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Abstract

A graph G is an NG-graph if x(G) + x(G) = |V(G)| + 1. We characterize
NG-graphs solely from degree sequences leading to a linear-time recognition al-
gorithm. We also explore the connections between NG-graphs and split graphs.
There are three types of NG-graphs and split graphs can also be divided nat-
urally into two categories, balanced and unbalanced. We characterize each of
these five classes by degree sequence. We construct bijections between classes of
NG-graphs and balanced and unbalanced split graphs which, together with the
known formula for the number of split graphs on n vertices, allows us to com-
pute the sizes of each of these classes. Finally, we provide a bijection between
unbalanced split graphs on n vertices and split graphs on n—1 or fewer vertices
providing evidence for our conjecture that the rapid growth in the number of
split graphs comes from the balanced split graphs.
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1 Introduction

For a graph G, the number of vertices in a largest clique in G is denoted by w(G)
and the number of vertices in a largest stable set (independent set) in G is denoted
by a(G). We denote the complement of G by G and the graph induced in G by
X € V(G) by G[X]. We write nbh(z) to denote the set of vertices adjacent to vertex
x. For a set of graphs, C, we denote by C, the set of graphs in C with n vertices.

A well-known theorem by Nordhaus and Gaddum [14] states that the following is
true for any graph G:

2VIV(G)| < x(G) + x(G) < V()] + 1.
We call G a Nordhaus-Gaddum graph or NG-graph if G satisfies the maximum value

of this inequality; i.e., x(G) + x(G) = |V(G)| + 1. Finck [9] and Starr and Turner
[16] provide two different characterizations of NG-graphs. More recently, Collins and
Trenk [7] define the ABC-partition of a graph and characterize NG-graphs in terms

of this partition.

Definition 1. For a graph G, the ABC-partition of V(G) (or of G) is
Ag ={v e V(G) : deg(v) = x(G) — 1}
B ={v e V(G) :deg(v) > x(G) — 1}
Co={veV(Q) : deg(v) < x(G) — 1}.
When it is unambiguous, we write A = Ag, B = Bg, C = Cg.

Theorem 2. (Collins and Trenk [7]) A graph G is an NG-graph if and only if its
ABC-partition satisfies

(i) A% 0 and G[A] is a clique, a stable set, or a 5-cycle

(i1) G|B] is a clique

(i1i) G[C| is a stable set

(iv) wv € E(G) for allu e A, veE B

(v) uw & E(G) for allu e A, w e C.

By (i) of Theorem 2] there are three possible forms of an NG-graph. (See Figure[l)

Definition 3. We say that G is an NG-1 graph if G[A4] is a clique, an NG-2 graph
if G[A] is a stable set, and an NG-3 graph if G[4] is a 5-cycle. We also let N'G-1 be
the set of NG-1 graphs and likewise define the sets N'G-2 and N'G-3.

The characterization in Theorem 2 not only provides a clear description of NG-
graphs but it also lends itself to an O(|V(G)|?)-time recognition algorithm for NG-
graphs [7]. More importantly for this article, it shows that NG-graphs are related to
split graphs and pseudo-split graphs.



Figure 1: The forms of an NG-graph

A split graph is a graph G whose vertex set can be partitioned as V(G) = KU S,
where K induces a clique and S induces a stable set in G. A detailed introduction to
this class appears in [11]. Split graphs are a well-known class of perfect graphs, and
thus x(G) = w(G) for split graphs. Split graphs also have elegant characterization
theorems. Foldes and Hammer [10] give a forbidden subgraph characterization of
split graphs as those graphs with no induced 2K, Cy or C5. Split graphs also have a
degree sequence characterization due to Hammer and Simeone [12] which we present in
Theorem [I4l This latter characterization implies that split graphs can be recognized
in linear time.

Blazsik et al. [3] consider the class of graphs that do not contain Cy and 2K, as
induced subgraphs, later referred to as pseudo-split graphs [13]. They show that like
split graphs, pseudo-split graphs can be defined in terms of vertex sets partitions. In
particular, a graph G is a pseudo-split graph if and only if V(G) can be partitioned
into three parts so that (i) first part is either empty or induces a 5-cycle, the second
part a clique, the third part a stable set and (ii) whenever the first part is a 5-cycle,
every vertex in the first part is adjacent to every vertex in the second part but there
are no edges between the first part and the third part. Interestingly, Blazsik et al.
also note that pseudo-split graphs are almost extremal in terms of the Nordhaus-
Gaddum inequality because for any such graph G, x(G) + x(G) > |V(G)]. In the
process of proving this result, they show that if G contains an induced 5-cycle then
X(G) + x(G) > |[V(G)] + 1 and thus G is an NG-graph.

The next result follows from Theorem [2 and the characterization of pseudo-split
graphs discussed above. In particular, a graph is an NG-3 graph if and only if it is a
pseudo-split graph containing an induced 5-cycle.

Remark 4. A graph is a pseudo-split graph if and only if it is a split graph or an
NG-3 graph.



Proposition 5. Let G be an NG-graph. Then G is a split graph if and only if G €
NG-1UNG-2).

Proof. By definition, NG-3 graphs contain an induced Cj, hence are not split graphs.
Now suppose G € (NG-1 U NG-2) and let its ABC-partition be V(G) = AUBUZC.
IfGeNG-1,let K = AUB and S = C and otherwise, G € NG-2, and we let K = B
and S = AUC. In either case, using Theorem 2 we get a partition of V(G) into a
clique K and a stable set S, so G is a split graph. O

Not all split graphs are NG-graphs. Indeed, the relationship between these classes,
as well as the results in Remark [4] and Proposition [Bl, are shown in Figure 2. We will
define the classes of balanced and unbalanced split graphs in the next section.

Building on the work of Blazsik et al. [3], Maffray and Preissmann [I3] present
a degree sequence characterization for NG-3 graphs. They combine this with the
similar characterization for split graphs to get a linear-time recognition algorithm for
pseudo-split graphs. We will discuss similar algorithms for NG-graphs in Section 3.

Finally, we note that Theorem [ is very much related to the notion of graph
decomposition that was studied systematically by Tyshchevich [I7]. A graph is said
to be decomposable if its vertex set can be partitioned into three parts A, B and C
so that A # () and B U C # () and conditions (ii) to (v) of Theorem [2 are satisfied.
Thus, every NG-graph is decomposable except when it is a single vertex or a 5-cycle.
Chvatal and Hammer [5], Blazik et al. [3] and Barrus [Il, 2] also characterized various
graph classes in terms of their decompositions.

Our main objective is to explore the connections between NG-graphs and split
graphs. In Section 2, we study split graphs through the lens of NG-graphs. In
particular, we determine which split graphs are NG-graphs and show how their ABC-
partitions relate to their clique-stable set partitions. In Section 3, we do the opposite
and consider NG-graphs through the lens of split graphs. We provide degree char-
acterizations for NG-1 and NG-2 graphs that are quite similar to the one for split
graphs. We also present a degree characterization of NG-3 graphs that is equivalent
to the one in [13]. These results show that, like split graphs and pseudo-split graphs,
NG-graphs have a linear-time recognition algorithm. In Section 4 we present various
kinds of bijections including those between subclasses of NG-graphs and subclasses of
split graphs. Finally, in Section 5, we take advantage of these bijections and present
formulas for the number of graphs on n vertices in each of the graph classes we stud-
ied. Our work comparing NG-graphs to split graphs leads to a theorem only about
split graphs: that for n > 1, the number of unbalanced split graphs on n vertices is
equal to the number of split graphs on n — 1 or fewer vertices.
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Figure 2: A partition of the class of pseudo-split graphs into NG-graphs and split
graphs.

2 Split Graphs and NG-graphs

In this section we consider the set S of split graphs and discuss connections to NG-
graphs. A K S-partition of a split graph G is a partition of the vertex set as V(G) =
K U S where K is a clique and S is a stable set. Just as it is helpful to characterize

NG-graphs into the classes NG-1, NG-2 and N'G-3 based on their ABC-partition,
it is also useful to categorize split graphs based on their K S-partitions.

Definition 6. A split graph G is balanced if it has a KS-partition satisfying |K| =
w(G) and |S| = a(G) and unbalanced otherwise. We denote the set of balanced split
graphs by B and the set of unbalanced split graphs by 4. A K S-partition is S-maz
if |S| = (@) and K-maz if |K| = w(G).

Unlike ABC-partitions, K S-partitions of a split graph are not always unique. The
terms balanced and unbalanced in Definition [6l refer to a split graph G while the terms
K-max and S-maz refer to a particular K S-partition of G. The next theorem follows
from the work of Hammer and Simeone [12] and appears in [11]. We include a proof
for completeness.

Theorem 7. (Hammer and Simeone [12]) For any KS-partition of a split graph G,
exactly one of the following holds:

(i) |K| = w(G) and |S| = a(G). (balanced)
(ii) |[K| = w(G) — 1 and |S| = a(G). (unbalanced, S-mazx)
(iii) |K| = w(G) and |S| = a(G) — 1. (unbalanced, K-max)



Moreover, in (ii) there exists s € S so that K U{s} is complete and in (iii) there
exists k € K so that S U{k} is a stable set.

Proof. Partition the vertex set of G as V(G) = K U S where K is a clique and S is
a stable set. If both K and S are maximum size then |K| = w(G) and |[S| = o(G),
resulting in case (i). If K is not maximum size, then w(G) = |K| + 1 because only
one vertex of S can be part of a clique. In this case, there must exist s € S adjacent
to each vertex in K. Then no vertex of K can be added to S to make a larger stable
set, and at most one vertex of K can be in any stable set, so S is maximum size.
Thus |S| = a(G), resulting in case (ii), and moreover, K U{s} is complete. Similarly,
if S is not maximum size, the result is case (iii). O

In Proposition B, we showed which NG-graphs are split graphs. In the next theo-
rem we show which split graphs are NG-graphs.

Theorem 8. The following are equivalent for a split graph G.
(1) G is an NG-graph.

(2) Ge (NG-1UNG-2).

(8) G is unbalanced.

Proof. (1) = (2). Follows directly from Proposition

(2) = (3). For a contradiction, assume G is a balanced split graph and fix a a
K S-partition with |K| = w(G) and |S| = «(G). Since split graphs are perfect,
(@) = w(G) and x(G) = a(G). Thus x(G) + x(G) = w(G) + a(G) = |K| + |5| =
IV(G)| # |V(G)| + 1 and G is not an NG-graph.

(3) = (1). Let G be an unbalanced split graph and fix a K S-partition of G. First
consider the case in which the K S-partition is K-max, thus |K| = w(G) and by
Theorem [7, |S] = a(G) — 1. Again, since split graphs are perfect, so x(G) = w(G)

and x(G) = a(@). Then, x(G) + x(G) =w(GQ) + a(G) = |[K|+ |S|+ 1 =|V(G)| + 1
and G is an NG-graph. The proof for a S-max K S-partition is similar. O

The next remark follows from Proposition 5] and Theorem 8 The Venn diagram in
Figure 2] shows the relationships we have proven about NG-graphs and split graphs.

Remark 9. U = (NG-1 U NG-2), and consequently, pseudo-split graphs are either
NG-graphs or balanced split graphs.



Our knowledge of NG-graphs allows us to refine the Hammer/Simeone conditions
in Theorem [[l In particular, we can characterize all K S-partitions of a split graph
and for split graphs with more than one K S-partition (unbalanced) it is precisely the
vertices in Ag that can be moved between K and S.

Theorem 10. Suppose G is an unbalanced split graph and let V(G) = AU BUC be
its ABC-partition. The K S-partitions of G can be characterized as follows.

o IfG € NG-1, the partitions are
K =AUB, S=C (unique K-maz),
K =(AUB)—{a}, S=CU{a} for anya € A (S-maz).

o If G € NG-2, the partitions are
K =DB,S=AUC (unique S-maz)
K =BU{a}, S=(AUC)—{a} for any a € A (K-maxz).

Proof. Since G is an unbalanced split graph, we know that G is also an NG-graph
by Theorem [8. Indeed, by Proposition Al it is an NG-1 graph or an NG-2 graph. We
will give the argument in the case in which G is an NG-1 graph, that is, G[4] is a
clique. The case in which G is an NG-2 graph is similar.

Let K =AU B and S = C. We claim that |K| = w(G), that is, this is a K-max
partition of G. At most one vertex of stable set C' can be in any clique of G but no
vertex of C' can be added to K because vertices of C' are not adjacent to vertices in
A and A # (. Thus |K| = w(G) as desired and by Theorem [7, |S| = a(G) — 1.

We next show that this is the only K-max partition of G. As before, at most
one vertex of C' can be in a clique, so if there were a different K-max partition, we
would have to move one vertex ¢ € C' from S to the clique K and remove one vertex
from K = AU B to S. Since vertices in C' are not adjacent to vertices in A, we must
remove all vertices in A from K in order to retain a clique, thus |A| = 1. But in
this case, the vertex ¢ and the vertex a € A have the same neighbor set (namely, all
vertices in B) and thus the same degree, violating Definition [Il

Next we characterize the S-max partitions. Take any a € A and let K/ = (AU
B) —{a} and 8" = C U {a}. Thus V(G) = K'US’". We know K’ is a clique and 5’
is a stable set by Theorem 2l Furthermore, |S’| = |S| +1 = a(G) so the partition
V(G) = K'US" is S-max for each a € A. Finally, we show these are the only S-max
partitions of GG. Since AU B is a clique in G, at most one vertex of AU B can be in
any stable set. If a vertex b € B were added to S to form a larger stable set, then
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b would have the same degree (namely |A|+ |B| — 1) as each vertex in A, violating
Definition Il O

The next corollary follows directly from Theorem and allows us to conclude
that there are exactly (|A| + 1) KS-partitions of an unbalanced labeled split graph.
In contrast, there is a unique K S-partition of a balanced split graph as shown in
Proposition

Corollary 11. Suppose G is an unbalanced split graph and let V(G) = AUBUC
be its ABC-partition. Then if we consider G to be a labelled graph, it has either a
unique K-max partition and ezactly |A| distinct S-maz partitions or a unique S-maz
partition and exactly |A| distinct K-max partitions.

Proposition 12. Fach balanced split graph has a unique K.S-partition.

Proof. Let G be a balanced split graph and fix a K S-partition of G with |K| = w(G)
and |S| = a(G). For a contradiction, suppose K'S’ is a different K S-partition of G.
Since K and S are already of maximum size and at most one vertex of S can be in a
clique and at most one vertex of K can be in a stable set, we know K’ = KU{y}—{x}
and S' = SU{z} — {y} for some x € K and y € S. Now K and K’ are cliques but
K U {y} has w(G) + 1 vertices and is not a clique, so zy ¢ E(G). But then z
is not adjacent to any vertex in S, so S U {x} is a stable set of size o(G) + 1, a
contradiction. O

We use the term “unlabeled graphs” in the remainder of the paper to refer to
isomorphism classes of graphs as in [18].

Corollary 13. Fach unlabeled unbalanced split graph has exactly two K S-partitions,
one is K-max and the other is S-maz.

Proof. Let G be an unbalanced split graph. Fix a KS-partition of G. If it is S-max,
then we can move a vertex from S to K, as in the proof of Theorem [, to obtain a
different K S-partition of G which is K-max. Similarly, if it is K-max, we can move
a vertex from K to S to obtain a different K S-partition of G which is S-max.

Now suppose there are two non-isomorphic K-max partitions of G, K151, K3S5.
Thus | K| = | K| = w(G), but K # K. Since at most one vertex of S) = V(G) — K,
can be in a clique, there exists # € S; and y € K; such that Ky = K7 + {z} — {y}.
Thus, N(z) = K; — {z,y} = N(y). Then there is an automorphism of G obtained
by switching vertices x and y and leaving the remaining vertices unchanged. This
contradicts our assumption that K;S; and K55S are not isomorphic. The proof for
two non-isomorphic S-max partitions is similar. O



3 Degree sequence characterizations

We begin with the Hammer and Simeone result showing that split graphs can be
recognized solely from their degree sequences. The proof serves as a foundation for

the proofs of Theorems [17] and 22|

Theorem 14. (Hammer and Simeone, [12]) Let G = (V, E) be a graph with degree
sequence dy > dy > -+ > d,, and let m = max{i : d; > i—1}. Then G is a split graph

if and only if
S odi=mm-1)+ Y d (1)
i=1

i=m+1

Furthermore, if equality holds in (1), then w(G) = m.

Proof. Let V(G) = {vy1,va,...,v,} where deg(v;) = d; for each i. Since d; > 0, the
value m is well-defined. If G = K,, then m = n, G is a split graph, equality () holds
and w(G) = m as desired. Thus we may assume G is not complete, thus d,, < n — 1
and m <n — 1.

First we assume that G satisfies the equality (IJ) in Theorem M4 We let K =
{v1,v9,... vy} and S = {Vpmi1, Uma2, ..., } and will show that K is a clique and
S is a stable set in G. Partition F(G) = E; U Ey U E3 where Ey, = E(G[K]),

By ={xy:z € Ky e S} and B3 = E(G[S]). Then Y d; = 2|Ey| + |E,| and

i=1

Z d; = 2| E5|+|F»|. Using equality () we get 2|E1|+|Es| = m(m—1)+2|E3|+|Es|
i=m+1
or equivalently, |E,| = w + |Es|. Thus |E4| > W But FE; is the edge set of
the graph G[K| with m vertices, thus |F;| < w and we conclude |E;| = w
and |Es| = 0. Thus K is a clique and S a stable set as desired.

Conversely, let G be a split graph and by Theorem [7] we can fix a K-max partition
of G. As before, let E; be the edge set of G[K], Ey be the set of edges with one
endpoint in K and the other in S, and E5 be the edge set of G[S]. Since K is a
clique, deg(v) > |K| — 1 for each v € K and since S is a stable set and K is a
maximum size clique, deg(v) < |K|—1 for each v € S. Thus m = k and without loss

of generality, K = {vi,vs,..., vk} and S = {v|k|11, ViK|12, - - -, Un}. Now Zdi =
i=1

2|Ey| + |Es| = m(m —1) + | Ey| and Z d; = 2|Es| + | E3| = |Es| since K is a clique
i=m+1



and S a stable set. Thus equality holds in (). O

Remark 15. In the proof of Theorem [1]], the partition K = {vi,va,...,0p}, S =
{Vms1, Uma2,s - -, Un } is a K-maz partition of G.

We will see in Examples [I8 and 9 that index m is either the first or last index i
for which d; = m — 1. The next theorem shows that this is true for all split graphs.

Theorem 16. Let G = (V, E) be a graph with degree sequence dy > dy > -+ > d,
and m =max{i : d; >i—1}. If dyy_1 = dyy = dys1 then G is not a split graph.

Proof. For a contradiction, assume G is a split graph. If d,, > m — 1 then by
definition of m we have d,,,; < m — 1 and we contradict d,,, = d,,;1. Otherwise,
dym =m — 1. Let V(G) = {v1,v9,...,v,} where deg(v;) = d; for each i. As in the
proof of Theorem [I4] vertices vy, vs,.. ., v, form a maximum clique K and vertices
Uma1s Umaa, - - -, Up form a stable set S. Since S is a stable set, nbh(v,,41) C K and
|nbh(vmi1)| = dimas1 = m — 1 so v,,11 must be adjacent to m — 1 vertices of K. Thus
Umg1 18 adjacent to at least one of v,,,v,,_1. But vertices v,, and v,,_; each have
degree m — 1 and each already has m — 1 neighbors in K, a contradiction. O

In Theorems [I7 and 2], we characterize the graphs in N'G-1, N'G-2, and N'G-3 by
their degree sequences.

Theorem 17. Let G = (V, E) be a graph with degree sequence dy > dy > --- > d,
and m = max{i: d; >i—1}. Then G €(NG-1), if and only if it satisfies

(1) 22y di=m(m—=1)+3 0, di, and

(2) d,, =m—1 and m is the largest index for which d; =m — 1.

Similarly, G €(NG-2), if and only if it satisfies (1) and
(2") d, = m — 1 and m is the smallest index i for which d; = m — 1.

Proof. Let V(GQ) = {vy,v9,...,v,} where deg(v;) = d; and let AU B U C be the
ABC-partition of G First, we show that in both directions of the proof, G must be
a split graph. If G € (NG-1 U NG-2), then G is a split graph by Proposition [l
Conversely, if G satisfies (1), it is a split graph by Theorem [[4l Split graphs are
perfect, so x(G) = w(G).

Let K = {v1,v2,...,v,} and S = {1, Uma2, ..., 0} . By Theorem [I4 and
Remark [I5, we know K is a clique, S is a stable set and KS is a K-max partition of
G. Thus w(G) = |K| = m and x(G) = m.
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For the forward direction, assume G € (NG-1 U NG-2). Then G is an unbalanced
split graph by Theorem [§ and thus satisfies (1) of Theorem [[4l It remains to show
that G € NG-1 implies (2) and G € NG-2 implies (2').

First assume G € N'G-1. Then by Theorem [IT0, the partition K = AUB, S = C'is
the unique K-max partition of G. Since A # () for NG-graphs and v,,, has the smallest
degree among vertices in K, we know that v,, € A and thus d,,, = x(G) — 1 =m — 1.
Moreover, v,,.1 € C, thus by Definition [l d,,+1 < x(G) — 1 =m — 1, proving (2).

Now assume G' € N'G-2. Then by Theorem [I0, any K-max partition of G' has
the foorm K = BU{a}, S = (AUC) — {a} for some a € A. By Definition [I]
deg(a) = x(G) =1 = m — 1 and deg(b) > m — 1 for all b € B. Hence a is the
unique vertex of smallest degree in K. Thus, v,, = a, and deg(v,,) = m — 1 and
deg(vpm—1) > m — 1, proving (2).

Conversely, assume (1) holds. Since x(G) = m, A is the set of vertices of degree
m — 1 in G. By Theorem [I6] m is either the largest index for which d; = m — 1 or
the smallest (or both).

In the first instance, where (2) holds, each of the vertices in S has degree at most
m—2and m —2 < x(G) — 1. Hence C' = S and AU B = K. Each vertex in A is
adjacent to the other m — 1 vertices in K, thus is not adjacent to any vertex in C,
which proves that G € NG-1.

In the second instance, where (2) holds, each of the vertices vy, vs, ..., v;,_1 has
degree at least m and m > x(G) —1. Thus B = {vy, vy, ...,v,,_1} and B is contained
in the clique K. Since K is a clique and deg(v,,) = m — 1, vertex v, is adjacent to
each of the vertices in B and thus to no vertices in S. Each v € S with deg(v) = m—1
is likewise adjacent to each vertex in B. Hence AUC = S U {v,,} and is a stable set.
Thus, G € NG-2. O

The next two examples illustrate Theorem [I7

Example 18. Let Gy be the NG-1 graph whose ABC-partition is A = {vy, vs,v6},
B = {v1,v9,v3} and C = {v7,vs,v9,v10}, and where the edge set between B and C
is By = {v1v7, 0108, V109, VaU7, UaUg, U3U19}. The table below shows the verter degrees
d; = deg(v;). Then m = 6 and as in Theorem[I7, 6 is the largest index i for which

l 12 8 4 5 67 8 9 10
d |8 7 6 5 5 5|2 2 1 1
=110 1 2 8 4 516 7 8 9
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Example 19. Let Gy be the NG-2 graph formed by removing the 3 edges from G
between vertices in A. Again, the table below shows the vertexr degrees. Now m = 4
and indeed, i = 4 is the smallest index i for which d; = m — 1.

l 12 3 415 6 7 8 9 10
d |8 7 6 313 3 2 2 1 1
1—110 1 2 38|14 65 6 7 8 9

The next corollary follows directly from Theorems [I4] [16] and [I7
Corollary 20. G € (NG-1UNG-2) iff G satisfies (1) of Theorem[I7 and d,,, = m—1.

The following characterization of the class of balanced split graphs follows imme-
diately from Theorem [I4] and Corollary 20. Observe that Corollary 21l does not make
any reference to NG-graphs.

Corollary 21. Let G = (V, E) be a graph with degree sequence dy > dy > -+ > d,
and m = max{i : d; > i — 1}. Then G is a balanced split graph if and only if it
satisfies

(i) 222y di=m(m —1)+ 3, di
(ii) dy, >m — 1.

In the next theorem, we characterize the class N'G-3 by degree sequences. In this
instance, i is the middle index of five in which d; = m — 1. An equivalent result
appears in [13].

Theorem 22. Let G = (V, E) be a graph with degree sequence dy > dy > -+ > d,
and let m = max{i : d; > i —1}. Then G €(NG-3), if and only if the following
conditions hold:

(i) it d, = (m+2)(m+1)— 10+ >0 .d

(ii) di=m —1if and only if m —2 <i < m+2

12



Proof. Let V(G) = {v1,v9,...,v,} where deg(v;) = d;. First we suppose that G
satisfies the two conditions and show G is an NG-3 graph. Partition V(G) into sets
B, A, C as follows and let X = AU B:

B = {Ul, Vo, ... ,’Um_g},

A = {Vm—2,Vm—1, Vs Umi1, Ums2},

C = {Ums3, Umady -, Up}-

We will show that this is the ABC-partition of GG. Partition the edge set of G as
E, U Ey U E5 where Ej is the edge set of G[X], Fj is the edge set of G[C] and Ej is
the set of edges in G with one endpoint in X and the other in C'. Summing vertex
degrees in X and in C' we get

m+2 n
Y di=2|Ei| +|Es| and Y di = 2|Es| + | By,

Using condition (i) in the hypothesis, we get

or equivalently,
2|Ey| = (m+2)(m+1)— 10+ 2|Es]. (2)

Since |X| = m + 2, each vertex in X has degree in G[X] of at most m + 1, and by
condition (ii), the five vertices in A have degree m — 1 in G, thus their degree is at
most m — 1 in G[X]. So summing degrees of vertices in the induced graph G[X] we
get

m—+2

2|E,| = Zdegg[)q(vi)
i=1

< Bm—1)+ (m—=3)(m+1) = 5(m+1) = 10+ (m — 3)(m + 1)
= (m+2)(m+1)—10.

Combining this with equation (2) we get |E3| = 0 and conclude that C' is a stable
set. Now using |Es| = 0 in (@) we get [E1| = ("}?) — 5, so G[X] is a complete graph
on m + 2 vertices with five edges removed.

However, G[X] contains five vertices of degree m — 1, namely those in A. Thus
each vertex in A must be incident to exactly two of the removed edges, and the set of
removed edges forms a 5-cycle. The edges remaining in G[A] also form a 5-cycle (since
Cs = C5). Thus G[X] consists of a clique G[B] ~ K,,_3, a 5-cycle G[A] and all edges
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between them. We have already verified conditions (i) — (iv) of Theorem 21 Since
G[A] is a 5-cycle, any largest clique in G[X] consists of the vertices in B together
with two adjacent vertices of A, thus w(G) > w(G[X]) = m — 1. Each vertex in A
has degree m — 1 in G with m — 3 neighbors in G[B] and 2 neighbors in G[A], thus
vertices in A are not adjacent to any vertices of C, proving (v). This also means that
vertices in C' have degree at most |B| = m — 3 and thus cannot participate in a clique
of size m, hence w(G) =m — 1.

However, x(G) > m since the 5-cycle G[A] requires three colors and an additional
m — 3 colors are needed for the clique G[B]. This coloring can be extended to all of
V(G) by assigning a color used in A to all vertices of C. Thus x(G) = m, the vertices
in A have degree m — 1, vertices in B have degree greater than m — 1 and vertices
in C' have degree less than m — 1, so the partition V(G) = AU BUC is in fact an
ABC-partition of G. By Theorem 2| G is an NG-graph and because G[A] is a 5-cycle,
it is an NG-3 graph.

Conversely, suppose G is an NG-3 graph, so its ABC-partition satisfies the con-
ditions of Theorem 2] with G[A] a 5-cycle. By the definition of an ABC-partition,
vertices in B have degree greater than vertices in A which in turn have degree greater
than those in C. Thus B = {vi,vs,...,vp}, A = {VBj41,VBl+2,- - -, VBl4+5}, and
C = {v|B|+6, - - -, Un}. By the structure of NG-3 graphs, each vertex in A has degree
2+ |B|, thus deg(vip4+3) > |B| 4 2 but deg(v|pj+4) < |B| + 3 and hence m = |B| + 3.
Therefore,

B = {Ul, Vo, ... ,’Um_g},

A= {Um—2> Um—1; Umy Um+1, Um+2}a

C = {Um+3, Um+4y - - - ,Un}.

Vertices in A have degree 2+ |B| = m —1 and these are the only vertices of degree
m — 1 by definition of the ABC-partition. Thus the second condition in Theorem
holds. Vertices in C' can only have neighbors in B, thus deg(c) < |B| = m — 3 and
we conclude that d; = m — 1 if and only if m — 2 <7 < m + 2, which is the second
condition of Proposition

Finally, let E; be the edge set of G[A U B] and E; be the set of edges in G with
one endpoint in B and the other in C. Since G[A U B] is a clique with a 5-cycle
removed we have,

m+2
> di=2|E| + |Eyf = (m+2)(m+1) — 10+ | Ey|.
i=1

Also, because C'is a stable set and there are no edges between A and C, > 3di =
| E|. Combining these gives the first condition in Proposition O
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Example 23. Let G3 be the NG-8 graph formed from G in Example[18 by expanding
A to be a 5-cycle. Thus, m = 6 which is the middle index of the 5 vertices of degree
dy = 5.

l 1 2 358 4 65 6 7 8 9 10 11 12
di |10 9 8 5 5 5 5 5 2 2 1 1
=110 1 2 8 4 5 6 7 8 9 10 11

We know that split graphs are not NG-3 graphs by Proposition Theorem
shows that the second condition of Theorem is never satisfied for a split graph.
The following example shows that it is possible for a split graph to satisfy the first
condition of Theorem 22|

Example 24. Let G be the split graph with KS partition K = {vy,v9,v3}, S =
{v4,v5,v6} and E(G) = E(K) U {vvs,v9vs}. The vertex degrees are: dy = 3,dy =
3,d3=2,dy=1,d5 =1,ds =0, so m = 3. Notice that the first condition in Theorem
18 satisfied, but the second is not.

Finally, since sorting the degrees of the vertices of a graph can be done in linear
time using stable sort, Theorems [I7 and 22] imply the next corollary.

Corollary 25. Given a graph G, determining if G is an NG-1, NG-2 or an NG-3
graph can be done in linear time.

4 Bijections

Throughout this section we are considering unlabeled graphs. Definition 3 divides the
set of NG-graphs into three categories: N'G-1, N'G-2, and N'G-3, according to whether
the set A of the ABC-partition induces a clique, a stable set or a 5-cycle. The first
two categories overlap in the case where |A| = 1. By removing this intersection as
a separate class, we can partition the set of NG-graphs into four classes: (NG-1 —
NG-2), (NG-2 — NG-1), (NG-1 N NG-2) and NG-3. Recall that we also divide
split graphs (S) into balanced (B) and unbalanced (U). Let (T )<, be the set of split
graphs on n or fewer vertices and recall that (C), denotes the set of graphs with n
vertices in a class C.

In this section we provide bijections between classes of NG-graphs and classes of
split graphs. In Section [B we use these results to count the number of graphs in
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each class. Table [I] summarizes the bijection results in this section and Theorem
records the locations of each of the proofs. The proofs are organized by the type of
bijection used.

Theorem 26. There is a bijection between any two classes of graphs that appear in
the same row of Table 1.

Proof. The bijections between the classes of graphs in row (a) appear in Theorem 28|
The bijection between (iv) and (iv’) in the proof of Theorem 2§ gives the bijection
between the classes in row (b). Complementation provides a bijection between (NG-1
— NG-2),, and (NG-2 — NG-1),, in row (c). A bijection beween (NG-1 — NG-2),
and (U),_1 in row (c) is obtained by combining Remark @ with the bijection given in
the proof of Theorem 2§ between the union of classes (i), (ii) and (iii) and the union
of classes (i’), (ii’) and (iii’). For row (d), Theorem 29 provides a bijection between

(NG-3),, and (U),,_4. The remaining bijections appear in Theorem O
(a) | (NG-1), (NVG-2), (S)n-1
(b) | NG-1 N NG-2),, | (B),:
(c) | NG-1 = NG-2)n | (NG-2 = NG-1) | U)n-1 | (T)<n—
(d) | (NG-3)n (U)n—s (T)<n—s

Table 1: There are bijections between all classes in the same row.

We begin with a lemma that identifies the type of K S-partition that results from
removing Ag from an NG-graph G.

Lemma 27. Let G be an NG-graph and V(G) = AUBUC be its ABC-partition. Then
G — A is a split graph and has a KS-partition with K = B and S = C. Moreover,

1. if G € NG-1 then KS is S-maz, and

2. if G € NG-2 then KS is K-max.

Proof. 1t is immediate that G — A is a split graph and that K = B, S = C constitutes
a K S-partition of G — A. In the ABC-partition of an NG-1 graph G, every vertex
in B has degree greater than every vertex in A so each vertex in B has a neighbor
in C. Thus in our KS partition of G — A, no vertex in K can be moved to S.
Hence, a(G — A) = |S| = |C|. Similarly, in the ABC-partition of an NG-2 graph
G, every vertex in C' has degree less than any vertex in A, so every vertex of C has

a non-neighbor in B. Hence in G — A, no vertex in S can be moved to K. Thus,
w(G—-A)=|K|=|B| O
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For an NG-graph G, let Cf, be the set of vertices in C; whose neighbor set is all of
Bg. In the proof of Theorem 2§ we obtain our bijections by removing a single vertex
from Ag.

Theorem 28. For n > 1, there are bijections between the following three classes:

(NG-1)n, (NG-2), and (S),_1.

Proof. Taking graph complements provides a bijection between the classes (NG-1),
and (NG-2),, so it remains to show there exists a bijection between (N G-1), and
(S)n—l'

For G € (NG-1),, choose any w € Ag and let f(G) = G —w. We will show that
f is our desired bijection. Indeed, we will do more. Partition the set of graphs in
(NG-1), into four classes: (i) those G with |Ag| > 3, (ii) those G with |Ag| = 2 and
Ct, = 0, (iii) those G with |Ag| = 2 and Cf, # 0 and (iv) those G with |Ag| = 1.
Likewise, partition the set of graphs in (S),_; into four classes: (i) (NG-1 — N G-
2)n_1, (i) WG-1 N NG-2),,_4, (iil") (NG-2 — NG-1),_; and (iv’) (B),—1. We will
show that f is a bijection between each of (i), (ii), (iii) and (iv) and its corresponding
class (i%), (ii’), (iii"), (iv’).

Let G € NG-1,, and let A = Ag, B = Bg, C = Cg and C" = Cf, so G[A] is a
clique. Then x(G) = |A| 4 |B| so each a € A has degg(a) = |A|+|B|—1,each b € B
has degg(b) > |A| +|B| — 1, and each ¢ € C has degg(c) < |A| + |B| — 1. The graph
G —w has x(G—w) = |A|+|B| —1. Each a € A—w has degg_.,(a) = degg(a) —1 =
|A|+|B|—2, thus a € Ag_.,. Each b € B has degg—.,(b) = degp(b) —1 > |A|+|B|—2
thus b € Bg_,,. However, each ¢ € C has degg—_,(c) = dege(c), so some vertices in C'
may be part of Ag_,,. We consider the cases mentioned above.

Case (i): |Ag| > 3. In this case, each ¢ € C has degg_(c) = dega(c) < |B| <
|A| + |B| — 2 = x(G — w) — 1, thus ¢ € Cg_,. The ABC-partition of G — w satisfies
the five conditions of Theorem 2, Ag_,, induces a clique, and |Ag_,| > 2, thus G—w €
(NG-1 — NG-2),,_1.

Cases (ii) and (iii): |Ag| = 2. In this case, AU C" — w forms a stable set and
each vertex in A U ¢ — w has neighbor set B. Then for any ¢ € C’ we have
dego—w(d) = |Bl = (|JA| = 1)+ |B| -1 =x(G—w) —1s0 Ag_, = AUC" — w,
Bag_w = Bg, Ca_, = C—C". The ABC-partition of G —w satisfies the five conditions
of Theorem 2, Ag_,, induces a stable set, thus G —w € (NG-2),,_1. If C;, = () (case
(i1)) then |Ag_| =1 and G —w € (NG-1 N NG-2),,_1. If Cf, # ( (case (iii)) then
|Ag—w| > 2 and G —w € (NG-2 — NG-1),,_1.

Case (iv): |A| = 1. By Lemma 27, G — A is a split graph on n — 1 vertices with a
K S-partition that is both K-max and S-max. By Definition [6] the graph G — A is a
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balanced split graph, thus G — A € (B),,_1.
Next, we show the map f is onto by defining its inverse, g. Take any H € (S),_1.

Case (i’): H € (NG-1 — NG-2),,_1. Thus |Ay| > 2 and Ay induces a clique. Add
a vertex w to H that is adjacent to every vertex in Ay U By to get H 4+ w and define
g(H)=H+ w.

Then x(H) = |Au| + | Byl so each a € Ay has degy(a) = |Au|+ |Bu| — 1, each

b € By has degy(b) > |Ag|+|By|—1, and each ¢ € Cy has degy(c) < |Ag|+|Bg|—1.
The graph H + w has x(H + w) = |Ag|+ |Bu| + 1. Each a € Ay U {w} has
degpyw(a) = |Ag|+ |Bg| thus a € Ag,,,. Each b € By has degpy1.,(b) = degp(b) + 1
thus b € Byy,. Each ¢ € Cy has degyy,(c) = degy(c) thus ¢ € Cyyy. The ABC-
partition of H + w satisfies the five conditions of Theorem 2, Ay, induces a clique
and |Apip| > 3, thus H +w € (NG-1 — NG-2),,_; (case i).
Cases (ii’) and (iii’): H € (NG-2),_1. In this case, Ay is a stable set. Let = be a
vertex in Ag. Now x(H) = |By|+ 1. Each a € Ay has degg(a) = x(H) — 1 = |Bg],
each b € By has degy(b) > x(H) — 1 = |Bpy|, and each ¢ € Cy has degu(c) <
X(H) —1 = |By|. Add a vertex w to H that is adjacent to = and all of By to get
H+wand let g(H) = H+w. Then x(H +w) = x(H)+ 1 = |Bg| + 2. The vertices
x and w have degy (7)) = deggiw(w) = |By| + 1, thus z,w € Ayy,. Each b € By
has degpw(b) = degy(b) +1 > |Bg| + 1, thus b € Byy,. Each c € Ay UCy — {z}
has degpw(c) < |Bu| < x(H +w) — 1, thus ¢ € Cg,. The ABC-partition of H 4+ w
satisfies the five conditions of Theorem 2 Ag., induces a clique and |Agy .| = 2,
thus H + w € (NG-1),, with |A| = 2 (cases ii and iii).

Indeed, if H € (NG-1 N NG-2) (case ii’) then Ay = {x} and no vertices in H +w

have degree |By|. But |By| = |Bgiwl|, so no vertices in H+w have degree | By 1,,| and
Clitw = 0 (caseii). Finally, if H € (NG-2 — N G-1) (case iii’) then |Ay| > 2 and there
exists at least one vertex y € Ay —{z}. Then degy(y) = degn+w(y) = |Bu| = |Br+w
soy € Chy, and Chp,, # 0 (case iii).
Case (iv’): H € (B),-1. In this case, H has a unique K S-partition by Proposi-
tion [I2 such that |K| =w(H) = x(H) and |S| = a(H). Add a vertex w to H that is
adjacent to each vertex in K and let g(H) = H +w. Then x(H + w) = |K|+ 1 and
deg(w) = |K| = x(H +w) — 1. Each x € K has a neighbor in S since |S| = a(H),
thus degpio(x) > |K| = x(H + w) — 1. Similarly, each y € S has a non-neighbor in
K since |K| = w(H), thus degyiw(y) < |K| = x(H +w) — 1. The ABC-partition of
H+wis A={w}, B= K, C = S and this satisfies the five conditions of Theorem 2]
with [Agiw| =1, thus H +w € (NG-1),, with |A| =1 (case iv).
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It is not hard to see that the function g is the inverse to f, thus we have described
a bijection between (N'G-1),, and (S),_1. O

Theorem 29. There is a bijection between (NG-3), and (U),_4.

Proof. We will demonstrate a bijection between (NG-3), and (NG-1 — NG-2),,_3.
Then the desired bijection follows because we have already established bijections
between the first three classes in row (¢) of Table [l Let G € (NG-3), and let
V(G) = AU B UC be its ABC-partition. Then G[A] = C5, by definition. Let
ai,ay € A such that {ai,as} is an edge in G[A], and define the map f by f(G) =
Gl{a1,a2} U BUC]. The graph f(G) has n — 3 vertices and is a split graph with
K S-partition K = {ay,a2} U B and S = C. Since the neighborhood of a; does not
include any vertices in C', then another K S-partition is K’ = B and S = C' U {a,}.
By Proposition 12 f(G) is an unbalanced split graph, hence f(G) € (NG-1 U NG-2).
Note that w(f(G)) = x(f(G)) = 2+ |Bg|. The vertices in f(G) that have degree
1+ |Bg| include a; and as, and also any vertices in Bg that have no neighbors in Cg.
Hence f(G) € (NG-1 — NG-2),,_3

Now let H € (NG-1 — NG-2),,_3 with ABC-partition Az U By U Cy and let
ay,as € Ay. We define the map g as follows: ¢g(H) is obtained by adding three vertices
Y1, Yo, Y3 to H so that H[{a1, az,y1,y2,y3}] is a 5-cycle and adding all edges between
Y1, Y2, y3 and Ay —{a1, a2 }UBy. Then x(g(H)) = 3+|Ay|—2+|Bu| = |Au|+|Bu|+1.
Each of ay,as,y1,y2,ys has 2 neighbors in the 5-cycle and |Ay| — 2 + |Bgy| other
neighbors, so these five vertices are in Agg). The vertices in Ay — {a1, a2} U By form
a clique and each has at least 5+ |Ay| — 3 + |By| = 2 + |Ay| + | Bu| neighbors, so
these vertices are in Byy). Finally, the vertices in Cy form a stable set and each
has at most |By| neighbors, so these vertices are in Cyy. Hence the ABC-partition
of g(H) is Ag(H) = {al,a2,y1,y2,y3},Bg(H) = AH - {al,ag} U BH, and Cg(H) = CH,
and g(H) € (NG-3),. It is straightforward to check that g is the inverse function of
f. O

For an NG-graph G, let B, be the set of vertices in B¢ that have no neighbors in
Cg. In the proof of Theorem B0, we obtain our bijections by removing Ag in part (1)
and Ag U B, in part (2). In both cases, the result is a split graph on n — 2 or fewer
vertices. This motivates our defining (7)<, to be the set of split graphs on n or fewer
vertices and defining |(S)o| = |(T)<o| = 1. Then by definition, (S), = (U), U (B),
and (T)Sn = (8)0 U (8)1 U (8)2 J---u (S)n

Theorem 30. Let G be an unlabeled NG-graph on n vertices. Then there are bijec-
tions between the following pairs of sets:
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1. (NG-1—NG-2), and (T)<pn—2.
2. (NG-3), and (T)<p—s.

Proof. Let G be an NG-graph on n vertices and let AU B U C be its ABC-partition.

Proof of (1): Let G € (NG-1 — NG-2),,. By definition of an NG—1 graph, deg(b) >
deg(a) for any a € A,b € B, and hence every b € B has a neighbor in C. Define f :
(NG-1 — NG-2),, = (T)<n—2 by f(G) = G[BUC]. We will show f is our desired
bijection. Since |A| > 2, the graph G[B U C] has at most n — 2 vertices, and by
Lemma 27, it is a split graph, thus G[B U C| € (T )<n—2. Since every b € B has a
neighbor in C, the K S-partition K = B, S = C' is an S-max partition of G[B U (.

Let H € (T)<p—2. By Theorem [, we may choose a K S-partition of H that is
S-max. Hence every b € K has a neighbor in S (otherwise b could be added to S).
Define ¢ : (T)<p—2 = (NG-1 — NG-2),, by g(H) = G where G is the graph formed
from H by adding a clique A of n — |V(H)| new vertices and joining every vertex in
A to every vertex in K. Note that G has n vertices, and G is an split graph with
K S-partition K’ = AU K and S. For a € A, the sets K’ — {a} and S U {a} provide
another K S-partition of GG, so GG is an unbalanced split graph by Proposition 12

Thus G € (NG-1 U NG-2),, by Theorem Bl Since x(G) = w(G) = |A| + | K|, the
ABC-partition of G is AU K U S and G € (NG-1 — NG-2),, because A is a clique
and |A| > 2. It is straightforward to check that g is the inverse function of f.

Proof of (2): Let G € (NG-3),. Define f : (NG-3), — (T)<n_s by f(G) =
G[(B — B") U C]. We will show f is our desired bijection. Since |A| = 5, the graph
f(G) has at most n—5 vertices, and it is a split graph with K S-partition K = B—B’,
S =C. Thus f(G) € (T)<p—5. Furthermore, since every b € B — B’ has a neighbor
in C, the KS-partition K = B — B’, S = C'is an S-max partition of f(G).

Let H € (T)<p—5. By Theorem [, we may choose a K S-partition of H that is
S-max. Hence every b € K has a neighbor in S. Define ¢ : (T )<n—5 — (NG-3),, by
g(H) = G where G is the graph formed from H by adding a set D of n — |V (H)| new
vertices such that G[D] is a clique minus the edges of a 5-cycle, and every vertex in D
is adjacent to every vertex in K but to no vertices in S. Note that G has n vertices,
and x(G) = |D| — 2 + | K| since the vertices in D in the 5-cycle may be colored with
3 instead of 5 colors. Five vertices in D have degree |D| — 3 + | K| and the rest have
degree |D| — 1+ |K|. For all b € K, degs(b) > |D|+ |K| — 1 and for all ¢ € S,
deg(c) < |K|. Thus in the ABC-partition of G, A is the set of five vertices in D that
induce a 5-cycle, B = (D —A)UK and C = S. It follows from Definition Bl that G €
(NG-3),, and it is straightforward to check that g is the inverse function of f. O
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In the proof of Theorem we used a more complicated bijection in part (2)
because the function f(G) = G[B U C] is not injective when applied to graphs in
(NG-3),,. This is illustrated in Example B1l

Example 31. Let G be the NG-3 graph where Ag = {a1,as,as3,a4,a5}, Bg =
{b1,b2,b3}, Cq = {c1,c2} and bic; is the only edge between Bg and Cg. Note that
X(G) = 6, the vertices in Ag have degree 5, those in Bg have degree greater than 5,
and those in Cg have degree less than 5, as needed. The graph G — Ag consists of
a triangle (with vertices by, b, b3), an edge between b; and ¢; and an isolated vertex
(02).

Now let H be the NG-3 graph where again Ay = {a4, as, a3, as, a5}, By = {b1, b2},
Cy = {c1,02,c3} and the edge set between By and Cy is {bic1,bics, becs}. Now
X(G) = 5, the vertices in Ay have degree 4, those in By have degree greater than 4,
and those in C'y have degree less than 4, as needed. The graph H — Ay consists of
a triangle (with vertices by, bo, c3), an edge between b; and ¢; and an isolated vertex
(co). Thus G and H are not isomorphic, yet G — Ag and H — Ay are isomorphic.

Theorem [26] includes a bijection between the classes (U),—4 and (7 )<,—5, which
implies that |(U),| = [(T)<n—1|. We provide a second proof of this equality using
the classic presentation of split graphs found in [I1] and this second proof does not
rely on NG-graphs. Let (U)X be the set of triples (G, Kg, Sg) where G is an un-
labeled, unbalanced split graph on n vertices, and KsSg is a KS-partition that is
K-max. Similarly, define (/)% where the KS-partition K¢Sg is S-max. Recall from
Proposition [I2 that balanced split graphs have a unique KS-partition, so we may de-
fine (B)ES to be the set of triples (G, K¢, Sg) of balanced split graphs on n vertices
together with their unique KS-partition.

Theorem 32. There is a bijection between (U)X and (U)K |, U (U)S_, U BES,, and
[@)nl = [(T)<n1l

Proof. Let (G, Kg,Sg) € (U)E , U U)S_, U BES. Create a new graph H consisting
of G together with a new vertex w that is adjacent to every vertex in Kg. Then H
is a split graph and the sets K = Kg U {w} and S = S form a KS-partition of H.
Further, H is an unbalanced split graph because w is not adjacent to any vertex in S,
hence K' = Kg, S' = Sg U {w} is another KS-partition of H. Thus, KS is a K-max
partition of H. Define ¢ : (U)K | U ()Y, U BES — (U)E by ¢(G) = H.

We next show that ¢ is a reversible map. Take any (H, Ky, Sg) € (U)X. By
Theorem [7, there exists w € Ky so that Ky — {w} is complete and Sy U {w} is a
stable set. Let ¢(H) = H — w. Note that ¢(H) is the same unlabeled graph for any
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possible choice of w. Then H —w is a split graph on n—1 vertices and K = Ky —{w},
S = Sy is a KS-partition of H — w. Therefore, ¢ reverses the operation of ¢.
Finally, we prove |(U),| = [(T)<n_1]. The sets (U)E_,, (U)5_,, and BES are dis-
joint by definition, so [(U)E| = |(U)E_|+|(U)5_,|+|BES|. We know from Corollary [[3]
that every unbalanced split graph has exactly two non-isomorphic KS-partitions, one
K-max and the other S-max, thus |(U),| = |(U)E| = |(U)7|. Balanced split graphs

have a unique KS-partition (Proposition [2) thus |(B),| = [(B)%%|. Thus

(@] = @) | = W]+ U7+ B2 = 2| (U)o | + ()
[@U)nl = [U)na] + |(S)n-al.

Since [(T)<n-1| = |(T)<n-2| + [(S)n-1], and |U| = 1 = |Ty]|, we see that |(U),| and
|(7T) <n—1]| satisfy the same recurrence and initial condition and therefore are equal. [

5 Counting

In this section we use the bijections from Section (] to calculate the size of classes of
split graphs, NG-graphs and pseudo-split graphs. In [6], Clarke gives an expression
for the number of minimal k-covers of a set of n indistinguishable objects. Royle
[15] then describes a bijection between such k-covers and the set of split graphs on
n vertices with exactly k maximal cliques that each contain a vertex in none of the
other maximal cliques. Summing over k£ from 1 to n, Royle obtains a formula for
|(S)n|, the number of split graphs on n vertices. Unfortunately, the formula is quite
complicated.

Our bijections from Section [ allow us to calculate the number of balanced and
unbalanced split graphs, all categories of NG-graphs and pseudo-split graphs solely in
terms of the number of split graphs. Let (PS),, denote the set of pseudo-split graphs
on n vertices. The corollary below describes the exact formulas.

Corollary 33. The following equalities hold for each n > 1.
(1) |U)a] = 3750 1(S)))]
(2) |(B)a] = 1(S)al = X155 1(S))]
(3) IING-1)ln = [(NG-2)ln = |(S)n—1]
(4) |ING-3)ln = 3755 1(S)]
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(5) ING)ul = 3020 (S + 3205 1(S))]
(6) |(PS)al = [(S)al + 305 1(S:)]

Proof. The formulas in (1), (3) and (4) follow directly from the bijections in Sec-
tion @ To prove (2), we use (1) and the fact that a split graph is either balanced or
unbalanced, and to prove (5) we apply (1) and (4) and Remark [@ Finally, to prove
(6), we use Remark [4] and apply the formula from (4). O

Recall that |(T)<,| = D> ;o (Si)|. In Table[2] we make use of the values computed
by Royle [15] for |(S),| and the formulas in Corollary 33 to determine the values for
(T <nls |U)nl, |(B)al, (NG),| and |(PS),| for n = 0,...,11. The table in [I5]
shows rapid growth in the number of split graphs. Royle does not divide split graphs
into balanced and unbalanced as we do. Table [3] shows the ratio of the number of
balanced split graphs to the number of split graphs on n vertices, indicating that the
rapid growth in the number of split graphs comes from the balanced category. We
conjecture that this ratio approaches 1 as n goes to infinity. We now show why this
may be the case.

Theorem 34. If lim,,o $Stl 5 0 then lim, o (82 — 1.

Proof. From Tabled |(U).| = |(T)<n-1|, hence |(U),| — |(U)pn-1| = |(S)n-1]. Thus,
|(B)n] = |(B)n-1] = ([(S)n] = [@)a]) = ([(S)n-1] = [(U)n-1])

= (‘(S>n‘ - ‘(S)n—l‘) - (‘(u)n‘ - ‘(u)n—lD = ‘(S)n‘ - 2‘(S>n—1|
Thus, by the hypothesis and the Sandwich Theorem,

B A 1 Bla] 1)l = 20(8)
L2 S~ [®) N T
(1S
! 2(\(8»4) !
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| n JoJ1]2]3] 4] 5] 6] 7] 8] 9 | 10 | 11 |

1(S),] T11L1]2]4] 92156 164] 557 | 2,223 | 10,766 | 64,956
(Tzn] 1214817 3894|258 815 | 3,038 | 13,804 | 78,760
@), [0 1[2]4] 8[17[38| 94|258| 815 3,038 | 13,804
(B),] [[T]0f0]0| 1| 418 70| 299 1,408 | 7,728 | 51,152
(NG), [[[0[T[2]4] 81840 98]266| 832 3,076 | 13,398
(PS),| | 1124 92258168565 | 2,240 | 10,304 | 65,050

Table 2: The number of split graphs (total, balanced, unbalanced) and NG-graphs
on n vertices.

| n || 4] 5] 6] 7] 8] 9] 10[11]12] 13] 14] 15| 16]
|ratio || 11].19 ] 3242 ] .54 .63 .72 .79 .84 .89 .92 ] .94 .96 |

Table 3: The ratio of the number of balanced split graphs to split graphs on n vertices.
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