Balloons, Cut-Edges, Matchings, and Total Domination
in Regular Graphs of Odd Degree

Suil O* Douglas B. West!
November 9, 2008; revised June 2, 2009

Abstract

A balloon in a graph G is a maximal 2-edge-connected subgraph incident to exactly
one cut-edge of G. Let b(G) be the number of balloons, let ¢(G) be the number of
cut-edges, and let o/ (G) be the maximum size of a matching. Let F,, , be the family of
connected (2r + 1)-regular graphs with n vertices, and let b = max{b(G): G € F,,}.
For G € F,,, we prove the sharp inequalities ¢(G) < % —land o/(G) > 5 — 221.
Using b < (2r—1)n+2

. . 2r—1)n+2
“ITiir—3 » We obtain a simple proof of the bound o/ (G) > §—F m

proved by Henning and Yeo. For each of these bounds and each r, the approach using

balloons allows us to determine the infinite family where equality holds. For the total

domination number 7;(G) of a cubic graph, we prove 74(G) < § — b(Q—G) (except that

~v(G) may be n/2 — 1 when b(G) = 3 and the balloons cover all but one vertex). With
b(G)

o/ (G) > § — =37 for cubic graphs, this improves the known inequality v(G) < o/ (G).

1 Introduction

A graph is a cubic graph if every vertex has degree 3. In 1891, Petersen [12] proved that every
cubic graph without cut-edges has a perfect matching. It is natural to ask how small o/ (G)
can be in a cubic graph G with n vertices, where o (G) is the maximum size of a matching in G
(called the matching number of G). Chartrand et al. [5] proved that o/(G) > n/2—[¢(G)/3]
when G is a cubic n-vertex graph, where ¢(G) denotes the number of cut-edges in G.
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By this result, an upper bound on ¢(G) yields a lower bound on o/(G). Let G be a
connected cubic graph with n vertices. In Section 3, we prove that ¢(G) < (n — 7)/3 and
that this is sharp. The result of [5] then yields o/(G) > (7Tn+14)/18, but this is not the best
bound on o/(G). The smallest value of o/(G) is [(4n — 1)/9], proved first by Biedl et al. [4].

r (2r—1)n—1

5 GrinE2Tar—T when

Henning and Yeo [9] generalized the result, proving that o/(G) > § —
G is a (2r + 1)-regular n-vertex connected graph, which is sharp.

Although maximizing ¢(G) in a cubic graph does not minimize o/(G), another concept
does yield a simple proof of the sharp bound on «/(G). We define a balloon in a graph G
to be a maximal 2-edge-connected subgraph of G incident to exactly one cut-edge of G.
The term arises from viewing the cut-edge as a string tying the balloon to the rest of the
graph; the vertex incident to the cut-edge is the neck of the balloon. A balloon may contain
cut-vertices and thus consist of several blocks.

Maximal 2-edge-connected subgraphs are pairwise disjoint, since the union of two 2-edge-
connected subgraphs sharing a vertex is also 2-edge-connected. Among these subgraphs, the
balloons are those incident to precisely one cut-edge. Thus the number of balloons in G is
well-defined; let b(G) denote this number.

Let F,, be the family of connected (2r + 1)-regular graphs with n vertices. Let b =
max{b(G): G € F,,}. For G € F,,, we prove that ¢(G) < ;ﬁ?;;{i —land /(G) > §—52.

2r—1)n+2
%, and we use balloons to

prove the upper bound on ¢(G). In Section 2, we construct an infinite family H, showing

We obtain a lower bound on o/(G) by proving that b <

that all these bounds are sharp; it contains the smaller families provided in [4] and [9] (graphs
in H, exist when n = 4(r + 1) mod (8% + 12r? — 2)). The bounds for b(G) and ¢(G) are
sharp in a larger family H. (occurring when n = (47 + 6) mod (472 + 4r — 2)). In Section
3, we prove the upper bounds on b(G) and ¢(G) and show that equality holds if and only
if G € H... In Section 4, we prove the lower bound on o/(G); in Section 5, we show that
equality holds if and only if G € H,.

The restriction to connected graphs is important; consider cubic graphs. For a connected
cubic graph, b(G) < (n+2)/6 and o/ (G) > (4n—1)/9. However, if G consists of many disjoint
copies of the unique 16-vertex cubic graph with no perfect matching, then b(G) = 3n/16 and
o/(G) = Tn/16; these values are more extreme than the bounds for graphs in F,, 3.

Our results apply only for regular graphs of odd degree, since a connected regular graph
of even degree is 2-edge-connected and hence has no balloons. In addition to solving the
extremal problem for odd degree, Henning and Yeo [9] also determined the smallest matching
number for connected 2r-regular graphs with n vertices. We will use a generalization of
balloons to address this in a subsequent paper [11].

In Section 6, we apply balloons to total domination. A total dominating setin a graph G is

a set S of vertices in GG such that every vertex in GG has a neighbor in S. The total domination



number, written 7;(G), is the least size of a total dominating set in G. For n-vertex graphs
with minimum degree at least 3, 7(G) < n/2 ([2, 15], for 3-regular graphs in [6]). Henning,
Kang, Shan, and Yeo [8] proved the stronger result that v,(G) < o/ (G) whenever G is regular
with degree at least 3. For degree at least 4, stronger bounds hold. Thomassé and Yeo [13]
proved that v(G) < 3n/7 for every n-vertex regular graph with degree at least 4. This
upper bound is a smaller fraction of n than the lower bound on o/(G). Earlier, Henning and
Yeo [9] observed that v,(G) < o/(G) when G is a regular graph with degree at least 4.

We use balloons to strengthen the bound for cubic graphs. We prove that 7,(G) < 5 — @
when G is cubic, except that v,(G) = n/2 — 1 is possible when b(G) = 3 and the balloons
cover all but one vertex. Since o/(G) > § — @ for cubic graphs, we have large separation
when the number of balloons is large, and ;(G) = o/(G) can happen in a cubic graph only
when the number of balloons is 0 or when G consists of three balloons plus one vertex.

The condition of being connected is the same as being 1-edge-connected. A generalized
version of balloons is useful for studying the restriction of these problems to k-edge-connected
graphs. The extension of Petersen’s result by Bébler [3] states that every (2r+ 1)-regular 2r-
edge-connected graph has a perfect matching. As the edge-connectivity rises, the lower bound
on the matching number should also rise. In a subsequent paper [11], we will use generalized
balloons to determine the smallest matching number for d-regular k-edge-connected graphs
with n vertices, when d > 4 and k > 2. In addition, there we use balloons to determine the

worst case of the Chinese Postman Problem for 3-regular graphs with n vertices.

2 The Construction

Biedl et al. [4] and Henning and Yeo [9] presented examples for sharpness in the lower bounds
on o (G) for connected 3-regular and (2r+1)-regular graphs, respectively. We present a more

general family that includes their examples.

Construction 2.1. Let B, be the graph obtained from the complete graph K, 3 by deleting
a matching of size r + 1 and one more edge incident to the remaining vertex. This is the
smallest graph in which one vertex has degree 2r and the others have degree (2r +1). Thus
B, is the smallest possible balloon in a (2r + 1)-regular graph. Note that deleting the vertex
of degree 2r (the neck) from B, leaves a subgraph having a perfect matching.

Let 7 be the family of trees such that every non-leaf vertex has degree 2r + 1. Let H.
be the family of (2r + 1)-regular graphs obtained from trees in 7, by identifying each leaf
of such a tree with the neck in a copy of B,. Let 7, be the subfamily of 7,/ obtained by
requiring all leaves to have the same color in a proper 2-coloring. Let H, be the subfamily
of H!. arising from trees in 7, by adding balloons at leaves. O]



To compute the matching number for n-vertex graphs in ‘H,., we use standard concepts
about matchings. The deficiency of a vertex set S in a graph G, written defs(.S) or simply
def(S), is o(G — S) — |S|, where o(H) is the number of components of H having an odd
number of vertices. Every matching must leave at least def(S) vertices unmatched, so for
any S the quantity 3(n — def(S)) is an upper bound on «/(G). Furthermore, if there is a
matching that matches S into vertices of distinct odd components of G — S and leaves at

most one unmatched vertex in each odd component of G — S, then o/ (G) = 1(n — def(S)).

Proposition 2.2. Let p, = 2r? + 2r — 1. For any n-vertex graph G in H,.,

- _ (2r—-1)n+2
=4(r+1)> mod ((4r + 2)p,), (@) = ==,
(G) = 4 (n - ). o(G) =B L

Furthermore, the formulas given for b(G) and ¢(G) also hold when G € H...

Proof. We first compute b(G) and ¢(G) on H,. The smallest tree in 7,/ has two vertices.
The resulting graph in H/ has 4r + 6 vertices, two balloons, and one cut-edge, and the
formulas hold. For any larger tree T' in 7, the penultimate vertex of a longest path has
2r leaf neighbors, and deleting them yields a smaller tree 7" in 7!. Let G and G’ be the
corresponding graphs in H... Compared to G', in G there are 2r more cut-edges, 2r — 1 more
balloons, and 2r(2r + 3) — (2r + 2) more vertices. This last formula simplifies to 2p,, and
hence the formulas for b(G) and ¢(G) in terms of n are established by induction on n.

Now consider the more restrictive families 7, and H,. The smallest graph in 7, is the
star K o,41 with 2r + 1 leaves. We claim that every other tree in 7, arises from a smaller
tree in 7, by appending 2r edges at a leaf y and appending 2r additional edges at each new
neighbor of y. This produces (2r)? leaves, which replace y in the set of leaves and are in the
same partite set as y, so the larger graph lies in 7,.

To prove that this generates all of 7., consider a longest path P in a tree T € 7, such
that 7" is not a star. Let y, z,w be the last three vertices on P, in order (w is the leaf).
Since P is a longest path, all 2r neighbors of z other than y are leaves. Since leaves all lie
in the same partite set, no neighbor of y is a leaf. Hence the 2r — 1 neighbors of y not on P
must all have 2r leaf neighbors (again since P is a longest path and non-leaves have degree
2r +1). Now T arises in the specified way from a smaller tree in 7, having y as a leaf.

To compute o/(G) for G € H,, let T be the corresponding tree in 7,. Let X and Y
be its partite sets, with Y containing the leaves. Let S = X. Now o(G — S) = |Y|, since
each vertex of Y is an isolated vertex in G — S or is the neck of a copy of B, that is an
odd component of G — S. Thus def(S) = |Y| — | X]|. Root T" at a vertex of X, and then
match each vertex of S to one of its children, which is or lies in an odd component of G — S.



When that odd component is a copy of B,, pair its remaining vertices in a matching. This
produces a matching with exactly def(S) uncovered vertices.

It therefore suffices to compare def(S) and the formula for o/(G) inductively. When
T = Kiar11, we have def(S) = 2r. Adding the balloons yields (2r + 3)(2r + 1) 4+ 1 (this

equals 4(r+1)?, giving the basis for the claim about n). The subtractive term in the formula

. r(2r=1)(4r2+8r+4)42r
for o/(G) is ™ )((2r Jj)p:r s
For larger G € H,, let T be the corresponding tree in 7., expanded from 7" with corre-

, which equals 27.

sponding graph G’ € H,.. In the expansion, |X| increases by 2r and |Y| increases by 4712, so
def(S) increases by 472 — 2r. Comparing G with G, one balloon is lost and 472 are created;
the number of vertices increases by 4r%(2r +3) 4+ 2r — (2r +2). The increase in n simplifies to
(4r + 2)p, (completing the proof of the claim about n). The subtractive term in the formula
for o/(G) thus increases by r(2r — 1)2, which equals the change in def(.5). O

dn—1
9 -

Corollary 2.3. For n-vertex cubic graphs, the matching number of graphs in H;y is

3 Balloons and Cut-edges

Recall that F,,, is the family of connected (2r + 1)-regular graphs with n vertices. We begin
by bounding the number of balloons for graphs in F, ,.

Every balloon in a (2r+ 1)-regular graph has at least 2r + 3 vertices; it has at least 2r+2
vertices because it has a vertex of degree 2r + 1, and equality cannot hold because then the

degree-sum would be odd. Thus b(G) < g Surprisingly, this trivial upper bound can be

improved only slightly; the optimal bound is ij:fje, where € = 1/(2r — 1). Of course, e = 1

for cubic graphs. We use a counting argument; the bound can also be proved inductively.

Lemma 3.1. If G € F,,, then b(G) < %, with equality if and only if G € H..

Proof. For G € F,,, let G' be the graph obtained from G by shrinking each balloon to a
single vertex; G’ is connected, and the balloons of G become vertices of degree 1 in G’. Let
n' = |[V(G")| and m’ = |E(G")|. Since G’ is connected, m’ > n' — 1, and the degree-sum
formula yields (2r + 1)n’ — 2rb(G) = 2m’ > 2n’ — 2. Thus 2rb(G) < (2r — 1)n’ + 2. Since
each balloon has at least 2r 4+ 3 vertices, n’ < n — (2r + 2)b(G). Combining the inequalities
yields 2rb(G) < (2r — 1)n+2 — (2r — 1)(2r + 2)b(G), which simplifies to the desired bound.

Equality requires equality in each contributing inequality. Hence G’ is a tree with non-leaf
vertices having degree 2r + 1. That is, G’ € 7/, and G € H.. O

Corollary 3.2. Every connected n-vertex cubic graph has at most "TH balloons, and this is

sharp forn =4 mod 6.



The bounds of Lemma 3.1 and Corollary 3.2 do not hold for disconnected graphs. An

2r+1

6 16M balloons,

n-vertex graph consisting of disjoint copies of the smallest graph in H, has

which is more than the bound above.

Lemma 3.3. The following hold for balloons and cut-edges in a graph G in F, ..
(a) Each component formed by deleting a cut-edge contains a balloon of G.
(b) The number of vertices in a balloon may be any odd number that is at least 2r + 3.

Proof. (a) Let e be a cut-edge. Among the paths containing e, let P be a path containing
the maximum number of cut-edges of G. The portion of P after the last cut-edge toward
either end lies in a 2-edge-connected subgraph, and by the choice of P it is a balloon.

(b) In a balloon, the neck has degree 2r, and other vertices have degree 2r + 1. We form
such a graph with 2k 4 3 vertices, where k£ > r. The complete graph Ky, 3 decomposes into
k 4 1 spanning cycles. The union of r of these cycles plus a near-perfect matching from one
of the remaining cycles is a 2-edge-connected graph with the desired degrees. O]

Theorem 3.4. If G € F,,, then ¢(G) < ;g;;;:? — 1, with equality if and only if G € H...

Proof. We use induction on n. If n < 4r + 6, then the bound at most 1, with equality only
when n = 4r + 6. Every graph having a cut-edge has at least two balloons and hence at
least 4r + 6 vertices, by Lemma 3.3. The graph with 47 4+ 6 vertices consisting of two copies
of B, joined by an edge lies in H!.. Hence all claims hold for the basis.

For larger n, consider a cut-edge e in GG. Let G; and (G5 be the components of G —e. Let
G and G, be the graphs obtained from G by replacing G5 and Gy, respectively, with B,.
The cut-edges of GG consists of the cut-edges in GG; and G, plus e itself. Since e is a cut-edge
in both G and GY, and the added B, contains no cut-edge, we have ¢(G) = ¢(G})+c(Gh)—1.
If neither G nor G5 equals B,, then GG} and G, have fewer vertices than GG, and we can apply
the induction hypothesis to both. Letting n; = |V(G})|, we have n = ny + ny — (4r + 6).
With p, = 2r? + 2r — 1 (as in Proposition 2.2), we obtain the desired bound on ¢(G):

r(n1—2)—2+r(n2—2)—2

(G) = c(G)+c(Gy) -1 < p P -3
_ r(n—2)—2+r(4r+4)—2_3 _ r(n—2)—2_1.
Pr Pr DPr

In the remaining case, every cut-edge in G is incident to a copy of B,. Since each copy
of B, is incident to exactly one cut-edge, we obtain ¢(G) = b(G) (note that n > 4r + 6).
Let @ be the set of endpoints of cut-edges outside the balloons. If any two balloons have
distinct nonadjacent neighbors in (), then let G’ be the graph obtained by deleting the two
balloons and adding one edge to make their neighbors adjacent. The graph G’ is connected



and (2r+1)-regular and has n— (4746) vertices. Crucially, G’ has exactly ¢(G)—2 cut-edges,
because the only cut-edges in G are those incident to balloons. By the induction hypothesis,
_ —8) — —9) — 2 —9) —
r(n —4r —8) 2_1:7‘(71 2)=2 4r +6T+1<7‘(n 2)—2
Pr br Pr Pr

1.

c(G) <2+

Hence we may assume that the vertices of () are pairwise adjacent. Let ¢ = |@|, and let S
be the set of vertices outside both @) and the balloons. If S = @, then ¢(G) = ¢(2r+2—¢) and
n=(2r+3)c(G)+gq. Since 1 < ¢ <2r+1, we obtainn > (2r+3)(2r+1)+1 = 2p, +4r+6.
Since ¢(G) = b(G), Lemma 3.1 yields ¢(G) < % == ’;;f It thus suffices to show
that ’;ij > 2;—? + 1. This requires n — 2 > 4r 4+ 4 + 2p,., which we have proved for this case.

Finally, suppose that S # @. Each vertex of S has 2r + 1 neighbors outside the balloons,
son > 2r+ 2+ (2r + 3)c(G). If equality holds, then S U @ induces a complete graph,
G = Kyp9, and ¢(G) = 0. Otherwise, n > (2r + 3)[c(G) + 1]. Now ¢(G) < 5% — 1, and we

only need 5= < gff;;jij This simplifies to n > 4r + 6, which holds when ¢(G) > 0.

For the characterization of equality, consider each case. When G has a cut-edge not

incident to a balloon that is a copy of B,., the induction hypothesis requires achieving equality
for both G} and G, which must therefore lie in H,. The construction of G from G| and G,
indeed puts G in H,.. When ¢(G) = b(G) and two balloons have nonadjacent neighbors, we
obtained strict inequality in the bound. When ¢(G) = b(G) and S = @, equality requires
b(G) to meet its bound, which already requires G € H!. (indeed, it requires more, and equality
is obtained only by putting copies of B, at the leaves of the star Kjo,41). When S # &,
equality requires n = 4r 4+ 6 and ¢(G) = 1, in which case G is the graph in H/ consisting of
a cut-edge joining two copies of B,. O

r(n—2)-2
2r24+2r—1

Corollary 3.5. Every n-vertex (2r + 1)-reqular graph has at most 1 cut-edges,

which reduces to "7_7 for cubic graphs.

Proof. Since the contributions not linear in n are negative and we seek an upper bound, the
bound holds also for disconnected n-vertex (2r + 1)-regular graphs. O]

4 Balloons and Matchings

Here we use balloons to prove the result of Henning and Yeo [9] minimizing the matching
number for n-vertex (2r + 1)-regular connected graphs; in the next section we characterize
the graphs where equality holds.

We use the Berge—Tutte Formula for the matching number. Recall that the deficiency
def(S) of a vertex set S in G is defined by def(S) = o(G — S) — |S|. Tutte [14] proved



that a graph G has a 1-factor if and only if def(S) < 0 for all S € V(G). The equivalent
Berge-Tutte Formula (see Berge [3]) states that o/(G) = mingcy(q) 5(n — def(S)).

Lemma 4.1. Let G be an n-vertex (2r + 1)-reqular graph, and let S be a subset of V(G). If

the number of edges from each odd component of G — S to S is only 1 or is at least 2r + 1,

2rb(G
then def(S) < 2r—(&-1)'

Proof. Let ¢; be the number of odd components of G — S having one edge to S. By
Lemma 3.3(a), each component of G — S having one edge to S contains a balloon. Thus
¢1 < b(G). Counting the edges joining S to odd components of G — S yields

(2r+1)[S| > (2r +1)o(G — S) —2rc; > (2r + 1)o(G — S) — 2rb(G),

and hence def(S) = o(G — 5) — |S| < 22D, O

2r+1

Corollary 4.2. If G is a connected cubic graph, then o/ (G) > § — L%G)J

Proof. In a 3-regular graph, all edge-cuts between sets of odd size have odd size, which is 1
or at least 3. Hence Lemma 4.1 yields the claim (using the floor function in the second term

is valid because o/(G) and n/2 are integers). O

If in a connected graph G some set of maximum deficiency satisfies the hypothesis of

no v (2r—1nt2
Lemma 4.1, then o/ (G) > § — 3 @)@ 1)’

We prove that this bound also holds for all connected odd-regular graphs. We already have

by the Berge-Tutte Formula and Lemma 3.1.

a family H, where the bound is sharp; in the next section, we will show that these are the
only graphs where equality holds.

(2r=1)n2 with equality if G € H,.

Theorem 4.3. If G € F,,,, then o/(G) > § — 5 @ D@22 T)

Proof. In Proposition 2.2, we proved equality for graphs in H,; here we prove the bound.

By the Berge-Tutte Formula, it suffices to show that every set S C V(G) has deficiency
at most r%. By Lemma 4.1, we may assume that there is an odd component of
G — S such that the number of edges from G — S to S is between 3 and 2r — 1; call such a
component of G — S a bad subgraph.

For each edge e joining S to a bad subgraph, replace e with a cut-edge incident to a copy
of B, at its end outside S. Also delete all vertices in bad subgraphs. Let G’ denote the
resulting graph; note that G’ is (2r 4+ 1)-regular. Unfortunately, G’ may be disconnected.

Let ¢ be the number of bad subgraphs, and let x be the total number of vertices in them.
Let y be the total number of edges in G joining S to bad subgraphs; y is the number of

balloons added in forming G'.



Let p be the number vertices in some bad subgraph Q). If p < 2r + 1, then regularity
forces each vertex of () to have at least 2r +2 — p neighbors in S. Hence the number of edges
from S to V(Q) is at least p(2r + 2 — p), which is at least 2r + 1, contradicting that @ is a
bad subgraph. We conclude that p > 2r + 3, and hence x > (2r + 3)c.

The number of vertices in G’ is n—x+ (2r+3)y. We also need the number of components
of G'. Each time we pull an edge off a bad subgraph ) and make it incident to a copy of
B,, we increase the number of components by 0 or 1. Doing this with the last edge to @
(and deleting V(Q)) does not change the number of components. Since G is connected, we
conclude that G’ has at most 1+ y — ¢ components.

The alteration from G to G’ ensures that S satisfies the hypotheses of Lemma 4.1 for
G’'. Lemma 4.1 does not require connected graphs, so defg(5) < QSi(fl/)
Lemma 3.1 to replace the number of balloons with upper bounds in terms of the number of

. However, applying

vertices does require connected graphs. Therefore, we apply Lemma 3.1 to each component
of G'. We obtain an additive constant 2 in the numerator for each component. Thus b(G’) <
CroDin—ot @risi 2= With & > (2r + 3)c, we have b(G") < Crnt2 o dristroty, o)

Meanwhile, we must also relate defs/ (S) to defe(S). We have replaced ¢ odd components

in G — S with y odd components in G' — S. Thus

2rb(G’
def(S) = defr(S)— (y—c) < %ﬂ) (-
r (2r—1)n+2 2r  Ar* 4+ 4r—1

<
- 2r+1 272 4+2r—1 2r +14r2 +4r — 2

(y—c)=(y—c)

Thus it suffices to show that 2r(4r? + 4r — 1) < (2r + 1)(47? 4 4r — 2). This inequality has
the form ab < (a + 1)(b — 1) with a < b, and hence it holds. O

An—1
9

Corollary 4.4. If G is a connected n-vertex cubic graph, then o/ (G) > , and this is

sharp infinitely often.

5 Characterization of Equality

Proposition 2.2 establishes equality in the bound of Theorem 4.3 for G' € ‘H,.. Now we show
that these are the only graphs achieving equality. Recall that 7, is the family of trees from
which graphs in H, are formed by appending small balloons at leaves, and that the Konig—
Egervary Theorem states that if G is bipartite, then o/(G) equals the minimum number of
vertices needed to “cover” the edges (by including at least one vertex from each edge).

Lemma 5.1. If T is an n-vertex tree in which every non-leaf vertex has degree 2r 4+ 1, then

o (T) > Q”T:Lll, with equality only when T € 7,.




Proof. Since T has n — 1 edges and maximum degree 2r + 1, the number of vertices needed

to cover E(T) is at least ;r_:rlp and hence the Kénig-Egervéry Theorem yields o (T') > 3=+

If all leaves lie in the same partite set, then the other partite set is a vertex cover of size

-1 -1
g g
() can cover the same edge, so () is an independent set. Also every vertex adjacent to a leaf

Conversely, equality holding requires a vertex cover () of size No two vertices of
must be in (), since a leaf covers only one edge.

To show that all leaves are in the same partite set, let x and y be leaves, and let P be
the path from z to y in T'. The edges of P must be covered by vertices on P, so () contains
a vertex of each edge of P. Since () is independent, the vertices of P alternate between @)
and not-@), with the neighbors of x and y being in (). Hence the distance between x and y
is even, and they are in the same partite set. O]

For a graph G' € F,,, that achieves the minimum value of the matching number, we show
that G € 'H, by showing that if we shrink each balloon to a single vertex, then the resulting
graph is in 7,.

r (2r—1)n+2
2 @)@ t2r—1) then G € 'H,.

Theorem 5.2. If G € F,,, and o/(G) = § —

Proof. Equality in the bound requires equality in all the inequalities of Theorem 4.3. A set

r  (2r—1)n+2
2r+1 2r2+42r—1°
y — c in the final displayed inequality for Theorem 4.3 is negative, we must have y = c.

S with maximum deficiency must satisfy def(S) = Since the coefficient on
This states that the total number of edges joining S to bad subgraphs equals the number of
bad subgraphs, which implies that one edge goes to each bad subgraph, and therefore they
are not bad. We conclude that y = ¢ = 0, and the number of edges joining S to each odd
component of G — S is 1 or is at least 2r + 1.

< 2rb(G)

Now Lemma 4.1 applies and yields def(S) < 5 - From Lemma 3.1, we now have

r (2r—1)n+2 - 2rb(G) o T (2r—1)n+2
2r+12r24+2r—1 — 2r+1 ~ 2r+12r2+2r—1"
so b(G) = %. From the proof of Lemma 3.1, equality in the bound requires each
balloon to have exactly 2r + 3 vertices.
Let G’ be the graph obtained from G by shrinking each balloon to a single vertex. Let
n' = |V(G")| and m' = |E(G’)|. Since each balloon has 2r + 3 vertices, we have n =
n' + (2r 4+ 2)b(G). Substituting this expression for n into the formula b(G) = %
simplifying yields 2rb(G) = (2r — 1)n’ + 2.
Contraction does not disconnect, so G’ is connected. To show that G’ is a tree, we count

and

the edges. By the degree sum formula,
2m' = (2r + 1)n' —2r0(G) = (2r + 1)n' — (2r — 1)n' — 2 =2n" — 2.
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Finally, we show G’ € 7,. By Lemma 5.1, it suffices to show that G’ has a matching of
size Z=L. Note that o/(G") > o/(G) — (r +1)b(G), and we are given o (G) = 2 — 49 Gince

291" 27 21
2 — (r+1)b(G) = % and 2rb(G) = (2r — 1)n’ + 2, we conclude that o/(G’) > ;L;j& O

6 Balloons and Total Domination

Balloons also help in proving bounds on the total domination number. The results are
strongest for cubic graphs. We use a lemma proved by Henning that provides a useful upper
bound in nearly regular graphs. Let A(G) and 6(G) denote the maximum and minimum

vertex degrees in a graph G.
Lemma 6.1. (Henning’s Lemma [7]) If G is a graph with n vertices and m edges, where
n >3, then v(G) < n — O

Lemma 6.2. If B is a balloon with p vertices in a cubic graph G, then ~(B) < 221

A

2
Furthermore, B has a dominating set of size (p — 1)/2 that contains the neck of B and a

netghbor of every vertex other than the neck.

Proof. Let v be the neck of B. Recall that v has degree 2 in B, and the other vertices of B
have degree 3 in B. By Henning’s Lemma, v(B) < p— (3p —1)/6 = p/2 + 1/6. Since p is
odd and (B) is an integer, v(B) < (p — 1)/2.

Let T be the set consisting of v and its two neighbors in B. The number of edges joining
T and V(B) — T is 2 or 4, depending on whether 7" induces a triangle. Note that B — T has
p — 3 vertices and at least [3(p — 3) — 4]/2 edges. If A(B —T') = 3, then Henning’s Lemma
yields w(B—T) < (p—3)—(3p—9—4)/6 = (p—3)/2+2/3. Since p is odd and (B — T
is an integer, v:(B) < (p—3)/2 in this case, and adding v to a smallest total dominating set
of B — T yields the desired set.

In the remaining case, A(B — T) < 3. Since deleting 7" removes at most four edges
incident to V(B) — T, this case requires p < 7. If p =7, then B —T = C4, and T is a total
dominating set of size (p—1)/2 containing v. If p = 5, then B is the unique smallest balloon
By, and v with one of its neighbors forms a total dominating set of size (p —1)/2. O

Example 6.3. When |V (B)| = 7, it may happen that B has no total dominating set of size
(p — 1)/2 containing its neck. This occurs in only one special balloon, which we denote by
B. This balloon consists a spanning cycle, say with vertices vy, v1, va, U3, V4, Vs, Vg in order,
where vy is the neck and the additional edges are vivg, vovy, and vzvs. Note that the neck
induces a triangle with its neighbors, and this property determines B completely. No total
dominating set of size 3 contains the neck, because when the neck and a neighboring vertex
lie in S, the undominated vertices induce a triangle having no neighbor in S; thus adding a
third vertex cannot complete a total dominating set.

11



In addition to small dominating sets, we also need large matchings in balloons.

Lemma 6.4. FEvery balloon in a 3-regular graph has a matching that covers every vertex
except its neck.

Proof. Let v be the neck of a balloon B, with N(v) = {u,w}. Let B’ consist of two disjoint
copies of B plus a cut-edge joining their necks. Now B’ is a 3-regular graph with one cut-edge,
since B has no cut-edge.

Petersen proved that a 3-regular graphs with at most two cut-edges has a perfect match-
ing. Since B has odd order, the cut-edge lies in every perfect matching. Deleting it leaves
the desired matching in B. O

Since o/(G) > § — @ when G is 3-regular and connected (Corollary 4.2), proving

W(G) < 5— b(Q—G) would yield v(G) < o/(G), with equality only when b(G) = 0. However, the
desired upper bound may fail when G consists of three balloons plus one common neighbor.

The 2-edge-connected case (no balloons) has been well-studied. By Henning’s Lemma,
7(G) < n/2. Equality may hold when G is 2-edge-connected; such graphs were characterized
by Henning, Soleimanfallah, Thomassé, and Yeo [10]. The graphs achieving equality consist
of two infinite families and one additional 16-vertex graph. In one family, the graph consists
of two even cycles with vertex sets xi,..., 2o and vy, ..., Yok, plus the edges xq9;_1yo; and
Toiy2i—1 for 1 <@ < k. Being 2-edge-connected, these graphs also have perfect matchings, so
here 1(G) = o/ (G).

Hence we may confine our attention to graphs having balloons. Our strategy is to as-
semble a small total dominating set S using (|V(B)| — 1)/2 vertices in each balloon B and
|V (G")|/2 vertices in the graph G’ obtained by deleting the balloons. This gives the desired
size. Vertices having neighbors in balloons have degree less than 3 in G’. Such a vertex in
S does not need a neighbor in S N V(G’); Lemma 6.2 allows us to give it the neck of the
balloon as a neighbor. This weakened restriction on S as a dominating set in G’ motivates
the following definition.

Definition 6.5. A dominating set S in a graph G is a semitotal dominating set (abbreviated
SD-set ) if every vertex with mazimum degree in G has a neighbor in S.

In an SD-set, vertices of non-maximum degree can dominate themselves. The problem of
finding an SD-set, like the problem of finding a total dominating set, can be modeled using
hypergraphs. In the generalization of graphs to hypergraphs, any vertex set can form an
edge; graphs are 2-uniform hypergraphs.

Definition 6.6. A k-uniform hypergraph is a hypergraph in which every edge has size k.
The transversal number 7(H) of a hypergraph H is the minimum size of a set of vertices
that intersects every edge.

12



For any graph, the total domination number equals the transversal number of the hyper-
graph on the same vertex set in which the edges are the vertex neighborhoods. An SD-set
corresponds to a transversal when the edge of the hypergraph corresponding to a vertex v of
non-maximum degree is its closed neighborhood (the neighborhood plus v itself). The the-
orem of Chvétal and McDiarmid on transversal number of k-uniform hypergraphs provides
exactly what we need to find a sufficiently small SD-set in the graph obtained by deleting
the balloons. (In [10], the Chvétal-McDiarmid result is used to explore the total domination
numbers of regular graphs, noting that v;(G) < n/2 follows immediately for cubic graphs.
Various special cases of the theorem are proved in [15] and [13], particularly for small k.)

Theorem 6.7. (Chvétal and McDiarmid [6]) If H is a k-uniform hypergraph with n vertices

and m edges, then T(H) < Lk{;,i%jrn

We state the next two results for a graph G’ because we will apply them when G’ is the
graph obtained from a 3-regular graph G by deleting the vertices in the balloons.

Corollary 6.8. If G’ is an n-vertex graph in which every vertex has degree 2r + 1 or 2r,

. (r+1)n
then G" has an SD-set of size at most 54~

Proof. Form the hypergraph H with V/(H) = V(G’) by letting the edges be the open neigh-
borhoods of vertices with degree 2r + 1 and the closed neighborhoods of vertices with degree
2r. Thus H is a (2r + 1)-uniform hypergraph with n vertices and n edges. By Theorem 6.7,

T(H) < % Every transversal of H is an SD-set in G. O
Using the plan we described above, Corollary 6.8 implies that 7,(G) < § — @ when

A(G) = 3 and no two balloons have a common neighbor. The remaining case will need

special attention; here deleting the balloons leaves a vertex of degree 1.

Theorem 6.9. If G’ is a connected n-vertex graph with mazximum degree at most 3, and
n > 1, then G' has a dominating set S of size at most n/2 such that every vertex of degree
3 has a neighbor in S.

Proof. The complement of any minimal dominating set is also dominating, so every n-vertex
graph has a dominating set with at most n/2 vertices. Therefore, when A(G”) < 3 a smallest
dominating set suffices. Hence we may assume that A(G’) = 3. The case A(G’) < 3 includes
the basis step for induction on n.

If §(G") > 2, then Corollary 6.8 provides the desired SD-set. When G’ has a vertex u
of degree 1, let v be the neighbor of u. Let I = G’ — {u,v}. If ' has no isolated vertex,
then we can apply the induction hypothesis to each component of F' to obtain a set with the
desired properties. Let T" be the union of these sets; note that |T| < (n — 2)/2.
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If v has degree 2, then F'is connected, and T'U {v} is an SD-set in G'.

Suppose that v has degree 3. If v has no neighbor of degree 1 other than u, then F' has
no isolated vertices. Now T'U {v} is an SD-set in G’ if T' contains a neighbor of v, while
otherwise T'U {u} is an SD-set.

In the remaining case, v has degree 3 and has another neighbor w of degree 1. In this
case, let ' = G’ — {u,w}, and let T be the set in F' guaranteed by the induction hypothesis
(F is connected, since we only deleted vertices of degree 1). If v € T, then T'U {u} is an
SD-set in G’. Otherwise, T" must contain the remaining neighbor of v to dominate v, and
now 7'U {v} is an SD-set in G. O

Theorem 6.10. If G is a connected cubic graph with n vertices, then v,(G) < %—@ (except
that v(G) < n/2 —1 when b(G) = 3 and the three balloons have a common neighbor), and

this is sharp for all even values of b(G).

Proof. Let G’ be the graph obtained by deleting all vertices in balloons. If G' = Ky, then G
consists of three balloons and their common neighbor. Lemma 6.2 yields a total dominating
set in two of the balloons and a dominating set in the third that combine with one vertex of
G’ to yield v(G) <n/2 — 1.

When G’ has more than one vertex, we can apply Theorem 6.9 to obtain an SD-set
S in G'. For each balloon B, let v be the neck. Use Lemma 6.2 to add a set S of size
(|V(B)|—1)/2. If the neighbor of v in V(G’) is in S, then choose Sg to be a set that contains
v and contains a neighbor of every vertex in V(B) — {v}. If the neighbor of v in V(') is
not in S, then simply choose Sg to be a total dominating set of B. After these contributions
from all balloons, the size is at most § — @

If equality holds in the bound, then G’ must have no SD-set of size less than [V (G')|/2.
Let G’ be formed from a cycle C; by adding a pendant edge at each vertex. An SD-set in G’
must use one vertex from each set consisting of a vertex of degree 1 and its neighbor.

We construct our example G by adding two 7-vertex balloons adjacent to each vertex of
degree 1 in GG'. Each such balloon is the special balloon B in Example 6.3. The number of
balloons is 2¢. Recall that B has no total dominating set of size 3 that contains its neck.
Therefore, if a total dominating set in G avoids some vertex u of degree 1 in G’, then the
balloons adjacent to u contribute at least four vertices each, and the 16-vertex “wedge”
containing them, u, and the neighbor of v in G’ contributes at least eight vertices. Using u

still requires it to contribute seven vertices, including three from each balloon. Thus we can

n _ bG) O

save only 1 for each pair of balloons, and v,(G) = 5 5

Corollary 4.2 and Theorem 6.10 together improve the inequality v(G) < o/ (G) for con-
nected cubic graphs.
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Corollary 6.11. If G is a connected n-vertex cubic graph, then v(G) < o'(G) — b(G)/6,
except when b(G) = 3 and there is exactly one vertex outside the balloons, in which case still
1(G) <d(G).

Proof. From the bounds in Corollary 4.2 and Theorem 6.10, it suffices to consider the ex-
ceptional case. Here b(G) = 3, and 14(G) = n/2 — 1 is possible. By Lemma 6.4, there are
matchings in the balloon that cover all but the neck. One of the necks can be matched
to their common neighbor, leaving only the two other necks as uncovered vertices. Hence
o/(G) =n/2—1 (equality holds, because deleting the vertex outside the balloons leaves three
odd components). O

The 3-regular case is the only case where the inequality between 7, and o/ is delicate.
When more edges are added, o’ tends to increase and ~; tends to decrease, so the separation
increases. For (2r + 1)-regular graphs, applying the Chvatal-McDiarmid Theorem to the
neighborhood hypergraph immediately yields v,(G) < (’;ril . On the other hand, o/(G) >
|2 (1 — ¥4 525—)] (Theorem 4.3).

For larger r, balloons are not needed to separate v.(G) and o/(G). Already when r = 2,
the bound above yields v (G) < 3n/7 < 9n/22 < o/(G). For large r, the results of Alon [1] on
transversals of uniform hypergraphs yield the bound v,(G) < n(1 + Ink)/k when 6(G) > k;
refining this bound for k-regular graphs by using balloons does not seem worthwhile. Even
for 4-regular graphs, the extremal problem for total domination is not completely solved.
Yeo [16] conjectured that if G is a connected n-vertex graph with 6(G) > 4 other than the

bipartite complement of the Heawood graph, then ,(G) < %n

Acknowledgment
We thank Alexandr Kostochka for pointing out a flaw in our original proof of Theorem 4.3.
We thank Zoltan Fiiredi for pointing out the effectiveness of the Chvatal-McDiarmid The-

orem in proving Corollary 6.8. We thank the referees for careful reading and comments.

References

[1] N. Alon, Transversal numbers of uniform hypergraphs, Graphs & Combin. 6 (1990),
1-4.

[2] D. Archdeacon, J. Ellis-Monaghan, D. Fischer, D. Fron¢ek, P.C.B. Lam, S. Seager, B.
Wei, and R. Yuster, Some remarks on domination. J. Graph Theory 46 (2004), 207-210.

[3] F. Bébler, Uber die Zerlegung regulirer Streckenkomplexe ungerader Ordnung, Com-
ment. Math. Helvet. 10 (1938), 275-287.

15



[4]

[5]

[14]
[15]

[16]

T. Biedl, E.D. Demaine, C.A. Duncan, R. Fleischer, and S.G. Kobourov, Tight bounds
on maximal and maximum matchings, Discrete Math 285 (2004), 7-15.

G. Chartrand, S.F. Kapoor, L. Lesniak, and S. Schuster, Near 1-factors in graphs, Proc.
Fourteenth Southeastern Conference on Combinatorics, Graph Theory and Computing,
Congress Numerantium 41 (1984), 131-147.

V. Chvatal and C. McDiarmid, Small transversals in hypergraphs, Combinatorica 12
(1992), 19-26.

M.A. Henning, A linear Vizing-like relation relating the size and total domination num-
ber of a graph, J. Graph Theory 49 (2005), 285-290; erratum Journal of Graph Theory
54 (2007), 350-353.

M.A. Henning, L. Kang, E. Shan, and A. Yeo, On matching and total domination in
graphs, Discrete Math. 308 (2008), 2313-2318.

M.A. Henning and A. Yeo, Tight lower bounds on the size of a maximum matching in
a regular graph, Graphs and Combinatorics 23 (2007), 647-657.

M.A. Henning and A. Yeo, Hypergraphs with large transversal number and with edge
sizes at least three, J. Graph Theory 59 (2008), 473-487.

Suil O and D.B. West, Generalized balloons and the Chinese Postman Problem in
regular graphs. preprint (2008).

J. Petersen, Die Theorie der regularen Graphen, Acta Math. 15 (1891), 193-220.

S. Thomassé and A. Yeo, Total domination of graphs and small transversals of hyper-
graphs, Combinatorica 27 (2007), 473-487.

W.T. Tutte, The factorization of linear graphs, J. Lond. Math. Soc. 22 (1947), 107-111.
Z. Tuza, Covering all cliques of a graph, Discrete Math. 86 (1990), 117-126.

A. Yeo, Improved bound on the total domination in graphs with minimum degree four,
manuscript (2005).

16



