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Abstract. The paw graph consists of a triangle with a pendant edge attached to one of the
three vertices. We obtain a multigraph by adding exactly one repeated edge to the paw. Now,
let D be a directed graph obtained by orientating the edges of that multigraph. For 12 of the
18 possibilities for D, we establish necessary and sufficient conditions on n for the existence
of a (K, D)-design. Partial results are given for the remaining 6 possibilities for D.
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1. INTRODUCTION

If @ and b are integers we denote {a,a + 1,...,b} by [a,b] (if a > b, then [a,b] = ).
Let Z, denote the set of integers modulo m. For a graph H, let V(H) and E(H)
denote the vertex set of H and the edge set of H, respectively. Similarly, for a digraph
D, let V(D) and A(D) denote the vertex set of D and the arc set of D, respectively.
The order and the size of a graph H (or digraph D) are |V (H)| and |E(H)| (or |V (D)]
and |A(D)|), respectively.

We denote the complete multipartite graph with parts of sizes a; for 1 < ¢ < m by
K, a.....am- Ifa; = aforalli € [1,m], then we use the notation K, x,. Furthermore, let
V(Kmxa) = Zmae with vertex partition {Vp, V1,..., Viu_1} where V; = {j € Zypa 1 j =i
(mod m)}. Then E(K,,x,) consists of all edges {i, 7} such that ¢ #Z j (mod m).

The complete graph of order n with a hole of size t, denoted K, \ K, is the graph
with vertex set V and edge set {{a,b} : a € V,b € V\U, a # b} where |V| = n,
U CV,and |U| =t. The vertices in U are said to be the vertices in the hole.

Let tG denote the graph consisting of ¢ vertex-disjoint copies of G. The join of
two vertex-disjoint graphs G and H, denoted G'V H, is the graph with vertex set
V(G)UV (H) and edge set E(G)UE(H)U{{a,b} : a € V(G),b € V(H)}. For example,
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K5,11 could be described as (K5 V K1) U K, x5. Note that, by convention, the union
of two graphs implies the graphs are edge-disjoint, but not necessarily vertex-disjoint.

Let H be a graph and let G be a set of subgraphs of H. We will refer to a graph
G € G as a G-block. A G-decomposition of H is a set A = {G1,Ga,...,G,} of pairwise
edge-disjoint subgraphs of H such that for every ¢ € [1,7], G; = G for some G € G
and such that E(H) = |J,_, E(G;). Of particular importance is when G = {G}, in
which case we write “G-decomposition of H” instead of “{G}-decomposition of H”.
A G-decomposition of K, is also known as a (K, G)-design. The set of all n for which
K, admits a G-decomposition is called the spectrum of G. The spectrum has been
determined for many classes of graphs, including all graphs on at most 4 vertices [3]
and all graphs on 5 vertices (see [4] and [11]). We direct the reader to [2] and [5] for
recent surveys on graph decompositions.

A vertex-disjoint collection of blocks of a (K,,, G)-design that contains every vertex
of K, is called a parallel class. A (K,,, G)-design is called resolvable if the blocks
of the design can be partitioned into parallel classes. In particular, a resolvable
(K, K3)-design is called a Kirkman Triple System, or more concisely a KTS(n).

1.1. DEFINITIONS FOR DIGRAPHS

Similar concepts to those defined above for undirected graphs can be defined for
digraphs. First, we introduce additional notation. For an undirected graph G, let G*
denote the digraph obtained from G by replacing each edge {u,v} € E(G) with the
arcs (u,v) and (v,u). Thus K, the complete digraph of order n, is the digraph on
n vertices with the arcs (u,v) and (v, u) between every pair of distinct vertices v and v.

Let H and D be digraphs such that D is a subgraph of H. A D-decomposition
of H is a set A = {Dy, Ds,...,D,} of pairwise arc-disjoint subgraphs of H each of
which is isomorphic to D and such that A(H) = (J;_, A(D;). As with the undirected
case, a D-decomposition of K is also known as a (K, D)-design, and the set of all n
for which K admits a D-decomposition is called the spectrum of D.

The spectra for several digraphs of small order have been determined. This includes
the spectra for all digraphs on at most 3 vertices [13], all bipartite digraphs on 4 vertices
with up to 5 arcs [8], and the orientations of a triangle with a pendent edge [6].

The paw graph consists of a K3 with a pendant edge. We obtain a multigraph
when we replace one edge in the paw with a double edge (resulting in one of three
non-isomorphic multigraphs). The spectra for these multigraphs are found in [7]. In this
paper, we extend the known results on small digraphs by determining the spectra for
the orientations of two such multigraphs (Figure 1) and by giving partial results on the
orientations of the remaining multigraph (Figure 2). The digraphs under investigation
are shown in Figures 1 and 2 along with a key that denotes a labeled copy of each of
the 18 digraphs. We use the naming convention found in An Atlas of Graphs [14] by
Read and Wilson. For example, D68[w, z, y, 2] refers to the digraph with vertex set

{w,z,y, 2} and arc set {(z,w), (z,y),(z,2), (z,2), (z,9)}-
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D68[w, x,y,z] | DI7w,x,y, 2] D78|w, x,y,z] | DI3[w,x,y, 2]
w w w w
T T T T
Y z Y z Yy z Y Z
D71(|w,z,y,z] | DY4[w,x,y, 2] D79(w, z,y,z] | D82[w,x,y, 2]
w w w w
T z T T
Y z Yy z Yy z Y Z
D73[w, z,y, 2] | D103[w,z,y, 2] | D83[w,x,y,z] || DI8[w,z,y, 2]
w w w w
T T T T
Y z Yy z Y z Y Z

Fig. 1. The 12 digraphs for which we settle the spectrum. Note that these are all possible
orientations of the multigraphs obtained from adding a double edge to the paw graph that
shares a vertex with the pendent edge

D72[w, x,y, z] D80[w, x, y, 2] D81[w, x,y, 2]
w w
x x
Yy z Yy z
D88[w, z,y, 2] || DI6[w,x,y,z] || DI5[w,x,y, 2]
w w w
T x x
Y z Y z Y z

Fig. 2. The 6 digraphs for which we give partial results. Note that these are all possible
orientations of the multigraph obtained from adding a double edge to the paw graph that
does not share a vertex with the pendent edge
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1.2. SOME BASIC RESULTS

The obvious necessary conditions for a digraph D to decompose K are

(A) V(D) <,

(B) |A(D)| divides |A(K}:)| = n(n — 1), and

(C) both ged{outdegree(v) : v € V(D)} and ged{indegree(v) : v € V(D)} divide n — 1.
Applying these necessary conditions to the 18 digraphs under consideration, we obtain
the following necessary conditions:

Lemma 1.1. For D € {D68,D71,D72,D73,D78,D79, D80, D81, D82, D83, D8], D93,
D94, D95, D96, D97, D98, D103}, a (K, D)-design exists only if n > 5 andn =0 or 1
(mod 5).

Given a digraph D, the reverse orientation of D, denoted Rev(D), is the digraph
with vertex set V(D) and arc set {(v,u) : (u,v) € A(D)}. We make use of the following
fact:

Observation 1.2. Let D and H be digraphs. a D-decomposition of H exists if and
only if a (Rev(D))-decomposition of Rev(H) exists.

The fact that K. = Rev(K}) leads to the following corollary:

Corollary 1.3. Let D be a digraph. a (K, D)-design exists if and only if
a (K}, Rev(D))-design exists.

Note that 16 of the 18 digraphs of interest in this paper occur in pairs with respect
to their reverse orientations. Namely,

D68 2 Rev(D97), D71 2 Rev(D94), D72 2 Rev(DS8S),
D73 = Rev(D103), D78 = Rev(D93), D79 = Rev(D82),
D80 = Rev(D96), D81 = Rev(D95).

The other 2 digraphs in this paper are reverse orientations of themselves. Namely,
D83 = Rev(D83) and D98 = Rev(D98).

The following theorems on decompositions of complete graphs and complete mul-
tipartite graphs are used extensively in proving our main results. Note that these
background results concern graphs, as opposed to digraphs. All of these results can be
found in the Handbook of Combinatorial Designs [9] (see for example [1] and [10]).

Theorem 1.4. If n =3 (mod 6), then a KTS(n) exists.

Theorem 1.5. If n = 0 (mod 6), then a (K, — I, K3)-design exists, where I is
a 1-factor in K.

Theorem 1.6. a {Kj3, K4}-decomposition of K,, exists if and only if n = 0 or 1
(mod 3) and n # 6.

Theorem 1.7. Ifn is an odd positive integer, then there exists a { K3, K5 }-decomposition
of K,,.
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Theorem 1.8. The necessary and sufficient conditions for the existence of
a K3-decomposition of K, xm are

(i) u=>3,
(ii) (u—1)m =0 (mod 2), and
(iii) w(u —1)m? =0 (mod 6).
The following is a well-known result that is a special case of Wilson’s Fundamental
Construction (see [12]).

Theorem 1.9. If there exists a (Kyxm, K, )-design, then there exists a (Kyxmt, Krxt)-
-design for any positive integer t.

2. EXAMPLES OF SMALL DESIGNS

We now turn our attention to the designs of small order which will be used for
the general constructions.
Given a digraph represented by the notation Dla, b, ¢, d] and some i € Z,,, we define
Dla,b,c,d)+i= Dla+i,b+i,c+i,d+ i
where all addition is performed in Z,,. By convention, define co + 1 = cc.

Example 2.1. There exists a (K2, D)-design for D € {D71,D73,D78,D79, D82, D83,
D93, D94, D98, D103}
Let V(K}) = Z4 U {o0}.

(KZ,D71)-design is given by {D71[2,0,00,1] + i : i € Z4}.
(K#,D73)-design is given by {D73[1,0,00,2] + i :i € Z4}.
(K#,D78)-design is given by {D78[2,0,00,1] + i : i € Zy4}.
(K¥,D79)-design is given by

{D79[3,1, 00,0, D793, 2, 1, 0], DTI[1, 3, 0, 00], D79[1, 2, 3, 0] }.
A (KZ,D83)-design is given by {D83[c0,1,0,3] +i: i € Zy}.
A (KZ,D98)-design is given by

{DY8[2, 3, 00, 0], DIS[L, 3,0, o], DIS[0, 2, 1, 0], DIS[O, 1,2, 0]}

A
A
A
A

Applying Corollary 1.3, we obtain the remaining designs.

Example 2.2. There exists a (K¢, D)-design for D € {D68,D71,D72,D73,D78,D79,
D80, D81, D82, D83, D88, D93, D94, D95, D96, D97, D98, D103}.

Let V(K{) = Zs.

A (K¢, D68)-design is given by {D68[5,0,3,2] +i: 4 € Zg}.
A (K}, D72)-design is given by {D72[4,0,2,3] +i:1i € Zg}.
A (K{§,D71)-design is given by {D71[1,0,5,2] + 4 : i € Zg}.
A (K{§,D73)-design is given by

{D73[5,2,0,1],D73[5,1,0, 2], D73[3,0, 4,5,
D73(3,5,4,0],D73[1,4,2,3],D73[1, 3, 2, 4]}.
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A (K{§,D78)-design is given by {D78[4,0,3,1] + 4 : i € Zg}.
A (K{§,D79)-design is given by {D79[3,0,1,2] + 4 : i € Zg}.
A (K&, D80)-design is given by {D80[3,0,1,5] +i: i € Zg}.
A (K¢, D81)-design is given by {D81[1,0,5,3] +i:4 € Zg}.
A (K¢,D83)-design is given by

(D83[3,2,4,1],D83[5,2,1,4], D83[4, 5, 3, 1],
D83[0, 5, 1, 3], D83[2, 0,4, 3], DS3[1, 0,3, 4]}
A (K{},D98)-design is given by
(D98[0, 5,4, 1], D9S8[3, 1,4, 5], D98[0, 3, 2, 5],
DOS[1, 2,3, 5], DIS[1, 0,4, 2], DIS[3, 4, 0,2]}.

Applying Corollary 1.3, we obtain the remaining designs.

Example 2.3. There exists a (K7, D)-design for D € {D68,D71,D73,D78,D79,
D82,D83,D93,D94, D97, D98, D103}.

Let V(K3y) = Zg U {o0}.
A (K7, D68)-design is given by
{D68[3,2,4,0] + 3i : i € Z3} U {D68[6,0,8,5] + 3i : i € Zs}
U {D68[1,4,0,6] + 3i:i € Z3} U{D68[7,4,5,8] + 3i : i € Z3}
U {D68[5,7,00,6] 4+ 3i : i € Zs} U {D68[0,00,7,8] + 3i : i € Z3}.
A (K7, D71)-design is given by
{D71[4,0,00,7] +i : i € Zo} U {DT71[6,0,3,8] +i:i € Zg}.
A (K7, D73)-design is given by
{D73[6,0,00,7] +i:1 € Zg} U{DT3[4,0,8,1] +i:i € Zg}.
A (K{,,D78)-design is given by
{D78[4,0,00,2] +i:19 € Zo} U{D78[8,0,4,3] +i:i € Zg}.
A (K7, D79)-design is given by
{D79[8,0,4,2] + 3i : i € Z3} U {DT9[7,4,5,8] + 3i : i € Z3}
U{D79[1,4,0,6] 4+ 3i:i € Zs} U{D79[1,8,7,00] + 3i : i € Z3}
U {D79[0,6,00,7] + 3i :i € Zs} U {D79[00,0,8,5] + 3i : i € Z3}.
A (K3, D83)-design is given by
{D83[00,0,5,2] +i:4i € Zo} U{D83[1,0,2,5] +i:i € Zg}.
A (K{;,D98)-design is given by
{D98[0,0,5,2] +i:i € Zo} U{D9I8[1,0,2,5] +i:i € Zg}.
Applying Corollary 1.3, we obtain the remaining designs.

Example 2.4. There exists a (K7, D)-design for D € {D68,D71,D72,D73,D78,
D79, D80, D81, D82, D83, D88, D93, D94, D95, D96, D97, D98, D103}.
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Let V(Kfl) = le.
A (K7;,D68)-design is given by

{D68[2,0,9,5] +i : i € Zy1} U{D68[1,0,10,3] i : i € Z1}.

A (K{,D71)-design is given by

{D71[6,0,2,7) +i : i € Zy1} U{DT1[1,0,10,8] 4+ i : i € Zq1}.

A (K{;,D72)-design is given by

{D72[3,0,5,6] +i: i € Zy;} U{D72[8,0,2,9] + i

A (K{,,D73)-design is given by

{D73[4,0,3,2] +i : i € Z11} U{D73[5,0,8,9] + i

A (K7,,D78)-design is given by

{D78[3,0,1,5] +i : i € Z1,} U{D78[4,0,3,2] + i

A (K7,,D79)-design is given by

{D79[3,0,2,4] +i : i € Zy1} U {D79[8,0,6,1] + i

A (K7;,D80)-design is given by

{D80[8,0,5,6] +i:i € Zy;} U{DS80[3,0,2,9] + i

A (K{;,D81)-design is given by

{D81[6,0,1,4] + i : i € Zy;} U{D81[10,0,4,6] +i : i € Z1;}.

A (K{,,D83)-design is given by

{D83[5,0,3,1] +i:i € Zy;} U{D83[4,0,1,3] + 1

A (K7, D98)-design is given by

{D98[5,0,3,1] +i:i € Z11} U{D98[4,0,1,3] + 4

Applying Corollary 1.3, we obtain the remaining designs.

11 E le}.

i € Z11}-

1€ le}.

1 E le}.

1€ le}.

11 € le}.

11 € le}.

Example 2.5. There exists a (K3, 5, D)-design for D € {D68,D71,D72,D73,D78,
D79, D80, D81, D82, D83, D88, D93, D94, D95, D96, D97, D98, D103}.

Let V(K3 5) = Z15 with vertex partition {V; : i € Z3}, where

‘/i:{jezlg, ]EZ (mod 3)}
A (K3,5,D68)-design is given by

{D68[1,0,7,2] +i : i € Zy5} U {D68[8,0,14,4] + i : i € Zys5}.

A (K3, 5,DT71)-design is given by

{D71[7,0,10,11] 4+ : i € Z15} U {D71[14,0,5,13] + i : i € Zy5}.

A (K3,5,D72)-design is given by

{D72[11,0,4,5] +i : i € Zy5} U{D72[7,0,8,10] +i : i € Zy5}.

A (K3, 5,D73)-design is given by

{D73[2,0,11,10] +i : i € Zy5} U{D73[7,0,1,5] +i : i € Zys}.
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A (K35, DT78)-design is given by
{D78[14,0,5,4] +i :i € Z15} U{D78[7,0,10,2] +i : i € Z15}.
A (K3,5,D79)-design is given by
{D79[5,0,4,8] +i:i € Z15} U{D79[10,0,1,2] + ¢ : i € Z15}.
A (K3,5,D80)-design is given by
{D80[8,0,4,5] + i :i € Z15} U{D80[4,0,8,10] + i : i € Zy5}.
A (K3,5,D81)-design is given by
{D81[11,0,5,13] 4 : i € Zy5} U{D81[13,0,10,11] +i : i € Zy5}.
A (K35, D83)-design is given by
{D83[2,0,5,1] + i : i € Zy5} U {D83[7,0,1,5] +i: i € Zys}.
A (K3,5,D98)-design is given by
{D98[2,0,5,1] +i:i € Z15} U{D98[7,0,1,5] +i :i € Z15}
Applying Corollary 1.3, we obtain the remaining designs.

Example 2.6. There exists a (K}, 5, D)-design for D € {D68,D71,D72,D73,D78,
D79,D80, D81, D82, D83, D88, D93, D94, D95, D96, D97, D98, D103}.
Let V(K},5) = Z2o with vertex partition {V; : i € Z4}, where
Vi={j€Zy:j=i (mod4)}.
A (K5, D68)-design is given by
{D68[13,0,18,1] + i : i € Zoo} U{D68[11,0,7,5] +i:4 € Zyo}
U {D68[10,0,9,6] 44 : i € Zoo}.
A (K}5,DT71)-design is given by
{D71[3,0,6,19] + i : i € Zao} U {DT1[10,0,2,9] +i : i € Zog}
U{D71[14,0,17,15] + i : i € Zgo}.
A (K},5,DT72)-design is given by
{D72[18,0,5,14] +i : i € Zoo} U {D72[6,0,2,3] +i : i € Zao}
U {D72[15,0,10,17] 4+ : i € Zgo}-
A (K},5,D73)-design is given by
{D73[3,0,10,5] 4+ : i € Zgo} U{D73[6,0,11,9] + i : i € Zo}
U {D73[7,0,19,1] + 14 : i € Zsp).
A (K5, DT78)-design is given by
{D78[9,0,3,1] 4+ : i € Zgo} U{D78[6,0,10,7] + i :i € Zog}
U{D78[18,0,6,15] + i : 4 € Zao}.
A (K}, 5,DT79)-design is given by
{D79[15,0,9,3] +i: i € Zyo} U{D79[10,0,13,2] 4 : i € Zoo}
U {D79[13,0,15,1] +i:4 € Zgg}.



The spectrum problem for digraphs of order 4 and size 5 23

A (K}, D80)-design is given by
{D80[2,0,5,14] +i : i € Zyo} U{D80[14,0,2,3] 4+ : i € Zyo}
U {D80[5,0,10,17] 43 : i € Zog}.
A (K}, 5,D81)-design is given by
{D81[11,0,1,3] 4 : i € Zgo} U {D81[15,0,3,10] + i : i € Zyo}
U {D81[19,0,9,15] + i : i € Zyo}.
A (K}, 5,D83)-design is given by
{D83[1,0,10,5] 4+ i : i € Zno} U {D83[2,0,17,6] +i : i € Zso}
U {D83[7,0,3,14] + i : i € Zag}.
A (K}, 5,D98)-design is given by
{D98[3,1,7,6] +4i : i € Zs} U{DIS[19,1,6,7] +4i : i € Zs}
U {D98[3,8,9,6] +4i : i € Zs} U {DI8[15,8,6,9] + 4i : i € Zs}
U {D98[13,4,15,1] 4+ 47 : i € Z5} U {DIS[17,4,1,15] + 4i : i € Zs}
U {D98[17,18,5,15] + 4i : i € Zs} U {DI8[3,18,15,5] +4i : i € Zs}
U {D98[14,12,6,17) + 4i : i € Zs} U {D98[2,12,17,6] + 4i : i € Zs}
U{D98[2,11,18,12] +4i : i € Zs} U {DI8[8, 11,12, 18] 4 4i : i € Zs}.

Applying Corollary 1.3, we obtain the remaining designs.

Example 2.7. There exists a (K2, 5, D)-design for D € {D68,D71,D72, D73, D78,
D79, D80, D81, D82, D83, D88, D93, D94, D95, D96, D97, D98, D103}.
Let V(K?,5) = Z2s with vertex partition {V; : i € Z5}, where
Vi={j€Zss:75=1 (mod?5)}.
A (K%, 5,D68)-design is given by
{D68[6,0,9,2] +1i: i € Zos} U{D68[19,0,13,1] + i :4 € Zas}
U {D68[16,0,14,3] + i : i € Zos} U {D6S[18,0,21,17] +i : i € Zas).
A (KZ,5,D71)-design is given by
{D71[24,0,6,9] +i : i € Zos} U {DT1[19,0,7,11] 4+ : i € Zos}
U {D71[18,0,22,23] +i : i € Zas} U{DTL[8,0,21,13] +i : i € Zas).
A (KZ,5,D72)-design is given by
{D72[1,0,2,23] +i : i € Zas} U {D72[24,0,9,16] +i : i € Zs}
U{D72[8,0,11,14] + i : i € Zos} U{D72[17,0,6,19] + 3 : i € Zgs}.
A (KZ,5,D73)-design is given by
{D73[7,0,22,21] + i : i € Zas} U{DT3[9,0,1,4] + i : i € Zos}
U{D73[11,0,19,17] 4+ i : i € Za5} U {D73[12,0,6,8] + i : i € Zas}.
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A (KZ,5,D78)-design is given by
{D78[4,0,3,9] +i:i € Zos} U{D78[6,0,4,11] + i : 7 € Za5}
U {D78[12,0,18,17] +i : i € Zos} U{D78[13,0,22,23] 4+ i : i € Zys}.

A (K%, 5,D79)-design is given by
{D79[24,0,6,13] 4+ : i € Zys} U{D79[9,0,8,14] + i : 4 € Zos}
U{D79[16,0,3,21] 4+ i :i € Zas} U{D79[8,0,22,23] +i : i € Zas}.

A (K?Z,5,D80)-design is given by
{D80[24,0,2,23] 4+ i :1i € Za5} U {D80[1,0,9,16] + i : i € Zas}
U {DS0[17,0,11,14] + : i € Zos} U {DS0[8,0,6,19] + i : i € Zos}.

A (KZ,5,D81)-design is given by
{D81[18,0,9,12] + i : i € Zas} U {D81[12,0,6,8] +i : i € Zos}
U {D81[19,0,7,11] + i : i € Zos} U{D81[11,0,8,9] + i : i € Zos}.
A (K%, 5,D83)-design is given by
{D83[9,0,4,1] 4+ : i € Zos} U{DS3[7,0,1,4] +i : i € Zns}
U{D83[12,0,8,2] +i:i € Zys} U{D83[11,0,2,8] + i : i € Zas}.
A (KZ,5,D98)-design is given by
{D98[9,0,4,1] + i : i € Zos} U {DIS[7,0,1,4] +i: i € Zos}
U {D98[12,0,8,2] + i : i € Zos} U {DIS[11,0,2,8] +1i : i € Zos}.
Applying Corollary 1.3, we obtain the remaining designs.
Example 2.8. There exists a (K¢, 5, D)-design for D € {D68,D97}.
Let V(K¢ 5) = Zso with vertex partition {V; : ¢ € Zg}, where
m:{jEZ;goijEi (HlOdG)}
A (K§,5,D68)-design is given by
{D68[3,0,25,20] +i : i € Zso} U {D68[27,0,23,16] +i:i € Zag}
U {D68[9,0,29,28] +i : i € Zzo} U{D68[21,0,17,4] +1i : i € Z3o}
U {D68[15,0,19,8] +i: i € Zso}.
Applying Corollary 1.3, we obtain a (K{, 5, D97)-design.

Example 2.9. There exists a (K34, D)-design for D € {D68,D71,D73,D78,D79,
D82, D83, D93, D94, D97, DIS, D103}

First, let D € {D68,D71,D73,D78,D79,D82,D83, D93, D94, D97, D98, D103}.
By Theorem 1.8, there exists a (K3x2, K3)-design. Furthermore, by Theorem 1.9,
there exists a (Ks3x10, K3x5)-design. Thus, a (K3, 19, Kiy5)-design exists. Since
a (K35, D)-design exists by Example 2.5, the desired (K4, D)-design exists.



The spectrum problem for digraphs of order 4 and size 5 25

Example 2.10. There exists a ((K10 \ K5)*, D)-design for D € {D68,D97}.

Let V((K10\ K5)*) = Z5 U {001, 009, 003, 004, 005 }, where the vertices in the hole
are 001, 009, 003, 004, and ocos.
A (K10 \ K5)*,D68)-design is given by
{D68[oor, 0, 1, 003], D68[003, 2, 004, 0], D6S[2, 3, 005, 0], D6S[2, 002, 4, 0],
D68[0os, 1, 3, 00s], D68[004, 1, 0, 005], D6S[2, 1, 001, 4], D6S[0, 001, 1, 2],
D68[00s, 3, 4, 001], D68[005, 4, 009, 2], D68[4, 005, 3, 2], D682, 004, 0, 4]
D68[00s, 3, 1, 004], D6S[2, 003, 3, 4] }.

Applying Corollary 1.3, we obtain a ((K1g \ K5)*,D97)-design.
Example 2.11. There exists a (K75, D)-design for D € {D68,D97}.

First, partition V(K7;) into three sets Vg, Vi, and V; each of cardinality 5. Next for
each i € Zs, let G; be the graph with vertex set V;UV; ;1 and edge set {{u, v}iu,vE Vi}
U {{u7w} cu € Vis,w € VHl}, where subscript addition is done modulo 3. Then
{Go,G1,Ga} is a (K75, (K10 \ K5)*)-design. Since a ((K19 \ K5)*, D)-design exists by
Example 2.10, the desired (K75, D)-design exists.

Example 2.12. There exists a (K3, D)-design for D € {D68,D71,D73,D78,D79,
D82, D83, D93, D94, D97, D98, D103}

Observe that K3, = 3K, U K3, 1. Since a (K3, D)-design exists by Example 2.3
and a (K3, ¢, D)-design exists by Example 2.9, the desired (K3,, D)-design exists.

Example 2.13. There exists a (K3, D)-design for D € {D68,D71,D72,D73,D78,
D79, D80, D81, D82, D83, DS, D93, D94, D95, DI6, DI7, DIS, D103}

A (K31, Kg)-design can be obtained from a projective plane of order 5. Thus, there
exists a (K3, K¢)-design. Since a (K, D)-design exists by Example 2.2, the desired
(K3, D)-design exists.

Example 2.14. There exists a (K35, D)-design for D € {D68,D97}.
Observe that

5
K35 = (6K5 V K5) U Kg,5 = (Kjp U U (K10 \ K5)") U K5

Since a (K73, D)-design exists by Example 2.3, a (K10 \ K5)*, D)-design exists by Ex-
ample 2.10, and a (K{, 5, D)-design exists by Example 2.8, the desired (K35, D)-design
exists.

3. MAIN RESULTS

We finally address the general constructions needed to piece together the small designs
mentioned previously to prove (near) sufficiency of the necessary conditions.
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Theorem 3.1. If n = 1 (mod 5) and n > 6, then a (K}, D)-design exists for
D e {D68,D71, D72, D73,D78, D79, D80, D81, D82, D83, DY, D93, D94, D95, DIG,
D97,D98, D103}

Proof. Let D € {D68,D71,D72,D73,D78,D79,D80, D81, D82, D83, D88, D93, D94,
D95, D96, D97, D98, D103} and let n = 5z + 1 for some positive integer . When x is 1,
2, or 6, the result follows from Examples 2.2, 2.4, and 2.13 respectively. The remainder
of the proof breaks into three cases.

Case 1.z =0 or 1 (mod 3) with > 3 and = # 6.
By Theorem 1.6 there exists a { K3, K, }-decomposition of K. Thus, by Theorem 1.9,
there exists a {K3x5, K4x5}-decomposition of K,xs5. Note that

Kspi1 = (K5 VK1) U Kyys5 = Kgxs U U K.
i=1

Thus,
x
K=K Ul JKg.
1=1

Since there exists a (K35, D)-design (by Example 2.5) and there exists
a (Kj.5,D)-design (by Example 2.6), there exists a (K}, 5, D)-design. Since there
also exists a (K¢, D)-design (by Example 2.2), there exists a (K, D)-design.

Case 2. © =2 (mod 6).

Let z = 6y + 2 for some integer y > 1. Hence, n = 10(3y + 1) + 1. By Theorem 1.8
there exists a K3-decomposition of K(3,41)x2. Thus, by Theorem 1.9, there exists
a K3y s5-decomposition of K3, 1)x10- Note that

3y+1
K30y111 = (By + 1) K10 V K1) U K(3y41)x10 = K(3y+1)x10 U U K.
i=1

Thus,

3y+1

Ky = K{3,11)x10 Y U Ki;.

i=1
Since there exists a (K35, D)-design (by Example 2.5), there exists a (K{3y+1)><107 D)-
-design. Since there also exists a (K7, D)-design (by Example 2.4), there exists
a (K}, D)-design.
Case 8. z =5 (mod 6).
Let © = 6y + 5 for some integer y > 0. Hence, n = 5(6y + 5) + 1. By Theorem 1.7
there exists a { K3, K5 }-decomposition of Kgyy5. Thus, by Theorem 1.9, there exists
a {K3xs5, K5x5}-decomposition of K(g,45)x5. Note that

6y+5

Ksoy+26 = ((6y +5) K5V K1) U K(gy15)x5 = Kyi5)x5 U | ) Ko
i=1
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Thus,
6y+5

Ky = K(gyi5x5 Y U Kg.
i=1
Since there exists a (K35, D)-design (by Example 2.5) and there exists
a (K35, D)-design (by Example 2.7), there exists a (K, 5,5, D)-design. Since
there also exists a (K¢, D)-design (by Example 2.2), there exists a (K, D)-design. O

Theorem 3.2. If n = 0 (mod 5) with n > 5, then a (K}, D)-design exists for
D € {D71,D73,D78, D79, D82, D83, D93, D94, D98, D103}.

Proof. Let D € {D71,D73,D78,D79,D82,D83,D93, D94, D98, D103} and let n = 5z
for some positive integer . When x is 1, 2, or 6, the result follows from Examples 2.1,
2.3, and 2.12, respectively. The remainder of the proof breaks into three cases similar
to those of the proof of Theorem 3.1. We proceed in a similar fashion to the proof of
Theorem 3.1 with the exceptions that in Case 1 we now have

T
K, =K;ysU U K3,
i=1

in Case 2 we have
3y+1

Ky = K(3,11)x10 Y U K1y,
i=1
and in Case 3 we have
6y+5
K} = K{gyi5x5 U U K. O
i=1

Theorem 3.3. If n = 0 (mod 5) with n > 10, then a (K, D)-design exists for
D € {D68,D97}.

Proof. Tt must first be proven that no (KZ,D68)- or (KZ,D97)-design exists. Let
V(K?) ={a,b,c,d,e}. Suppose for contradiction that there exists a (K, D68)-design
with D68Ja, b, ¢, d] as one of the blocks. Note that the outdegree of each vertex in K
is 4. Furthermore, since outdegree(b) = 3 in D68|a, b, ¢, d], there must exist a copy of
D68 in the design with a vertex whose outdegree is 1. However, this is a contradiction
since there are no vertices in D68 with an outdegree of 1. Therefore, a (K7, D68)-design
does not exist, and by Corollary 1.3, a (K7, D97)-design does not exist.

Let n = 5z for some integer z > 2. When z is 2, 3, 6, or 7, the result follows from
Examples 2.3, 2.11, 2.12, and 2.14, respectively. The remainder of the proof breaks
into two cases.

Case 1.z =1 or 2 (mod 3) with x >4 and = # 7.

By Theorem 1.6, there exists a { K5, K4 }-decomposition of K, ;. Thus, by Theorem 1.9,
there exists a {K3xs5, K4x5}-decomposition of K(,_1)x5. Observe that

r—1
K= (¢ = DK VES) UK{ 1)ys = K{p_1)xs UK U | (K10 \ K5)".
=2
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Since there exists a (Kj,5,D)-design (by Example 2.5) and there exists
a (K} 5, D)-design (by Example 2.6), there exists a (Kz‘wfl)m, D)-design. Since there
also exists a (K7, D)-design (by Example 2.3) and a ((K10 \ K5)*, D)-design (by
Example 2.10), there exists a (K:, D)-design.
Case 2. x =0 (mod 3).
We consider two subcases. Suppose that = 3 (mod 6). By Theorem 1.4, a KTS(z), i.e.
a resolvable (K, K3)-design, exists. After the removal of a parallel class, this becomes
a (Kz 3, K3)-design. Thus, by Theorem 1.9, there exists a (Kzx15, K3x5)-design.
Note that "
K, = 3
Since there exists a (K%, 5,D)-design (by Example 2.5), there exists a (K%Xw,D)-design.

* *
Kis UKz 5.

Since there also exists a (K75, D)-design (by Example 2.11), there exists
a (K}, D)-design.

Finally, suppose that 2 = 0 (mod 6). By Theorem 1.5 a (K, — I, K3)-design
exists, where [ is a 1-factor in K. Equivalently, this is a (Kzx2, K3)-design. Thus,
by Theorem 1.9, there exists a (Kz 10, K3x5)-design. Note that

* T o
Ky = 5K U K% 0

Since there exists a (K35, D)-design (by Example 2.5), there exists a (K%Xw, D)-design.

Since there also exists a (K, D)-design (by Example 2.3), there exists
a (K}, D)-design. O

We combine the results from the previous 3 theorems to show that the necessary
conditions in Lemma 1.1 are sufficient for D € {D68, D71, D73, D78, D79, D82, D83,
D93, D94, D97, D98, D103} with the exceptions that neither a (K%, D68)-design nor
a (K%, D97)-design exists. Hence, our main result can be summarized as Theorem 3.4.

Theorem 3.4. For D € {D68, D71, D73, D78, D79, D82, D83, D93, D94, D97, DS,
D103}, there exists a (K, D)-design if and only if n =0 or 1 (mod 5) and n > 5
with the exceptions that neither a (K%, D68)- nor a (Kj,DI7)-design exists.

For D € {D72,D80,D81,D88,D95,D96}, we have shown that a (K}, D)-design
exists when n = 1 (mod 5) and n > 6. As for the case n =0 (mod 5), the existence of
a (K, D)-design appears to be difficult to determine at this time. Note that the under-
lying undirected multigraph G for such a digraph D is a K3 with a pendent double-edge.
In [7], it shown that G does not decompose 2K, the complete multigraph of order 5
and edge multiplicity 2. Thus, a (K7, D)-design cannot exist. However, a result of
Wilson’s [15] ensures that if n =0 (mod 5) is sufficiently large, then a (K, D)-design
exists.

Acknowledgements

The authors wish to thank an anonymous referee for suggestions that improved the pre-
sentation of the main results in this paper.

This research is supported by grant number A1359300 from the Division of Mathematical
Sciences at the National Science Foundation.



The spectrum problem for digraphs of order 4 and size 5 29

This work was done while the second, fourth, and sizth authors were participants
in REU Site: Mathematics Research Experience for Pre-service and for In-service
Teachers at 1llinois State University.

REFERENCES

(1]

2l

8l

(7]

(9]

[10]

(11]

[12]

[13]

R.J.R. Abel, F.E. Bennett, M. Greig, PBD-Closure, [in:] Handbook of Combinatorial
Designs, C.J. Colbourn, J.H. Dinitz (eds), 2nd ed., Chapman & Hall/CRC Press, Boca
Raton, FL, 2007, 246-254.

P. Adams, D. Bryant, M. Buchanan, A survey on the existence of G-designs, J. Combin.
Des. 16 (2008), 373-410.

J.-C. Bermond, J. Schénheim, G-decomposition of K, where G has four vertices or less,
Discrete Math. 19 (1977), 113-120.

J.-C. Bermond, C. Huang, A. Rosa, D. Sotteau, Decomposition of complete graphs into
isomorphic subgraphs with five vertices, Ars Combin. 10 (1980), 211-254.

D. Bryant, S. El-Zanati, Graph Decompositions, [in:] Handbook of Combinatorial Designs,
C.J. Colbourn, J. H. Dinitz (eds), 2nd ed., Chapman & Hall/CRC Press, Boca Raton,
FL, 2007, 477-486.

R.C. Bunge, C.J. Cowan, L.J. Cross, S.I. El-Zanati, A.E. Hart, D. Roberts, A.M. Young-
blood, Decompositions of complete digraphs into small tripartite digraphs, J. Combin.
Math. Combin. Comput. 102 (2017), 239-251.

R.C. Bunge, S.I. El-Zanati, L. Febles Miranda, J. Guadarrama, D. Roberts, E. Song,
A. Zale, On the A-fold spectra of tripartite multigraphs of order 4 and size 5, Ars Combin.,
to appear.

R.C. Bunge, S.I. El-Zanati, H.J. Fry, K.S. Krauss, D.P. Roberts, C.A. Sullivan, A.A. Un-
sicker, N.E. Witt, On the spectra of bipartite directed subgraphs of Kj, J. Combin. Math.
Combin. Comput. 98 (2016), 375-390.

C.J. Colbourn, J. H. Dinitz (eds), Handbook of Combinatorial Designs, 2nd ed., Chapman
& Hall/CRC Press, Boca Raton, FL, 2007.

G. Ge, Group divisible designs, [in:] Handbook of Combinatorial Designs, C.J. Colbourn,
J.H. Dinitz (eds), 2nd ed., Chapman & Hall/CRC Press, Boca Raton, FL, 2007, 255-260.

G. Ge, S. Hu, E. Kolotoglu, H. Wei, A complete solution to spectrum problem for
five-vertex graphs with application to traffic grooming in optical networks, J. Combin.
Des. 23 (2015), 233-273.

M. Greig, R. Mullin, PBDs: Recursive Constructions, [in:] Handbook of Combinatorial
Designs, C.J. Colbourn, J.H. Dinitz (eds), 2nd ed., Chapman & Hall/CRC Press, Boca
Raton, FL, 2007, 236-246.

A. Hartman, E. Mendelsohn, The last of the triple systems, Ars Combin. 22 (1986),
25-41.



30 R.C. Bunge, S. DeShong, S.I. El-Zanati, A. Fischer, D.P. Roberts, and L. Teng

[14] R.C. Read, R.J. Wilson, An Atlas of Graphs, Oxford University Press, Oxford, 1998.

[15] R.M. Wilson, Decompositions of complete graphs into subgraphs isomorphic to a given
graph, Proceedings of the Fifth British Combinatorial Conference (Univ. Aberdeen,
Aberdeen, 1975), Congressus Numerantium, No. XV, Utilitas Math., Winnipeg, Man.,
1976, 647-659.

Ryan C. Bunge
rcbunge@ilstu.edu

Illinois State University
Normal, I, 61790-4520, USA

Steven DeShong
sdeshong@vt.edu

Virginia Polytechnic Institute and State University
Blacksburg, VA 24061, USA

Saad I. El-Zanati
saad@ilstu.edu

Illinois State University
Normal, IL 61790-4520, USA

Alexander Fischer
a.j.fischer.20@gmail.com

Jacobs High School
Algonquin, IL 60102, USA

Dan P. Roberts
drobert1@iwu.edu

Illinois Wesleyan University
Bloomington, IL 61701, USA

Lawrence Teng
lawteng@umich.edu

University of Michigan
Ann Arbor, MI 48109, USA

Received: January 5, 2016.
Revised: June 6, 2017.
Accepted: June 14, 2017.





