3b — 1, then choose one
vertex w of degree 3b — 1 and modify g and f as follows:

g(x) = max{a,degs(x) — (2b—1)} forall z € V(G) — w,

glw) = g(x)—1, where x # w, and
f(z) = min{b,deg,(z) —2a} forall z € V(G).
Then
g(x) < f(z) for all = € V(G), and
g(x) = f(z) if and only if degg(z) = 3a,

or degs(z)=3b—1and = # w.

We consider the following two cases.
Case 1. G has a (g, f)-factor F.
Let H=G — F. Then

degg(z) —g(x) < degg(w) — (degg(z) — (2b—1)) =2b—1, (z# w)
degq(w) —g(w) = (Bb—1)—(b—1)=2b,
deg(w) — f(z) > degg(x) — (degg(x) — 2a) = 2a.

Hence H is a [2a,2b]-graph with at most one vertex of degree 2b. Further-

more, if H has a vertex of degree 2b, G has no vertices « with 3a < degg(z) <
3b — 1, in particular, G has at least two vertices of degree 3b — 1, and thus
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H has a vertex u of degree 2b — 1, for which the following ¢’ and f’ satisfy
g'(u) < f'(u).
Define ¢/, f" on V(H) as
() = max{a,degy(z) — b},
f(z) = min{b,degy(z) — a}.

Then

~degy(z) < f'(x) for all x € V(H), and

g (x)=f'(z) ifand only if degy(z)=2a, or
degy(x) = 20b.

Then 0 = 1/2, n = 1,4/, f' satisfies (ia), (ii) and (iiic) of Theorem 4.3.1,
and thus H has a (¢/, f')-factor F'. It is clear that F'U F' U (H — F") is the
required [a, b]-factorization of G.
Case 2. G has no (g, f)-factor.

By Lovész (g, f)-Factor Theorem 3.1.1, there exist two disjoint subsets S
and T of V(G) such that

=Y @)+ (degg(w) —g(w) —ea(S,T) —q"(S,T) < ~1. (4.10)

zeS z€T

Let C1, Cy, ..., Cy, be the set of (g, f)-odd components of G — (SUT), where

= ¢*(S,T). Then every C = C; satisfies g(x) = f(x) for all x € V(C') and
> veviey [ (@) +ec(C,SUT) =1 (mod 2). So every vertex of C' has even
degree, and thus

eq(C,SUT)>2 and eq(C,SUT) =0 (mod 2).

Let
Then
> degg(z) > Z (SUT,Cy) + 2ea(S,T)
reSUT i=1
> 4(m — )+ 20+ 2eq(S,T),
and thus

> degg(x) + 28 > 4m + 2e6(S, T). (4.11)

zeSUT
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For any 0 < 6 < 1/2, we have

VS, T) = D fl@)+ ) (dega(x) — g(x)) — eq(S,T) —
z€S zeT

= ) fl@)+ ) (degg(x z)) — beq (S, T)
zeSs zeT

_i <4m + 2e6(S, T)) — (% - 0) ec(5,T)

> ZS flw) + ;degc;(o:) — g(x) - G;degm

- e%TdegG ) +28) - <——9);degc (by (4.11))
- ;;Oﬁ@—(—+@d%c@0

+Z( +6) degg(z) — g(x))—g. (4.12)

zeT
In particular, taking 6 = (b+1)/4(3b—1), we have 1/4+60 =b/(3b—1). For
every vertex x € S, it follows that
b

£) = (3 +9) desole) = () — 5 degg(a)
= (B 1)f(e) ~ belege(x))
= 3b1— 1 min{b((3b — 1) — degq(x)), (2b—1)degq(x) —2a(3b—1)}
—a/(3b—1) if degn(z) = 3a
= { 0 / ) other%v(i;s(e.)

Similarly, for every x € T, it follows that

(5 +0) degala) — o)

> min{bdeg.(x) —a(3b —1), (20 —1)((3b — 1) — degq(x))}

30 -1
> 0.
Let S(3a) = {z € S|deg,(x) = 3a}. Then |S(3a)| < 1 since G has at most

one vertex of degree 3a. So it follows that

S (F) = (5 +6) dese())

>
- 3b—1

1S(3a)| —% . 1S(3a)]. (4.13)
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By combining (4.10), (4.12) and (4.13), we have

=@

[5(3a)]
3

+5 =1L

2
From the above inequality and [S(3a)| < 1, it follows that § > 2, and thus
the next Claim holds.

Claim G — (SUT) has a (g, f)-odd component, say C, such that

eq(Cy, SUT) =2, and
degn(x) =3b—1  forall x € V(Cy).

Since G has no loops, |Cy| > 2, and since

> f@) +ea(C, SUT) =b|Cy| +2=|Cy =1 (mod 2),
€V (Ch)

we have |Cy| > 3. Let {ujw;, uswy} the edges joining C; and S U T, where
uy,uy € SUT and wy, wy € V(C}). Let K be the graph obtained from C; by
adding a new edge w;ws, which might be a loop of K. Let

b=2s+1, where s> 1.

Then 3b — 1 = 6s + 2 and K is a (6s + 2)-regular graph, so by Petersen’s
2-Factorable Theorem 4.1.3, K can be decomposed into 3s + 1 2-factors

Ry, Ri, Ry, - - -, R3s, where we may assume wijws € Ry. Let
s 2s 3s
=R, Q=R &= &
=1 i=s+1 1=2s+1

Then every @); is a 2s-factor of K. We can assign the edges of Ry one by one
to Q1, Q2, Q3 so that

degg, (w1) =25 +1, degg,(wy) = 25, and
degg,(7) < 2s+1 forall e V(Cy), 1€ {1,2,3}. (4.14)

To see this, first assign an edge of R, incident with w; to @)1, and in general,
for any unassigned edge xy of Ry, there exist at most one @Q; with degg (z) =
2s 4+ 1 and at most one Q; with deg,_ (y) = 2s + 1, and so we can assign
vy to Qr, where k& & {7,j}. Since degy, (wi) = 25 + 1, we may assume
degg, (w1) = 2s (and degg, (wy) = 25 + 1).

We consider two subcases according to whether u; = uy or not.
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WFW) G Uj7uy

Figure 4.6: A graph G with a component Cy, where it may occur w; = ws; and a
[3a,3b — 1]-graph Ga, where u; = us.

Subcase 2.1 u; # us.

By adding a new edge wjus to G — V(C}), we obtain a [3a,3b — 1]
multigraph G, which contains at most one vertex of degree 3a (Figure 4.6).
By the induction hypotheses, GG; has an [a, b]-factorization A; U Ay U A3. We
may assume ujus € Ay, Let

Fi = (A —uwug) U (Q1 — wiws) U {ujwy, usws},
Fy = AyUQy,
F3 = Ag U Qg.

Then Fy U Fy U F3 is the desired [a, b]-factorization of G. Note the above
arguments hold when w; = wy without changing anything.

Subcase 2.1 u; = us.

In this case, we obtain a new graph Gy from G — V(C}) by adding two
new vertices z; and 2o, by joining them by 3b — 2 multiple edges, and by
adding two new edges u12z; and ujz. Then Gs is a [3a,3b — 1]-multigraph
having at most one vertex degree 3a. Moreover |Gs| < |G| as |Cy| > 3. Hence
by the induction hypothesis, Gy can be decomposed into three [a, b]-factors
Al, AQ, A3.

If uyz1,u1290 € Ay, then let

Fi = (A —{z1,2}) U(Q1 — wiws) U {ugwy, ujws},
Fy, = (A —{z1,2}) UQy,
F3 = (A5 — {21, 2})UQs,

where A; — {z1, 22} denotes the graph obtained from A; by removing z; and
25 together with all edges incident with them.
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If uyz; € Ay and uq29 € Ay, then define

Fi = (A —{z1,2}) U(Q1 — wyws) U {ujwsy},
FQ = (A2 — {21, 22}) U QQ U {ulwl},
Fy = (A3 —{z1,22}) UQs.

Then by (4.14) we can easily show that Fy U Fy U Fy is the desired [a, b]-
factorization of G in each case. O

It is shown that Lemma 4.3.6 does not hold if 2a + 1 < b. For example,
consider the complete bipartite graph G = K((6b + 2)m + (b — 1)n, (6a +
2)m + an). Then G has no [a, b]-factor F' such that G — F'is a [(6a + 2)m +
a(n —1),(6b+4 2)m + (b —1)(n — 1)]-graph ([24]). So it seems to be difficult
to remove the condition b < 2a + 1.

The statement (ii) of Theorem 4.3.4 can be proved by showing the follow-
ing three lemmas. We give only a brief sketch of the proof of each lemma.

Lemma 4.3.9 Assume that a is odd, b is even and 1 < a < b < 2a. Let
m > 1andn > 1. Then every [(6a+2)m~+(a+1)n, (6b—2)m-+bn]-multigraph
G contains an |a, b]-factor F' such that G — F is a [(6a +2)m + (a+ 1)(n —
1), (6b — 2)m + b(n — 1)]-graph.

Proof. Let G be a [(6a+2)m+ (a+ 1)n, (60— 2)m -+ bn)-multigraph. Define
9,f:V(G) = Z by

g(x) = max{a,degg(z) — ((6b—2)m +b(n — 1))}

f(x) = min{b, degg(x) — ((6a + 2)m + (a + 1)(n — 1))}.

Then G has a (g, f)-factor F', which is an [a, b]-factor, and G — F'is a [(6a +
2Ym+ (a+1)(n —1),(6b—2)m + b(n — 1)]-graph. O

Lemma 4.3.10 Assume that a is odd, b is even and 1 < a < b < 2a. Then
every connected [6a+2, 6b—2]-multigraph can be decomposed into a [3a+1, 3b]-
factor having at most one vertex of degree 3b and a [3a + 1,3b — 1]-factor.

Proof. Let G be a connected [6a + 2, 6b — 2]-multigraph. If G has a vertex
of degree 6b — 2, then choose one such vertex w. Define g, f : V(G) — Z by

g(x) = max{3a+1,degs(x) — (3b—1)} forall z € V(G),
f(z) = min{3b—1,degs(x) — (3a+1)} foralze V(G)—w,
fw) = f(x)+1, where x # w.
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Then G has a (g, f)-factor F', which is a [3a+ 1, 3b]-factor having at most one
vertex of degree 3b, and thus we obtain the desired factorization F'U(G — F').
O

Lemma 4.3.11 Assume that a is odd, b is even and 1 < a < b < 2a. Then
every connected [3a + 1, 3b]-multigraph having at most one vertex of degree
3b can be decomposed into three [a,b]-factors.

Proof. Let G be a connected [3a + 1, 3b]-graph having at most one vertex
of degree 3b. We shall prove the lemma by induction on the order |G|. We
may assume |G| > 4. Define two functions g and f on V(G) as

g(xr) = max{a,deg,(x) — 20},
f(z) = min{b,degs(z) — (2a+1)}.

However, if G has no vertex x with 3a + 1 < degq(z) < 3b, then choose a
vertex w of degree 3a + 1 and modify g and f as follows:

g(x) = max{a,deg,(x) —2b} forall x € V(G),
f(z) = min{b,degy(z) — (2a+ 1)} for all z € V(G) — w,
fw) = f(z)+1, where = # w.

Then we consider two cases according to whether G has a (g, f)-factor or
not, and prove the lemma. O

Statement (iii) of Theorem 4.3.4 can be proved by showing the following
three lemmas. We give only a brief sketch of the proof of each lemma.

Lemma 4.3.12 Assume that both a and b are odd and 1 < a < b <2a+ 1.
Letm > 1 andn > 1. Then every [(3a+1)m+ (a+1)n, (3b—1)m—+(b—1)n]-
multigraph G- contains an [a,b]-factor F such that G — F is a [(3a + 1)m +
(a+1)(n—1),(30b—1)m+ (b—1)(n — 1)]-graph.

Proof. Let G be a [(3a+1)m+ (a+ 1)n, (3b — 1)m + (b — 1)n]-multigraph.
Define g, f : V(G) — Z by

g(z) = max{a,degg(z) — (3b—1)m + (b—1)(n —1))}
f(z) = min{b,deg,(z) — ((Ba+1)m+ (a+ 1)(n —1))}.

Then G has a (g, f)-factor, which is the required [a, b]-factor. O
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Lemma 4.3.13 Assume that both a and b are odd and 1 < a < b < 2a+ 1.
Then every connected [3a+ 1, 3b— 1]-multigraph can be decomposed into three
la, b]-factors.

Proof. Let G be a connected [3a + 1,3b — 1]-multigraph. We shall prove
the lemma by induction on the order |G|. We may assume |G| > 4. Define
two functions g and f on V(G) as

g(x) = max{a,degg(r) — 20},
f(z) = min{b, degs(z) — (2a +1)}.

We may assume that G has a vertex of degree greater than 3a + 1 since
otherwise the lemma follows from Lemma 4.3.11. Then we consider two cases
according to whether G has a (g, f)-factor or not, and prove the lemma. O

We now turn our attention to (g, f)-factorizations. For two functions
h,k:V(G) — Z with h(z) < k(x) for all x € V(G) we say that a graph G is
(h, k)-graph if

h(z) < degq(x) < k(x) for all z € V(G).
Moreover, for integers s and ¢, sh + t denotes the function defined by
(sh+t)(z) =sh(z)+t  forall z € V(G).

Some results on [a, b]-factorization are generalized to those on (g, f)-factorization
as follows:

Theorem 4.3.14 (Liu [97](1994)) Let G be a ((9+ 1)n —1,(f — )n + 1)-
multigraph, where g, f @ V(G) — Z such that 1 < g(x) < f(x) for all
x € V(G), and n > 1 be an integer. Then G is (g, f)-factorable.

Proof. Let Gbea ((¢9+1)n—1,(f — 1)n+ 1)-multigraph. We shall prove
the theorem by induction on n. If n = 1, then G itself is a (g, f)-factor. So
we may assume n > 2. Define h, k : V(G) — Z by

ha) = max{g(z), degg(x) = (f(x) = Dn —1) + 1)}
k@) = min{f(z),degs(x) = ((g(x) + 1)(n—1) = D},
Then
g(w) < degg(w) = ((9(x) +1)(n —1) = 1),

degg () = ((f() = n —1) +1) < f(2)
9(x) < f(a).
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Hence
h(z) < k(x) forall z € V(G).
Since g(z) < h(x) and k(x) < f(z), a (h, k)-factor is an (g, f)-factor. Define
1
0=—.

n
Then 1 —0 = (n—1)/n and so

(1-0)dego(z) < (1-0)((f(2) = Dn+1)

= (@) -D-1+1- 2,

which implies degq(x) — ((f(z) — 1)(n — 1) + 1) < Odegg(x), and since
O degy () > (g(x) +1) — 1/n > g(x), we have

h(z) < 0 degq(z).
Similarly,

(1= ) deggle) = (1-0)((glx) +1)n—1)

= (@) + -1~ 1+ .

which implies degq(x) — ((g(z) + 1)(n — 1) — 1) > 6 degq(x), and so
Odegq(x) < k(z).

Therefore 0§, n = 1, h and k satisfy conditions (ia), (ii) and (iiif) of Theo-
rem 4.3.1. Thus G has an (h, k)-factor F. It is easy to see that G — F is a
((g+1)(n—1)—=1,(f —1)(n — 1) + 1)-graph since

degg(r) —h(z) < (f(x) =D -1)+1,

degg(z) —k(x) = (g9(x)+1D(n—1)—1
Consequently the theorem is proved. O

The following Theorem 4.3.15 also can be proved by using Theorem 4.3.14
and a proof technique similar to the one used in the proof of Theorem 4.3.4,

i.e., show that every <2t((g+ Dn—1)+(g+1)s,2t((f—1)n+1)+(f — 1)3)—
multigraph G has a (g, f)-factor F' such that G — F' is <2t((g +n—-1)+
(g+D(s—=1)2t((f—Dn+1)+ (f = 1)(s — 1)>—multigraph; a (2t((g +
1)n—1),2t((f — 1)n+ 1)-multigraph can be decomposed into ¢ (2((g+ 1)n —

1), 2((f — 1)n +1))-graph; and every (2((g+ 1)n — 1)), (2((f — Lin + 1))-
multigraph is (g, f)-factorable.
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Theorem 4.3.15 (Yan [152](1995)) Let G be a multigraph, g, f : V(G) —
Z such that 1 < g(z) < f(x) for allz € V(G), and n > 2,5 > 0,t > 0 be

b
integers. Then every <2t((g—|— Dn—1)+(g+1)s,2t((f—1)n+1)+ )s)
graph is (g, f)-factorable.



Chapter 5

Parity Factors

In this chapter we consider (g, f)-parity factors. In particular, we consider
odd factors and even factors, in which every vertex has odd degree or even
degree, respectively. Then we consider partial parity factors. These factors
are special cases of H-factors. Finally, we give some remarks on H-factors.

5.1 Parity (g, f)-Factors and (1, f)-Odd Fac-
tors

Let G be a general graph, and g, f: V(G) — Z be functions such that
g(z) < f(z) and  g(z) = f(z) (mod 2) for all x € V(G).
Then a spanning subgraph F' of G is called a parity (g, f)-factor if

g(r) < degp(a) < f(@)  and  degp(w) = f(z) (mod 2)  (5.1)

for all z € V(G). Note that we allow g(z) < 0 and deg.(y) < f(y) for some
vertices x and y of G. We may restrict ourselves to the case when 0 < g(z) <
f(z) < degy(z) for all x € V(G). However, when we apply a criterion for the
existence of parity (g, f)-factors to some problems, this relaxation on g and
f plays an important rule, that is, proofs of some theorems become shorter
and simpler.

Theorem 5.1.1 (The Parity (g, f)-Factor Theorem, Lovéasz [101] (1972))
Let G be a general graph and g, f : V(G) — Z such that g(z) < f(z) and
g(x) = f(z) (mod 2) for all x € V(G). Then G has a parity (g, f)-factor if
and only if for all disjoint subsets S and T of V(G), it follows that

n(S,T) = flx)+ > _(dega(x) — g(x)) — ea(S,T) = ¢(S,T) > 0, (5.2)

zeSs zeT

213
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where q(S,T) denotes the number of components C of G — (SUT) such that

Z f(z)+eq(C,T)=1 (mod 2). (5.3)
)

zeV(C

Proof. We first construct a new graph G* from G by adding (f(z)—g(x))/2
loops to every vertex x € V(G), and we regard f as a function f : V(G*) — Z
(Figure 5.1).

-1,5 2.4 @ @
3,3 5 3 /4
4 6
2,4 -2,6
G F G* Y

Figure 5.1: A graph G, its parity (g, f)-factor F' and the new graph G* together
with an f-factor F* denoted by bold edges; numbers denote g(x) and f(z) in G
and f(z) in G*.

We can easily see that G has a parity (g, f)-factor if and only if G* has an
f-factor since we can get an f-factor of G* from a parity (g, f)-factor F of G
by adding (f(z) —degp(z))/2 loops to every vertex z of F', and conversely, we
can obtain a parity (g, f)-factor of G from an f-factor F* of G* by deleting
all the new loops of F* (Figure 5.1). Therefore we can apply the f-Factor
Theorem 2.1.2 to the new graph G*. Since

degg-(r) = degg(x) + f(z) — g(x),
€G*(S, T) :€G(S, T), qG*(S, T) :qG(S, T),

we have
66-(S.T) = > f(a)+ Y (deg(2) = f(2)) = ec-(S.T) — qe-(S.T)
€S zeT
= ) fl@)+ ) (degg(x) — g(x)) — ec(S,T) = qa(S, T)
€S zeT
= n(S,T).

Consequently, the theorem follows from the (g, f)-Factor Theorem 2.1.2. O



5.1. PARITY (G, F)-FACTORS AND (1, F)-ODD FACTORS 215

Later we mainly consider (1, f)-odd factors but before moving on to this
topic, we first deal with even factors. A spanning subgraph F' of a graph
G is called an even factor of GG if every vertex has a positive even degree
in F. From the (g, f)-Parity Factor Theorem, we can easily obtain the next
theorem.

Note that by using a function f : V(G) — {2,4,6,---} we can also
consider an (2, f)-even factor, however a criterion for the existence of this
factor is not simpler than that for an even factor.

Theorem 5.1.2 A general graph G has an even factor if and only if

D (degg(z) —2) —q(G;X) >0 forall X CV(G), (5.4)

zeX

where q(G; X) denotes the number of components C of G — X such that
eq(C, X) =1 (mod 2).

Proof. Let N be a sufficiently large even integer, and define g(x) = 2 and
f(z) = N for all z € V(G). Then G has an even factor if and only if G has
a parity (g, f)-factor. Let S and T be two disjoint subsets of V(G). If S is
a nonempty set, then

n(S,T) = Y fl@)+) (degg(z) —2) —eq(S,T) — (S, T)

zeSs zeT

> N+ (degg(r) —2) — ea(S, T) — q(S,T) > 0.

zeT
Hence we may assume that S = (). Then
n(0,T) = (degg(x) —2) —q(0,T) = ) (degg(z) — 2) — q(G;T).
zeT zeT

Therefore the theorem is proved by the Parity (g, f)-Factor Theorem 5.1.1.
(I

Theorem 5.1.3 (Problem 42, Sec. 7, [107]) Every 2-edge connected multi-
graph with 6(G) > 3 has an even factor.

Proof. Let X be a nonempty vertex subset, and Dy, D,,...,D,, be the
components of G — X such that eq(D;, X) is odd, where m = ¢(G; X). Since
G is 2-edge connected, e(D;, X) > 3. Hence

3m < eq(DyU-U Dy, X) <) degg(z).

zeX
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Thus

> (degg(x) —2) —m

reX
1
> Y dengle) ~21X] — 1 Y deglo)
rzeX rzeX
> 23 degg(r) — 21X| > = - 3[X| — 2|X| =0
— e x —_— —_ — f— .
a 3£E€X gG _3

Therefore G has an even factor by Theorem 5.1.2. O

We now consider a special parity factor called an odd factor. For an odd
integer-valued function f: V(G) — {1,3,5,...}, a spanning subgraph F of
G is called a (1, f)-odd factor if

degp(x) € {1,3,..., f(z)} for all z € V(G).

Of course, if f(x) = 1 for all vertices x, then (1, f)-odd factor is nothing but
a 1-factor. For a constant odd integer n > 1, if f(z) = n for all z € V(G),
then a (1, f)-odd factor is called a [1,n]-odd factor. So a [1,n]-odd factor
F satisfies

degp(x) € {1,3,...,n} for all z € V(F).

It is interesting that for the existence of an (1, f)-odd factor, we have
a much simpler criterion than for a parity (g, f)-factor. Since a (1, f)-odd
factor is a special parity (g, f)-factor, we can prove the following theorem
by making use of the Parity (g, f)-Factor Theorem. Also since a (1, f)-odd
factor is an extension of 1-factor, we can expect that the theorem can also be
proved in a manner similar way to the proof of the 1-Factor Theorem. Here
we give the two proofs mentioned.

Theorem 5.1.4 ((1, f)-Odd Factor Theorem, Cui and Kano [35])  Let
G be a general graph and f : V(G) — {1,3,5,...}. Then G has an (1, f)-odd
factor if and only if

odd(G — S) <> f(x)  forall SCV(G). (5.5)

TE€S

Proof of necessity. Suppose that G has a (1, f)-odd factor F. Since every
component of F' has even order, G has no odd components, and so (5.5) holds
for S=10. Let ) # S C V(G), and C be any odd component of G —S. Then
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there exists an edge of F' joining C' to .S, since every component of F' is of
even order. Hence

odd(G — S) < ep(G—8,8) <) degp(x) <> f(x)

z€eS zeSs

Therefore (5.5) holds.

Proof of sufficiency. Suppose that a general graph G satisfies (5.5). Let N
be a sufficiently large odd integer. For example, N is an odd integer greater
than |G|+ ||G||. We define g : V(G) — Z by g(z) = —N for all z € V(G).
Then (1, f)-odd factor and parity (g, f)-factor are the same. So it suffices to
show that G has a parity (g, f)-factor.

Let S and T be two disjoint subsets of V(G). If T' # (), then deg,(z) —
g(x) = degg(x) + N for every x € T, where N is sufficiently large, and so

n(S,T) = Y flo)+ ) (dega(z) — g(x)) = ea(S.T) = h(S,T)

zeSs zeT

> N—eq(5,T)—=h(5,T) =0

Hence we may assume T = (). It is immediate that a component C' of G — S
satisfying (5.3) has odd order since

Z f(z)=|V(C)] =1 (mod 2).

zeV(C)

Hence ¢(S,0) = odd(G — S), and therefore it follows from (5.2) and (5.5)

that
(S,0) =) flx)—q(S,0) = f(z) — odd(G - 5) >

€S €S
Consequently, by the parity (g, f)-Factor Theorem 5.1.1, G’ has a parity
(g, f)-factor, which is the desired (1, f)-odd factor of G. O

In order to give another proof of the (1, f)-Odd Factor Theorem, we need
the next theorem, which gives an criterion for a tree to have an (1, f)-odd
factor.

Theorem 5.1.5 ([35]) Let T be a tree of even order and f : V(G) —
{1,3,5,...}. Then T has an (1, f)-odd factor if and only if

odd(T — x) < f(x) for all z e V(T). (5.6)
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Proof. We shall prove only sufficiency since necessity can be easily shown
as in the proof of necessity of Theorem 5.1.4. Let F' be a subgraph of T
induced by the edge subset

A={ec E(T) | odd(T —e) = 2}. (Figure 5.2)

Note that for any edge e of T, T' — e consists of two components, and those
are simultaneously odd or even. Here the set A consists of those edges e for
which T — e consists of two odd components. For any vertex v of T, T — v
has odd order since T is of even order, and so 1T — v has at least one odd
component, say C'. Then the edge e of T joining C' to v is contained in A,
which implies that F' is a spanning subgraph of 7. Obviously, an edge of
T joining v to an even component of G — v is not contained in A. Hence
the number of edges in A incident with v is equal to the number of odd
components of G — v. Furthermore, since T" — v has odd order, the number
of odd components of T" — v is odd, and hence

degp(v) = 0dd(T —v) and odd(T —v) =1 (mod 2).

Consequently, by (5.6), F is the desired (1, f)-odd factor of . O

3 s
$

Figure 5.2: A tree T of odd order and its unique odd factor shown by bold edges;
Every bold edge e satisfies odd(T — e) = 2.

The next theorem is a corollary of the previous one, where an odd factor
and an odd subgraph mean a spanning subgraph and a subgraph with all
degrees odd, respectively. Note that every connected graph G has a vertex
v such that G — v is connected.

Theorem 5.1.6 (Problem 42 of Sec. 7 [107]) Let G be a connected general
graph. Then the following statements hold.

(i) If G has even order, then G has an odd factor.

(i) If G has odd order, then G has an odd subgraph of order |G| — 1.
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We are ready to give another proof to the (1, f)-Odd Factor Theorem,
which does not use the Parity (g, f)-Factor Theorem 5.1.1.

Another proof of necessity of the (1, f)-Odd Factor Theorem ([9],
[35]). We shall prove the theorem by induction on the size ||G|| of G. We
may assume that G is connected. Then G is of even order as odd(G — ) < 0
by (5.5). Moreover, by Theorem 5.1.5, we may assume that G is not a tree.
It is clear that for every non-empty subset S of V(G), we have

0dd(G — S) = |S| =) f(x) (mod 2). (5.7)

€S

We consider two cases.
Case 1. odd(G —S) <Y ,cs f(x) forall 0+#SCV(G).

In this case, we have odd(G — S) < > .o f(x) —2 by (5.7). Since G is
not a tree, we can take an edge e; of GG such that G — e; is connected. For
any non-empty subset S C V(G — e1) = V(G), we have

0dd(G — ey — §) < 0dd(G — ) +2 < ) f(x)

€S

By the inductive hypotheses, G—e; has a (1, f)-odd factor, which is of course
the desired (1, f)-odd factor of G.

Case 2. odd(G —S) =3, s f(x) for some ) # 5 C V(G).

Choose a maximal subset S C V/(G), which satisfies odd(G—5) = > ¢ f(x).
Then

0dd(G — X) <Y f(x forall Sc X CV(G). (5.8)

reX
Claim 2.1 Every even component of G — S has a (1, f)-odd factor.
Let D be an even component of G — S, and ) # R C V(D). Then by (5.8),

we have

0dd(G — S) + odd(D — R) = 0dd(G — (SUR)) < > f(x
r€SUR

which implies odd(D — R) < ). f(x). Hence the claim holds by induction.

Claim 2.2 For any odd component C' of G — S and any edge e = vw joining
v e V(C) tow e S, C+e has a (1, f)-odd factor, where f is defined as
f(w) =1 (Figure 5.3).



220 CHAPTER 5. PARITY FACTORS

Let 0 # RCV(C+e)=V(C)U{w}. If R # {w}, then by (5.8), we have

Y fl@) > odd(G—(SUT))

zeSUR

— odd(G—S)—1+ odd<(C te)— (RU {w}))
> Y f(z)—1+o0dd((C+e)— R)—1.

z€S

Thus . f(x) > odd((C+e)—R)—2, which implies . f(x) > odd((C'+
e) — R) by (5.7). If R = {w}, then C 4+ e — {w} = C has odd order, and
thus odd((C' 4 e) — {w}) = 1 = f(w). Hence C + e satisfies (5.5), and has
the desired (1, f)-odd factor by induction. Therefore Claim 2.2 is proved.

Let C1,Cs, ..., Cp, be the odd components of G — S, where m = odd(G —
S) = > ,es f(x). We construct a bipartite graph B with partition {Cy, Cs, . ..
,Cn} U S as follows: a vertex x of S and C; are joined by an edge of B if
and only if z and C; are joined by at least one edge of G (see Figure 5.3).

Figure 5.3: A subgraph C + e, the odd components of G — S with edges v;w;, and
the bipartite graph B.

Claim 2.3. The bipartite graph B has a factor K such that degy (z) = f(x)
forxz € S and degy (C;) =1 for all1 <i < m.

It follows from the connectedness of G that |[Ng(S)| = [{C1,Ca,...,Cn}| =
Y ves f(x). Assume that [Np(X)| < > _y f(z) for some ) # X C S.
Then every vertex C; € {Cy,Cy,...,Cy} — Np(X) is an isolated vertices of
B — (S — X), which implies that C; is an odd component of G — (S — X),
and thus

0dd(G — (S — X)) = [{C1, Ca, . ... Co} — N(X)|

> > @)=Y fl@)= > fla).

z€S zeX reS—X
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This contradicts (5.5). Therefore |[Np(X)| > > . f(z) for all X C S, and
so by the Generalized Marriage Theorem 1.1.10, B has the desired factor K.

Let K be the factor of B given in Claim 2.3. For every edge w;C; of K
with w; € S, choose a vertex v; € V(C;) that is adjacent to w; in G, and take
a (1, f)-odd factor F(C; + v;w;) of C; 4+ v;w;, whose existence is guaranteed
by Claim 2.2. For every even component D; of G — S, D; has a (1, f)-odd
factor F'(D;) by Claim 2.1. By combining the above factors, we obtain the
following desired (1, f)-odd factor F of G:

F=JF(D;) u [ JF(Ci+ viwy).

Note that for any vertex x € S, degp(x) = degy () = f(z) since there exist
exactly f(x) odd components C; of G — S for which w; = z. Consequently
the theorem is proved. 0O

The next theorem is obtained by setting f(z) = n for all vertices x though
the second proof of the (1, f)-Odd Factor Theorem was first essentially given
in the proof of the following theorem.

Theorem 5.1.7 (Amahashi [9] (1985))  Let G be a general graph and n >
1 be an odd integer. Then G has an [1,n]-odd factor if and only if

odd(G — S) < nl|S| forall S CV(G). (5.9)

5.2 (1, f)-Odd Subgraphs and Structure The-
orem

Let f:V(G) — {1,3,5,...}. Then a subgraph H of G is called a (1, f)-odd
subgraph if

degy(z) € {1,3,5,..., f(2)} for all z € V(H). (5.10)

Of course, a spanning (1, f)-odd subgraph is a (1, f)-odd factor. For a con-
stant odd integer n > 1, a [1, n]-odd subgraph can be defined analogously.
A (1, f)-odd subgraph H of G is said to be maximum if G has no (1, f)-odd
subgraph H’ such that |H'| > |H|.

Let G be a general graph, and H be a (1, f)-odd subgraph of G. Then for
any cycle C' of H, which may be a cycle consisting of two edges, H — E(C') is
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also a (1, f)-odd subgraph with vertex set V/(H). Hence if we take a minimal
(1, f)-odd subgraph H with respect to its edge set, then H has no cycles, that
is, H is a forest. In particular, a general graph G has a (1, f)-odd subgraph
with vertex set W if and only if its underlying simple graph has one, with
vertex set W. Therefore when we consider a (1, f)-odd subgraph or (1, f)-
odd factor, we may restrict ourselves to simple graphs (see, for example,
Theorem 5.2.2, 5.2.3).

It is clear that the next theorem is a generalization of Theorem 3.3.2,
which gives the formula for the order of a maximum matching.

Theorem 5.2.1 (Kano and Katona [71] (2002)) Let G be a general graph
and f : V(G) — {1,3,5,...}. Then the order of a mazimum (1, f)-odd
subgraph H of G is given by

|H| = \G|—max {oddG S) =Y flx) (5.11)

TE€S

Proof. Let H be a maximum (1, f)-odd subgraph of G, and let

d= SICIl‘Ei(}é){Odd (G—-295)— xezsf

Then d > 0 as odd(G) > 0, and |G| + d is even, since

G| = odd(G— )+|S|Eodd(G—S)—\S\
= Zf d (mod 2).

TE€S

We first show that |H| < |G| —d. Let S C V(G) such that

odd(G — S) = f(x)

TE€S

Then for an odd component C of G — S, if V(C) is covered by H, then there
exists at least one edge in H that joins C' to S. Thus at most ey (V(G)—S, 5)
odd components of G — S are covered by H. Since ey(V(G) — S,S5) <
Y wes f(x), at least odd(G — S) — ), .o f(x) odd components of G — S are
not covered by H. This implies |H| < |G| —

We next prove the reverse inequality. Let G* = G 4+ K, be the join of G
and the complete graph K, and define f': V(G*) — {1,3,5,...} by

f'(x) = f(z) forall € V(G), and f'(z)=1 forall z € V(K,).
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Figure 5.4: G* = G+ K, and a subset X, V(Ky) C X C V(G*).

Let 0 # X C V(G¥). If V(Ky) € X, then odd(G* — X) <1< > ¢ f'(2).
If V(K4) € X (Figure 5.4), then

0dd(G* = X) =odd(G - XNV(G) < > fl@)+d< ) f(x)

zeXNV(G)

Hence by Theorem 5.1.4, G* has a (1, f')-odd factor F'. Let H' = F'—V (K,).
Since degp/ (x) = f'(x) = 1 for all x € V(K,), H' has at most d even vertices.
Therefore H' has at most d even components.

By applying (i) or (ii) of Theorem 5.1.6 to each component of H’ according
to its parity, we obtain an odd subgraph M of H' such that |M| > |H'|—d =
|G| — d. Since M is a (1, f)-odd subgraph of G, the proof is complete. O

We now discuss barriers for (1, f)-odd factors. For a graph G and a
function f: V(G) — {1,3,5,...}, a non-empty subset S C V(G) is called
a barrier for (G, f) if odd(G — S) > > . f(x). A barrier S is said to be
minimal if no proper subset of S is a barrier. Recall that for a graph G,
a(@) and k(G) denote the independence number and the connectivity of G,
respectively.

Theorem 5.2.2 (Topp and Vestergaard [137]) Let G be a connected simple
graph of even order, and f : V(G) — {1,3,5,...}. Assume that G has no
(1, f)-odd factor and let S be a minimal barrier for (G, f). Then

(i) odd(G— 8) 2 3, c5 flw) + 2

(11) each vertex v of S is adjacent to at least f(v)+2 distinct odd components
of G—S;

(111) each vertex v of S is the center of an induced star K(1, f(v)+2) in G;
and

(iv) &(G) < 15| <min{(|G| —2)/(fo + 1), (a(G) =2)/fo, |G| =G| + 2},
where fo = min{f(z) : z € V(G)}.
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Proof. (i) Let S be a minimal barrier for (G, f). Then odd(G — S) >
> ses J(x), which implies (i) by (5.7).

(ii) If v € S is adjacent to m distinct odd components of G — S, then since
S is a minimal barrier and by (i), it follows that

> f@) = 0dd(G — (5 ~v))
TES—v
> odd(G — S) —m > f(x)+2—m.

TE€S

Hence we have m > f(v) + 2.

(iii) Since each v € S is adjacent to at least f(v) + 2 odd components of
G — S, we can find an induced star K (1, f(v) 4+ 2) with center v.

(iv) Since S'is a cut of G, |S| > k(G). By (i), we have

|G| > |S]| + odd(G — S) > |S| +Zf(x)+2 > |S[+ fol S| + 2.

TE€S

Hence |S| < (|G| =2)/(fo+1).
By taking one vertex from each odd component of G — S, we get an
independent set I of cardinality odd(G — S). Therefore

a(G) > |I| = odd(G = S) > > f(x) +2 > fol S| +2,

zeSs

and thus |S| < (a(G) — 2)/ fo. We omit the proof of the last inequality. O

Let n > 1 be an odd integer. By the above Theorem 5.2.2, it follows that
if a connected graph G of even order has no induced star K(1,n+2), then G
has a [1,n]-odd factor. This is a generalization of Theorem 1.5.9, which says
that every connected K (1, 3)-free graph of even order has a 1-factor. Sumner
extended this result to graphs with high connectivity, that is, he showed that
if an n-connected graph of even order has no induced subgraph isomorphic to
K(1,n+1), then G has a 1-factor. The following theorem is a generalization
of this result.

Theorem 5.2.3 (Topp and Vestergaard [137])  Let G be an n-connected
simple graph of even order and let f : V(G) — {1,3,5,...}. If no vertex v of
G is the center of an induced star K(1,nf(v) + 1), then G has a (1, f)-odd
factor.
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Proof. Suppose that no vertex v of G is the center of an induced star
K(1,nf(v) + 1) and that G has no (1, f)-odd factor. Let S be a minimal
barrier for (G, f). Let Dy, Do, ..., D; be the odd components of G —S. Since
G is n-connected, for every i € {1,...,t}, the set Ng(D;) NS contains at
least n distinct vertices, and so we can take a set F; of n edges joining D;
to n distinct vertices of S. Then the set F = Ul_, E; has exactly nt edges.
Since t = odd(G — S) > > ¢ f(x) +2 by Theorem 5.1.5 and (5.7), we have

Bl =nt =n()_ flx)+2)> > nf(x).

€S zeSs

This implies that some vertex v € S is incident with at least nf(v) + 1 edges
of E. Certainly, if a vertex v € S is incident with at least nf(v) + 1 edges
of E, then v the center of an induced star K(1,nf(v) 4+ 1) in G. This is a
contradiction, and the proof is complete. O

It is shown in Theorem 1.5.7 that if a connected simple graph G of even
order satisfies

4
No($)=V(G) or [Na(S)|>3IS|-1 forall SCV(G),

then G has a 1-factor. This result is extended to [1,n]-odd factor in the next
theorem. However, it is not known whether there exists a similar result for

(1, f)-odd factor.

Theorem 5.2.4 (Cui and Kano [35]) Let G be a simple graph of even
order and n an odd positive integer. If G satisfies

Ne(S)=V(G)  or  INg(S)|>(1+ %)\S\ ~ % (5.12)

for all S C V(G), then G has a [1,n]-odd factor.
Proof. Suppose that G satisfies (5.12) but has no [1,n]-odd factor. Then
by Theorem 5.1.7, there exists ) # S C V(G) such that odd(G — S) > n|S|.

Since odd(G — S) = |S| (mod 2), we have odd(G — S) > n|S|+ 2. Let m
denote the number of isolated vertices of G — .S, and let
1
t=14— and r= l
an n

We consider two cases.

Case 1. m >1,i.e., G— S has at least one isolated verter.
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o

’ F2NG((G) - )

Figure 5.5: A graph G with S and Ng(V(G) — 5).

Since Ng(V(G) — S) # V(G) (Figure 5.5), by (5.12) we have
INe(V(G) = 8)| > t|V(G) = S| —r =t|G| —t|S| —r.

It is clear that |G| — m > |[Ng(V(G) — S)|. From these two inequalities, we

obtain
tS|+r—m

t—1
On the other hand, G — S has at least n|S| + 2 — m odd components with
order at least three, and thus m + 3(n|S| 4+ 2 —m) < |G| — |S|. Hence

> |G- (5.13)

(3n + 1)[S| + 6 — 2m < |G]. (5.14)
Combining (5.13) and (5.14), we obtain

tS|+r—m

(8n+1)IS]+6 — 2m < ==

(5.15)

Substituting the values of ¢ and r into (5.15), we obtain

1+-L)S|+1 -
Bn+1)IS|+6—2m < 3”)‘1‘ n
3

Bn+1)S|+6—-2m < (3n+1)|S|+3—3nm
3+ (Bn—-2)m < 0.

This is a contradiction.
Case 2. m =0, 1i.e., G— S has no isolated vertex.

In this case, every odd component has at least three vertices. Take an odd
component C' of G — S, and let X = V(G) — V(C). Then since Ng(X) #
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V(G), it follows from (5.12) that |Ng(X)| > t|X| — r. It is obvious that
|INe(X)| <|X|+1S|. Thus |X|+ |S]| > t|X| —r and hence
S|+

t—1

On the other hand, |X| > 3(n|S| + 1) as well. Thus combining this and
(5.16), we obtain

1X| < (5.16)

S

3(nIS] +1) < | ‘_*17".

Substituting the values of ¢ and r in the above inequality, we have
S|+ 1+
3(n|S|+1) < | |1 L
3n
3(n|S|+1) < 3n|S|+3

0 < 0.

This is a contradiction. Consequently the theorem is proved. O

Petersen proved that every 2-edge connected cubic graph has a 1-factor
(see Theorem 1.5.2) and there are cubic graphs having no 1-factors, where
a cubic graph means a 3-regular graph. If we consider a special (1, f)-odd
factor instead of a 1-factor, we can prove the existence of such a factor in
every cubic graph as shown in the following theorem.

Theorem 5.2.5 ([75]) Let G be a connected 3-reqular multigraph, and de-
fine a function f as

| 3 if x is a cutvertex,
fla) = { 1 otherwise. (5.17)

Then G has a (1, f)-odd factor (Figure 5.6).

Proof. Let S C V(G) with |S| > 2, and let Dy, Dy, ..., D,, be the odd
components of G — S, where m = odd(G — S) (Figure 5.6). Note that if
S consists of one vertex, then the required inequality (5.5) easily holds. So
we may assume that S contains at least two vertices. For every D = D, it
follows that

1=3|D| = Z deg,(z) = 2||D|| + eq(D, S) = eq(D, S) (mod 2).
z€V (D)
Hence eq(D,S) = 1 or eq(D, S) > 3, moreover, if eq(D, S) = 1 then D must
be adjacent to a cutvertex of S. Let

Q={D;|ec(D;,5) =1, 1 <i<m}, and t=19],
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Figure 5.6: (a) A 3-regular multigraph and its (1, f)-odd factor; numbers denote
f(z). (b) G — S and the odd components of G — S.

and let Cutv(S) denote the set of cutvertices of S in G. Since G is connected,
for a cutvertex v of S, at most two components in ) are adjacent to v
(Figure 5.6), and thus ¢ < 2|Cutv(S)]|. It follows from the above property of
eq(D, S) that

< ZdegG(x) =3|9] = Z 3f(x) + Z f(z)

zes z€S—Cutv(S) zeCutv(S)

Since t < 2|Cutv(S)| = (2/3) X sccun(s) f(2), it follows from the above
inequality that

1
m< ) t3 2 S
reS— Cutv() zeCutv(S
< +( —) S f@)
xeS— Cutv(S zeCutv(S)
< 2 /@
zes

Consequently, by Theorem 5.1.4, G has the desired (1, f)-odd factor. O

Here we give some remarks on the following problem, which one could
easily surmise from Theorems 5.1.4 and 5.1.5. Note that if G satisfies

odd(G— S) <> f(z)  forall ScCV(G),

TE€S

then by taking a minimal (1, f)-odd factor, which is a forest, and by adding
some edges to it, we can obtain a spanning tree 7'. This spanning tree T’
satisfies odd(T — v) < f(v) for all v € V(T).
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Problem 5.2.6  Let G be a simple connected graph and h : V(G) —
{2,4,6,...}.
(1) If G satisfies

odd(G — S) <2|S|  forall 0#ScCV(G),

what factor or property does G have?
(2) If G satisfies

0dd(G — S) < h(x) forall O +#SCV(G),

z€eS

what factor or property does G have?
(3) If G satisfies

0dd(G — S) <> h(x) forall §+#SCV(G),

€S

then does G has a spanning tree T such that

odd(T — v) < h(v) for all ve V(T)?

For the above problem (3), the following are some negative known results.

Remark 5.2.7 Let m > 2 be an even integer and G = K(2,2m). Then G
has even order and satisfies odd(G — S) < m|S| for all S C V(G). However,
G has no spanning tree T' such that odd(T —v) < m for allv € (G).

Remark 5.2.8 Letn be a positive odd integer and G be the cycle C,, of order
n. Then G has odd order and satisfies odd(G — S) < |S| for all non-empty
subset S of V(QG), but G has no spanning tree T' such that odd(T —v) < 1
for allv € V(G).

Remark 5.2.9 (Saito [130]) Letm > 2 be an even integer and G = K (3,3m).
Then G has odd order and satisfies odd(G —S) < m|S| for all non-empty sub-
set S of V(G). However, G has no spanning tree T such that odd(T — S) <
m|S| for all non-empty subsets S of V(G), although G contains a spanning
tree R which satisfies odd(R —v) < m for all v € V(G).

We show some other properties of maximum (1, f)-odd subgraphs, which
are extensions of properties of maximum matchings. In particular, we obtain
a structure theorem on (1, f)-odd subgraphs. In order to give short proofs
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for these results, we introduce a new method based on Kano, Katona and
Szabo [73]. As we stated in the previous section, when we consider (1, f)-odd
subgraphs we may restrict ourselves to simple graphs. So in order to make
the argument short and simple, hereafter we consider only simple graphs
though these results can be extended to general graphs.

For a simple graph G and a function f : V(G) — {1,3,5, ...}, define the
new graph G/ as follows: Replace every vertex v € V(G) by the complete
graph K (f(v)) on f(v) vertices, and for every edge xy of G, join every vertex
of K(f(x)) to every vertex of K(f(y)). In particular, there are f(x)f(y)
edges between K (f(r)) and K(f(y)) in G/ (Figure 5.2). Then

GIl= ) fl@) and |IGTI= D f)f(y).

zeV(Q) ry€E(G)
3 1
G G/
1 3
1
1

Figure 5.7: A graph G and GY; where the numbers denote f(v); a (1, f)-odd
factor I of G and a perfect matching M of Gf, where F = M N E(G).

There is a strong relationship between a maximum matching of G/ and
a maximum (1, f)-odd subgraph of G. Before discussing this, we make a
remark on matchings of G/. If a matching M; of G/ contains two edges
joining K (f(u)) to K(f(w)), then remove these two edges and add two edges,
one of K(f(u)) and the other of K(f(w)), to M; so that the two added
edges cover the four endvertices of the two removed edges. By repeating this
procedure, we can obtain a matching M, such that V(My) = V(M;) and M,
contains at most one edge between K (f(z)) and K(f(y)) for all edges zy of
G. Therefore we may assume that
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(a) amatching of G/ contains at most one edge joining K (f(z))
and K (f(y)) for all edges zy of G.

For a matching M of G¥ having property (a), let M N E(G) denote the
subgraph of G induced by

{zy € E(GQ) | M contains an edge joining K(f(z)) to K(f(y))}. (5.18)

The next proposition relates (1, f)-odd factors of G and perfect matchings
of Gf, and provides another proof for the criterion for the existence of a
(1, f)-odd factor.

Proposition 5.2.10 Let G be a simple graph, f : V(G) — {1,3,5,...}, and
G/ the graph defined above. Then G has a (1, f)-odd factor if and only if G7
has a perfect matching (Figure 5.2). Moreover, G has a (1, f)-odd factor if
and only if

odd(G— S) <> f(z)  forall S CV(G). (5.19)

zeSs

Proof. Suppose that G/ has a perfect matching M with the property (a).
Then for every vertex v of G, degynpq) (v) is odd, since an even number of
vertices of K (f(v)) are saturated by the edges of M contained in K (f(v)).
It is clear that degy/npe)(v) < f(z), and thus M N E(G) is the desired
(1, f)-odd factor of G.

Conversely, assume that G has a (1, f)-odd factor F. For each edge zy of
F, choose one edge joining K (f(x)) to K(f(y)) so that all the chosen edges
form a matching My of of G/. For every vertex v of GG, an even number
f(v) — degp(v) of vertices of K(f(v)) are not covered by Mg, and hence we
can obtain a perfect matching of G¥ from My by adding edges joining two
vertices of K(f(z)) for every vertex z of G. Therefore the first half of the
proposition is proved.

We now prove only that if (5.19) holds then G has a (1, f)-odd factor,
since necessity is easy (Theorem 5.1.5). Let X be a subset of V(GY), and let

S={veV(G) | V(K(f(v) CX} and T=X—|]JV(K(f(z)).

Then

odd(GT — X) odd(G — S) + |T|

> f@)+ T =X

€S
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Jfw)=1
Gx

Figure 5.8: A graph G and G, for a vertex .

Therefore G/ has a perfect matching by the 1-Factor Theorem 1.4.2, which
implies that G has the desired (1, f)-odd factor. O

For a vertex x of G, we denote by G, the graph obtained from G by
adding a new vertex w = w(x) together with a new edge wx, and define
f(w) =1 (Figure 5.2). Let

77(G) = the order of a maximum (1, f)-odd subgraph of G.

Note that 7(G) = 7 (G) denotes the order of a maximum matching of G,
where 1: V(G) — {1}. Let

D(G) ={z e V(G) | 74(Gx) = 74(G) + 2}

Recall that D(G) consists of the vertices v of G such that v is not saturated
by some maximum matching of G. It is immediate that D(G) = D;(G),
where 1: V(G) — {1}. Then the following lemma holds.

Lemma 5.2.11 Let G be a simple graph, f : V(G) — {1,3,5,...}, and G’
the graph defined above. Then V(K (f(v)))ND(GY) # 0 implies V (K (f(v))) C
D(GY). Moreover, it follows that

G| = 74(G) = |G'| = 7(G") (5.20)

and
V(K(f(v))) C D(GT) if and only if v € Dy(G).

Proof. By Proposition 5.2.10, we may assume that G has no (1, f)-odd
factor and G’ has no 1-factor. We also assume that maximum matchings of
G/ considered here possess property (a). It is easy to see that if there exists
a maximum matching in G/ that does not saturate a vertex in K (f(v)), then
for any vertex z of K(f(v)), G/ has a maximum matching that does not
saturate x, and so V(K (f(v))) € D(G’). For convenience, we say that a
matching M of G/ saturates K(f(v)) if M saturates all the vertices of
K(f(v)), otherwise, M does not saturate K (f(v)).
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Assume that a maximum matching M of G/ does not saturate exactly
m > 1 vertices of G7.

Then for any vertex v of G, degy;np()(v) is even if and only if M does
not saturate K (f(v)). Thus there are exactly m vertices in G whose degrees
in M NE(G) are even. Since M N E(G) contains at most m odd components,
by Theorem 5.1.6 M N E(G) contains a (1, f)-odd subgraph H with order at
least |G| — m.

Conversely, let H* be a maximum (1, f)-odd subgraph of G. Then G/ has
a maximal matching M* such that M* N E(G) = E(H*), i.e., M* saturates
K(f(v)) if and only if H* contains v. Hence M* satisfies |G| — |[M*| =
|G| — |H*|. Therefore

|G| = |H*| = |GT| = M| > |G| = [M| =m > |G| - |H| > |G| - |H"|.

Hence equality holds in the above inequality, and thus H is a maximum
(1, f)-odd subgraph and M* is a maximum matching of G/. In particular,
|G| — 74(G) = |G| = 7(G'), which implies (5.20).

Assume that a vertex v of G is contained in D;(G). Let H, be a maximum
(1, f)-odd subgraph of G, = G 4+ vw, whose order is 7¢(G,). Since 7¢(G,) =
7/(G) + 2, H, must contain w, and so H, — w has even degree only at v and
does not contain exactly |G,| — 7¢(G,) vertices of G. Thus there exists a
maximal matching M in G¥ such that M N E(G) = E(H, — w). Then M
does not saturate the following number of vertices of G7:

|G = [M] = |Gy| = 74(Gy) +1 = |G] = 74(G).

Hence by (5.20), M is a maximum matching of G/ and does not saturate
K(f(v)). Hence V(K (f(v)) € D(GY).

Conversely, assume that V(K (f(v)) € D(G') for some vertex v of G.
Then G7 has a maximum matching M that does not saturate K (f(v)). Then
M N E(G) has even degree at v, and a vertex u of G has odd degree in
M N E(G) if and only if V(K (f(u)) € V(M). Thus M N E(G) has even
degree at exactly |GY| — 7(GY) vertices of G including v. Hence a subgraph
(M N E(G)) +vw of G, = G + vw has precisely |G| — 7(G7) — 1 vertices
of even degree, which implies that (M N E(G)) 4+ vw contains a (1, f)-odd
subgraph H with order at least |G,| — (|G'| — 7(GY) — 1). Hence by (5.20),
we have

|Gol = [H| < |G!| = |7(GT)] =1 = |G| = 74(G) — 1.

Since |G,| = |G| + 1, we have 74(G) +2 < |H| < 74(G,), and thus 74(G,) =
71(G) + 2 as 74(Gy) < 74(G) + 2. Therefore v € Dy(G). Consequently the
lemma is proved. O

The proof of Lemma 5.2.11 includes the proof of the following lemma.
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Lemma 5.2.12 Let G be a simple graph, f : V(G) — {1,3,5,...}, and
G' the graph defined above. If M is a mazimum matching of G, then
M N E(G) is a mazimum (1, f)-odd subgraph of G. Conversely, if H is
a mazimum (1, f)-odd subgraph of G, then a mazimal matching M* such
that M* N E(G) = E(H) is a mazimum matching of G7.

A graph G is said to be factor-critical if G — v has a 1-factor for every
vertex v of G and, more generally, when f : V(G) — {1,3,5,...} is given, G
is said to be critical with respect to (1, f)-odd factors if G, = G + vw
has a (1, f)-odd factor for all vertices v of G.

Lemma 5.2.13 Let G be a simple graph, f : V(G) — {1,3,5,...}, and G’
the graph defined above. Then G is critical with respect to (1, f)-odd factors
if and only if G¥ is factor-critical.

Proof. Assume that G is critical with respect to (1, f)-odd factors. Then
for an arbitrary vertex v of G, G, = G+wvw has a (1, f)-odd factor F,. Then
F,—w is a spanning subgraph of G in which only one vertex v has even order.
Thus there exists a maximal matching M in G with M N E(G) = E(F, —w).
Then M does not saturate exactly one vertex of G, which is contained in
K(f(v)). So for any vertex x of K(f(v)), G/ — z has a 1-factor. Hence G’
is factor-critical since v is arbitrarily chosen.

Next suppose G is factor-critical. Let v be arbitrary vertex of G, and
let z be a vertex of K(f(v)). Then G/ — x has a 1-factor M. M N E(G)
is a spanning subgraph of GG in which exactly one vertex v has even degree,
which is less than f(v). Hence (M N E(G))+vw is a (1, f)-odd factor of G,.
Hence G is critical with respect to (1, f)-odd factors. Therefore the lemma
is proved. O

We are now ready to give a structure theorem on (1, f)-odd subgraphs.

Let G be a simple graph and f : V(G) — {1,3,5,...}. Define

Dp(G) = {zeV(G)|7(G.) =7(G) + 2},

AH(G) = No(D(G))\ D(G), and

Cp(G) = VI(G)—D(G) - A(G),
i.e., A¢(G) be the set of vertices of V(G) — D(G) that are adjacent to at least
one vertex in D(G), and V(G) is decomposed into three disjoint subsets

V(G) = Ds(G) U Ap(G) U C(G).

Note that if f(x) = 1 for all vertices = of G, then the above decomposition is
equivalent to the Gallai-Edmonds decomposition D(G)UA(G)UC(G). Then
the Gallai-Edmonds Structure Theorem 1.6.2 on matchings can be extended
to (1, f)-odd subgraphs as as follows:
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Theorem 5.2.14 (Structure Theorem on (1, f)-odd subgraphs, [72], [135])
Let G be a simple graph, f : V(G) — {1,3,5,...}, and V(G) = Dy(G) U
Ar(G)UC(G) be the decomposition defined above. Then the following state-
ments hold (Figure 5.2):

(i) Every component of (D¢(G))¢ is critical with respect to (1, f)-odd factors.
(ii) (Cr(G))a has a (1, f)-odd factor.

(iii) Every mazimum (1, f)-odd subgraph H of G covers Cy(G) U Af(G),
and for every vertex uw € As(G), degy(u) = f(u) and every edge of H
incident with u joins u to a vertex in D¢(G).

(iv) The order |H| of a mazximum (1, f)-odd subgraph H is given by

H| = |G| —w(Ds(@)e) + Y fla), (5.21)

:EGAf(G)

where w((D(G))q) denotes the number of components of (D(G))a ([71]).

CA(G)

4
_— =

f(x)=1 for x€{a,b,c,d}, and f(x)=3 otherwise.

Figure 5.9: A graph G and its decomposition Df(G) U Sf(G) U Cf(G).

Proof. By using the previous lemmas, we shall derive this theorem from
the Gallai-Edmonds Structure Theorem 1.6.2, referred to as the Structure
Theorem in this proof.
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By Lemma 5.2.11 and the construction of G/, it follows that

V(K(f(v))) € A(GY) if and only if v € Af(G); and
V(K(f(v))) € C(G?) if and only if v € Cf(Q).

Since each component of C(GY) has a 1-factor by the Structure Theorem,
each component of C¢(G) has a (1, f)-odd factor by Proposition 5.2.10. Thus
(i) holds. Similarly, by the Structure Theorem and by Lemma 5.2.13, the
statement (i) holds.

Let H be a maximum (1, f)-odd subgraph of G. Then G has a maximum
matching M such that MNE(G) = E(H) by Lemma 5.2.12. By the Structure
Theorem, every edge of M incident with a vertex u of A(G7) joins u to D(G).
Hence every edge of H incident with a vertex of A¢(G) joins Af(G) to D¢(G).
Hence the statement (iii) follows.

By the Structure Theorem, it follows that

M| =|GT] = w((D(GT))) + |A(GT)].
Since |G| — |H| = |G'| — |[M| by (5.20) and since

w({D(GT))) = w((D4(G))), = ) fl

iEGAf )

we have

H| = |G| —w(DiG) + D flz

ZEEAf(G)
Therefore (iv) is proved. Consequently, the proof is complete. O

It is known that a matching M of a graph is maximum if and only if there
exists no augmenting path connecting two M-unsaturated vertices (Theo-
rem 1.3.2). We now generalize this result to a maximum (1, f)-odd subgraph.

Let H be a (1, f)-odd subgraph of a simple graph G. Call the edges of
H blue edges and the edges of E(G) — E(H) red edges. For a subgraph
S of G and a vertex x of S, We denote by degh““(x) the number of blue
edges of S incident with x, and by deg’a®(z) the number of red edges of S
incident with x. In particular, deg?"“(y) = degy (y) for every y € V(H). An
H-augmenting walk connecting two distinct vertices u and v is a walk W
that satisfies

() degl(u) = degl*(v) = 0,

(i) degl(u) = degl¥i(v) =1,  and

(i) degli(x) —deght(z) < f(x) —degy(z) forallz € V(W) —{u,v}.

It is easy to see that if f : V(G) — {1} and H is a matching, then an
H-augmenting walk is nothing but an augmenting path.
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Theorem 5.2.15  Let G be a simple graph, f:V(G) — {1,3,5,...}, and
H a (1, f)-odd subgraph of G. Then H is a mazimum (1, f)-odd subgraph of
G if and only if G has no H-augmenting walk.

Proof. Suppose that H is a (1, f)-odd subgraph of G and there is an H-
augmenting walk W connecting two distinct vertices u and v, where u,v ¢
V(H). Then WAH, which is the subgraph of G induced by (E(H)UE(W))—
(E(H)NE(W)), is a (1, f)-odd subgraph since for every vertex = € V(W) —

{u7 /U}’

degyan(r) = degy(r) — degy'(x) + degii(x)
= degy () + degyy(z) — 2 degyy“(x)
= degy(z) (mod 2) (as degy, () is even)

and degy Ay () < f(x) by (iii). Furthermore, WAH covers all the vertices
of H and {u, v}, therefore H is not a maximum (1, f)-odd subgraph.

Assume that a (1, f)-odd subgraph H of G is not maximum. Call the
edges of H red edges and the edges not in H blue edges. Then there exists a
maximal matching M in G/ with the property that (a) M N E(G) = E(H).
By Lemma 5.2.12, M is not a maximum matching of G/. Hence there exists
an augmenting path P connecting two distinct M-unsaturated vertices x; of
(K(f(u)) and y; of K(f(v)). By taking a shortest augmenting path, we may
assume that P passes through (K(f(u)) and K(f(v)) exactly once.

K(f(x))

......... red edge
H={ e}
={blue edge}

Figure 5.10: An augmenting path P of G/ and a walk W = E(P) N E(G) of G,
which is an H-augmenting walk.

We now show that W = E(P) N E(G) is a H-augmenting walk of G
(Figure 5.2). Since all the vertices of V(K (u)) — x; are covered by M N
E(K(f(u))), we have

degh®(u) = degli*(v) =0 and degit(u) = degit(v) = 1.
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For any vertex x € V(G) — {u, v}, it follows that

degy (z) — degy(x)

< the number of blue edges in K(f(z))
< f(x) — degg(x)

Hence W is the desired H-augmenting walk. O

Exercises

Exercise 5.2.1 Let T be a tree of even order and f : V(T) — {1,3,5,...}.
Without using the (1, f)-Odd Factor Theorem, show that if odd(T —v) < f(v)
for allv € V(T) then T satisfies

odd(T — S) <Y f(z) forall ScCV(T).

zeSs

Exercise 5.2.2 Let G be a general graph and f : V(G) — {1,3,5,...}.
Then a (1, f)-odd subgraph is called « maximal (1, f)-odd subgraph if G
has no (1, f)-odd subgraph H' such that V(H) C V(H'). Show that every
mazximal (1, f)-odd subgraph is a mazimum (1, f)-odd subgraph.

Exercise 5.2.3 Let G be a simple graph, five(G) — {1,3,5,...}, and B and
R wvertex subsets of G with |B| < |R|. Prove the following two statements by
using the Structure Theorem on (1, f)-odd subgraphs.

(1) If there exists a (1, f)-odd subgraph which covers B and one which
covers R, then there exists a (1, f)-odd subgraph that covers B and at least
one vertex of R\ B ([71])

(2) If there exists a mazimum (1, f)-odd subgraph which avoids B and
one which avoids R, then there exists a mazimum (1, f)-odd subgraph which
avoids B and at least one vertex of R\ B. Note that a (1, f)-odd subgraph
H avoids a vertex subset X if H covers no vertex of X.

5.3 Partial parity (g, f)-factors and coverings

For a given vertex subset W of a graph G, consider two functions g, f :
V(G) — Z such that

(x) for all x € V(G), and

g f
9(y) = f(y) (mod 2) for all y € W.
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Then a spanning subgraph F' of GG is called a partial parity (g, f)-factor
with respect to W if

for all z € V(G), and

g(x) < degp(z) < f(z)
d 2) for all y e W.

degr(y) = f(y) (mo

Note that if W = (), then a partial parity (g, f)-factor is a (g, f)-factor and,
if W = V(G), then a partial parity (g, f)-factor is a parity (g, f)-factor. We
begin with a necessary and sufficient condition for a graph to have a partial

parity (g, f)-factor.

Theorem 5.3.1 (The Partial Parity (g, f)-Factor Theorem, [76]) Let
G be a general graph, and W be a vertex subset of G. Let g, f:V(G) — Z
be two functions such that

g(x) < f(z) forallz € V(G), and g(y)= f(y) (mod 2) for ally € W.

Then G has a partial parity (g, f)-factor with respect to W if and only if for
all disjoint subsets S and T of V(G), it follows that

(S, T) =Y fla)+ ) (degg(x) — g(x)) — ec(S,T) — 2(W; S, T) > 0,
€S xeT

(5.22)
where go(W; S, T) denotes the number of components C of G — (SUT) such
that

g(x) = f(z) forall x e V(C)\W, and

f(z)+eq(C,T)=1 (mod 2). (5.23)
zeV(C)

Proof. We first construct a new graph G* from G by adding (f(y)—g(y))/2
new loops to every vertex y € W (see Figure 5.3). Then define

{f(v) if vew,

g'(v) = g(v) otherwise.

It is easy to see that G* has a (g%, f)-factor if and only if G has the
desired partial parity (g, f)-factor with respect to W. By the (g, f)-Factor
Theorem 3.1.1, G* has a (g%, f)-factor if and only if for all disjoint subsets S
and T of V(G*) = V(G), it follows that

ST Fw) + S (degg (1) — g7(2)) — e (S,T) — g (S.T) 2 0. (5.24)

zeSs zeT
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y (1v)-g(y))/2 loops

Figure 5.11: The new graph G* constructed from G.

The following holds:

dege () — 9" () = degp(x) — g(x) for all z € V(G) .

Moreover, a component C of G* — (SUT) is a (g%, f)-odd component if and
only if

(x) = f(x) for all z € V(C'), and

Z z) + e+ (C,T) = 1 (mod 2).
ev(C

The above conditions are equivalent to

g(x) = f(z) forall x € V(C)\ W, and
> @) +ec(C,T) =1 (mod 2).
zeV(C)

Hence qg+(S,T) = q2(W; S, T). Since eg«(S,T) = eq(S,T), (5.24) is equiva-
lent to (5.22). Consequently, the theorem is proved. O

Before giving an application of the Partial Parity (g, f)-Factor Theorem,
we begin with some remark on matchings. We consider a property of match-
ings that cannot be directly extended to (1, f)-odd subgraphs. It is shown in
Theorem 1.4.7 that for a graph G and its vertex subset W, G has a matching
that covers W if and only if

odd(G — S |W) < |9] for all S C V(G),

where odd(G — S| W) denotes the number of odd components of G — S all
of whose vertices are contained in WW. However this result cannot be directly
extended to (1, f)-odd factors. Consider the tree T given in Figure 5.12.
Let W = {e}, and define the functions f as in Figure 5.12, where numbers
denote f(v). Then T satisfies

odd(T — S|W) <> f(x) for all S C V(T).

z€eS
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However, T has no (1, f)-odd subgraph that covers W. Therefore Theo-
rem 3.3.5 cannot be directly extended to (1, f)-odd subgraphs. But we may
expect that this condition implies the existence of another subgraph with
some other property. The next theorem provides an answer, and it can be
proved by using the Partial Parity (g, f)-Factor Theorem. Moreover, if f is
defined as f(x) = 1 for all vertices z, then the following theorem implies the
previous result on matchings.

Figure 5.12: A tree that has no (1, f)-odd subgraph containing W.

Theorem 5.3.2 ([76]) Let G be a general graph, W a nonempty subset
V(G), and f : V(G) — {0,1,2,3,---} such that f(y) is an odd integer for
ally € W. Then G has a subgraph H covering W such that

1 <degy(z) < f(x) forall ze€V(H), and (5.25)

degy(y) =1 (mod 2) forall yeW (5.26)
if and only if
odd(G — S|W) <) f(x) forall ScCV(Q), (5.27)
zes

where odd(G — S |W) denotes the number of odd components C' of G — S
with V(C) C W.

Proof. Assume that G has a subgraph H that satisfies (5.25) and (5.26).
Then for any odd component C of G — S with V(C) C W, at least one edge
of H joins C' to S by (5.26). Hence

odd(G = S|W) <) degy(x) < f(x).
zeSs €S

We next prove sufficiency. Let N be a sufficiently large odd integer.
Define a function g : V(G) — Z by

g(x) =—N for all x € V(G).
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Then a partial parity (g, f)-factor with respect to W is the desired sub-
graph. So it suffices to show that G, g and f satisfy condition (5.22) in
Theorem 5.3.2.
Let S and T be two disjoint subsets of V/(G). If T' # (), then (5.22) holds
as
degs(x) — g(z) = degy(x) + N for every z € T..

Thus we may assume that 7' = (). It is immediate that a component C' of
G — S satisfying (5.23) is covered by W and has odd order. Therefore, it
follows from (5.27) that

= 3 (@)~ @W:5,0) = fr) — odd(G — S| W) >
zeSs z€eS

Consequently, G has a partial parity (g, f)-factor with respect to W, and the
theorem is proved. O

We now give some results on covering a vertex subset with paths and
cycles, which are applications of the Parity (g, f)-Factor Theorem with either
odd and even numbers.

Theorem 5.3.3 (Kano and Matsuda [76]) Let G be a simple graph and W
be a set consisting of an even number of vertices of G. Then G has a set of

vertex disjoint paths such that the set of their endvertices is precisely equal
to W (Figure 5.13) if and only if

odd(W;G — S) < |[SNW|+2[S\W|  forall SCV(G), (5.28)

where odd(W; G — S) denotes the number of components D of G — S such
that |V (D) NW| is odd (Figure 5.13).

RALLLLILLLY)

o Illlllllllll',
S

~

5 S

Figure 5.13: A set of vertex disjoint paths whose endvertices are exactly W; D
is a component of G — §.

Proof. Let H be a subgraph of GG that satisfies

degy(x) =1 for all z € W, and
degy(y) =2 forall ye V(H)\W. (5.29)
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Then each component of H is a path or a cycle, and the set of paths in H is
the desired set of disjoint paths of G. Hence G has the desired set of disjoint
paths if and only if G has a subgraph H satisfying (5.29). We show that the
existence of such a subgraph H is equivalent to (5.28).

Suppose that G has a subgraph H satisfying (5.29). For each component
D of G — S such that |[V(D)NW| is odd, at least one edge of H joins D to
S. Thus we obtain

odd(W;G — 8) <Y degy(x) = [SNW|+2[S\ W].
zes
Hence (5.28) follows.

Conversely assume that (5.28) holds. Let N be a sufficiently large integer,
and define two functions g, f : V(G) — Z by

o(z) = —2N -1 ifzeW, and  f(z) = {1 ifxeW,
—2N otherwise; 2 otherwise.

Then the desired subgraph H is a parity (g, f)-factor F' of G, which may
have degree 0 for some vertices of V(G) \ W but must have degree 1 for
every vertex of W. More precisely, the subgraph of G induced by E(F) is
the desired subgraph H. Hence it suffices to show that G, g and f satisfy
(5.2) in the Parity (g, f)-Factor Theorem.

By odd(W;G) = 0, every component of G contains an even number of
vertices in W. Thus it follows that n(0,0) = —q(0,0) = 0. Let S and T
be disjoint subsets of V(G) such that SUT # (. If T # (), then since
—g(z) > 2N is sufficiently large, we have

=Y fla)+) (dega(w) — g(w)) = ea(S.T) = q(S,T) > 0
z€S z€T
Hence we may assume that 7= (. Then ¢(S,0) = odd(W; G — S) and thus
= fx) = q(S.0) =2[S\ W[+ [SNW| = 0dd(W;G — S) >0,
x€S

as desired. O

Theorem 5.3.4 ([76]) Let G be a simple graph and W be a vertex subset of
G. Then G has a set of vertex disjoint cycles that cover W (Figure 5.14) if
and only if for all disjoint subsets S C V(G) and T C W, it follows that

215] + D _(degg(z) = 2) = ec(S.T) = qs(S,T) 20, (5.30)

where q3(S,T) denotes the number of component C' of G — (SUT) such that
eq(C,T) =1 (mod 2).
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RALLLLILITITET 2N

2, R
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"

Figure 5.14: A set of vertex disjoint cycles that cover W; A component C' of
G — (SUT) counted in ¢3(S,T).

Proof. Let N be a sufficiently large number, and define two functions
9,f:V(G) — Z by

and  f(z) =2 forall z € V(G).

2 ifxreW,
g(z) =

—2N otherwise;

Then G has a parity (g, f)-factor, (which may have degree 0 for some vertices
of V(G)\ W,) if and only if G has the desired set of disjoint cycles. Thus it
suffices to show that (5.2) and (5.30) are equivalent for the two functions g
and f.

Suppose that (5.2) holds. Let S C V(G) and T'C W such that SNT = ().
Then by (5.2), we have

0(S,T) = 25|+ _(dega(w) —2) —ec(S,T) — (S, T) = 0.

zeT

Moreover, every component D of G—(SUT) satisfying (5.3) satisfies e (7T, D) =
1 (mod 2). Thus ¢(S,T) = ¢3(S,T), and hence (5.30) holds.

Conversely, assume that (5.30) holds. It follows that n((,0) = —q(0,0) =
0 since f(x) =2 for all x € V(G). Let S and T be disjoint subsets of V(G)
such that SUT # (. If T\ W # (), then since —g(z) = 2N is sufficiently
large for x € T\ W, we have n(S,T) > 0. Thus we may assume that 7" C .
It follows from f(z) = 2 that ¢(S,T) = ¢3(S,T). Hence by (5.30), we obtain

(S, T) =2|S|+ Y (dega(x) — 2) — ea(S,T) — ¢(S,T) > 0.
zeT
Therefore (5.2) holds. Consequently, the theorem is proved. O
Theorem 5.3.5 ([76]) Let G be a graph and W a set of vertices of G. Then

G has a set of vertex disjoint cycles and paths that cover W, all the vertices
of the cycles and all the inner vertices of the paths are contained in W, and
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all the endvertices of the paths are contained in V(G)\ W (Figure 5.15) if
and only if for all disjoint subsets S C V(G) and T C W, it follows that

[S\W[+2[SNW|+> (degg(r) —2) — ec(S. T) — qu(W; 5, T) > 0, (5.31)

where qu(W; S, T) denotes the number of component C of G — (SUT) such
that V(C) CW and eq(T,C) =1 (mod 2).

Y| TLLLLLITTTTTN
st "y
\\3 t,

o

(a) (b)

Figure 5.15: (a) A set of vertex disjoint cycles and paths that have the properties
given in Theorem 5.3.5; (b) A [1, 3]-subgraph covering W.

Proof. Let N be a sufficiently large integer, and define two functions g, f :
V(G) — Z by

(z) = 2 ifxeW, and f(:l:):{2 ifxeW,
g —N otherwise; 1 otherwise.

Then G has a (g, f)-factor, (which may have degree 0 for some vertices of
V(G)\ W,) if and only if G has the desired set of cycles and paths. Hence it
suffices to show that (5.31) and (3.1) in the (g, f)-Factor Theorem 3.1.1 are
equivalent.

Suppose that (3.1) holds. Let S C V(G) and T' C W such that SNT = 0.
Then

Y(S.T) = [S\W|+2[SNW|+ ) (degg(x) = 2) — ec(5.T) = ¢*(5,T) 2 0.

zeT

Since every component D of G — (SUT') counted in ¢*(S,T') satisfies f(z) =
g(z) for all x € V(D) and >_ v p) f(2) + eq(T, D) = 1 (mod 2), we have
V(D) CW and ¢*(S,T) = q4(W;S,T). Hence (5.31) follows.

Conversely assume that (5.31) holds. Tt follows that v¢(0, 0) = —¢*(0,0) =
0 since g(z) < f(x) for all z € V(G) \ W and f(y) =2 for all y € W. Let S
and T be disjoint subsets of V(G) such that SUT # 0. It T\ W # (), then
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(S, T) > 0 since —g(x) = N is sufficiently large for x € T\ W. Thus we may
assume that 7 C W. It follows immediately that ¢*(S,T") = q4(W; S, T), and
we obtain the following inequality from (5.31):

V(8. T) = [S\W|+2[SnW|+ ) (degg() —2) = ea(S.T) = ¢'(S.T) 2 0.

zeT

Therefore (5.31) and (3.1) are equivalent, and the theorem is proved. O

We finally consider the problem of covering a given vertex subset with
a [1,n]-subgraph, each of whose vertices has degree between 1 and n. The
condition for the existence of such a subgraph, which is given in the following
theorem, is a natural extension of the criterion for the existence of [1, n]-factor
as the 1-Factor Theorem is generalized to the theorem of a matching which
covers a given subset in a graph G.

Theorem 5.3.6 Let G be a simple graph, W a subset of V(G) and n > 2
be an integer. Then G has a [1,n]-subgraph covering W (Figure 5.15) if and
only if

iso(G — S|W) <nl|S| for all S CV(G), (5.32)

where iso(G — S |W) denotes the number of isolated vertices of G — S con-
tained in W.

Proof. Suppose first G has a [1,n]-subgraph H which covers W. Then for
every isolated vertex v of G — S contained in W, H has at least one edge
joining v to S. Hence

iso(G = S|W) <> degy(z) <nlS|.

z€eS

Next assume that (5.32) holds. Let N be a sufficiently large integer, and
define two functions g and f as follows:

1 ifxeW, B
g(x) = { N otherwise: and f(x)=n forall z € V(G).

Then a (g, f)-factor of G is the desired subgraph. So it suffices to show that
G satisfies condition (3.1) in the (g, f)-Factor Theorem 3.1.1.

Let S and T be two disjoint subsets of V(G). If T\W # 0, then (S, T) >
0 since —g(x) = N is sufficiently large for every x € T'\ W. Thus we may
assume that 77 C W. Note that ¢*(S,T) = 0 since g(z) < f(z) for all
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z € V(G). Since degs,_g(z) = 0 if and only if = is an isolated vertex of
G — S, we obtain the following from 7" C W and (5.32).

(S, T) = n|S|+ Z(degg(x) —1) —eq(S,T)

zeT

= n[S|+ Z(degg_s(x) - 1)
zeT
> n|S| —iso(G—S|W)>0.
Therefore the theorem is proved. O

Exercise 5.3.1 Prove necessity in the Partial Parity (g, f)-Factor Theo-
rem 5.5.1 without using the Parity (g, f)-Factor Theorem 5.1.1

5.4 ‘H-Factors

In this chapter we introduce more general degree factor, which is called an H-
factor, and give some remarks on it without proofs. For a vertex v of a graph
G, let H, denote a non-empty subset of {0,1,2,3,...}. Then a spanning
subgraph K of GG is called an H-factor of G if

degy(z) € H, for all z € V(G).
For a spanning subgraph F' of G and for a vertex v of GG, define
O0(H; F,v) = min{| degy(v) —i|; i € H,},

and let
S(H;F)= > 6(H;F,x).

zeV(Q)

So a spanning subgraph F'is an ‘H-factor if and only if §(H; ') = 0. The min-
imum J(H; F') among the spanning subgraphs F' of G is denoted by dx(G),
ie.,

On(G) = min{o(H; F') | F are the spanning subgraphs of G.}
A spanning subgraph F' is called H-optimal if

The degree prescribed subgraph problem is to determine the value of

Sn(G).
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An integer h is called a gap of H, if h ¢ H, but H, contains an element
less than h and an element greater than h.

Lovasz [101] gave a structural description on the degree prescribed sub-
graph problem in case H, has no two consecutive gaps for all v € V(G).
He showed that the problem is NP-complete without this restriction. The
first polynomial algorithm was given by Cornuéjols [34]. It is implicit in
Cornuéjols [34] that this algorithm implies a Gallai-Edmonds type structure
theorem for the degree prescribed subgraph problem (first stated in [135]),
which is similar to, but in some respects much more compact, than that of
Lovasz.

Of course, for a function f : V(G) — {1,3,5,...}, if we define H, =
{1,3,..., f(v)} for every vertex v of G, then a (1, f)-odd factor is an H-factor.
Similarly, a (g, f)-factor and a parity (g, f)-factor are special H-factors. Thus
these results are generalizations of previous obtained results.
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