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On the independence and domination numbers of
replacement product graphs

Jay Cummings and Christine A. Kelley
(Communicated by Joseph A. Gallian)

This paper examines invariants of the replacement product of two graphs in terms
of the properties of the component graphs. In particular, we present results on the
independence number, the domination number, and the total domination number
of these graphs. The replacement product is a noncommutative graph operation
that has been widely applied in many areas. One of its advantages over other
graph products is its ability to produce sparse graphs. The results in this paper
give insight into how to construct large, sparse graphs with optimal independence
or domination numbers.

1. Introduction

It is natural to construct graphs from smaller component graphs, and as such,
products of graphs have long been studied for both their theoretical interest and
practical applicability. Standard products include the cartesian product, direct
product, and strong product [Imrich and Klavzar 2000; Hammack et al. 2011].
As many modern applications require sparse graphs, newer products have been
introduced. In particular, the replacement product is a noncommutative graph
product of two regular component graphs that produces a regular graph whose
degree depends only on the degree of the second component graph. Thus, the
replacement product can be easily used to generate large, sparse graphs. In addition,
it was shown that the expansion of the replacement product graph inherits the
expansion properties of both component graphs [Reingold et al. 2002; Hoory et al.
2006]. The replacement product has been widely used in many areas including
group theory, expander graphs, and graph-based coding schemes [Reingold et al.
2002; Hoory et al. 2006; Gamburd and Pak 2006; Kelley et al. 2008].

Invariants of graphs, including the independence and domination numbers of a
graph, have also been widely studied. Many applications in computer science and

MSC2010: 05C10.
Keywords: minimized domination number, total domination number, maximized independence
number, replacement product of a graph.
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engineering require graphs with large independence numbers or small domination
numbers. For example, in [Shannon 1956] it is shown that the independence number
characterizes the largest number of bits that can be communicated without error in a
particular communication problem. Studying the invariants of product graphs based
on the invariants of the component graphs is an interesting problem, and in fact
has led to many long-standing open problems in graph theory. Notable examples
include Vizing’s conjecture on the domination number of cartesian product graphs
and Hedetniemi’s conjecture on the chromatic number of direct product graphs
(see, e.g., [Bresar et al. 2012; Hammack et al. 2011]). In [Alon and Orlitsky
1995], the independence numbers of graphs constructed using the n-fold AND
product and the n-fold OR product are determined with respect to communicating
multiple bits per channel use in a repeated communication model, generalizing
the result in [Shannon 1956]. Similar applications that studied large independence
number and large chromatic number in graph products are given in [Alon and
Lubetzky 2006; Witsenhausen 1976]. Domination numbers have also been heavily
studied and generalized (see, e.g., [Haynes et al. 1998a; 1998b; Chelvam and
Chellathurai 2011]). The importance of the independence and domination numbers
in applications and the advantages of the replacement product provide the motivation
to study these invariants in replacement product graphs.

In this paper, we investigate the independence number, the domination number,
and the total domination number of replacement product graphs in terms of their
component graphs. One of our main results, Theorem 3.4, expresses the indepen-
dence number of the replacement product of G and H in terms of the independence
number of the second component graph, H. We also derive lower and upper bounds
on the domination and total domination numbers for replacement product graphs.
Another main result, Theorem 4.14, gives an upper bound on the total domination
number for the replacement product of G and H in terms of the number of edges
in a certain spanning subgraph of G.

The paper is organized as follows. We introduce some preliminary definitions
and notation in Section 2. In Section 3, we determine the independence number of
replacement product graphs. In Section 4, we present lower and upper bounds on
the domination number and the total domination number of replacement product
graphs. In addition, we include examples of families of graphs that meet the bounds.

2. Preliminaries

This paper studies properties of the replacement product G ® H of two graphs
G and H. We will assume in this work that G and H are finite simple connected
graphs. We first recall some basic terminology and notation that will be used in
this paper. We will use V(G) and E(G) to denote the vertex set and edge set of a
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Figure 1. Rotation map.

graph G, respectively. Moreover, the minimum degree and the maximum degree
of a vertex in G will be denoted by §(G) and A(G), respectively. A walk is an
alternating sequence of vertices and edges, beginning and ending with a vertex,
where each vertex is incident to both the edge that precedes it and the edge that
follows it in the sequence. The length of a walk is the number of edges in the walk.
A trail is a walk where all edges are distinct. An Eulerian trail in G is a trail that
contains each edge from G exactly once. A closed Eulerian trail is an Eulerian
trail that begins and ends at the same vertex. A path is a walk where each vertex in
the walk is distinct. A Hamiltonian path in G is a path that contains each vertex
from G exactly once. The distance between vertices u, v € G, denoted d(u, v), is
the length of the shortest path between vertices # and v. Finally, we will use [n] to
denote the set of integers {1, ..., n}.

Definition 2.1. A rotation map on a graph G is a labeling of the edges of G where
each edge gets two labels, one at each endpoint, and in addition, the edge labels
around each vertex v in G are distinct and numbered using 1, 2, ..., deg(v).

For example, Figure 1 is an example of a rotation map on Kj.
We now introduce the replacement product of two graphs. This product is non-
commutative and depends on the specific rotation map on the first component graph.

Definition 2.2. Let G be a b-regular graph with |V (G)| =n and H be a k-regular
graph with |V (H)| = b. Assign the vertices of G distinct labels in [n] and assign the
vertices of H distinct labels in [b]. Then given a rotation map on G, the replacement
product G ® H is a graph whose vertices are the ordered pairs (u, v) for u € [n]
and v € [b]. There is an edge between (u, v) and (w, ) in G® H if either () u =w
and there is an edge between vertex v and vertex / in H, or (ii) u # w and there is
an edge between u and w in G having label v at # and label / at w assigned by the
rotation map on G.

The replacement product graph G ® H as described in Definition 2.2 is a
(k+1)-regular graph with nb vertices. Note that the degree of regularity of the prod-
uct graph depends only on the degree of regularity of the second component graph H.

The graph G® H may be more easily seen in the following way. First, each vertex
of G is replaced by a copy of the graph H; such a copy will be referred to as a cloud
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Figure 2. The replacement product K4 ® K3 with the specified
rotation map on Kj.

and the cloud that replaces vertex i will be called the i-th cloud. Specifically, the i-th

cloud is the subgraph induced by the set of vertices {(i, w) € G® H | w € [b]}. Next,

given any pair of distinct i, j € [n], there is exactly one edge between clouds i and j

in G® H if and only if (i, j) € E(G). The vertices in the clouds that are connected

by such an edge are determined by the rotation map on G. We will refer to edges

that go between clouds as intercloud edges, and edges within clouds as cloud edges.
See Figure 2 for an example of the replacement graph product K4 ® K3.

3. Independence number of replacement product graphs

In this section we determine the independence number for replacement product
graphs based on the independence number of the second component graph.

Definition 3.1. Let G be a graph. An independent set of G is a subset S C V(G)
such that no pair of distinct elements in S is adjacent. The independence number
of G, denoted «(G), is the size of a largest independent set.

Due to the dependence of the replacement product on the rotation map, we
introduce the following definition.

Definition 3.2. For graphs G and H, the maximized independence number, denoted
a(G ® H), is defined as the maximum possible independence number of G ® H
over all rotation maps m on G. That is,

a@(G ® H) = max{a(G™ ® H)} = max{mélx 1S},

where G is the graph G with rotation map m and S is an independent set of
G™®H.

Note that in practice, one can often choose the rotation map for the replacement
product graph. Indeed, this is typically done randomly. When the independence
number of the graph is of interest, Definition 3.2 characterizes the best possible
value one can obtain. The main result in this section shows explicitly how to design



INDEPENDENCE AND DOMINATION NUMBERS OF REPLACEMENT PRODUCT GRAPHS 185

a rotation map that attains (G ® H). We first state the following known result,
and include its proof for convenience.

Lemma 3.3 [Haynes et al. 1998b]. For a k-regular graph G,

a(G) < |V(2G)|.

Proof. Let S be an independent set of G with |S| = m. We now bound the total
number of edges incident with S in G. Each of the (|V(G)| — m) vertices in
V(G) — S may be adjacent to at most £k members of S. So the total number of
edges in G from these vertices to S is at most (|V (G)| —m)k. Each vertex in S has
degree k, and by the independence of S, the m vertices in S are pairwise nonadjacent.
Thus, the total number of edges incident with S is mk. Therefore,

mk < (|V(G)| —m)k,

from which we obtain

Vel

-2
Since the statement holds for any independent set, it holds for a maximally sized
independent set. U

Next we present the main result of this section, which determines the maximized
independence number for a replacement product graph.

Theorem 3.4. Let G be a b-regular graph with |V (G)| = n and H a k-regular
graph with |V (H)| = b. Then

a(G® H) =a(H)|V(G)|.

Proof. First, it is easy to see that (G ® H) < a(H)|V (G)]|, since otherwise, for
some choice of a rotation map, there would exist a maximal independent set S of
G ® H such that some cloud contains more than «(H) members of S. Since each
cloud is an isomorphic copy of H, this gives a contradiction.

Now we show the reverse inequality by designing a specific rotation map that

meets the bound. Label the vertices of G using 1, 2, ..., n. Let I’ be an independent
set of H. By Lemma 3.3, |I’| < b/2. Label the vertices in each copy of H in
G ® H using the numbers {1, ..., b} such that the vertices in I’ receive the even

numbers 2,4, ...,2|I'|. Let (i, j) be the vertex in cloud i with label j.

We will show that there exists a rotation map on G with the property that for
every vertex (i, j) € G® H, if j is even and (i, j) is adjacent to some (k, /) where
i # k, then [ must be odd. From this we will conclude that

I'={G,)eG®H|je2,4,....21}

is an independent set of size a(H)|V (G)|.
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We introduce the following algorithm which will be used to generate such a
rotation map.

(1) Assign to each vertex v € V(G) a number T, and a set S, with initial values
T,=0and S, =[b]. SetV :=V(G).

(2) Choose a vertex v € V.

(3) Choose an unlabeled edge e incident with v. If there is an even number in S,
then choose any such even number a € S, and label the endpoint of e at v
using a. Then set T, := T, + 1 and S, := S, — a. Otherwise label the endpoint
of e at v using any odd number a € S, and set T, := T, — 1 and S, := S, —a.
Let u be the other vertex incident to e, and label the endpoint of e at u using
any odd number c € §,. Thenset T, =T, — 1 and S, := S, —c.

(4) If there is an unlabeled edge at u, set v := u and go to Step 3.

S LetU={uecV(G)|S,=3}. SetV:=V—-UNYV). If V=g, stop. Otherwise,
go to Step 2.

Observe that T, counts the number of even-labeled edges at v minus the number
of odd-labeled edges at v. During the algorithm, T, is never less than —1 because
in Step 3, whenever a vertex receives an odd label at an edge, either another edge
at that vertex receives an even label at the next step of the algorithm, or the vertex
has all its edges labeled from 1 to b. Moreover, note that each edge receives its two
endpoint labels consecutively. Thus, the vertex u in Step 3 always exists.

We now show that any rotation map generated by this algorithm satisfies the
desired property by considering the parity of b, the regularity of G.

Case 1: Suppose b is even. Then there exists a closed Eulerian trail 7 in G. Then
in Step 3 of the algorithm, instead of arbitrarily choosing the next edge to take after
reaching a vertex, we choose an edge in order according to 7. When the algorithm
stops, T, = O for all vertices v € V(G). Thus, every edge has one even label and
one odd label at its endpoints, ensuring that the resulting rotation map on G has the
asserted property.

Case 2: Suppose b is odd. For any vertex v at any stage of the algorithm, 7, = —1 if
Sy =, and when S, # 9, we have T, =—1, O or 1. Therefore, since [b] contains one
more odd number than even number, when S, # &, there is always an odd number
to select for the edge in Step 3, and as a result, no edge will receive two even labels
during the algorithm. Thus, the resulting rotation map on G has the asserted property.

Finally, let G ® H be the replacement product graph in which the rotation map
on G was obtained as described above. Then by construction, an edge from (i, j)
to (k,£) in G ® H for j even and i # k must have ¢ odd. Therefore

I'={G,)eG®H|je2,4,....2I'}}
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is an independent set and has size
[ =1I'V(G)| = a(H)|V(G)I.
Thus, (G ® H) > a(H)|V (G)|, proving the equality. U

4. Domination numbers of replacement product graphs

In this section we present lower and upper bounds on two main types of domination
numbers: the domination number and the total domination number. For more
background on these parameters, see [Haynes et al. 1998a; 1998a].

Domination number.

Definition 4.1. A dominating set of a graph G is a subset D C V(G) such that
for every v € G \ D, v is adjacent to some v’ € D. The domination number of G,
denoted y (G), is the size of a smallest dominating set.

The domination number of a graph has been a parameter of great interest in
applications such as communication and transportation networks. Again, due to
the dependence of the replacement product on the rotation map, we introduce the
following definition.

Definition 4.2. For graphs G and H, the minimized domination number, denoted
7(G ® H), is defined as the minimum possible domination number of G ® H over
all rotation maps m on G. That is,

7(G® H) =min{y (G" ® H)} = min{min|S]},
m m
where G is the graph G with rotation map m and S is a dominating set of
G™®H.

We now give a lower bound on the domination number of a replacement product
graph G ® H in terms of the domination number of the second component graph, H.

Proposition 4.3. Let G be a b-regular graph with |V (G)| =n and H a k-regular
graph with |V (H)| = b. Then

ny(H)
2

<y(G® H).

Moreover, if (1) k =b —2, (ii) n is even, and (iii) G contains a Hamiltonian cycle,
then the bound is tight.

Proof. Let G have any rotation map and let D be a dominating set of G ® H. Every
vertex (i, j) in G ® H is in one cloud (namely, the i-th cloud) and is adjacent to
exactly one vertex in a different cloud. Note that there are at least y (H) elements
of D in the vertex set of each cloud and its neighborhood, since otherwise there is a
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copy of H dominated by a vertex set of size strictly smaller than y (H). Thus, there
are at least y (H) vertices in D dominating each cloud. Since there are n clouds
and each vertex dominates vertices in two clouds, there must be at least ny (H) /2
vertices in D. Thus, for any rotation map on G, we have y(G® H) > ny(H)/2.
Now assume that the three additional properties (i)—(iii) hold as well. We will
design a specific rotation map on G so that the lower bound is met. First, label the
vertices of G in order from 1 to n according to a chosen Hamiltonian cycle C. Then
choose two nonadjacent vertices in H and label them 1 and 2, and label the rest of
V(H)using 3, ..., b. Since k =b—2, each vertex is nonadjacent to exactly one other
vertex, and the pair form a smallest dominating set in H. In particular, y (H) = 2.
Now we construct our rotation map on G. For each i € [n — 1], label the edge
(i,i+1) € E(G) witha 1 at vertex i and a 2 at vertex i + 1, and label edge (n, 1) with
a 1 at vertex n and a 2 at vertex 1. Then complete the rotation map in any way. Note
that in C, every edge is labeled by a 1 at one endpoint and a 2 at the other endpoint.
Now consider the product G ® H. We claim the set

D={(G1)eV(G®H)|ie[n]}

forms a dominating set of G ® H. For each i, every vertex in cloud i except
vertex (i, 2) is dominated by vertex (7, 1), and vertex (7, 2) is dominated by vertex
(i+1,1). So D is a dominating set with size | D| = n. Therefore,

H
po@m=n=""1 0
The next example gives a sequence of replacement product graphs that meet the

bound in Proposition 4.3.

Example 4.4. Let m be any even integer and let K,, denote the complete graph on
n vertices. Define H,, := K,,, — M and G, := K42 — M3, where M and M>
are perfect matchings of K, and K,,;,, respectively. Then k =m —2 =5 — 2,
n=m+ 2 is even, and G contains a Hamiltonian cycle. So

{Gm ® Hm }mEZZ

is a sequence of replacement product graphs meeting the bound in Proposition 4.3.
More generally, in order to have a pair of graphs G, H that satisfy the three
conditions, H must be isomorphic to H,, for some m, since no other regular graph
has the property that k = »—2. However, G can be any graph of the form C,,, 12, UF,
where k € N, C,, denotes a cycle on n vertices, and F is an (m—2)-regular graph
with V(F) = V(Cp12r) and E(F) N E(Cy40k) = 9. (]

We have shown a lower bound on the minimized domination number of replace-
ment product graphs, and a sequence of graphs that meet that bound. We now focus
on deriving an upper bound on this parameter. For this, we will use the notion of
the k-independence number of a graph, defined next.
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Definition 4.5. For k € [|V (G)| — 1], a k-independent set of a graph G is a subset
S C V(G) such that § is an independent set and for every v € V(G) — S, we have v
is adjacent to at most k members from S. The largest cardinality of a k-independent
set will be called the k-independence number and will be denoted o (G).

This parameter is related to the more familiar 2-packing number of a graph as
defined below.

Definition 4.6. A 2-packing set of a graph G is a subset S C V(G) such that S is
an independent set and for any pair of distinct u, v € S, we have d(u, v) > 3, i.e.,
u and v have disjoint neighborhoods. Define the 2-packing number of G, denoted
P>(G), to be the largest cardinality of a 2-packing set of G.

The 2-packing number of G was introduced in [Meir and Moon 1975] and is
a generalization of the independence number of G. Note that from the above
definitions, the (|V(G)|—1)-independence number of a graph G is simply the
independence number of G, and the 1-independence number of G is the 2-packing
number of G.

We are now ready to present the upper bound on the minimized domination
number.

Proposition 4.7. Let G be a b-regular graph with |V (G)| =n and H a k-regular
graph with |V (H)| = b. Then

PG® H) <(n—oay,m(G)y(H).

Proof. There exist a,,()(G) vertices in G that form a y (H)-independent set S.

Choose such a set and label these vertices 1, 2, ..., o, y)(G). Label the rest of
the vertices of G using o, (#)(G) + 1, ..., n. Choose a dominating set D" of H of
size y (H) and label these vertices 1, 2, ..., y(H). Label the rest of the vertices

in Husingy(H)+1,...,b.

We now create a rotation map on G. Pick any i € [n] — [a, (#)(G)] and let v;
be the vertex in G with label i. Label the edges at v; by starting with the edges
adjacent to members of S. Since § is a y (H)-independent set, we can ensure that
these edges get labels from the set [y (H)]. Once this labeling has been done for
every vertex from V (G) — S, complete the rotation map on G in any way.

We will show that the set

D:={G, ))eV(GRH) |i €foymn(G)+ 1, a1y (G)+2,...,n}, j €ly(H)]}.

is a dominating set in G ® H with this rotation map.

Note that for each i € [n] — [y, (1)(G)], cloud i is dominated by D, since
every such cloud contains a copy of the dominating set D’. Furthermore, for each
i € [ay(H)(G)], every vertex in cloud i is adjacent via its intercloud edges to some
cloud with label j € [n] — [y, (1) (G)].
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Moreover, by construction of the rotation map on G, we see that each vertex
in cloud j, for j € [n] — [, (5)(G)], is adjacent to a vertex (a, b), for some
a€la, ) (G)land b €[y (H)], and hence an element of D. Thus, D is a dominating
set and has size

ID| = (IV(G)| — oy (11)(G)) y (H),
giving the desired bound. O

The next example gives a sequence of graphs meeting the upper bound in
Proposition 4.7.

Example 4.8. Let G = K, and H = K, for any n € N. Then y(H) = 1 and
«1(G) = 1. Then, given any rotation map on G, let D be the set of n vertices
adjacent to a vertex in cloud 1 via an intercloud edge. Then D is a dominating set
with size

ID|=n=((n+1)—1)-1=(V(G)|—ay1)(G)) y (H). U

Total domination number. In this subsection we consider a related parameter, the
total domination number of a graph, that has also been heavily studied in similar
applications.

Definition 4.9. A fotal dominating set of a graph G is a subset D € V(G) such
that for every v € G, v is adjacent to some v’ € D. The total domination number
of G, denoted y,(G), is the size of a smallest total dominating set.

Note that unlike in a dominating set of G, in a total dominating set of G a vertex
does not dominate itself. Again, due to the dependence of the replacement product
on the rotation map, we introduce the following definition.

Definition 4.10. For graphs G and H, the minimized total domination number,
denoted y,(G ® H), is defined as the minimum possible total domination number
of G ® H over all rotation maps m on G. That is,

7(G® H) = min{y;(G™ ® H)} = min{min|S]},

where G is the graph G with rotation map m and S is a total dominating set of
G"™ ® H.

In the rest of this section, we obtain lower and upper bounds on the total domi-
nation number of replacement product graphs. First, we state the following known
result whose proof is straightforward.

Lemma 4.11 [Haynes et al. 1998b]. If G is a k-regular graph then

[V(G)|
vi(G) > c
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We next present a lower bound on the minimized total domination number of a
replacement product graph, and the proof uses the notion of a k-factor. Recall that
a k-factor of a graph G is a k-regular spanning subgraph of G.

Proposition 4.12. Let G be a b-regular graph with |V (G)| = n and H a k-regular
graph with |V (H)| = b. Then,
IVIG® H)| _ |V(G)||V(H)|

k+1 k+1

Moreover, when G and H have the additional properties that 1) b =y (H)(k+ 1)
and (ii) G contains a y (H)-factor, equality holds.

nG®H) =

Proof. The first statement follows from the (k41)-regularity of G ® H and
Lemma 4.11. Assume that the additional properties (i) and (ii) hold for G and H.
Let D’ be a smallest dominating set in H, and let D be the set

D={i,j))eV(G®H)|ielnl, jeD}.

Let G’ be a y (H)-factor of G. Design a rotation map on G by first labeling the
edges of the subgraph G’ at each vertex of G using the numbers 1, 2, ..., y(H),
and label the remaining edges at each vertex using y(H) + 1, ..., b. Label the
vertices in H by using the numbers 1,2, ..., y (H) for those in D’ and the numbers
y(H)+1,...,b for those not in D’.

Now consider the replacement product G ® H with this rotation map, and as
before let (i, j) denote the vertex in cloud i with label j. Consider an arbitrary
intercloud edge, say from (i, j) to (m,l), where i # m. Then we see that, by
construction, j € {1,2,...,y(H)}ifand only if / € {1, 2, ..., y(H)}. Moreover,
since (i, j) € D if and only if j € {1,2, ..., y(H)}, and every vertex is incident
to exactly one intercloud edge, this also implies that every v € D is adjacent via
an intercloud edge to some other v € D. This guarantees that D is not only a
dominating set, but is in fact a total dominating set. Finally,

_IVOIIV(H)]
k+1 k+1
In the next example, we construct a sequence of pairs G, H such that G ® H

meets the bound in Proposition 4.12 by showing that G and H satisfy the additional
properties in the proposition.

O

|IDI=1V(GO)|y(H)=|V(G)]

Example 4.13. Let G = Ky, 11, the complete graph on n = 4m + 1 vertices. It
is a known result from the theory of degree sequences that for any positive even
integer m, the graph K44+ contains an m-factor [Chen 1988], and therefore G
satisfies condition (ii). We now design H to be a 3-regular graph with b = 4m
vertices. Begin with m disjoint copies of K4 — e, where e is any edge of K4. Give
each copy a distinct label from [m]. For each i, label the two vertices in the i-th
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copy that have degree two (i, 1) and (7, 2). Then connect vertices (i, 1) to (i +1, 2)
for each i € [m — 1] and connect (m, 1) to (1, 2). This yields the graph H. Since H
is 3-regular,

Observe that each of the m copies of K4 — e can be dominated by exactly
one vertex. Hence, y (H) = m, satisfying the additional condition (i). Therefore,
7:(G ® H) meets the bound. O

Our final result gives an upper bound on the minimized total domination number
of replacement product graphs.

Theorem 4.14. Let G be a b-regular graph with |\V(G)| = n and H a k-regular
graph with |V (H)| = b. Let G’ be a spanning subgraph of G for which |E(G")| is
minimal given that §(G') > y (H). Then

(G ® H) <2|E(G)|.
Proof. First note that G’ always exists since
8(G)=|V(H)| =z y(H).

This also shows that | E(G)| is an upper bound for | E(G’)|. Now let D’ be a smallest
dominating set in H and let D be the set

D={i,j))eV(G®H)|ielnl, je D}

in G® H. Design a rotation map on G by first labeling the edges of the subgraph G’
at each vertex v of G using the numbers 1, 2, ..., degs (v), and label the remaining
edges at each vertex v using deg;/(v) 41, ..., b. Label the vertices in H by using
the numbers 1, 2, ..., y(H) for those in D’ and the numbers y (H) +1, ..., b for
those not in D'. Last, for each v € V(G), if deg (v) > y (H), then add the vertices
(Ly, y(H)+1),(Ly, y(H)+2),...,(Ly,degs(v)) to D, where L, denotes the
vertex label of v in G.

Now consider the product G ® H with this rotation map on G. By construction
of the rotation map, every v € D is adjacent to a vertex v’ € D via an intercloud
edge. This shows that D is a total dominating set. Finally,

IDI=y(H)|V(G)|+ Y (degg(v)—y(H))
veV(G")
=y (H)|V(G)|+2|E(G)| - |V (G)|y (H)
=y (H)(IV(G)| = V(G)]) +2|E(G")|
=2|E(G))|.
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Therefore with the specified rotation map,
v (G® H) <2|E(G))],

which implies that
7(G® H) < 2|E(G")]. O

The following example illustrates that the bound in Theorem 4.14 is sharp.

Example 4.15. Let G be a b-regular graph on n vertices that contains a 1-factor, and
let H = K;, where b > 2. Let G’ be a 1-factor of G. Note that §(G')=1> 1=y (H).
Since a 1-factor has the fewest number of edges of any spanning subgraph of G,
the graph G’ satisfies the condition in Theorem 4.14. Fix a rotation map on G and
let S be the set of all vertices in G ® H that are incident to the intercloud edges
corresponding to E(G’). Then each v € § is adjacent to some other vertex v’ € S,
where v’ # v. Moreover, since E(G’) is a 1-factor of G, there exists exactly one
vertex from S in each cloud of G ® H. Since each cloud is a complete graph, every
vertex in G ® H is dominated by S. Therefore, S is a total dominating set and has
size |S| =2|E(G")].

We now show that this is the smallest such total dominating set of G ® H.
Assume that D is a smallest total dominating set of G ® H for some arbitrary
rotation map on G. Assume further that there exists a cloud C that does not contain
a member of D. Then C must be dominated by b vertices in D, say sy, ..., Sp, via
intercloud edges. Moreover, each s; is contained in a different cloud, say s; is from
cloud C;. Since each s; must be adjacent to some other vertex in D using a cloud
edge, there must be other members of D, say ¢, ..., #, such that t; € C; for each i.

Thus, with the assumption that there exists such a cloud C, we can deduce that
at least b clouds must contain at least two vertices in D. Moreover, the vertices
t, ..., from D collectively only dominate » additional vertices from G ® H
which were not already dominated by s1, ..., sp. So for each cloud that does not
contain a member of D, b additional vertices are needed and at most one additional
cloud can be dominated. Further note that if a cloud is not completely dominated
via intercloud edges then there must exist a member of D within that cloud. Thus,
since b > 2, we see that for D to be minimally sized, there cannot be a cloud that
does not have a member of D contained within it. Therefore |D| > n = 2|E(G’)|,
which implies our conclusion. O
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An optional unrelated question RRT model
Jeong S. Sihm, Anu Chhabra and Sat N. Gupta

(Communicated by Kenneth S. Berenhaut)

We propose a modified unrelated question randomized response technique (RRT)
model which allows respondents the option of answering a sensitive question
directly without using the randomization device if they find the question non-
sensitive. This situation has been handled before by Gupta, Tuck, Spears Gill,
and Crowe using the split sample approach. In this work we avoid the split
sample approach, which requires larger total sample size. Instead, we estimate
the prevalence of the sensitive characteristic by using an optional unrelated
question RRT model, but the corresponding sensitivity level is estimated from
the same sample by using the traditional binary unrelated question RRT model
of Greenberg, Abul-Ela, Simmons, and Horvitz. We compare the simulation
results of this new model with those of the split-sample based optional unrelated
question RRT model of Gupta et al. and the simple unrelated question RRT model
of Greenberg et al. Computer simulations show that the new binary response and
quantitative response models have the smallest variance among the three models
when they have the same sample size.

1. Introduction

Social Desirability Bias (SDB) is the tendency in survey respondents to reply to a
sensitive question in a socially desirable manner as opposed to replying truthfully.
In order to encourage truthful answers, several techniques have been developed
for sensitive survey questions. These include the indirect response technique of
[Warner 1965] and the unrelated question technique of [Greenberg et al. 1969],
both belonging to the family of randomized response techniques (RRT) models.
Several variations of the original RRT models, both binary response and quanti-
tative response models, have been discussed by researchers, including Mangat and
Singh [1990], Gupta [2001], Gupta et al. [2002; 2010; 2013a; 2013b], Christofides
[2003], Mehta et al. [2012], and Sihm et al. [2015]. Among the many RRT proce-
dures, we will focus here on the binary response unrelated question RRT model

MSC2010: 62-02, 62-04, 62D0S.
Keywords: optional randomized response models, unrelated questions randomized

response models, parameter estimation, simulation study.
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of [Greenberg et al. 1969], as well as the quantitative response unrelated question
RRT model of [Greenberg et al. 1971].

Gupta et al. [2013b] demonstrated that an optional unrelated question RRT model
can lead to improvement in estimating the prevalence of the sensitive characteristic.
They used the split sample approach because they estimated both the prevalence
of the sensitive characteristic and sensitivity level of the question from the same
set of responses. We will introduce in this paper new binary and quantitative
optional unrelated question RRT models without using the split sample approach
and estimate the prevalence of the sensitive characteristic and the sensitivity level
of the question from two different sets of responses from the same sample. We will
demonstrate by an extensive simulation study that the proposed models work better
than the optional unrelated question RRT models of [Gupta et al. 2013b] and the
traditional unrelated question RRT models of [Greenberg et al. 1969; 1971] for a
fixed sample size.

2. Unrelated question RRT models
2.1. Unrelated question models.

2.1.1. Binary response model. This model was first introduced in [Greenberg et al.
1969]. In this model, you use a randomization device to ask a respondent the
sensitive binary question with preassigned probability p, and an innocuous question
(whose prevalence is already known) with probability of 1 — p,,.

Let 7, be the known prevalence of an unrelated characteristic and 7 be the
unknown prevalence of the sensitive characteristic. Let P, be the probability of a
“yes” response from a respondent. Then P, can be expressed as

Py=pa7T+(1_pa)7Ta' (1)

Solving for 7, we have

P y (1 = pa) 7a
T = .
Pa
This leads to the estimator of [Greenberg et al. 1969],

. Py—(-pam,
Pa ’

2

g =

where f’y is the proportion of “yes” responses in the survey. It is known that 77, is
an unbiased estimator with its variance given by

Py(1—Py)

Var(ry) = == s
a

3)
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2.1.2. Quantitative response model. Very much like the binary response model,
in this model the researcher will also ask a sensitive question with preassigned
probability p, and an innocuous question with probability 1 — p,,.

Let , and 0}2, respectively be the known mean and variance of an unrelated
question and 1, and o2 respectively be the unknown mean and variance of the sen-
sitive question in the population. Let Z be the reported response from a respondent.
Then Z can be expressed as

7 X with probability p, (sensitive question),
~|Y  with probability 1 — p, (nonsensitive question),

with
E(Z) = p; = paprx + (1 = pa iy, “
Var(Z) = pa E(X?) + (1 — p) E(Y?) — i
= pa(o; +113) + (1 = pa) (o] + 113) — 2. )

Solving (4) for u,, we have

Mz — (1 - pa)/"vy
Pa
This leads to the estimator of [Greenberg et al. 1971],

Mx =

. Z=(=pauy
g =—""", (0)
Pa
where Z is the sample mean of the quantitative responses in the survey.
It is known that /i, is an unbiased estimator with its variance given by

A 1 1
Var(fly) = — Var(Z) = — (07 + pa(0; — ) + pa(1 — pa) (ix — i1y)?). (7)
npa npu

2.2. Optional unrelated question models. These models were proposed in [Gupta
et al. 2013b] as a generalization of the original unrelated question models of
[Greenberg et al. 1969; 1971] by giving respondents the option of responding to the
sensitive question directly if they consider the question nonsensitive, while they can
still give a scrambled response by using the model of [Greenberg et al. 1969] for a
binary response and by using the model of [Greenberg et al. 1971] for a quantitative
response if they feel the question is sensitive.

2.2.1. Binary response model. Let 7, be the known prevalence of an unrelated
characteristic, = be the unknown prevalence of the sensitive characteristic, p be the
preassigned probability of the respondent selecting the sensitive question, and w be
the unknown sensitivity level of the survey question in the population. Sensitivity
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level means the proportion of respondents in the population who would consider
the question sensitive and subsequently opt to use a randomization device.
The probability of a “yes” response (P)) in this model can be expressed as

Py=(-w)7+op+ (1 —p)ra). (8)

Using two independent samples with sample sizes n; and n; respectively, and as-
suming that p; and p; are two different preassigned probabilities of the respondents
selecting the sensitive question in the two samples, (8) can be written as

Py —m=w(l—-p)m,—7) and Py, —m=w(l—-p)m,—m). ()

Solving for 7, we have

AP, — P —1
=D TN gy £ L pL# pa T # 7). where = 2t

. (10
r—1 p2—1 ( )

Equation (10) leads to the unbiased estimator for = of [Gupta et al. 2013b],

. _ APy, Py
Tou = ﬁ, (11)
with its variance given by
R 1 pP,(1—P,) P, (1-Py)
V. _ 320> ¥ Vi ) 12
ar (7 gu) o 1)2< > + . (12)

Similarly from (9), we have

PY1 _Pyz
w =
(p2—p)a+ (1 —p2) Py, — (1 = p1) Py,

(p1 # p2, ma #m),  (13)

which leads to an estimator of w given by

Fyl — f’yz (14)
(p2—p)7a+ = p2) Py, — (1 = p1) Py,

A
Woyx =

Gupta et al. [2013b] show that, up to first-order Taylor approximation, &g, is
an unbiased estimator for w with its variance given by

P, (1-P,) P.(1—P,)
(p2—p1)? ((ﬂa—Py2)2 )ln—lyl + (Jra—Pyl)2”n—2}2

Var(&g,+) = 7]
((p2—p1)7a + (1= p2) Py —(1—p1) Py,)
(15)
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2.2.2. Quantitative response model. Let p, and oyz respectively be the known mean
and variance of an innocuous question, u, and axz respectively be the unknown mean
and variance of the sensitive question in the population, p; and p; be the preassigned
probabilities of answering the sensitive survey question in two subsamples, and
be the unknown sensitivity level of the survey question in the population. Let Z; be
the reported response from a respondent in the i-th subsample (i = 1, 2). Then Z;
can be expressed as

7. X; with probability (1 — ) + wp; (sensitive question),
T Y;  with probability w(1 — p;) (nonsensitive question),

with
E(Z)=pz = (1 —0) +op)us+o(1—p)uy (=1,2), (16)
Var(Z;) = (1 — ) + wp) E(X}) + (1 — p) E(Y?) — 2
=((1—)+op)o;+u2)+o(l—p)o;+u3)—us. (17

Equation (16) can be rearranged as

Mz — tx =@(pi — D(pe —py) (G =1,2). (18)

Solving (18) for u,, we have

Uz — Al 1— 1
pe="0 Ty # L pr# pa, e #Epy),  where A= (19)
1—A P2 — 1
This leads to the unbiased estimator for u, of [Gupta et al. 2013b],
. Qi — M, Z1—M\Zo
= = 5 20
Mgu 1—2x 1—2x (20)
with its variance given by
N 1 Var(Zy) 5, Var(Z,)
Var = A . 21
(Mgu) (1—1)2 ( n + P (21

Solving (18) for w, we have

= MZ] - Mzz
(p2—pOuy+ A = p)pz — (1= pr)ug,

(p1 # P2y x # 1y),  (22)

which leads to
Z1—2Z»

— —, (23)
(p2—p)na+ (1 —=p)Zy—(1—p1)z,

a)gu** =
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Gupta et al. [2013b] show that, up to first-order Taylor approximation, @g, is
an unbiased estimator for w with its variance given by

(p2— p1)? ((My - Mz2)2 ar(l v + (ug, — My)z ( 2))
(24)

nj

Var(@g,«) =
((p2— pDTa+ (L= p2)pizy — (1 = p)pz,)

3. The proposed model

The main motivation for this model is to avoid the split sample approach which
requires unnecessarily larger total sample size. We do this by asking respondents
two questions. Question 1 is the main research question, which the respondent
answers using the optional model of [Gupta et al. 2013b]. Question 2 is the auxiliary
question about whether or not the underlying research question is sensitive enough
for the respondent to opt for a scrambled response. Respondents will answer
Question 2 by using the original model of [Greenberg et al. 1969].

3.1. Binary response model. Let w, be the known prevalence of an unrelated
innocuous characteristic, 7, be the known prevalence of another unrelated innocuous
characteristic, w be the unknown prevalence of the sensitive characteristic, p, be
the preassigned probability of the respondent selecting the sensitive question in
answering Question 1, p; be the preassigned probability of the respondent selecting
the question about sensitivity in answering Question 2, and w be the unknown
sensitivity level of the survey question in the population.
Let Py, be the probability of a “yes” response from a respondent to Question i
(i=1,2). We have
Py =1 -w)m +w@mpe+ (1 — pa)ma), (25)
Py, = ppo + (1 — pp) 7. (26)
Solving (25) and (26) for = and w respectively, we have
P, —(1- 7T Py, —(1—-pym
s n—d=pdora - P = (0= p) b, 27
1= —=pyo Db
which lead to the estimators

P, —(1—
g and  @pr = —2> ( pb)ﬂb, (28)
- _pa)a)p* Pb

7= Py, — (1= pa)ép 7

where ﬁyi is the proportion of “yes” responses in the sample to Questioni (i =1, 2).
Notice that @+ is an unbiased estimator with its variance given by

Py, (1 — Py,)

Var(®p+) = p
b

(29)



AN OPTIONAL UNRELATED QUESTION RRT MODEL 201

After applying first-order Taylor expansion to 77, we have

. 3% (Py,, &pr) ~ 07 (Py,, &pr) )
7y AR (Py,, 0) + ——2—L2 (Py, — Py) + % (&pr — )
¥i P, .w Wp+ Py .0
_Py—w(-p)r, | Py—Py | (1=p)(Py,—70)(@p—w) 1)
I—-(I-p)o  1-(1—pyw (1= (1= pa) w)>

Up to first-order Taylor approximation, 77, is an unbiased estimator for 7 with
its variance given by
1 ] Pyl(l_Pyl) (1_pa)2(Py1_7Ta)2 ) Pyz(l_Pyz)
(1=(1=pa) w)? n (1=(1=pa) w)* np; (3'2)

Var(1,) =

3.2. Quantitative response model. Let 1, and 03 respectively be the known mean
and variance of an innocuous question, s, and o2 respectively be the unknown mean
and variance of the sensitive question in the population, p, be the preassigned proba-
bility of the respondent selecting the sensitive question in answering Question 1, and
o be the unknown sensitivity level of the survey question in the population. Let Z be
the reported response to Question 1 from a respondent. Then Z can be expressed as

7 - X  with probability (1 — w) + wp, (sensitive question),
|y with probability w (1 — p,) (nonsensitive question),

with
E(Z)=p; = (1 —w) +wps) iy + ol = pa)pty, (33)
Var(Z) = ((1 — 0) + wpa) E(X?) + o (1 — p) E(Y?) — ji?
=((1—w)+op) o] + 1) +o(l—p)o; +ud) —uz. (34

Let 3 be the known prevalence of a binary innocuous characteristic for Ques-
tion 2 and p; be the preassigned probability of the respondent selecting the question
about sensitivity in answering Question 2. We have the probability of a “yes’
response to Question 2 given by

>

Py = ppo+ (1 — pp) 70p. (35)
Solving (33) and (35) for 1, and w respectively, we have

_ pz — iyl = py)w and o= Py_(l_Pb)nb’

I—(1-pyo Pb

(36)

M

which lead to the estimators

P,—(1—
) nd e = DZAZPIT
1= (1 = pa) @p Pb

 Z— (1= pg) By
/’Lp= y a 14
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where 13\) is the proportion of “yes” responses to Question 2 in the sample.
Notice that @, is an unbiased estimator with the variance given by

P,(1—P))

Var(c?)p**) = ) (38)
npj
After applying first-order Taylor expansion to [, we have
A ALz, Dpr) . ALz, Dpe) .
fp iz, 0) + =2 | (A )+ | (@ — )
%4 L@ 80),,** e
(39)
_ Mz_/fby(l_pa)w /lz_ﬂz (l_Pa)(/sz_,uy)((;)p**_w)
1=(1=pa) e I=(I=-pa)w (I=(1=pa) ®)?
_ Hemiy(=poo Z—1: (1=Pa) (thz = py) (@pr+ —®) (40)
I-(I-p)o  1=(I-pyo (1-=(1-pa)w)?

Up to first-order Taylor approximation, /i, is an unbiased estimator for , with
the variance given by

1 Var(Z) | (1=pa)*(re—1ty)* Py(1=Py)
(I-(I=p)w)*  n (1=(1=pa)»)* np;

Var(fi,) = (41)

4. Simulation results

In this section, simulation results are presented for our estimators, ftp, 1) ¥ I P>
and @,+. We compare simulation results of the proposed models with the results
from other models. Specifically, we compare 77, with 77, and 74, and @+ With @ g,
for binary response. Likewise, for the quantitative response models, we compared
L, with iy and figy, and @ = With @,

All the simulations were conducted by using the R programming language
(http://www.R-project.org). For the binary response models, two parameters, 7 and
w, were allowed to vary while all the other variables were fixed. We used 10000
iterations with p, = 0.85, =, = 0.7, p, = 0.5, 7, = 0.1, p; =0.85, and p, = 0.15.
For the quantitative response models, two parameters, ©, and o, were allowed
to vary while all the other variables were fixed. Again we used 10000 iterations
with p, =0.85, uy, =7.0, pp = 0.6, 1, = 0.1, p; = 0.85, and p, = 0.15. For the
distributions of X and Y, we used the Poisson distributions with the parameters (i,
and p, respectively, as done in [Gupta et al. 2013b]. Also notice that all models
have the same total sample size (n = 1000). For the optional unrelated question
RRT models with split samples, the optimal sample ratios were used according to
the formulas in [Gupta et al. 2013b].

4.1. Simulation of © and & for binary case. Table 1 shows that the theoretical
Var(7,,) values are always the smallest in comparison with the theoretical Var(:,)


http://www.R-project.org
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=10 =20 n=30 n=40 =50

EMean(#,)  0.099923 0.199995 0300015 0400170 0.500034

= EVar(#,) 0.000101  0.000169 0.000220 0.000243 0.000256
‘é TVar(#,) 0.000103 0.000172 0.000220 0.000249 0.000258
> EMean(d,») 0.100110 0.099778 0.099747 0.100091 0.099960
Z  EVar(@,)  0.000360 0.000355 0.000366 0.000365 0.000355
TVar(@,)  0.000360 0.000360 0.000360 0.000360 0.000360

© 8 EMean(f,)  0.099875 0.200037 0.300155 0.400311 0.500007
&2 Evar(h,) 0.000209 0.000273 0.000316 0.000336 0.000342
B E Tvar(n,) 0.000213  0.000276 0.000319 0.000342 0.000345
EMean(fr,,) 0.100290 0.199921 0300257 0.399756 0.499761

B= EVar(Rn)  0.000203 0.000345 0.000445 0.000492 0.000495
gg TVar(fe,)  0.000207 0.000341 0.000436 0.000493 0.000510
S £ EMean(dge) 0097581 0.098096 0.093820 0.090546 0.073563
T & EVar(dge) 0004716 0010569 0.021178 0.041900 0.102535
25 TVar(@ue)  0.004727 0010600 0.020670 0.041002 0.094970
S % Optimal n, 831 843 847 849 850
Optimal 1 169 157 153 151 150
EMean(#,)  0.099817 0.200152 0.299968 0.399772 0.500247

= EVar(,) 0.000122  0.000188 0.000240 0.000264 0.000276
"é TVar(#,) 0.000127 0.000194 0.000240 0.000267 0.000275
> EMean(d,) 0300150 0299862 0300151 0300172 0.300387
Z  EVar(®,)  0.000659 0.000628 0.000623 0.000641 0.000641
TVar(@,)  0.000640 0.000640 0.000640 0.000640 0.000640

© 8 EMean(f,)  0.099657 0200152 0.299961 0.399758 0.500268
£ EVar(y) 0.000210 0.000274 0.000320 0.000338 0.000344
B E TVar(,) 0.000213  0.000276 0.000319 0.000342 0.000345
EMean(,,)  0.100291 0.199864 0.299693 0.400126 0.500136

Bi= EVar(Rn)  0.000247 0.000366 0.000437 0.000496 0.000508
T2 TVar(h,) 0000247 0000367 0.000450 0.000497 0.000509
S E EMean(dg) 0298015 0299102 0.295495 0.288993 0.278986
S & EVar(@ge) 0005779 0010766 0.019549 0.037961 0.090777
25 TVar(@ge)  0.005654 0010818 0.019634 0.037539 0.085578
O % Optimal n, 813 834 843 848 851
Optimal 75 187 166 157 152 149

Table 1. Simulation results of binary models: trials = 10000, p, =
0.85,7,=0.7, pp =0.5, 1, =0.1, p; =0.85, p» =0.15, n = 1000.
Continued on next two pages.
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=10 n=20 n=30 n=40 n=50

EMean(#,)  0.100065 0.199972 0.299964 0400173 0.500032

= EVar(#,) 0.000150 0.000219 0.000258 0.000289 0.000294
"é TVar(#,) 0.000153 0.000217 0.000262 0.000287 0.000293
= EMean(®,) 0.500294 0499501 0.500029 0.499672 0.499882
Z  EVar(@,)  0.000846 0.000840 0.000819 0.000840 0.000824
TVar(@,-)  0.000840 0.000840 0.000840 0.000840 0.000840

o5 EMean(f,)  0.100058 0.199923 0.299879 0.400215 0.499955
&2 EVar(n,) 0.000214 0.000281 0.000316 0.000341 0.000348
B E Tvar(n,) 0.000213  0.000276 0.000319 0.000342 0.000345
EMean(#,,)  0.099788 0200111 0.300070 0.400095 0.500009

B2 EVar(R,)  0.000282 0.000377 0.000458 0.000506 0.000522
g_f TVar(fg,)  0.000281 0.000387 0.000460 0.000500 0.000508
S £ EMean(dge) 0499378 0495986 0496737 0.491159 0.483003
T & EVar(@ge)  0.006075 0010543 0.018355 0.035501 0.081250
25 TVar(Gue)  0.006043 0010546 0018314 0.034180 0.076555
O % Optimal n, 807 830 842 849 852
Optimal 1, 193 170 158 151 148
EMean(#,)  0.099826 0.200188 0.300180 0.399989 0.500289

= EVar(#,) 0.000176 0.000238 0.000284 0.000307 0.000314
é TVar(#,) 0.000180 0.000242 0.000285 0.000309 0.000313
= EMean(®,) 0.700494 0.700062 0.699990 0.700182 0.700184
Z  EVar(®,)  0.000951 0.000958 0.000996 0.000954 0.000958
TVar(@,-)  0.000960 0.000960 0.000960 0.000960 0.000960

© T EMean(7,)  0.099812 0.200224 0300152 0399974 0.500196
B EVar(r) 0.000216 0.000276 0.000318 0.000342 0.000348
B E TVar(,) 0.000213  0.000276 0.000319 0.000342 0.000345
EMean(,,)  0.099964 0.199881 0.299798 0.399785 0.499802

B= EVar(Re)  0.000309 0.000399 0.000476 0.000501 0.000508
T2 TVar(a) 0000308 0.000403 0.000466 0.000500 0.000505
S E EMean(bg) 0.698348 0.697556 0.698043 0.695540 0.686860
T & EVar(Gge)  0.006058 0.009892 0017114 0.031608 0.072975
25 TVar(@pe) 0006026 0.009977 0.016837 0.030600 0.068462
O % Optimal n, 808 831 844 850 854
Optimal 5 192 169 156 150 146

Table 1 (continued).
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=10 =20 nn=30 n=40 nw=50
EMean(7 ) 0.099938 0.199859 0.300231 0.399827 0.499915

=  Evar(,) 0000210 0.000268 0.000303 0.000332 0.000325
"é TVar(#,)  0.000209 0.000269 0.000310 0.000332 0.000334
= EMean(d,s) 0.899699 0.900364 0.900596 0.900153 0.899261
Z  EVar@@,)  0.000993 0.001002 0.000974 0.000995 0.000982

TVar(@,)  0.001000 0.001000 0.001000 0.001000 0.001000
© T EMean(R,) 0099951 0.199827 0.300278 0.399858 0.499884
2 Evar(i,) 0.000217 0.000278 0.000310 0.000343 0.000336
% E Tvar(n,) 0.000213  0.000276 0.000319 0.000342 0.000345

EMean(7,,) 0.099964 0200086 0.299842 0.400039 0.499913
8= EVar(r,) 0000333 0000414 0.000474 0.000506 0.000496
T2 TVar(Re) 0000329 0000414 0.000470 0.000499 0.000502
S E EMean(dge) 0898232 0.898642 0.897893 0.888967 0.886717
S5 EVar(dge) 0005918 0009252 0.015552 0.027088 0.065652
25 TVar(@ue) 0005709 0.009163 0.015084 0.027281 0.060890
S % Optimal 1, 815 836 847 853 856

Optimal 1, 185 164 153 147 144

Table 1 (end).

values of the traditional unrelated question RRT model and the theoretical Var(7,)
values of the split sample optional unrelated question RRT model. Similarly,
Var(®+) is always smaller than Var(®g,+).

In Table 1, the variances of the proposed models consistently have the smallest
value. For each model, the theoretical and empirical variances match very well.
First-order Taylor approximation was used to calculate Var(7,,) and Var(dg,).

Notice that Var(7g,) > Var(7,), except for one case in Table 1. In this case,
different models are used, the former a 2-parameter model and the latter a 1-
parameter model.

4.2. Simulation of i, and & for quantitative case. Table 2 shows that the Var(/i )
values are always the smallest in comparison with the Var(/iy) values of the tradi-
tional unrelated question RRT model and the Var(fi,,) values of the split sample
optional unrelated question RRT model. Similarly, Var(®,+) is always smaller
than Var(®g,).

In Table 2, the variances of the proposed models are consistently the smallest.
For each model, the theoretical and empirical variances match very well. First-
order Taylor approximation was used to calculate the theoretical values of Var(i,)
and Var(@g,).
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=10 =20 =x=30 =wn=40 x=50

EMean(fi,)  1.000132 1999822 2.999639 3.999132 4.999228

= EVar(i,) 0.001693 0.002556 0.003328 0.004309 0.005253
"é TVar(ji,) 0.001880 0.002664 0.003490 0.004358 0.005268
= EMean(@,=) 0.099985 0.100201 0.100164 0.099987 0.099953
Z  EVar(@,~) 0000249 0.000245 0.000252 0.000252 0.000252
TVar(@,=)  0.000250 0.000250 0.000250 0.000250 0.000250

© 3 EMean(i,) 0998261 2000599 3.000724 3.999652 4.998115
ET EVar() 0.009062 0.008097 0.007823 0.007660 0.008019
B E TVar(i,) 0.008983 0.008218 0.007806 0.007747 0.008042
EMean(fl,,)  1.000980 2.001495 2.998708 3.999821 4.999394

B= EVar(g)  0.004008 0.005554 0.007014 0.008719 0.010369
gg TVar(fiz,)  0.003965 0.005506 0.007094 0.008756 0.010504
S £ EMean(dge+) 0.099302 0.098822 0.100371 0.098259 0.096624
S & EVar(@ge) 0001197 0.002033 0.003726 0.007750 0.019916
25 TVar(@ue) 0001162 0002018 0.003724 0.007716 0.020077
S % Optimal n, 777 809 828 839 845
Optimal 7 223 191 172 161 155
EMean(fi,)  0.999257 2.000800 2.999809 3.997820 5.000697

= EVar(ii,) 0.003161 0.003674 0.004222 0.005034 0.005707
"é TVar(ii,) 0.003512  0.003912 0.004429 0.005064 0.005817
= EMean(é,~) 0300102 0300129 0.300195 0.300102 0.299864
Z  EVar(@p~)  0.000475 0.000476 0.000487 0.000491 0.000469
TVar(@,=)  0.000477 0.000477 0.000477 0.000477 0.000477

© 8 EMean(i,) 0999620 2001652 2.999560 3.998422 5.000657
£ EVar(i,) 0.008981 0.008030 0.007813 0.007787 0.007886
B E TVar(ji,) 0.008983 0.008218 0.007806 0.007747 0.008042
EMean(fi,,)  1.000295 2.000283 2.999919 3.999949 5.000366

Bi= EVar(le) 0007276 0.008010 0.008841 0.009987 0.010842
T2 TVar(i.) 0007258 0007911 0.008746 0.009780 0.011036
S E EMean(dge) 0299975 0298695 0.299377 0299276 0.294327
S & EVar(@ge) 0002125 0.002947 0.004738 0.008544 0.020036
25 TVar(@ge) 0002111 0002957 0.004594 0.008385 0.019787
O % Optimal n, 757 784 807 826 838
Optimal 1 243 216 193 174 162

Table 2. Simulation results of quantitative models: trials = 10000,
Pa =0.85, u, =7.0, p, =0.6, m, = 0.1, p1 = 0.85, p» =0.15,
n = 1000. Continued on the next two pages.
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=10 x=20 =x=30 =wn=40 x=50

EMean(fi,)  1.000104 2.000087 3.000718 4.001133 5.000078

5 EVar(i,) 0.004778 0.004885 0.005055 0.005810 0.006419
"é TVar(ji,) 0.005204 0.005213 0.005416 0.005815 0.006409
= EMean(é,~) 0499925 0.500087 0.500174 0.500064 0.499728
Z  EVar(@p=) 0000626 0.000628 0.000623 0.000612 0.000613
TVar(@,=)  0.000623 0.000623 0.000623 0.000623 0.000623

© g EMean(i,)  1.001130 1999331 3.000900 4.001092 4.999751
2 EVar(ly) 0.008974 0.008272 0.007543 0.007785 0.008200
A E Tvar(ny) 0.008983 0.008218 0.007806 0.007747 0.008042
EMean(fl,,)  0.999785 2.000865 2.998736 3.999293 4.999645

B= EVar(g) 0010030 0.009858 0.010053 0.010752 0.011474
T2 TVar(i,) 0010021 0009904 0010105 0010627 0.011484
S E EMean(dge) 0499831 0498203 0499094 0497134 0.496861
T & EVar(@ge) 0002595 0.003521 0.004917 0.008461 0.019331
25 TVar(@u-) 0002614 0003421 0.004978 0.008500 0.019160
S % Optimal n; 762 782 802 820 835
Optimal 7 238 218 198 180 165
EMean(fi,)  1.000434 1999794 3.000376 3.999070 4.998875

= EVar(ii,) 0.006498 0.006200 0.006230 0.006572 0.007062
é TVar(ji,) 0.006956 0.006570 0.006457 0.006617 0.007051
= EMean(é,=) 0700136 0700524 0.699319 0.700041 0.700131
Z  EVar(@,)  0.000695 0.000686 0.000703 0.000678 0.000668
TVar(@,+)  0.000690 0.000690 0.000690 0.000690 0.000690

© 5 EMean(i,) 0999969 2000120 3.000306 3.999057 4.998973
BT EVar(i,) 0.009033 0.008287 0.007767 0.007932 0.008049
B E TVar(fl,) 0.008983 0.008218 0.007806 0.007747 0.008042
EMean(fi,,)  0.999089 2.000346 2.999364 4.000602 4.998395

Bi= EVar(ln) 0012147 0011724 0011007 0.011255 0.011901
T2 TVar(i,) 0012241 0011503 0011193 0011309 0.011855
S £ EMean(dge~) 0700095 0.699526 0.700043 0.698377 0.697909
S & EVar(@ge) 0002767 0.003456 0.004917 0.008352 0.018523
S5 TVar(@ge) 0002757 0.003508 0.004967 0.008260 0.018173
C© % Optimal n, 777 790 805 820 834
Optimal 1, 223 210 195 180 166

Table 2 (continued).
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7=10 n=20 =n=30 =wn=40 nw=50
EMean(/1,) 0.997806 1.999640 2.999296 4.000093 5.000968

< EVar(ii,) 0.008691 0.007787 0.007430 0.007428 0.007794
"é TVar(j1,) 0.008770 0.007986 0.007554 0.007475 0.007749
> EMean(d,~) 0.900024 0.900222 0.899738 0.899885 0.900270
Z  EVar(@,~)  0.000684 0.000673 0.000662 0.000664 0.000681

TVar(@,=)  0.000677 0.000677 0.000677 0.000677 0.000677
©3 EMean(i,)  0.998399 2.000097 2.999036 4.000156 5.001079
£ EVar(d,) 0.009059 0.008152 0.007844 0.007811 0.008153
% E Tvar(i) 0.008983 0.008218 0.007806 0.007747 0.008042

EMean(fi,,)  1.000834 1.997784 2.999923 3.999134 4.999262
B = EVar(iig) 0.013713 0.012646 0.011814 0.011912 0.011936
7:;_% TVar (g, 0.013854 0.012677 0.012003 0.011828 0.012148
S E EMean(dg) 0898653 0900103 0.898165 0.898256 0.897476
TS EVar(@ge)  0.002611 0.003239 0.004693 0.007889 0.016584
25 TVar(@g-) 0002582 0003297 0.004657 0.007755 0.016864
S % Optimal n, 800 807 815 825 834

Optimal n, 200 193 185 175 166

Table 2 (end).

5. Conclusion

We propose a modification of the optional unrelated question models of [Gupta et al.
2013b] for binary and quantitative responses by avoiding the split sample approach,
which requires a larger total sample size. Rather than trying to estimate prevalence
and sensitivity simultaneously, we estimate them independently by asking two ques-
tions. The simulation study shows that the proposed models always achieve smaller
variances of the estimators for both binary and quantitative response cases. As shown
in the tables, Var(77,), Var(®,+), Var(fi,), and Var(&,+) are respectively smaller
than Var(7,) and Var(7t,,), Var(@g,»), Var(jig) and Var(fig,), and Var(@g,).
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On counting limited outdegree grid digraphs
and greatest increase grid digraphs

Joshua Chester, Linnea Edlin, Jonah Galeota-Sprung, Bradley Isom,
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Todd T. Eckdahl, Laurie J. Heyer and Jeffrey L. Poet

(Communicated by Ronald Gould)

In this paper, we introduce two special classes of digraphs. A limited outdegree
grid (LOG) directed graph is a digraph derived from an n x n grid graph by
removing some edges and replacing some edges with arcs such that no vertex
has outdegree greater than 1. A greatest increase grid (GIG) directed graph is a
LOG digraph whose vertices can be labeled with distinct labels such that each
arc represents the direction of greatest increase in the underlying grid graph. We
enumerate both GIG and LOG digraphs for the 3x3 case.

1. Introduction

Some search algorithms, such as hill climbing [Russell and Norvig 2010], use local
information to seek a global maximum of a function of two variables, f(x, y). At
every point in an nxn lattice, the algorithm determines the direction of greatest
increase in f, and moves to the adjacent lattice point in that direction. We can
think of this algorithm as discrete gradient ascent. In what follows, we make the
simplifying assumptions that the function values are the integers 1,2, ..., n?
directions are restricted to horizontal and vertical on a square grid. For example,
consider the function values 1 through 9 on the 3 x3 lattice shown in Figure 1(a).
The direction of greatest increase from each lattice point is shown in Figure 1(b) as
an arrow to the appropriate adjacent point. Note that there are no arrows originating
at local maxima on this lattice.

and
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Figure 1. (a) A sample function f(x, y) mapping a 3x3 grid onto
1,2,...,9. (b) The direction of greatest increase in f(x, y) from
each grid point.

The lattice points and arrows in Figure 1 are easily described in the language of
graph theory [Tutte 2001]. In particular, Figure 1(b) is derived from a grid graph
by replacing some edges with a single arc, and eliminating other edges entirely, so
there is at most one arc originating at each vertex. We call these limited outdegree
grid (LOG) digraphs. If the vertices in a LOG digraph can be labeled with the
integers 1, 2, ..., n? such that each arc is in the direction of greatest increase from
that vertex, we call the graph a greatest increase grid (GIG) digraph. The directed
graph in Figure 1(b) is clearly a GIG digraph since it was derived from a labeling
of the vertices of a lattice. Other LOG digraphs, such as that shown in Figure 2,
are not GIG digraphs. Additionally, GIG digraphs can also be viewed as a type of
proximity graph [Bose et al. 2012].

Graph labeling problems, that is, questions that ask if integers can be assigned
to the vertices or edges (or both) of a graph subject to given conditions, have been
studied for over 50 years. Gallian [2015] has compiled a dynamic survey of the
known results of graph labeling problems, and many graph labeling problems are
accessible to undergraduate students, such as that in [Poet et al. 2005].

In this paper, we describe two approaches to enumerating the 3x3 GIG di-
graphs, and a method for enumerating 3 x3 LOG digraphs. Finally, we suggest two
procedures for deciding if a given LOG digraph is a GIG digraph.

2. Enumerating LOG and GIG digraphs

In counting the number of distinct LOG and GIG digraphs, there are two complicat-
ing factors. First, a LOG digraph can be isomorphic to as many as 7 others: those
obtained by 90-, 180-, and 270-degree clockwise rotations, and those obtained by
reflecting each of these through a horizontal line. These motions are described
by the dihedral group on the square. However, a LOG digraph with reflexive or
rotational symmetry will have fewer than 8 LOG digraphs in its isomorphism class.
Figure 2 illustrates the 8 LOG digraphs in one isomorphism class.
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Figure 2. (a) A LOG digraph that is not also a GIG digraph, and
its (b) 90-degree, (c) 180-degree, and (d) 270-degree rotations. The
LOG digraphs in (e)—(h) are obtained by reflecting those in (a)-(d)
through a horizontal line.

The second complicating factor is that a particular GIG digraph can be labeled
in more than one way, and the number of ways is dependent upon the underlying
LOG digraph. For example, Figure 3 shows three labelings of one particular GIG
digraph. The variability described in these two observations prohibits us from being
able to find the number of nonisomorphic LOG or GIG digraphs by computing the
total number of directed graphs with a certain property and dividing by an easily
computable constant. Our research group of undergraduates was split across two
campuses, Missouri Western State University and Davidson College. Students from
the two campuses took different approaches to enumerating GIG digraphs.

2.1. Counting approach 1: construct one candidate LOG digraph from each iso-
morphism class, and test each one to see if it can be labeled. On the Missouri
Western campus, we approached the problem by considering the list of nonisomor-
phic candidate LOG digraphs, and then asking if each of these could be labeled.

B

Figure 3. Three possible labelings of the same GIG digraph.
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O O O O O O O

Figure 4. Three possible locations (black vertex) of a complete

sink corresponding to the label 9, upper left corner, upper middle,
and center.

First, we observe that every GIG digraph must contain at least one vertex that
is a complete sink, that is, a vertex with indegree equal to the number of adjacent
vertices in the underlying grid graph, corresponding to the label 9. Furthermore,
because we want to consider only one candidate LOG digraph in each isomorphism
class, we need only consider the label 9 in one of three positions: the upper left
corner, the upper middle, and the center. Any valid candidate LOG digraph can be
put into correspondence with (at least) one of these three by an appropriate rotation.
Hence, the candidate LOG digraphs can be put into three piles (A, B, and C)
according to the location of the complete sink, labeled as 9, shown in Figure 4.

These three piles can further be subdivided according to the location of the
label 8. For example, if the label 9 is in the upper left, then there are five locations
(see Figure 5) that could be labeled with 8 since we want to account for a reflection
about the main diagonal. We refer to these configurations as Al, ..., AS5. If the
label 9 is in the upper middle, then the label 8 can go in one of the five positions
shown in Figure 6 as B1, . . ., B5, taking into account the possible reflection through

580 80l Sgo Lod oo

O O O QQOQ O OO0

Figure 5. The five possible configurations, Al, ..., A5, for plac-
ing the label 8 (gold vertex), given that the label 9 (black vertex)

is in the top left corner.
g O :: O Q :: 8
Q o O O O Q O

Figure 6. The five possible configurations, B1, ..., B5, for placing
the label 8 (gold vertex), given that the label 9 (black vertex) is in
the upper middle.
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Figure 7. The two possible configurations, C1 and C2, for placing
the label 8 (gold vertex) in the upper left and upper center, given
that the label 9 (black vertex) is in the center.

the center vertical line. Finally, if the label 9 is in the center, there are only two
places (up to rotation) we need to consider for the label 8: the upper left (C1) and
the upper middle (C2) as shown in Figure 7. Observe that the digraphs A4 and B5
are isomorphic by a flip through the diagonal that runs from lower left to upper
right so we eliminate B5, leaving 11 subsets of candidate LOG digraphs.

With each of these “skeletons” in place, it is relatively straightforward to consider
all completions to a GIG digraph by exhaustion. As an example, for subset C1 in
Figure 7, we need only consider what arcs might originate from the other three
corner vertices. In each case, there are three possibilities: there could be a vertical
arc, a horizontal arc, or neither. This leads to a family of 27 candidate LOG
digraphs. However, by again taking symmetry into account, this number can further
be reduced to the 11 candidates in Figure 8.

Similar arguments can be made to construct the other subsets. While each of our
eleven subsets (Al, ..., A5, Bl, ..., B4, Cl1, C2) was complete with regard to its

O— O O O
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O— O O O
O— @)
O O O O
O-0O O @)
o33 £h
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O
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3s:
B

Figure 8. The 11 candidate configurations resulting from enumer-
ating possible completions of configuration C1 in Figure 7.
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construction, we knew there was the potential for overlap between sets. Through
extensive cross-checking, we were able to eliminate these redundancies. Finally, for
each of these potential GIG graphs, we either supplied a labeling of the vertices or
provided a justification for why such a labeling was not possible. Our final product
was a complete list of the 246 nonisomorphic GIG digraphs.

2.2. Counting approach 2: construct all LOG and GIG digraphs, and identify and
discard isomorphic copies. On the Davidson campus, we produced digraphs on a
3x3 grid using the open-source mathematical software Sage [Stein et al. 2012],
and filtered the results for the desired subsets of LOG and GIG digraphs. In this
approach, we first needed a convenient data structure for storing and manipulating
the graphs. Because a 3x3 grid graph has 12 edges (6 horizontal and 6 vertical), we
can represent a 3x3 LOG digraph with a 12x 1 arc indicator vector a. Specifically,
we let a; = —1 if arc i points down or to the left, a; = 1 if arc i points up or to the
right, and a; = 0 if no arc is present at the ith location. The locations are ordered as
shown in Figure 9(a), numbering arcs clockwise around the perimeter of the grid,
and then clockwise around the interior of the grid. For example, the LOG digraph
in Figure 9(b) is represented by

a=[1,-1,0,-1,1,0,1,0,1,0,0,1].

Using the arc indicator representation, we began by producing all 3'2 = 531, 441
possible arc indicator vectors, and discarding those that did not correspond to LOG
digraphs. Specifically, we removed those vectors that produce an outdegree greater
than 1 from any vertex. However, many of the remaining 36,250 LOG digraphs
were isomorphic to each other. The isomorphism class of a given LOG digraph
is easily obtained through multiplication by rotation and reflection matrices. For
example, the equation below illustrates a 90-degree clockwise rotation of the LOG
digraph in Figure 9(b):

00 00 00 1 0 00 0 O] 17 [ 17
0000 00O T1 0 00 0ff-1 0
-1 0 0 0000 0 0 00 Of| 0 ~1
0-1 0 0 0 00 0 0 0 0 O0ff-=t 1
001 00 0000 0 0 Off 1 0
0.0 0 1000000 0 0 0f_ |-
000 0-1 00 00 0 0 Off 1 ~1
0000 0-1 02000 0 Of|l 0 0
000 0 0O OO0 O0 0 0-1 1 ~1
000 0 0O0OTUO0OTU OTLO0TUO0OOf|loO 1
0000 0O OO0 O0-1 0 0f|lo0 0
L oo o0 00 o000 0 1 o] 1] | ol
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(b) (c)

Figure 9. (a) The order in which the arc indicator vector represents
arcs in a LOG digraph. (b) The LOG digraph from Figure 1(b).
(c) The result of applying a 90-degree clockwise rotation to the
LOG digraph in (b).

Note that although the ordering of arcs in the indicator vector was arbitrary, we
chose the order illustrated in Figure 9(a) because this ordering produces nice patterns
in the rotation and reflection matrices. Discarding isomorphic copies from the list
of 36,250 distinct LOG digraphs produced 4,616 isomorphism classes of LOG
digraphs. Note that this set includes not only the candidate LOG digraphs from the
first approach, but also many LOG digraphs that do not contain a complete sink.

We produced the set of all GIG digraphs, and a unique representative of each
isomorphism class, in a similar brute force manner. First, we considered all permuta-
tion of the integers 1 through 9, and removed those that were the reverse of another
permutation in the set. This reduction was an easy way to filter out those labelings
whose GIG digraphs were isomorphic under a 180-degree clockwise rotation. We
produced all possible GIG digraphs by mapping these 9!/2 permutations to the 3 x3
grid, and drawing an arc in the direction of greatest increase from each vertex. We
obtained 1,853 distinct labeled GIG digraphs with varying numbers of labelings
corresponding to each one. Discarding isomorphic copies from the list of 1,853 GIG
digraphs produced 246 isomorphism classes of GIG digraphs, the same number
obtained through the first approach described in Section 2.1. One advantage of this
brute-force computational approach to enumerating LOG and GIG digraphs is that
we could easily collect various statistics about the graphs as they were produced.
For example, the number of LOG and GIG digraphs with each possible number of
arcs is summarized in Table 1.

numberofarcs |0 1 2 3 4 5 6 7 8 9
GIG digraphs [0 0 O 0 6 23 86 98 33 0
LOG digraphs | 1 4 36 174 570 1,128 1,378 949 335 41

Table 1. The number of GIG and LOG digraphs with each possible
number of arcs.
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Figure 10. (a) Forbidden subgraph with arcs in opposite directions.
(b) Forbidden subgraph with vertex of outdegree 0 and path of
length 2.

2.3. Determining whether a LOG digraph is a GIG digraph. As stated earlier,
there are 4,616 nonisomorphic LOG digraphs and 246 of these are GIG digraphs.
What follows is a classification of the 4,370 LOG digraphs that are not labelable
as GIG digraphs. To show the nonexistence of a labeling for these LOG digraphs,
we filter our results with four filters and handle the remaining nine exceptions with
ad hoc arguments.

First, observe that for a LOG digraph to be a GIG digraph, it must contain (at
least) one vertex that is a complete sink. That is, a 3x3 GIG digraph will contain
one of the following: a corner vertex of indegree 2, a side vertex of indegree 3, or
a central vertex of indegree 4. The necessity of such a vertex is clear when one
considers that the label 9 must appear as a label on a GIG digraph and will be
the direction of greatest increase from each of its adjacent vertices. Of the 4,370
unlabelable LOG digraphs, only 614 have a complete sink.

Second, in a GIG digraph, there cannot exist two adjacent vertices (in the
underlying grid graph) with outdegree 0. Any vertex of outdegree O has the greatest
label in its neighborhood, and two adjacent vertices are each in the neighborhood
of the other implying that A < B and B < A.

Third, a GIG digraph cannot contain a 2x2 subgrid with two arcs on opposite
sides of that subgrid pointing in opposite directions. In such a grid, if the vertices
are labeled clockwise as A, B, C, and D with arcs AB and CD (as shown in
Figure 10(a)), we observe that B and D are each in the neighborhood of A and the
arc AB implies that B > D. The vertices B and D are also each in the neighborhood
of C and the arc CD implies that D > B, a contradiction. Thus, such a subgraph
cannot occur in a GIG digraph.

These two forbidden conditions are easy to spot in LOG digraphs. Of the 614
unlabelable LOG digraphs with at least one complete sink, all but 74 are eliminated
by these two criteria. As our fourth and final filter, we next consider another
2x2 forbidden subgraph.

Suppose a GIG digraph contains a 2x2 subgrid with a vertex of outdegree 0,
which we label A, and a path of length 2 on the other three vertices which we label
to yield arcs BC and CD, as shown in Figure 10(b). Note that we can assume
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Figure 11. The nine unlabelable LOG digraphs that contain a
complete sink, but do not contain one of the two forbidden induced
subgraphs.

that D is not of outdegree O or the GIG digraph would have adjacent vertices with
outdegree 0, which is forbidden. Since A has outdegree O and D is adjacent to A
in the grid graph, A > D. Since A and C are both adjacent to B and the GIG
digraph contains arc BC, we have C > A. Along any directed path in a GIG
digraph, the labels must increase. Hence D > C. This gives a contradiction: A < D
and D > A.

Of the 74 remaining unlabelable GIG digraphs, 65 contain the forbidden subgraph
in Figure 10(b), leaving only the 9 graphs in Figure 11. Of these 9 exceptional
graphs, the first 7 can be eliminated from consideration as possible GIG digraphs
by observing that in addition to a GIG digraph having a complete sink (so that the
label 9 can be placed), it must also have either a second complete sink or a near
complete sink, so that the label 8 can be placed. A near complete sink is a vertex
that is (i) distance 2 from the complete sink in the underlying grid graph and (ii) all
vertices adjacent to this vertex in the underlying grid graph and not adjacent to the
complete sink terminate at this vertex.

Finally we consider the last two of our exceptional graphs, each of which have
one complete sink and one near complete sink, these must be labeled with 9 and 8,
respectively. Itis easy to see that the label 7 cannot be placed on any of the remaining
vertices without creating a contradiction. The vertex of label 7 must be the terminal
vertex of an arc for every adjacent vertex that is not also adjacent to the complete sink
or the near complete sink, but this does not hold for any of the 7 remaining vertices.
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Figure 12. A LOG digraph that is not a GIG digraph.

We have, therefore, shown the nonexistence of a labeling scheme for 4,370
nonisomorphic LOG digraphs and have demonstrated a labeling (not shown here)
for each of the 246 nonisomorphic GIG digraphs.

The second approach for determining if a LOG digraph is a GIG digraph relies
on the properties of a GIG digraph, specifically the strict inequalities that each arc
(or lack thereof) confers on the labels of the vertices. For example, consider the
LOG digraph on vertices A—I shown in Figure 12. Suppose this is a GIG digraph.
Then arc ED implies D > F, arc IF implies F > I, arc HI implies / > G, and arc
DG implies G > D. Hence D > D, a contradiction. Therefore, this LOG digraph
cannot be labeled as a GIG digraph. Note that we could have used other criteria to
draw this conclusion, as this LOG digraph does not contain a complete sink. The
inequality consistency checking method works for every 3x3 LOG digraph, as we
confirmed with a SAGE program.

Many questions about LOG and GIG digraphs remain open. An obvious question
is how the numbers of each type of graph, and the numbers of isomorphism classes,
grow with increasing grid size. However, applying the techniques described here
make extensions of this problem, even to a 4 x4 grid, a monumental (and tedious)
task, even for a computer. In future research, we hope to investigate new techniques
to generalize our results, with the ultimate goal of enumerating m x n LOG and
GIG digraphs. Another potential direction would be to search for efficient char-
acterizations of forbidden subgraphs as the size of the n x n grid increases. We
hope to prove such sets of forbidden subgraphs are both necessary and sufficient by
some nonexhaustive method.
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Polygonal dissections and reversions of series

Alison Schuetz and Gwyn Whieldon

(Communicated by Kenneth S. Berenhaut)

The Catalan numbers C; were first studied by Euler, in the context of enumer-
ating triangulations of polygons P;.,. Among the many generalizations of this
sequence, the Fuss—Catalan numbers C,Ed) count enumerations of dissections
of polygons Pis—1)+2 into (d+1)-gons. In this paper, we provide a formula
enumerating polygonal dissections of (n+2)-gons, classified by partitions A of [#n].
We connect these counts a;, to reverse series arising from iterated polynomials.
Generalizing this further, we show that the coefficients of the reverse series of
polynomials x =z — Zjio bz’ +1 enumerate colored polygonal dissections.

1. Catalan numbers and polygonal partitions

The Catalan numbers

2k
Cy 1(

T k+1\k
are the answer to myriad counting problems (see [Stanley 2012; 2013; Bajunaid
et al. 2005]). For example, they count the number of triangulations of a (k42)-gon,
the number of noncrossing handshake-pairings of 2k people seated at a round table,
the number of binary rooted trees with k internal nodes, the number of Dyck paths
of length 2k, and the number of noncrossing partitions of k; see Figure 1.

In this paper, we will alternate between the recursive definition of the Catalan
numbers and the closed formula for Cy.

) forn >0

Theorem 1.1 (Catalan recursion [Stanley 2012]). Let {Co, C1, C2, ...} be a se-
quence with Co =1 and Cy41 = ZLO C; - Ci_;. Then Cy are the Catalan numbers,

1 2k

=% )
k+1\ k
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Triangulations of (k+2)-gon. Noncrossing pairings of 2k people. Binary rooted trees of k-pairs.
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Dyck paths of length 2k. Noncrossing partitions of [k].

Figure 1. Examples of sets counted by Catalan number C3 = 5.

There is a similar recursive formula for the Fuss—Catalan numbers
C(d) . 1 (dk)
k7 k@d-D+1\k )

which specializes to the Catalan numbers when d = 2.

Theorem 1.2 (Fuss—Catalan recursion [Klarner 1970]). Let {C (d), Cfd), Céd), .
be a sequence with C(gd) =1and

) _ ) ~(d) )
Ck+1 = Z Ckl Ckz "'de :
ki+ko+-+kg=n

Then C ,Ed) are the generalized Catalan (or Fuss—Catalan) numbers

c@ _ 1 <dk)
k7 k@d-D+1\k )

There is a well-known bijection between triangulations of (k+2)-gons Piyo
and binary rooted trees with k internal nodes (see [Przytycki and Sikora 2000]
for a history of this problem). There is also a bijection between partitions of a
(k(d—1)+2)-gon Pyg—1)+2 into (d+1)-gons and d-ary trees with k internal nodes
(see [Hilton and Pedersen 1991]). The wording of Theorem 0.2 from [loc. cit.] has
been changed slightly to reflect the notation used in this note.

Theorem 1.3 [Hilton and Pedersen 1991, Theorem 0.2]. Let Pkd denote the number
of ways of subdividing a convex polygon into k disjoint (d+1)-gons by means of
nonintersecting diagonals, k > 1, and let Af denote the number of d-ary trees with
k-internal nodes, k > 1. Then P,f = Ag = C,Ed) foralld>2,k>1.

Proof. That the number of d-ary rooted trees with k internal nodes can be counted
by the Fuss—Catalan numbers can easily be shown inductively via the generalized
Catalan recursion formula. For & = 1, there are precisely AZ =1 such trees. For
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Figure 2. Recursive construction of AZ Iy

k > 1, each tree in the set Az 41 consists of an internal node with d branches and
some rooted d-ary tree (possibly empty) attached to each branch (see Figure 2).

As there are k remaining internal nodes to partition amongst the branches, we
have k; + - - - + k4 = k, and our d-ary rooted trees with (k + 1) internal nodes must
satisfy the recursion formula

A= ) ALAL AL
kyko+ kg =k
By Theorem 1.2, we have that the number of d-ary rooted trees is Ag =C ,Ed).

There is a bijection (illustrated in Figure 3) between d-ary rooted trees with k
internal nodes and subdivisions of convex polygons into k disjoint (d+1)-gons via
diagonals. Choose one edge to correspond to the root; then draw the d branches
from that root to the d other edges of the (d+1)-gon in the dissection. Continue
this, treating each vertex lying on a diagonal as the new root of a subtree.

This process is easy to reverse (constructing a unique polygonal dissection
from a rooted tree); i.e., given a polygonal dissection into (d-+1)-gons, we have a
unique d-ary rooted tree, and vice versa. This provides our desired bijection, and
Pl =al =, O

There have been several papers enumerating general polygonal dissections of
n-gons with k nonintersecting diagonals (see [Motzkin 1948; Read 1978; Mc-
Cammond 2006]). We consider here a case that does not currently appear in the
literature: enumerating polygonal dissections of convex n-gons P,, where each

s NN

N <

N
/ N
/

s

Figure 3. Bijection between (d + 1) dissections and rooted d-ary trees.
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Q.

Figure 4. A 3-dissection (left) of type A =2+2+2+2 and a
(2, 3, 4)-dissection (right) of type A =3+2+4+24 1 of a 10-gon.

piece of the dissection must be a (d+1)-gon, where d € {d;, da, . . ., di} for fixed,
distinct integers d; > 2 (see Figure 4 for examples). To standardize terminology
and indices for polygonal dissections, we include precise definitions here.

Definition 1.4 (polygonal dissections). A polygonal dissection of a convex n-gon
is the union of the polygon and any nonintersecting subset of its diagonals. A
d-dissection (respectively, a (dy, da, . .., d,)-dissection) is a polygonal dissection
such that the regions formed by the dissection are all convex (d+1)-gons (respec-
tively, each region is a (d;+1)-gon for some d; € {d, d>, ..., d,}).

Definition 1.5 (type of a polygonal dissection). Let A be a partition of n with k;
parts of size j. We say a dissection of an (n+2)-gon consisting of k; (j+2)-gons is
a polygonal dissection of type X, and denote the set of all such polygonal dissections
as Py p.

Polygonal dissections of an (n(d—1)+1)-gon into (d+1)-gons are in bijection
with d-ary rooted trees with n+1 internal nodes, as shown in Theorem 1.3. Similarly,
polygonal dissections of type A are in bijection with rooted plane trees with a
particular downdegree sequence.

Definition 1.6 (rooted trees and downdegree sequences). A rooted plane tree is a
tree T with a distinguished vertex called the root. The downdegree sequence r =
(ro, r1, 12, ..., ry) of arooted tree counts the number of vertices ; with j neighbors
further away from the root than the vertex itself. See Figure 5 for an example.

Theorem 1.7 [Stanley 2012]. Let P;., be the number of all polygonal dissections of
type A, where A is a partition of n with k; parts of size j and n total parts. Let Ty ;,
be the number of rooted plane trees on m + 1 vertices with downdegree sequence
r=(ro,r,r2, ..., rm). Then Py =T;  forr = (n+1,0,ky, ko, ..., ky) and
m=n+k.

Proof. Let )\ be a partition of n as above, and fix a polygonal dissection of type
A € P, ,. We construct our tree in 7,1 recursively as follows:

Choose an edge of the (n+2)-gon and place a root v there. This will be an edge
of some (j+2)-gon in the dissection with k; > 1 in A. Place a vertex on each of
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Figure 5. Rooted planar trees with downdegree sequence
17,0,2,2,2,1,0,0,...,0).

the j + 1 other sides of the (j+2)-gon, and connect each of these vertices to the
original root vertex. The root note will have (j + 1) neighbors further from the root,
contributing one to the value of r; in the downdegree sequence of the rooted tree.

Repeat this process for each of the edges in the dissection now connected to v. If
a node is connected to an edge in the boundary of the (n+2)-gon, it will contribute
one to the value of ry in the downdegree sequence (as it will be a leaf of the
rooted tree, and has no further neighbors). If a node is not on the boundary of the
(n+2)-gon, treat it as the new root node of a subtree, and repeat the first step.

For each k; > 1 in A, we will have k; =r; vertices with downdegree j, and
as each boundary edge of our (n+2)-gon (excepting our first root node) will have
a leaf vertex placed on it, we must have ro = (n +2) — 1 = n + 1. The tree
constructed has k internal vertices, one for the root and k — 1 for the diagonals, and
n+ 1 leaves, so we have n + k + 1 total vertices in our tree. Note that no vertices
in this tree will have downdegree 1, so r; = 0. So our constructed tree is in 7, ,,
forr=m+1,0,k1,ky,.... k) and m =n +k.

Note also that this bijection can easily be reversed: Given a rooted tree in T} ;4
with k internal nodes each with some downdegree j > 2, we may place the internal

VAN /N

Figure 6. Bijection between a dissection of an 18-gon of type
A=14+1+24+2+43+3+4=16and arooted planar tree with
downdegree sequence d = (17,0,2,2,2,1,0,0,...,0).
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node and its neighbors on the edges of a (j+1)-gon. Glue a pair of these polygons
together along an edge if they share a vertex, and shift the resulting shape so that all
edges that are unmatched form the boundary of a convex polygon. Of the internal
nodes, only the original root node will appear on the boundary of this polygon. As
there were n+k + 1 original vertices and k internal vertices, there must be n 41 ver-
tices on the boundary apart from the root node. So we have constructed a polygonal
dissection of an (n+2)-gon with k; (j+2)-gons, and our bijection is complete. []

For an illustration of one such bijection between a polygonal dissection and a
rooted planar tree, see Figure 6.

Using results of Kreweras [1972] and Armstrong and Eu [2008], the count for
the number of rooted trees with a fixed downdegree sequence is known:

Theorem 1.8 [Rhoades 2011, Theorem 1.1]. Letn > 1, v =(1,2,...,n) and
r=ry,...,rp) suchthatv-r =n. Setr! =rilry!---r,) and |r| = er. Then
the number of rooted plane trees with n + 1 vertices and downdegree sequence
m—1r|+1,r,r2,...,1) s

1 (1+n)

MO =T

where (V) =y(y—1)---(y—k+1)=y!/(y —k)! is the falling factorial.

’

For a list of several other related classes of connected Catalan-type objects,
enumerated by type and counted by the same formula, see the recent paper [Rhoades
2011]. From Theorem 1.7, we have added a new class of objects (polygonal
dissections of type 1) to their list. We will make use of the count provided by
this bijection to prove our main theorem, showing the connection between the
coefficients of reverse series of certain types and polygonal dissections.

Theorem 1.9 (polygonal partitions). The polynomial x = z — Y i_, 7% with
2<d) <dy<---<d, has reverse series 7 = Zf’io apx"t1, where a, counts the
number of (dy, da, ..., d,)-dissections of a convex (n+2)-gon.

Before delving into the connections between series reversions and polygonal
dissections, we examine in Section 2 the initial problem that led us to consider
reversions of series of the form x =z — z¢.

2. Iterated Mandelbrot polynomials and reversions of series

The work in this paper began initially as a study of the coefficients of iterated
Mandelbrot (and d-multibrot) polynomials.

Definition 2.1 (Mandelbrot and ¢-multibrot polynomials). For variables x, z € C,
we define the Mandelbrot polynomial f, by f.(z) = z>+x. For d > 2, we define
the d-multibrot polynomial f; to be the map f; ,(z) = z¢ + x.
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Of particular interest in complex dynamics is the orbit of O under f, or fy; ,.
We were interested in a formula for the coefficients of the power series in x of the
infinitely iterated d-multibrot polynomial

9@ = lim £ (),

n—oo

where fd(")(x) is defined recursively by the formula fd(o) (x) =0and
o= Pay?+x forn > 1.

Note that if the subscript d is omitted, we assume that d = 2.
The power series obtained by considering the limit of the iteration of zero under
the d-multibrot polynomial ffo) x)=> a;x* 1 must satisfy

522 = (£ ) 4 x.

Setting z = f;oo) (x), we see that calculating the coefficients of x in ffo) (x) is
equivalent to computing the series reversion of the polynomial x = z — z¢. With
this in mind, here we introduce a version of the Lagrange inversion formula to
explicitly calculate the coefficients of £, (x) = 352 apx* 1.

Theorem 2.2 (Lagrange inversion formula [Muller 1985]). Let x be a (convergent)

power series
o
r=z(1-3 )
n=1

with reverse series
o
z :x(l +Zanx”).
n=1
Then the coefficients a, are given in terms of the b,, by

n = ﬁ ;(n:kxkl,kz,k- . .,kn)gbfj’

where the sum is taken across all partitions A of n into k; parts of size j and k total
parts, i.e., across all nonnegative integer n-tuples {ky, ko, . . ., k,} such that

n

> kj=k,

j=1

n
ij-j:n.
j=1

As an immediate application of the Lagrange inversion formula, we produce the
series reversion of the polynomial x = z — z¢:
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Theorem 2.3. The polynomial 7 = z% + x has inverse series solution

oo
= Z C@ ktd=D+1,
k=0

Proof. This result is fairly immediate from noting that only for j =d — 1 are the
b nonzero (specifically b;_1 = 1). So all parts in partitions A contributing to the
sum are of size (d — 1), and nonzero a, must be of form n = k(d — 1). From the
Lagrange inversion formula in Theorem 2.2, these coefficients must then be

1 <n+k>
an_n+1 k

1 (k(d—1)+k)

T kd—1)+1 k
1 kd

- k(d—1)+1( k )

=c.

So the only nonzero terms in our series reversion are of the form

apx" ! = ak(d_l)xk(d—1)+l _ C}Ed)xk(d—l)+1’

and we have our inverse series for x = z — z¢. O

As a corollary, we have that the coefficients of the infinitely iterated d-multibrot
polynomials are given by the Fuss—Catalan numbers C,Ed) . While this result was
found and proved independently by the authors, the following statement appears to
be fairly well known for d =2, 3 (see the OEIS at A0O01764). The formula holds in
general for all d > 2.

Corollary 2.4 (coefficients of infinitely iterated d-multibrot polynomials). Let
;")(x) be defined recursively by the formula f;o) (x) =0and

@) =y +x forn=1,

and set f1°(x) = lim, oo (fy"” (x)). Then

o0

fd(oo) ()C) — Z C]id)xk(d_l)—‘rl-
k=0

Proof. This is immediate from Theorem 2.3 and the fact that z = fd(oo) (x) =
> axx* ! must satisfy

2200 = (£ 00 4 x,
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or z = z% + x. Note that this corollary could also be proved fairly directly via
induction and the general recursion formula for the Fuss—Catalan series found in
Theorem 1.2. O

As a further interesting note from this, the sum of the series formula for z found
in the Mandelbrot case gives a formula for the two fixed points of the (filled) Julia
set Jy (the set of all points z € C such that the orbit of O remains bounded under
iterations by f;(z) = 72 4 x) for a fixed x € C. See [Milnor 2006] for more details
on dynamical systems and their fixed points.

Remark 2.5 (fixed points of filled Julia sets 7). The series reversion of z = Z2+xis

o0
7= Z Ckxk+1
k=0

0
:xZCkxk
k=0
_ 2x
141 —4x

For a fixed x € C, the two complex values taken on by 2x/(1 + /1 —4x) each
correspond to a separate fixed point of the Mandelbrot map, one each for the stable
and unstable fixed points of fy(z) = 2+ xin J,.

3. Iterations of general polynomials and polygonal dissections

To return to polygonal partitions and their connections to the reversions of series,
we note that Theorem 2.3 gives us immediately that d-dissections of polygons are

counted by the coefficients of the series inverse of x =z — z¢.

Corollary 3.1. The coefficients ay. of the series inversion z =Y oo arx* ™ of the
polynomial 7z = z¢ 4+ x count the number of (d+1)-gon polygonal partitions of a
(k+2)-gon.

Proof. From Theorem 2.3, we have that the coefficients of the series reversion of

x = z — z¢ are the Fuss—Catalan numbers

= =i ()

The corollary is immediate from Theorem 1.3, as the Fuss—Catalan numbers enu-
merate d-partitions of (n42)-gons. U

This will be a special case of our main theorem:
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Theorem 1.9 (polygonal partitions). The polynomial x = z — Y :_, 7% with
2<dy <dy <---<d, has reverse series 7 = Z;OZO apx"t1, where a, counts

the number of (dy, dy, . . ., d,)-dissections of a convex (n+2)-gon.
We begin our proof with a lemma counting the number of polygonal dissections

of a fixed type (with a fixed number of each type of (d+1)-gon appearing in the
dissection).

Lemma 3.2. Fixintegers2 <d, <d) <---<d,, aninteger n >0, and a partition A

of n with parts of sizes j € {dy —1,dr—1,...,d, —1}. Letkj for 1 < j <r be the
number of times that j appears in A, and let k be the total parts in A, i.e.,

n=Y (d;— k.
j=1

,
k=Y k;.
j=1
Then the number of all polygonal dissections of type A of an (n+2)-gon is given by

o = 1 (n-l—k)( k )
T\ bk Nk, k)

Proof. From Theorem 1.7, we know that the number of polygonal dissections of
type A above is in bijection with the set of rooted planar trees with downdegree
sequence r = (n+ 1,0, ky, kp, ..., k,) and n + k + 1 vertices. From Theorem 1.8,
we know that the count of such planar trees is
1 (1+n+k)
1+n+kO0lkilky!--- k!
1 (n+k+1)!
n+k+1kilky! - ky!(n+1)!
1 (n+k)!
n+1klky! - ky!n!
1 (n+k)! k!
Tatl Knl klka!o-- k!

1 (n—i—k)( k )
_I’l+1 k kl’k2,~--akn ’

This proves the count a;, given in the statement of the theorem. ([

Ar(v) =

With this in hand, we return to the proof of the main theorem.

Proof of Theorem 1.9. Given an (n+2)-gon, any fixed partition A of n into positive
integer parts of sizes chosen from the set {d; —1,d> — 1, ..., d, — 1} corresponds
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to some fixed type of polygonal (dy, d, ..., d,)-dissection. From Lemma 3.2, we
know that there are

ay = n—j_1<n—]i_k)(kdl_1, kdz_lf, cee kd,—l)

such dissections, where k4,1 parts of size d; — 1 appear in partition A. Note that
we have changed from k; to kdj,l to better match the notation used in the statement
the Lagrange inversion theorem.

Examining our polynomial

r r
X =z—sz" =z<1 —sz"l>,
i=1 i=1

we see that in the notation of the Lagrange inversion formula given in Theorem 2.2,
the only nonzero b; are those with j =d;—1 for some 1 <i <r. So the coefficients a,
of the reverse series z = Y ;o a,x"*! are of the form

e )

A

where the sum is taken across partitions A of the form

n=kg_1(d—1)+ks_1(do—1)+---+kg_1(d —1).

an = n_41—1 ;(n:k)(khkzsk- . -’k”)

. Z 1 <n+k) ( k )
o - n+1\ k ka1, kay—1, ... ka,—1
=2 an
y
and our coefficients @, can be calculated by summing over all possible types of

dissections in A, made from parts of size (d + 1), with d € {d, d>, ..., d,}. This
completes the proof. O

Note that

Example 3.3. Consider the polynomial f(z) = z> +z> + x. The coefficients of the
infinitely iterated polynomial are given by the series reversion of 7 = 7> + 7> + x,
orx=z-27—2z%

z=x+x7+3x7 + 10x* +38x% + 154x° +654x" +- - - .
These coefficients a, count the number of dissections of an (n42)-gon into triangles
(3-gons) and quadrilaterals (4-gons).

As there are no 2-gons, there is one way to cover the empty object with triangles
or squares, so the coefficient of x is ag = 1. For n =1, 2, 3, see Figure 7.
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Figure 7. (2, 3)-dissections of n-gons forn =1, 2, 3.

Extending this slightly, we have a power series whose reverse series has coeffi-
cients counting all dissections of an (n+42)-gon by noncrossing diagonals.

Theorem 3.4 (super-Catalan numbers and series reversions). The power series

+

x=z-37 2/ has reverse series 7 =Y o spx" 1, where s, counts the all

possible subsets of noncrossing diagonals of a convex (n+2)-gon. The coefficient s,

is given by
1 n+k k
S"_n+1;< k >(k1,k2,~-,kn)’

where the sum is taken across all partitions A of n with kj parts of size j and k total
parts.

Proof. From the Lagrange inversion theorem, we know that the coefficient s, in the
reverse power series of x =z— Z?il z/ must be of the form given in the statement of
the theorem. All partitions A of n contributing to the sum must have parts at most n,
so the s,, above must be the same as the coefficient a,, for the reverse series of the
polynomial x =z — Z'}:} z/. From Theorem 1.9, we know that the coefficients a,,
of the reversion of the polynomial with nonzero terms 22,22, ..., 7" enumerate
(2,3, ..., n+1)-dissections of an (n+2)-gon—a set which includes all possible

polygonal dissections. U

The set of all polygonal dissections of an (n+2)-gon is counted by the super-
Catalan numbers s, (also called the Schroder—Hipparchus numbers). (See [Fan et al.
2005] for an extensive list of other families of sets counted by s,.) While several
other formulas for the super-Catalan numbers are known, Theorem 3.4 gives a nice
decomposition of s,,, summed across structures indexed by partitions A of n.

4. Generalizations to colored dissections

The coefficients of slightly more general series reversions can be immediately
interpreted using the formula in Theorem 1.9.

Definition 4.1. A colored polygonal dissection is a polygonal dissection where each
(d+1)-gon appearing in the dissection can be assigned b, possible colors for d > 2.
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Theorem 4.2 (colored polygonal partitions). The polynomial x=z— ;_, by, 2% with
di>dy>--->d,>2and bg, > 1 for all 1 <i <r has reverse series 7 = Z,fioanx”“,
where a, counts the number of colored polygonal (dy, d3, . .., d,)-dissections of a
convex (n+2)-gon.

Proof. From Lemma 3.2, we know that the number of (d;, d5, ..., d,)-partitions
of an n-gon with precisely k; of the (d;+1)-gons appearing in the dissection for
1 < j <ris given by

o= (0 X )
PTaI\ k kay—1, kay—1, ... ka,—1/"

If each (d;+1)-gon can be assigned one of by, colors, then there are

r
a*—L(n-i_k)( k ) bkdi—]
)‘_n—l-l k kdl—l’kd2—15~~~’kdr—l N di

i=1

such colored dissections, as we have b, choices for each of k4,1 of the (d;+1)-gons
appearing in a given dissection.

As in the proof of Theorem 1.9, we have that the coefficients of the inverse series
of the polynomial x =z — \_, bg,z% must be

_ 1 n+k k K
an_n—i—l ;( k )(kl,kz,...,kn>}:[lbj+1

A (T ot T
N — n+1 k )J\ka-1, k-1, ..., ka,—1/ ] dr

1=

=Zaf{. O
A

5. Further questions

This paper provides a complete combinatorial interpretation of series reversions of
polynomials of the form

2=biz +byz® + - 4 b 2 +x

for positive integers b;. As future work, we would be curious to see combinatorial
approaches to the following question:

Question 5.1. In general, given a pair of polynomials g(z) and /(x) with integer
coefficients, is there a family of sets of objects A, 5 counted by the coefficients of
the reversion of the power series z = g(z) + h(x)?

This question is answered here for h(x) = x and g(z) with positive integer
coefficients and all terms of degree at least two, but remains open in other cases.
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Series other than the generating functions of Catalan-type objects may appear as
series inversions using similar iterative techniques, and we would be interested in
seeing other classes of objects enumerated by such coefficients.
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Factor posets of frames and dual frames
in finite dimensions
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(Communicated by David Royal Larson)

We consider frames in a finite-dimensional Hilbert space, where frames are
exactly the spanning sets of the vector space. A factor poset of a frame is defined
to be a collection of subsets of /, the index set of our vectors, ordered by inclusion
so that nonempty J C [ is in the factor poset if and only if { f; };c; is a tight frame.
We first study when a poset P C 2/ is a factor poset of a frame and then relate the
two topics by discussing the connections between the factor posets of frames and
their duals. Additionally we discuss duals with regard to £”-minimization.

1. Introduction

A frame for a finite-dimensional Hilbert space is a possibly redundant spanning set.
The concept of frames was introduced by Duffin and Schaeffer [1952]. Daubechies
[1992] popularized the use of frames. Many of the modern signal processing
algorithms used in mobile phones or digital televisions are developed using the
concept of frames. Redundancy in frames plays a pivotal role in the construction of
stable signal representations and in mitigating the effect of losses in transmission
of signals through communication channels [Goyal et al. 2001; 1998]. A tight
frame is a special case of a frame, which has a reconstruction formula similar to
that of an orthonormal basis. Because of this simple formulation of reconstruction,
tight frames are employed in a variety of applications such as sampling, signal
processing, filtering, smoothing, denoising, compression, and image processing.
A factor poset Fr of a frame F = { f;};<; is the collection of subsets J C I such
that {f;};cs 18 a tight frame for a finite-dimensional Hilbert space H". We find
necessary conditions for a given poset to be a factor poset of a frame. We show
that a factor poset is determined entirely by its empty cover (the sets J € Fr that
have no proper subset in ). Moreover, we show that if P is the factor poset of
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a frame F C R? then it is also the factor poset of another frame G € R? whose
vectors are multiples of the standard orthonormal basis vectors e; and e.

We study the relationship among the factor posets of dual frame pairs. Also we
study when the dual frame could be tight and when a dual frame can be scaled
to be a tight frame. Finally we consider the group structure among all duals of a
frame. It is known that a dual is a canonical dual frame if and only if the £?-sum of
the frame coefficients is a minimizer among £2-sums of frame coefficients of all
dual frames. We find new inequalities among £”-sums of these frame coefficients
when p=1and p > 2.

2. Preliminaries

Throughout this paper " denotes either R" or C". A sequence F = {f;}*_, C H"

i=1 =

is called a frame for #" with frame bounds A, B > 0 if for any f € H",
k
AILFIP <D KL MP < BIFIP. (1)
i=1

When A = B =, we say that F is a A-tight frame. For a sequence F = {fi}f.‘:l CH",
define the analysis operator 6 from 7" to H* by

k

Orx = Z(X, filei,

i=1

where {e,-}i.‘:1 is an orthonormal basis for H*. The adjoint of 6, denoted by
05 H* — H", is defined by 07 (e;) = f; and is called the synthesis operator. The
frame operator o : H" — H" associated to F is defined by o =010, is a positive
definite, self-adjoint, invertible operator and all of its eigenvalues belong to the
interval [A, B].

Given a frame F, another frame G = {gi}ile C H" is said to be a dual frame
of F if the following reconstruction formula holds:

k
f=) {f fei forall f e
i=1
The canonical dual frame F associated with F = { fi}f.‘zl is given by F= {op ! fi}f.‘zl.
Definition 2.1. For any vector
£

- | eRY,
fn)

f:
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we define the diagram vector of f, denoted £, by
2= 1)

1| Pe=-1) = o)

[Rn(n—l)
1| Vaurmfe |57

| V2nf(n—1)f(n) |
where the difference of squares f2(i) — f2(j) and the product f(i)f(j) occur
exactly once fori < j, withi=1,...,n—1.

Definition 2.2. For any vector f € C", we define the diagram vector f of f to be

IFDP=1f@P

|f (e = DI = 1f )P
1 Vnf(Df©2) c C3n=1)/2
1| Vafhf@) ’

Jnf(n—1)f(n)
| nf—1fm)

where the difference of the form | f (i )2 —| f( )|? occurs exactly once fori < j,
withi =1,2,...,n—1, and the product of the form f (i) f(j) occurs exactly once
fori # j.

Using these definitions, a characterization of tight frames in H" is given in
[Copenhaver et al. 2014].

Theorem 2.3 [Copenhaver et al. 2014]. Let { f;}ics be a sequence of vectors in H",
not all of which are zero. Then { f;}ic; is a tight frame if and only if Y, f; =0.
Moreover, for any f, g € H", we have (n — 1)(f, &) =n|(f. &)[* — Il fII* Il gl

3. Factor posets

In [Lemvig et al. 2014], a tight frame F = { f;};c; in H" is said to be prime if no
proper subset of F is a tight frame for 7". One of the main results in [loc. cit.] is
that for k > n, every tight frame of k£ vectors in ‘H”" is a finite union of prime tight
frames called prime factors of F. Thus to study the structure of prime factors, we
use a well-known combinatorial object, the poset. A nonempty set P with a partial
ordering is called a partially ordered set, or poset. A poset can be represented by a
Hasse diagram. We define a poset related to frames as follows:

Definition 3.1. Let F = {f;}ic; € H" \ {0} be a finite frame, where I = {1, ..., k}.
The factor poset of F, denoted [Fp, is defined to be a collection of subsets of
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ordered by set inclusion so that nonempty J C [ is in [ if and only if { f;};c; is a
tight frame for H". We always assume & € Fp.

Example 3.2. Let F={e|, e2, e} SR> and 1={1,2,3}. Then Fr=({a, {1,2}, {1, 3}}
and the Hasse diagram is
{1,2} {1,3}

{}

Example 3.3. Let F ={ej, €3, —e1, —e2} C R? and I ={1, 2, 3, 4}. Then the Hasse
diagram of Fr is
{17 9 9 4}

N\
{1,2y{2,3} (3.4} (4.1}

\S]
(98]

The next lemma gives us three equivalent conditions for when the union of
elements of [z is an element of Fp.

Proposition 3.4. Let F = {fi}ic; € H" \ {0} be a tight frame. Suppose Fr is the
factor poset and let C, D € Fg. Then the following are equivalent:

(i) CUD eFp.
(i) CND € Fp.
(iii) CAD € Fp.
(iv) C\ D € Fp.

Proof. By the inclusion-exclusion principle, it is easy to verify that for diagram
vectors of F, the following hold:

(a) Zzecup fé = Zzec ff + ZZED fe - ZZeCﬂD ff'

(®) D vecup fe =2 vecr\p fe+ D2 ieprc fe+ D pecnp fe-

©) Dpec fe= ZEEC\D fe+2vecnp fe-
Since C, D € Fr, using Theorem 2.3 we have 3", . fo = Y ycp fe = 0. Hence,
from (a) we see that (i) <= (ii). By the definition of symmetric difference CAD,
the implication (i) <= (ii) and (b) above, it follows that (i) = (iii). Conversely, if
(iii) holds, then from (b) we have Y, _~up ft = D sccnp fe- But from (a), when
C,DeFpwehave ) ,.cip fe=—D sccnp Je- Hence (iii) = (ii). Thus (i)—(iii)
are equivalent. Using (c) above, we conclude that (iv) <= (ii). O

The above proposition gives some necessary conditions for a given poset to be a
factor poset of a frame.
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Proposition 3.5. Let F = {f;}ic; C H" \ {0} be a finite frame with corresponding
factor poset Fp. Then for any m € Nwithm > |I| =k, there exists a frame sequence
G =1{gj}jes SH"\{0}, where J = {1, ..., m}, such that Fr = [Fg.

Proof. We show that there exists some gy € H" \ {0} so that G = F U {gx+1}
satisfies Fr = ;. Consider

T={—Zﬂ:@ng1}.

Lel

This is a finite collection of vectors in R"®~D or C¥®*=D/2 Now select gy, €
H"\ {0} so that g1 ¢ T. This completes the proof. (Il

Definition 3.6. For a frame F = {f;};e; € H" and its factor poset [ ¢, we define the
empty cover of Fg, denoted EC(F ), to be the set of J € Fr which cover & € Fp;
that is,

EC(Fr)={J eFr:J#@and AJ eFpwitha CJ CJ}.
Example 3.7. Let F = {e, 3, —e1, —e2} C R2. As seen from Example 3.3,
EC(Fr) = {{1,2}, {2, 3}, {3,4}, {4, 1}}.
We now show that a factor poset is entirely determined by its empty cover.

Proposition 3.8. Let F = {f;}ic; € H" be a finite frame. If Fp is the factor poset
of F, then for any nonempty J in Fp \ EC(FF), there exists Jy, J, € Fp with J1 T J
and J, C J sothat JyNJ, =T and Ji U J, = J.

Proof. Let J € Fr \ EC(FF) be a nonempty set. There must exist some nonempty
J1 € Fr so that J; C J, otherwise J € EC(FF). Using Proposition 3.4, it is easy
to see that J, := J \ J; € Fr. By the assumption on J and J;, we see that J; is
nonempty. Hence J = Jj U J>. O

Corollary 3.9. Let F = {fi}ici, G = {gi}ier be finite frames in H" with factor
posets F g and Fg, respectively. Then EC(Fr) = EC(Fg) if and only if Fp = Fg.

Proof. It is obvious that if Fr = F¢ then the empty covers are equal, so we restrict
our attention to the other direction. It suffices to show that the factor poset of
the frame is entirely determined by its empty cover. Let T = EC(Fr) U {@} for
a frame F = {fi}ic; € H" with Fg as its factor poset. For every Jy, J, € T, if
JiNJy €T then append J; U J, to T'. Repeat this process until no more unions can
be added. This process must terminate after finitely many iterations since / is finite.
Clearly the new collection of sets, which we again denote by T, is contained in Fp.
From Proposition 3.8, the reverse inclusion holds. Therefore the factor poset [ is
determined by EC(Fr) U {&}. The desired result follows. U
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As a consequence of Corollary 3.9, we get an alternate proof of the following
result from [Lemvig et al. 2014].

Corollary 3.10. Every tight frame F ={f;}ic; € H" \ {0} can be written as a union
of prime tight frames.

The proof of Corollary 3.10 follows from observing that if J € EC(Ff) then
{fj}jes 1s a prime tight frame. An important case of factor posets occurs when we
consider a tight frame F = {f;};e; € H" \ {0}. Note that when F is tight, we have
that &, I € [Fp.

Definition 3.11. Suppose F = {fi}ic; € H" \ {0} is a frame. Let x (F') denote the
sequence indexed by I, where x (F)(i) is the number of times i occurs in EC([F )
for each i € I. We call x (F) the characteristic of F.. If x (F)(i) =m foralli € I
then F is said to have uniform characteristic.

Example 3.12. Let F = {e|, e;, eo} € R%. Then EC(Fr) = {{1, 3}, {2, 3}} and
x(F)=(1,1,2). Hence x (F) need not be uniform.

Proposition 3.13. If F = {fi}ic; € H" \ {0} has positive uniform characteristic,
then F is a tight frame.

Proof. Suppose that F has uniform characteristic m > 0. Let Tl, ..., I, be the
elements of EC(Fr). Then ZleT fi=0forg=1,...,h. So Zq lZzeT fi =0.
Since j € I occurs in EC(Fg) m times, it follows that f ;j occurs m times in the sum

2 Zlequ, = 0. Hence
~ 1 ~
S i=n(ZX )=
Jel q €Ty
Hence F is a tight frame. O

Remark 3.14. The condition in Proposition 3.13 is sufficient but not necessary.
Consider the frame F = {ey, ey, €2, €2, e] + €2, €1 — e2}, which is a tight frame, but
x(F)=(2,2,2,2,1,1).

The following theorem states that given a factor poset P of a frame in R, we
can find another frame with vectors parallel to e; and e; (the standard orthonormal
basis vectors) whose factor poset is also P.

Theorem 3.15. Let F = {fi}ic; € R?\ {0} be a finite frame with I = {1, ..., k).
Then there exists a frame G = {g;}ic; whose vectors are scaled multiples of the
standard orthonormal basis vectors e; and e such that Fp = [Fg.

Proof. Let {J; : 1 < £ < 2¥} be an enumeration of 2/ and let

2’\[FF={J@,:Zf:~7éO}.

iEJg,.
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Consider a pI‘O_]CCthIl P of rank 1 on R? such that range(P) # (span{zlE I, fl })
for any J,. Let V= {P( f,) 1 <i <k} and V be the set of vectors of cardinality k
in R? whose diagram vectors are equal to the set V.

We now claim that ) _,_, f; =0if and only if >, P(f;) =0. The forward
implication is clear. Now assume } ., P(f;) =0. Then dicd, fi € ker(P). By
the choice of P, we have that ker(P) N (span{zleh fi}) = {0} for all J, € 2!
Therefore, » ;. , fi € ker(P) if and only if 3. s, Ji = 0. This proves the claim.

Now assume that [ contains something other than the empty set. Then F has a
tight subframe. Hence there exists some J’ € 2/ such that Y e f; =0. This implies

Yier P(f,-) = (0. Because fl # 0 for each i € J', we know P(fl-) # 0. By assump-
tion, range(P) = span{v}, where v is a unit vector. Then there exist nonzero scalars
{a;}icy such that o;v = f; for each i € J'. Since 0 = ZJE]/ P(f,) = ZJEJ v
and oj # 0, we have s, t € J' such that sgn(e;) = — sgn(a,). Since fS = o, v and
f = a;v, we must have corresponding vectors in V that are nonzero and orthogonal.
Since any two nonzero orthogonal vectors span R?, the vectors in V must span R?
and hence form a frame.

Suppose Jy € Fr. Then D e, fi =0. From the claim, D e, f; =0if and only if
Zle 7 P( f,) =0. Hence J; € Fy. The reverse direction is similar, and thus Fz =[Fy.

Since rank(P) = 1, there exists a unitary operator U such that Uv = e;. Hence

- A
UP(fi) = [0]
for some A; € R. Define g as
W 017 A =0,
o {[0 V=T h <o

Let G = {gi}ic;. It easily follows that UP(f;) = ;. Moreover Zieh P(f))=0if
and only if Zieh UP(f;) =0. Therefore Fg =Fy =[Fp. O

Remark 3.16. Based on the above Theorem 3.15, we propose the following inverse
factor poset problem: given a poset P C 2/, does there exist a frame F € R” such
that Fp = P?

4. Dual frames
For a given frame F, we define the set Wy as
<~ w; —
szz{W=|: : :|:u')ieker(0;)}.
“— w, —>

Then, by the result in [Li 1995; Christensen et al. 2012], we have the following
observation.
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Observation 4.1. Let F be a frame for 7{". Then any dual frame to a frame F can
be expressed as columns of the matrix
o l0F+ W 2

for some W € Wr.

For a given frame F, let G = {0, 19,"; + W : W € Wy} be the set of all matrices
whose columns form duals of F. Define the operation @ : G X G — G by

(0505 + W) @ (0505 + Wa) := 0,05 + W) + Wa.

Proposition 4.2. Let F be a frame and let G = {0;191’? + W W e Wz} Then
(G, ®) defines an abelian group.

Proof. For any W, W, € W, since ker(6;) is a vector space, Wi + W, € W,
which implies that G is closed under @. Associativity and commutativity follow
from associativity and commutativity of matrix addition, and the identity is given
by o' '6%. Each element o '6% + W € G has an inverse o |05 — W. O
Proposition 4.3. Let F be a tight frame. Suppose that G € {0 19;‘,- +W:WeWsg}
is a matrix whose columns form a tight frame. Then the subgroup generated by G is
contained in the set of matrices whose columns form tight duals of F.
Proof. Let o = Al,. Then G = %9;’; + W for some W € Wg, where WW* =«
forsomex € R. If H = %91’? +mW for some m € N, then H*H = (% +m2a)1,,,
which completes the proof. U
The following example shows that in general, it is not true that the set of matrices
in G whose columns form a tight frame is a subgroup of (G, ®).

Example 4.4. Let F be the frame where the synthesis operator 6}, is given by

e _[1000]
F=10100

Then the set of all matrices whose columns form a dual of F is

10abd
g—”:o | ¢ d].a,b,c,dER}.

We consider the two matrices

1001 1010
A_[OIIO]’ B‘[0101]

Then A, B € G, and the columns of A and B form a tight dual of F. However, the
columns of

A@B:[1011:|

0111
do not form a tight dual of F.
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We study the relationship between the factor posets for a tight frame and its
canonical dual. Recall that an isomorphism on posets (P;, <), (P2, <p) is a
bijection ¢ : P| — P, so that ¢ (a) <, ¢(b) if and only if a <| b for all a, b € P;.
We define a stronger notion of order isomorphism. We let S, denote the symmetric
group on m elements.

Definition 4.5. We say that two factor posets Fr and Fg corresponding to frames
F ={fi}ier and G = {g;} ey are strongly isomorphic if there exists some m € N
and some 7 € S, such that n(Fr) = n(Fg), where n(Fr) = {n(J') : J' € Fr} and
n(JN={nQ):jeJ}
If F; is a tight subframe of a A-tight frame F' = {f;};c; for some J C I, then
> i, fi =0 so that we have
1= 1 =

> i =X =0

iel iel
This implies that {05 UfiYicsisa tight frame. Thus we have the following result.

Proposition 4.6. A tight frame F and its associated canonical dual frame {0;1 fi }i.‘zl
have the same factor posets.

This result does not hold true for nontight frames and their canonical duals. For
example, the factor poset of the following frame F and its canonical dual are not
strongly isomorphic:

1 0 39894/15912321 0
SR A i
0 1 0 =0

Proposition 4.7. There exist a frame F such that no dual G of F has a factor poset
structure that is strongly isomorphic to Fp.

Proof. Let F = {ey, e1, e2} be a frame for R2, where {e1, ez} is the standard
orthonormal basis of R2. Let G be an arbitrary dual of F; then by Observation 4.1,
0% — %+a % —a 0
¢ b —b 1
for some a, b € R. We consider the poset Fr = {@, {1, 3}, {2, 3}}. We know that
two vectors in R? form a tight frame if and only the vectors are orthogonal and are
of equal norm. If F and G have strongly isomorphic poset structures, then two of

the vectors of G must be orthogonal to the remaining vector in G, and all three
vectors have equal norms. This is impossible. (Il

From the dual expression given in (2), we obtain a characterization of tight duals
of a tight frame. The following result is remarked in [Krahmer et al. 2013]; the
proof given here is different.
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Theorem 4.8. Let F be a A-tight frame with k frame elements for H". If k < 2n,
then the canonical dual is the only tight dual of F. If k > 2n then F has an alternate
dual that is tight.

Proof. Let G be a dual frame of F. Since 6, = %9; + W for some W € W, we have
that 650, = %In + WW*. This implies that G is tight if and only if WW* = «1,
for some a € R. If k < 2n, since dim(ker(6)) < n, we have o = 0. This implies
that if k£ < 2n, then the canonical dual is the only tight dual of F. Let k > 2n and let

{w j}’]‘;’f be an orthonormal basis for ker(8*). Then for any o € H\{0}, we consider

<~ w; —
W=« : .
“~— w, —

Since W € W, we have (%9,"; + W)(%H,’? + W)>k = (% + |oc|2)1n, which implies that
the columns of %9;; + W form a tight dual frame of F. (]
Remark 4.9. We close this section with a simple and well-known construction for

dual frames. Suppose F' = { f;}ie is a frame for H" and H = { f;} e is a subframe
of F. If K ={g;}ics is adual of H, then G = {g;};c;, Where

o &i ifiEJ,
5= V0 ifieny

is a dual of F. Because any frame has a basis subframe, we have that if F = { f,-}f“:l
is a frame for ", then there exists a dual of F' consisting of n basis vectors for H"
and (k —n) zero vectors. Likewise, if a frame in H" has a tight subframe, then it
has a tight dual.

5. £P-norm of the frame coefficients

It is well known that the £2-norm of the frame coefficients with respect to the canoni-
cal dual is smaller that the £2-norm of the frame coefficients with respect to any other
dual. Moreover, this £>-minimization characterizes the canonical dual of a frame.

Proposition 5.1 [Han et al. 2007]. Let { f;}*_, be a frame for H" and let {g;}*_, be
a dual frame of{fi}f.‘:]. Then {gi}le is the canonical dual if and only if

k k
DTUL P <Y k) forall feH”
i=1 i=1

for all frames {hi}f“:1 which are duals of{fi}f.‘zl.

Using Newton’s generalized binomial theorem and Holder’s inequality, for any
two sequences x = {x,-}f.‘:1 and y = {y,-}i.‘:1 and p € (1, c0), we have

Ixll, < lxlh < k=P xl, A3)
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where ||x|l, = (32X, [x;|?)"/”. The right-side inequality in (3) with p =2 and
Proposition 5.1 gives us the following result:
Proposition 5.2. Let { f,-}i.‘:1 be a frame for H" and let {hi}fle be a dual frame
of {ﬁ}f.‘zl. If {gi}f.‘:1 is the canonical dual, then

k k

DTUF e <VEY i) forall feH".

i=1 i=1
From the inequalities (3) and Proposition 5.2, for any p € (1, 0o), we obtain

k k

SOUL e < kPPN foh) P forall £ e M

i=1 i=1
If p > 2, we have a better estimation.

Theorem 5.3. Let {fi}f‘zl be a frame for H" and let {hi}f‘zl be a dual frame
of {f,-}i.‘zl. If {gi}f.‘:1 is the canonical dual, then for any p € (2, 00), we have

k k
D OULNP kPPTIN TN L )P forall f € HE

i=1 i=1
Proof. First observe that the right-side inequality with p/2 implies that
k

k k p/2
Z|<f,h,->|”=Z(|<f,hi>|2>l’/2zkl—P/Z(ZMf,hmz) .

i=1 i=1 i=1

By Proposition 5.1 and the left-side inequality with p/2, we have that

k k p/2 k
ZI(f,hiH”Zkl_”/z(ZHﬁgi)V) > kPP el O

i=1 i=1 i=1
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A variation on the game SET

David Clark, George Fisk and Nurullah Goren
(Communicated by Kenneth S. Berenhaut)

SET is a very popular card game with strong mathematical structure. In this paper,
we describe “anti-SET”, a variation on SET in which we reverse the objective of
the game by trying to avoid drawing “sets”. In anti-SET, two players take turns
selecting cards from the SET deck into their hands. The first player to hold a set
loses the game.

By examining the geometric structure behind SET, we determine a winning
strategy for the first player. We extend this winning strategy to all nontrivial affine
geometries over [F3, of which SET is only one example. Thus we find a winning
strategy for an infinite class of games and prove this winning strategy in geometric
terms. We also describe a strategy for the second player which allows her to
lengthen the game. This strategy demonstrates a connection between strategies in
anti-SET and maximal caps in affine geometries.

1. Introduction

The card game SET is very popular among mathematics students. In addition
to being an enjoyable pastime, it has a large amount of mathematical structure,
including links to finite geometry, linear algebra, and combinatorics. This paper
will focus on a particular variation of the game and the mathematics relevant to that
variation. For much more information about the mathematics of SET, as well as
positional games that are similar to the game in this paper, see [Davis and Maclagan
2003; Carroll and Dougherty 2004] and the citations contained therein.

SET consists of a deck of cards. Each card is printed with several figures which
have four attributes: number, color, filling, and shape. For example, the card in
Figure 1 would be described as “two green striped ovals”. The complete list of
attributes is given in Table 1.

There are four attributes with three values each, and every possible combination
appears exactly once. Thus there are 3* = 81 cards in a complete SET deck.

The game requires players to find a set: three cards such that, for each attribute,
all three cards are the same, or all three are different. Phrased differently, a set

MSC2010: primary 97A20, S1EXX; secondary 51E15, 51E22.
Keywords: SET (game), combinatorics, finite geometry, cap.
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Al
Al

Figure 1. A SET card.

consists of three cards for which no attribute has two cards with one value, and
another card with a different value. An example of a set is given in Figure 2: the
number of the cards is all the same (1), but the colors are all different. The shading
is all the same (solid), and the shapes are all different. A nonexample appears in
Figure 3: two cards have solid shading, while the other is open. There are several
other reasons why these cards are not a set as well. Note that, although the cards
have three different colors, this alone is not enough to make a set.

Throughout this paper, we will use the notation SET to refer to the game, set
to refer to a collection of cards as defined above, and “set” (without any special
styling) to refer to the mathematical object consisting of an unordered collection of
objects without repeated elements.

In the original game of SET, twelve cards are laid out at a time. Players compete
to identify sets first, winning by collecting more sets than their opponents.

In this paper, we study a variation on SET which turns the usual goal upside down.
Our game, anti-SET, is a two-player game played with a generalized SET deck in
which each card has d different attributes (traditional SET has d = 4). This situation
corresponds to a d-dimensional affine geometry over [F3, which will be described
later. The players, who we will call Xavier and Olivia, begin with the entire SET
deck laid out in front of them. Xavier and Olivia then take turns selecting cards
from these cards and take them into their hands. The first player to have a set in his
or her hand loses the game. Thus, players are faced both with the challenge of trying

attribute values

number 1 2 3
color red green purple
filling | open striped solid
shape | oval diamond squiggle

Table 1. Attributes of a SET card.
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a e Ny

Figure 2. A set.

o o0

(XL

Figure 3. Not a set.

to avoid taking sets themselves but also trying to force the other player to take a set.
As each player collects more cards in their hand, it becomes increasingly difficult
to not take a set, as there are many more combinations of cards that can be made.

This game was inspired by a result of Pellegrino [1970]. Translated into the
language of SET (which did not exist at the time of Pellegrino’s writing), we have
the result':

Proposition 1 [Pellegrino 1970]. Every set of 21 SET cards contains a set.

Thus, anti-SET will always end once one player takes their 21st card, if not
sooner. We initially created the game of anti-SET to explore the consequences of
Pellegrino’s result in the context of a game.

In the following sections, we will analyze this game, provide a winning strategy
for the first player that applies to all nontrivial generalized SET decks (that is,
nontrivial affine geometries over F3), and examine the maximum and minimum
number of turns required to win. Along the way, we will demonstrate some
unexpected links between Pellegrino’s result and the losing player’s strategy.

2. Example of gameplay

Before we give precise mathematical background for SET, we present an extended
example of gameplay for anti-SET. For simplicity, we use a reduced version of

Twe acknowledge that the three different uses of the word “set” in this result may make the reader’s
head spin.
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Figure 4. The nine-card reduced anti-SET deck.

anti-SET as played with the nine SET cards which are solid and have only one
symbol per card. Later, we will justify this simplification geometrically and examine
how it forms an important foundation for studying general anti-SET.

Let Xavier be the first player. He may choose any of the cards shown in Figure 4.
We will mark Xavier’s hand of cards with an “X” and Olivia’s with an “O”.

The moves are denoted as follows:

X1: Xavier first arbitrarily chooses the red diamond.

O: Olivia, recognizing that every pair of cards determines a unique set, arbitrarily
chooses the purple diamond.

The players hands at this point are represented in Figure 5(a).

X5 Xavier chooses the green diamond, knowing that it is part of a set (the three
cards in the top row) from which Olivia already owns one card. Thus, he
avoids at least one set.

O,: Olivia chooses the purple squiggle, again knowing that any pair of cards
contains a set and thus all of her remaining choices are equally bad.

The players hands at this point are represented in Figure 5(b).

X3: Xavier again chooses a card, the green oval, which he knows is part of at
least one set which he cannot obtain.

O3: Olivia chooses the red squiggle, leaving Xavier with at least one possibility
(the green squiggle) which could complete a set.

The players hands at this point are represented in Figure 5(c).

X4: Finally, Xavier chooses the red oval. This leaves Olivia with two options,
both of which complete a set. Thus, Xavier will win. (See Figure 6.)
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> & @ > @& @ > @& @
X 0, X 0, Xs X 0, . ¢)

o i I ~0~~ o N

03 0,
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X3
(a) X; and O;. (b) X, and O;. (c) X3 and Os.

Figure 5. The first few steps of the anti-SET game.

o Ay
03 0,

a a& @&
X4 X3

Figure 6. X, and Olivia’s remaining options.

This nine-card example demonstrates the general flow of the game. In order to
make valid conclusions about the game on a larger scale, we first need to describe
the game mathematically, which we will do in the next section.

We also note that the board and style of play is similar to a backwards tic-tac-toe
game, with players trying to avoid getting three in a row. Indeed, SET as played
with the nine cards in this example can be thought of as playing tic-tac-toe on a
torus, a concept which is explored in depth in [Carroll and Dougherty 2004]. Our
names “Xavier” and “Olivia”, and the idea of marking their cards with Xs and Os,
were inspired by this interpretation.

3. Background

In this section, we will define the notation and concepts which will be used
throughout the rest of the paper. Let X, be the n-th card Xavier picks, and let
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entry 0 1 2
n (number) 3 1 2
¢ (color) red green  purple

f (filling) open  stripe  solid
s (shape) | squiggle oval diamond

Table 2. Correspondence between vectors (n, ¢, f, s) in [FgL and
characteristics of SET cards.

X(n) ={X1, Xs, ..., X,} denote the collection of Xavier’s first n cards. Similarly,
let O, denote the n-th card Olivia picks, and let O(n) ={01, O3, ..., O, } denote the
collection of Olivia’s first n cards. Note that X' (n) C X(n+1) and O(n) C O(n+1).

Xavier is the first player. The game proceeds with all cards in a SET deck available
to both players. The players alternately take cards into their hands in the order
X1, O1, X3, O, ... until either X' (n) or O(n) contains a set. The corresponding
player loses on his or her n-th turn. We call a pair of choices (X,, O,) a round
of anti-SET.

The mathematical structure of SET is an example of an affine geometry. For our
purposes, we will define affine geometries from a coordinatized (vector-based) per-
spective, as described in [Beth et al. 1986; Dembowski 1997]. It is possible to do this
from a purely axiomatic viewpoint as well (see [Dembowski 1997]). For more details
about affine geometry in the context of SET, see [Carroll and Dougherty 2004].

The affine geometry AG(d, g) is an incidence structure whose points are
d-dimensional vectors with entries in F,. That is, the points are the elements
of [Fd The k-dimensional subspaces of AG(d, q), referred to as k-flats, are the
k- dlmensmnal linear subspaces of [Fd together with their cosets. We note that for
a given k- d1mens1onal hnear subspace L, the coset of L by the vector he I]:d is
defined as L + h = {x+h X el).

The cards of SET correspond to the points of AG (4, 3), and the sets are the
1-flats (usually called lines). More specifically, the points are all vectors of the form
(x1, x2, x3, x4), where x; € {0, 1, 2}, with all arithmetic done modulo 3. The 1-flats
correspond to the 1-dimensional subspaces of [F;t and their cosets. Each such 1-flat
contains three points, corresponding to the three cards in a set.

To give a more concrete interpretation of SET in this context, we note that
each card corresponds to a unique vector, with each coordinate corresponding to a
characteristic of the cards. We arbitrarily identify the coordinates with characteristics
of the SET cards as shown in Table 2. There are many equivalent ways to map
between attributes of SET cards and the entries of F3.

Example 2. Consider the set in Figure 7. Using the correspondence from Table 2,
these three cards, in order, form the vectors (0, 0, 0, 0), (2,1, 1, 1), and (1, 2, 2, 2).
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Figure 7. A set.

We will make extensive use of the following result about affine geometries:

Proposition 3 (affine colhnearlty rule). Three points a, b and ¢ in AG(d, 3) form
a line lfandonlylfa+b+c = 0.

Proof. A set £ in AG(d, 3) is a line if and only if £ is a 1-dimensional subspace
of [Fd or a coset thereof. Thus £ is a line if and only if there ex1st a nonzero vector X
and a vector h both in [F‘31 , such that £ = {h X+ h 2% + h} (Note that h=0is
possible.) In partlcular all hnes in AG(d, 3) contain three points. Then the sum of
the elements in ¢ is 3/ + 3% = 0 since we are workmg in [F3

Conversely, suppose £ = {a, b ¢} such that a + b+¢=0. Then

Ol

0+(b—ad)+(E—d)=0—3a=

as well. Thus ¢ —d = 2(b —a), and so m = {6, b—a,2(bh— a)} is a linear subspace
of [Fgl. Thus £ =m +a is a line. O

In the context of SET three cards {A, B, C} form aset if and only if their corre-
sponding vectors a, band ¢ (respectively) satisfy a +b+¢=0. To see this, consider
three vectors whose associated cards form a set. The collection of three values
in a given coordinate is limited to the following possibilities: {0, 0, 0}, {1, 1, 1},
{2,2,2}, or {0, 1, 2}. These collections of values constitute all possibilities for “all
the same” or “all different”. The sum of the numbers in each of these collections
is 0 (mod 3). Furthermore, no other collection of three values sums to 0 (mod 3).

We will also use the following well-known proposition:

Proposition 4. In AG(d, q), every pair of points appears in exactly one line.

This can be seen as follows: A line is a 1-dimensional subspace or a coset of
such a subspace. Let x and y be distinct points in AG(d, q). If x = ay for some
a € [, then x and y appear together only in the 1-dimensional linear subspace
defined by x. If x and y are not scalar multiples, then 0 and y — x appear together
only in the 1-dimensional linear subspace £ defined by y — x, and therefore x and y
appear together only in the coset £ + x.
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This corresponds to the well-known fact that every pair of SET cards is part
of a unique set. Algebraically, given two points a and b, there exists a unique
vector ¢ € FZ such that & + b+ & = 0.

Because affine lines include both linear subspaces of Fg and their cosets, affine
geometries naturally include parallel lines. All cosets of a given line £ are parallel
to £, and together this collection of cosets partitions the points of the geometry. Thus,
for any set {A, B, C} in the traditional 81 card SET game, there are 81/3 = 27 sets
(including {A, B, C} itself) which are parallel to the original set. These 27 sets
contain all 81 cards in the SET deck.

Example S. In Example 2, we saw a set consisting of the vectors
§$=1{0,0,0,0),(2,1,1,1),(1,2,2,2)}.
The coset S+ (1,0, 1, 2) is
S+(1,0,1,2)={(1,0,1,2),(0,1,2,0), (2,2,0, 1)},

which can be verified to be a set sharing no points with S.

In addition to points and lines, affine geometries contain other substructures with
geometric interpretation. Of particular interest to us is the affine plane AG(2, q),
which can be viewed as a 2-dimensional subspace of a larger affine geometry. Affine
planes are very well studied. In the case of SET, the set of vectors obtained by
fixing any two coordinates of the vectors in [F‘31 is isomorphic to an affine plane.
With only two coordinates “free” to change, a plane contains 3> = 9 points.

Example 6. The nine cards in Figure 4 form an affine plane. Here, the coordinate
corresponding to “number” is fixed at 1, and the coordinate corresponding to
“filling” is fixed at 2 (solid). Thus there are two free coordinates, giving a 2-
dimensional plane.

An affine plane is spanned by two nonparallel lines. In the affine plane AG (2, 3),
each line is part of a parallel class of three parallel lines.

Notice that there are twelve lines (that is, sets) in AG(2, 3). As represented in
Example 6, there are three horizontal lines, three vertical lines, and then three lines
in each diagonal direction. (For example, the set containing the red squiggle, purple
diamond, and green oval is one of these diagonal sets.)

The last substructure of special interest to us is a hyperplane, a (d—1)-dimensional
subspace within AG (d, q). Equivalently, a hyperplane is a subspace of maximal
size, or of codimension 1. In SET, a hyperplane corresponds to a set of 27 cards
with a single attribute fixed.

The remainder of this paper will primarily use geometric language when dis-
cussing SET. In particular, we will use “point” and “line” to refer to cards and sets,
respectively, except when interpreting our results in terms of the original SET game.
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We note that the results of this paper apply to AG(d, 3) for all d > 2. That is,
they apply not only to SET (which lives in AG(d, 3)) but also to “general” SET
as played in AG(d, 3). For example, a version of SET could be created in which
each card has five attributes: the four usual ones, plus a scratch-and-sniff scent
attribute with three different values. The game of anti-SET could be played with
these 3° = 243 cards without change. When d = 1, the geometry AG(1, 3) consists
of a single line, in which no win or loss of anti-SET is possible.

4. Results

In this section, we prove that Xavier has a winning strategy in anti-SET, as played
on any affine geometry AG(d, 3), d > 2. We first reformulate anti-SET in purely
geometric terms:

Anti-SET is a two-player game played on AG(d, 3). The players, Xavier and
Olivia, take turns (beginning with Xavier) selecting points from the geometry. The
first player to have a line contained entirely in his or her hand loses the game.

Theorem 7 (winning strategy). Suppose Xavier and Olivia play anti-SET using
the points in AG(d, 3),d > 2. Moves X| and O| may be chosen arbitrarily. After
those moves, Xavier will always win by following this strategy: for each move n > 2,
Xavier chooses X, to be the unique third point on the unique line containing X
and O,,_;.

Xavier’s strategy depends on him following Olivia’s moves. The first two moves
are arbitrary, after which Xavier begins to follow Olivia by completing lines which
are not completely contained in either player’s hands. The worked example in
Section 2 implements exactly this strategy on a nine-card affine plane.

We note that we require d > 2 only because d =1 is a degenerate case: AG(1, 3)
consists of three points on a single line. Thus, every game ends in a tie, as neither
player can fully collect the line. However, the condition that g = 3 is essential. Our
strategy is highly dependent on the fact that each line contains exactly three points,
a fact that is lost for g # 3.

The following lemmas are necessary to establish the correctness of this strategy.

Lemma 8 (Xavier can play). If Xavier consistently follows the strategy in Theorem 7,
then Xavier can always choose the required point.

Proof. Consider the n-th round of the game. In the previous round, Olivia selected
point O,_1, and now Xavier wishes to choose as X, the unique point C completing
the line ¢ containing points {X, O,_1}. Note that point C exists and is unique by
Proposition 4. If C is unavailable, it must be in either O(n — 2) (because Olivia’s
move O,_1 was not C) or X(n — 1).
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Xjq1p-------- Xiy1 |‘ """"

Figure 8. Diagram for proof of Lemma 9.

If Olivia previously chose C, then by following the strategy Xavier would have
immediately chosen the other point on £. If Xavier previously chose C, then he
must have done so immediately after Olivia chose the other point on £.

In either case, all points on £ appear in O(n — 2) U X'(n — 1), and thus it was
impossible for Olivia to choose any point on £ as O,_;. Therefore we obtain a
contradiction, and C must be available for Xavier to choose. (]

Lemma 9 (Xavier cannot lose). If Xavier consistently follows the strategy in
Theorem 7, then Xavier cannot lose.

Proof. Without loss of generality, assume that at least two rounds have occurred.
In round j > 1, Olivia chooses O;. In round k > j, Olivia chooses Oy. Fol-
lowing the winning strategy, Xavier chooses X and X1, respectively. Thus
{X1, Oj, Xj11} and { X1, O, X1} are lines. This is represented geometrically by
solid lines connecting the points in Figure 8. Algebraically, X14+0;+X 1 =0 and
X1+ 0+ X1 = 0.

Suppose that at some future round m, while following the winning strategy,
Xavier chooses point X which completes a line {X; 1, X1, X} € X'(m), causing
him to lose. Thus X1 + Xz41+ X =0.

Xavier chose X in response to some move O by Olivia. Thus X is the unique
third point on the line containing {X, O}. Therefore X| + O + X = 0. Beginning
with this fact and applying algebra, we have

0=X+0+X
=X1+O0+(—Xj11—Xk+1) ({Xj+1, Xk+1, X} s a line)
=X1+0+(X1+0;)+(X1+0y) ({X1, 0, Xj1}, {X1, Ok, X1} are lines)
=3X,4+0+0,+0;
= 0+0;+0; (3X, =0 (mod 3)).

Therefore {0, O}, O} is a line. Because Olivia chose O before Xavier was
forced to chose X, Olivia would have immediately lost with a line in O(m — 1).
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Thus, it is impossible for Xavier to have a line in X' (m), since Olivia would
immediately lose before he could choose to complete such a line. Therefore, Xavier
cannot lose when following the strategy. (I

Lemma 10 (there are no ties). If Xavier consistently follows the strategy in
Theorem 7, then the game cannot end in a tie.

Proof. We first note that there are no ties in any nine-card plane AG(2, 3). That is,
it is impossible to partition the nine points into two sets, neither of which contains
a line. In particular, any set of at least five points from a nine-card plane must
contain a line. This may be demonstrated by brute force, or with an elegant counting
argument such as that in [Carroll and Dougherty 2004].

After Xavier’s third turn, the set of points selected is S = {X, O, X3, O3, X3}.
Note that, by following the strategy, S contains two nonparallel lines: {X;, O, X»}
and {X;, O,, X3}. These two lines span an affine plane P.

The game may proceed in two ways:

(1) Olivia may choose to only select points in P. There are no ties in P and by
Lemma 9, Xavier cannot lose. Thus Olivia must eventually lose.

(2) Olivia may choose to select some point outside of P. If Olivia does not lose,
she will eventually run out of points outside of P, and therefore must choose
a point from within P. As argued above, Olivia must then lose. Note that the
points in P remain available for Olivia to choose, because Xavier will only
choose a point in P if Olivia also chooses a point in P. This is because no line
of AG(d, 3) contains two points in a plane and one point outside of a plane.

Either way, Olivia loses. ([l
Together, these lemmas provide a proof of Theorem 7:

Proof of Theorem 7. By Lemma 8, Xavier can follow the strategy. By Lemma 9,
Xavier can never lose when following the strategy. Finally, by Lemma 10, the game
cannot end in a tie. Therefore, Xavier (the first player) wins. ]

5. Length of the game

Now that we know that Xavier will always win, a reasonable question is “how many
moves are required for Xavier to win?” Without assuming rational play, a game
could be as short as three rounds: Olivia could choose three cards which form a set
and lose after move O3. But assuming rational play, Olivia can survive much longer.

In this section, we seek to answer the question “how long can Olivia force the
game to continue?” Because there is some room for ambiguity, we provide the
following precise definition:
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d \1 23 4 5 6
mz(AG(d,3))\2 4 9 20 45 112

Table 3. Sizes of maximal caps for some small affine geometries.

Definition 11. The length of a game of anti-SET is the lowest index n such that
O(n) contains a line.

Thus, for example, the game played in Section 2 has length 4. Note that, because
Olivia plays second, length can be interpreted as the number of complete rounds
played before the game ends.

We also require the concept of a cap:

Definition 12. A cap in AG(d, q) is a set of points which contains no lines. A
maximal cap is a cap with the largest possible size for a given set of parameters d, ¢,
and its size is denoted m,(AG(d, q)).

Example 13. Every set of five points in AG(2, 3) contains a line. Consider the
result of the sample game from Section 2, shown in Figure 6. The set of four points
marked X contains no line and therefore forms a maximal cap in AG(2, 3). The
three marked O form a cap which is not maximal. Thus m,(AG (2, 3)) =4.

A long-standing question in finite geometry is to determine the size of a maximal
cap. While a variety of bounds are known, no exact formula is known in general.
For ¢ = 3, some currently known values for m,(AG(d, 3)) are summarized in
Table 3. For more information, see [Potechin 2008] and references therein.

In the language of affine geometry, Proposition 1 can be restated:

Proposition 1 [Pellegrino 1970]. In AG (4, 3), we have m(AG (4, 3)) = 20.
In other words, every set of 21 SET cards must contain a set.

Theorem 15. The maximum possible length of a game of anti-SET played on
AG(d,3) is my(AG(d, 3)).

Proof. Let m = my(AG(d, 3)). Xavier is always the first to have k points in hand
for any k, and thus X' (m + 1) (if the game lasts so long) must contain a set. However,
by Theorem 7, Xavier cannot lose. Thus, Olivia’s previous move, O,,, must have
ended with O(m) containing a set. Thus the length of the game is at most m. [J

As a corollary, the length of anti-SET played on AG (4, 3) is at most 20. Compu-
tational simulations for small d suggest that Olivia can always achieve this bound,
but we are unable to prove this.

Next, we determine a lower bound on the length of the game. We do this by
demonstrating a strategy for Olivia which guarantees the game to last for a certain
number of moves.
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Lemma 16. Ler Sy, S, S3 be three parallel hyperplanes in AG(d, 3). Then any
line which intersects Sy and S, also intersects S3.

Proof. This is a direct consequence of the structure of the underlying vector space.
Note that Si, S,, S3 partition the points of AG(d, 3), and also note that a line
£ = {x, y, z} contains exactly three points. Because ¢ and each S; are cosets of a
linear subspace, S; N ¢ must be a linear subspace (or coset) as well. In F¢, each such
subspace contains 3* points for some k > 0. Thus £ must intersect each hyperplane
in zero, one, or three points. If ¢ intersects both S} and S, in at least one point, then
£ cannot intersect either in all three points. Thus £ intersects each of S; and S, in
exactly one point, and so its third point must be in the remaining point set, S3. [J

Theorem 17. Suppose Xavier and Olivia play anti-SET on AG(d, 3),d > 1. Then
Olivia can force the game to have length at least 2 + Z;-jz_ll mo(AG(i, 3)).

Proof. We proceed by induction. As a basis, consider anti-SET played on AG (2, 3).
This is a nine-point plane. We saw in Section 2 that Olivia may extend the game
to four rounds simply by not choosing her third point to be on the line defined by
the first two. Furthermore, 2 + m(AG (1, 3)) = 4 since a cap in AG (1, 3) consists
of any two points on the only line. (Recall that the fourth round ends with Olivia
choosing her fourth card, which must complete a line in O(4).)

Assume, for anti-SET played in AG(d — 1, 3), that Olivia has a strategy which
makes the length of the game 2 + Zfl:_f m2(AG (i, 3)). Then she can play on
AG(d —1,3) for 1+ 3= my(AG(i, 3)) rounds without losing. Let S be a copy
of AG(d — 1, 3) embedded as a hyperplane in AG(d, 3), and let Sy, S, S3 be the
three hyperplanes parallel to S; in AG(d, 3). Olivia proceeds as follows:

(1) Inductively, Olivia plays for 1 + Z?;lz my(AG (i, 3)) moves entirely in S
without losing. Note that Xavier’s moves also fall entirely in S;.

(2) Olivia then chooses the m,(AG(d — 1, 3)) points of a maximal cap entirely
in Sy. Note that Olivia is free to choose these points, because Xavier’s moves
must now fall entirely in S3 by Lemma 16.

This strategy describes Olivia’s moves for n =1 + Z?;ll my(AG (i, 3)) rounds.
Olivia never completes a line in O(n) by following this strategy. By our inductive
assumption, no line exists within the subset of her moves falling in S;. Because
Olivia chooses the points of a cap in S, no line exists within her points in S>. Finally,
no line in O(n) can exist with one point in S; and another in S>: By Lemma 16,
the third point of such a line would be in §3, but Olivia chooses no points in S3.

Thus, Olivia does not lose by following the above strategy, and therefore Olivia
can play for at least 2 + Z;’;ll my(AG (i, 3)) rounds. U
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X1— 01— X, X1+ 01+ X»
I
0, | O3
I
X3 X4
(a) Play in AG(1, 3). (b) Play expanded to AG (2, 3).

Figure 9. Visualization of Olivia’s strategy from Theorem 17.

Intuitively, Olivia’s strategy works as follows: Olivia “fills up” a line with a cap,
jumping up to a plane which she also fills with a cap. She continues jumping up to
the next structure until she eventually runs out of room.

Example 18. Theorem 17 is demonstrated in Figures 9 and 10. In Figure 9(a), play
begins on a line (that is, AG (1, 3)). In Figure 9(b), the line expands to a full plane
(that is, AG (2, 3)). Note that Olivia’s play occurs only in the second row, which
is one coset of the original line. Her two plays form a cap on this line. Similarly,
Xavier’s plays all occur in the third row, another coset of the original line.

In Figure 10, play expands to cover the cosets of the plane. Figure 10 shows the
original plane from Figure 9, now considered to be a subspace S;. The other two
planes in this figure are the cosets S, and S3 of S;. Note that Olivia plays only in
coset Sy, and that her plays form a cap in AG(2, 3). Xavier’s plays are forced into
coset S3.

X7 X3
S3
X5 7 Xe /
52 O¢ yA%
Oy / Os
. X3 X4
Sy 0, 0,
X1 0, Xo

Figure 10. Continued visualization of Olivia’s strategy from Theorem 17.
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6. Open problems

Naturally, a variation on SET, such as anti-SET, leaves many open questions. The
game SET has been widely studied, and several of the open problems below are
based on generalizations and extensions already proposed for SET.

A more general category of games to which anti-SET belongs could be named
“anti-tic-tac-toe on a design.” A t-(v, k, A) design (or t-design) is a set of v points P
together with a collection B of k-subsets of the points, called blocks, such that every
t-subset of P appears in exactly A blocks. The points and lines of AG(d, 3) form an
example of an affine geometry design. See [Beth et al. 1986] for more details. To play
anti-tic-tac-toe on a given #-(v, k, A) design, two players alternate selecting points of
the design. The first player to select all points in any block of the design loses. Thus
the general question is “is there a winning strategy for anti-tic-tac-toe on a design?”

Specific instances of this general game will likely prove to be more tractable.
For example:

« Play on nonternary affine geometries, which are also examples of affine geom-
etry designs. The winning strategy described in this paper depends heavily on
working in AG (d, 3). Is it possible to have g > 3? The largest difference is that
lines now have more than three points, opening the possibility that Olivia plays
on a point which completes a line, leaving Xavier unable to “follow” Olivia.

 Play on a projective geometry. It is possible to play anti-SET on a projective ge-
ometry PG(d, q)? The set of points and k-dimensional subspaces of PG (d, q)
form a projective geometry design. (For information about “projective SET”,
see [Davis and Maclagan 2003].)

e Play on Steiner triple systems. This is a name given to the category of
2-(v, 3, 1) designs. In this category, every pair of points determines a unique
line, and every line has three points. This includes two key geometric features
that figures in the strategy for anti-SET.

Other open problems involve changing the parameters of play for anti-SET:

» Play with three or more players. This must considerably change the strategy.
Under the winning strategy described here, it would be possible for one player
to “block” another player’s necessary move.

» Recovering from an error. If Xavier does not follow the winning strategy, when
is it possible for Olivia to win? Is it possible for Xavier to recover from this
error, and if so, under what conditions?

Finally, we believe that Theorem 17 can be improved:

e Determine a strategy for Olivia which always forces a game length of
my(AG(d, 3)) rounds, thus improving on Theorem 17.
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The kernel of the matrix [ij (mod n)]
when n 1s prime
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In this paper, we consider the n x n matrix whose (i, j)-th entry is ij (mod n) and
compute its rank and a basis for its kernel (viewed as a matrix over the real num-
bers) when n is prime. We also give a conjecture on the rank of this matrix when n
is not prime and give a set of vectors in its kernel, which is a basis if the conjecture
is true. Finally, we include an application of this problem to number theory.

1. Introduction

When learning modular arithmetic, it is a natural exercise to consider the multipli-
cation table modulo an integer n. This table can be seen as an n x n matrix whose
entries are positive integers. A question in linear algebra, which is interesting by
itself, is to determine the rank or, even better, a basis for the kernel, of this matrix
over the real numbers.

In this paper, we denote by C, the n x n matrix given by

Co(i, j)=1ij (modn), i, j=1,...,n, 6]

where C, (i, j) denotes the (i, j)-th entry of C,,.

Using techniques from matrix analysis and analytic number theory, we find the
rank and a basis for the kernel of C,, when n is prime. When n is composite, we
give a conjecture on the rank of C, and a set of vectors in the kernel of C, thatis a
basis of the kernel if the conjecture is true.

Since the last row and column of C,, are both zero, the matrix H,, obtained
from C,, by deleting that row and that column, has the same rank as C,,. Moreover,
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it is easy to find a basis for the kernel of C,, from the kernel of H,. Therefore, most
of the paper will be focused on studying the kernel of H,,.
As an example, for n = 5, we have

Hs =

W N =
W = AN

N A=W
- N W

4

The paper is organized as follows. In Section 2, we use a matrix theory approach
to study the (n — 1) x (n — 1) matrix H,. In particular, we give a block-diagonal
matrix similar to H,, (Lemma 7) and use it to give a set of vectors in the kernel
of H,. This result allows us to obtain nontrivial lower and upper bounds for the
rank of H, for general n (Corollary 12). A conjecture for the exact value of this
rank is also presented (Conjecture 16). In Section 3, we obtain the main result of
the paper (Theorem 42) which describes the rank of the n x n matrix C,, when n is
prime and gives a basis for its kernel. The proof of the rank result is done using
techniques from character theory and analytic number theory. In Section 4, we
present an application to number theory that motivated our work.

2. The kernel of the matrix H,

We now present some properties of the matrix H, for general n and use them to
study the kernel of H,,. We first introduce some notation and recall some definitions.
We denote by M, ,, the set of n x m matrices with entries in R. We abbreviate
M, , to M,,.
We denote by R the exchange matrix (also called the flip-transpose of the identity
matrix /) of appropriate size, that is,

R :=

Note that R = 1.
Definition 1. Let A € M,,.

« The matrix A is called symmetric if A = AT
« The matrix A is called persymmetric if A = RATR.
o The matrix A is called centrosymmetric it A = RAR.

o The matrix A is called bisymmetric (or symmetric centrosymmetric, or doubly
symmetric) if it is symmetric and centrosymmetric.
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Remark 2. If A € M, is persymmetric, then RA is symmetric. Also, if A is
symmetric and centrosymmetric (resp. persymmetric), then A is persymmetric
(resp. centrosymmetric).

Note that A € M, is bisymmetric if
A, j)=A(,i) and AG, j)=Am+1—-i,n+1—-j), i,j=1,...,n.

This means that being bisymmetric is equivalent to being symmetric with respect
to the main diagonal and being symmetric with respect to the antidiagonal. A look
at Hs shows that this matrix is bisymmetric.

Lemma 3. Let n € N. The matrix H, € M, _ is bisymmetric.

Proof. The matrix H,, is symmetric since H, (i, j) =ij (modn) = H,(j,i). Addi-
tionally, H, is centrosymmetric since

(n—i)(n—j) (modn)=ij (modn),
which implies that H, (i, j) = H,(n — i, n — j). U

The following result follows from some well-known properties of bisymmetric
matrices [Cantoni and Butler 1976, Lemma 2].

Lemma 4. If n is odd, then H, has the form

A RBR
H, = [B RAR] 2)

for some symmetric A € M, 1,2 and persymmetric B € M(,_1))>.
If n is even, then H, has the form

A x RBR
H,=|xT g x"R 3)
B Rx RAR

or some q € C, x € My_2 .1, symmetric A € M,_»,» and persymmetric
q (n=2)/2, y (n=2)/ persy
B e M(n_g)/z.

Next we give an explicit expression for the number g and the vector x in the
block representation of H, given in Lemma 4 when n is even.

Lemma 5. If n is even, then the number q in (3) is given by
0 ifn=0 (mod4),
if n #0 (mod 4).
Proof. We have
=0 (35) =5 i)
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If n =0 (mod 4), then n = 4k for some positive integer k. Thus,
n n

3 . 3 (mod n) = kn (modn) =0.

If n # 0 (mod 4), then, since n is even, we know that n = 4k + 2 for some positive
integer k, and

%-%(modn):kn+2k—|—1(modn)=2k+1=%. O
Lemma 6. If n is even, then the column vector x in (3) is given by
— ifiisodd, _
x(i)=12 i=1,2,..., 02

0 ifiiseven,
where x (i) denotes the i-th component of x.

Proof. Note that x is located in the (n/2)-th column of H,. Thus, x(i) = H, (i, n/2)
fori=1,2,...,(n—2)/2. If i =2k for some positive integer k, then

H, (i, 5 ) = kn (mod n) =0.
Now, if i =2k + 1 for some positive integer k, then
. n n n
Hn<z,§)_kn+§ (mod ) = 3. O

Taking into account Lemma 4, we next obtain a symmetric block-diagonal matrix
similar to H, for all n. This result also follows from [Cantoni and Butler 1976,
Lemma 3]. Observe that A — RB and A + RB, where A and B are as in Lemma 4,
are symmetric matrices since RB is symmetric by Remark 2.

Lemma 7. (1) Suppose that n is odd and let H,, be expressed as in (2). Then,

A —RB 0 I —R
-1
KH,K _[ 0 A RB]’ whereK_|:I Ri|.

(2) Suppose that n is even and let H,, be expressed as in (3). Then,

A—RB 0 0 I 0 —R
KH,K~'= 0O A+RB V2x|, where K=|1 0 R
0 VoaxT g 0v2 0

As a consequence of the previous result, the study of the kernel of the bisymmetric
matrix H, can be reduced to the study of the kernel of the diagonal blocks of the
block-diagonal matrix similar to H, given in Lemma 7. In fact, when » is odd, if
{u1, ..., u;}is abasis for the kernel of A—RB and {u1, ..., u;} is a basis for
the kernel of A+ RB, then {K 'w, ..., K‘lek} is a basis for the kernel of H,,
where w; = [u; 017 € M,y fori < j, and w; = [0 u;]" € M,,_1 fori > j.
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Analogously, when 7 is even, if {uy, ..., u;} is a basis for the kernel of A — RB
and {u;41, ..., u 1} is a basis for the kernel of
A+ RB 2x @
V2xT g |’
then {K 'wy, ..., K‘le+k} is a basis for the kernel of H, where each w; is

defined as before. Note that, if n = 2, the matrix A — RB is empty.
In what follows, we denote by A + RB the symmetric matrix A + RB if n is
odd and

[A + RB 2x] )

2xT 2gq

if n is even. Clearly, A + RB € M|, /2). Note that v is in the kernel of the matrix (4)

if and only if
lo-2p 0 4
0 22

is in the kernel of the matrix (5). In particular, the matrices (4) and (5) have the
same rank.
Next we give an explicit expression for the symmetric matrix A + RB.

Lemma 8. The matrix A+ RB € M\, /») is given by

if ndividesij, . . n
l,]=1,...,LJ

0
A+ RB)(, j) = .
( )G.J) {n otherwise, 2

Proof. Recall that A, B € M|(,—1y/2). Suppose that 1 <i, j < [(n—1)/2]. We have

A, j) = H,(, J)
and

RBG, )= B(| "5 | =i j) = Hatn =i, ).

Thus, for 1 <i, j < [(n — 1)/2],

A+RB)G, j) = Hu(, j)+ Hy(n—1, j)
=ij (modn)+ (n—1i)j (modn)
=ij (modn)+ (—ij) (modn),

which implies the claim for the entry in position (i, j). If n is odd, the proof is
complete. Now suppose that n is even. By Lemma 5,

(A +RB)(5.5) =24 = io ifn =0 (mod4),

22 n ifn #0 (mod4).
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Since n divides (n/ 2)2 if and only if n =0 (mod 4), the result follows for (i, j) =
(n/2,n/2).
Now we consider the case j =n/2, where 1 <i <n/2—1. By Lemma 6,
n if i is odd

A+RB)(i,3) =2x) =17 1000

( )\ 2 *(0) 0 ifiiseven.
Since n divides in/2 if and only if i is even, the result follows for the entries in
positions (i, n/2). Taking into account that A + RB is symmetric, the result also
follows for the entries in positions (n/2, j), where 1 < j <n/2 —1. U

Next we compute the rank of A + RB in terms of the proper divisors of n. We
call a proper divisor of n, where n is a positive integer, a positive divisor of n
different from n. Note that any proper divisor of n is less than or equal to |n/2].

Lemma 9. Let n be a positive integer and k be the number of proper divisors of n.
Then, rank(A + RB) = k.

Proof. Leti e {1, ..., |n/2]}. If gcd(i, n) = 1, then n is not a divisor of ij for all
j=1,...,[n/2]. By Lemma 8, (A4+RB)(i, j)=nforall j =1,2,..., [n/2].
If ged(i, n) # 1 and i has order m in Z,, (that is, m is the smallest possible integer
such that mi = 0 (mod n)), then, by Lemma 8, (A 4+ RB)(i, j) = 0 if and only if
Jj = ms for some positive integer s. Moreover, the nonzero entries in the i-th row
are equal to n. Thus, from the comments above, we conclude that there are at most
k distinct rows in A 4 RB, corresponding to the k proper divisors of n. Moreover,
one of these rows has all entries equal to n, while the remaining have the first zero
entry in distinct columns and have all the nonzero entries equal to n. Note that
distinct proper divisors have distinct orders. By elementary row operations, it can
be seen that these k rows are linearly independent, which proves the result. U

Remark 10. When 7 is prime, Lemma 9 implies that rank(A + RB) = 1.
Another immediate consequence of Lemma 9 is given in the next corollary.

Corollary 11. Let n be a positive integer and k be the number of proper divisors
of n. Then,

dim(ker(A + RB)) = L%J —k.

Since, from Lemma 7,

rank(H,) =rank(A — RB) +rank(A +RB) and rank(A — RB) < Ln; ! J

from Lemma 9 we get the next result.

Corollary 12. Let n be a positive integer and let k be the number of proper divisors

of n. Then,
n—1

k < rank(H,) < L J Yk
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Next we compute a basis for the kernel of A + RB when n > 2. Note that when
n = 2, the kernel of A + RB only contains the zero vector by Corollary 11. We
start with a technical lemma.

Lemma 13. Let n be a positive integer. For each j € {1,2,...,|n/2]},letd; =
gcd(j, n). Then, for 1 <i < |n/2], we have (A+RB)(, j) = 0 if and only if
A+RB)(,dj) =0.

Proof. Note that, from Lemma 8, the statement (A + RB) (7, j) = 0 if and only if

(A+RB) (i, d;) = 0 is equivalent to n divides ij if and only if n divides id.
Suppose that n divides ij. Then, there exists a positive integer k such that nk =ij.

Since ged(j, n) =dj, we have d; = jx +ny for some x, y € Z, x # 0. Thus,

d: —
nk=l( / ny)’
X

which implies n(xk +iy) =id; and, therefore, n divides id.
Suppose now that n divides id;. Since d; divides j, we have id; divides ij and,
therefore, n divides ij. ([l

We denote by e; the vector of appropriate size whose entries are 0 except the
entry in position i which is 1.

Theorem 14. Let n > 2. The set of vectors uj = e; — ed; € Minp2).1, with
Jel{l, ..., |n/2]}, where j is not a divisor of n and d; = gcd(j, n), forms a
basis for ker(A + RB).

Proof. First we show that the vectors u ; are in the kernel of A + RB. Note that, by
the definition of u, the i-th entry of the vector (A +RB)u; is (A +RB)(, j) —
(A+RB)(i,d;). By Lemma 8, each entry of A+ RB is either n or 0 and, by
Lemma 13, (A+RB)(i, j) = 0 if and only if (A +RB)(i, d;) = 0. This implies
that (A +RB)u; = 0 for all u;, as desired.

Next, we show that the vectors u; form a linearly independent set. Let U be
the matrix whose columns are the vectors u; and let J be the set of integers in
{1,..., |n/2]} that are not divisors of n. Notice thatif ji, jo> € J, then j; #d, since,
if j1 =dj, = gcd(jo, n), then j; would divide n. This implies that the submatrix
of U formed by the rows indexed by J is a row permutation of the identity matrix
of size |J|, which shows that U has full rank.

We have obtained a set of |J| linearly independent vectors in the kernel of
A + RB. Since the largest proper divisor of n is less than or equal to |n/2], we
have |J| = |n/2] —k, where k is the number of proper divisors of n. By Corollary 11,
the result follows. O

Example 15. Let n = 24. Then dim(ker(A + RB)) = 5 and the set J defined in
the proof of Theorem 14 is given by {5, 7,9, 10, 11}. A basis for ker(A + RB) is
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given by the vectors

—1 ~1 0 0] -1
0 0 0| |-1 0
0 o] |-1 0 0
0 0 0 0 0
1 0 0 0 0
0 0 0 0 0
ol | 1|'| ol | o] o
0 0 0 0 0
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1

L o] Lol Lol Lol L o]

Though we could not find appropriate techniques from matrix theory to show it,
numerical experiments in Matlab, in which the rank of H, was computed for any n
from 2 to 1000, suggest the following conjecture. Recall that rank(C,,) = rank(H,),
where C,, is the matrix defined in (1).

Conjecture 16. Let n be a positive integer and let k be the number of proper
divisors of n. Then,

n—1

rank(C,) = rank(H,) = L J + k.

Clearly, the conjecture holds when n = 2. In the next section we prove the
conjecture when n is prime. The result when 7 is not prime remains open.

Remark 17. Because of Lemmas 7 and 9, it follows that, if Conjecture 16 is true
and n > 2, then A — RB is a nonsingular matrix. Note that, if n = 2, the matrix
A — RB is empty and A + RB is nonsingular as well.

3. The rank of the matrix H,, when n is prime

In this section we compute the rank of the matrix H,, when 7 is prime, using
techniques from character theory and analytic number theory.

We start with some basic concepts and lemmas that will be used to obtain the
main result.

Definition 18 (character [Apostol 1976, Section 6.5]). Let G be a group and let C
denote the set of complex numbers. A function f : G — Cis called a character of G if

(i) f is a group homomorphism of G, that is, f(g1g2) = f(g1)f(g2) for all
g1, 82 € G;and

(1) f(g) # 0 for some g € G.
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The set of characters of a finite group G is also a group with respect to the group
operation of pointwise multiplication defined by (f1- f2)(g) = f1(g) f2(g) [Apostol
1976, Section 6.6]. This group is denoted by G. The identity element of G is the
character f; given by f;(g) = 1 for all g € G. The inverse of a character f is f
given by f(g) = f(g) for all g € G, where f(g) is the complex conjugate of f(g).
The identity element of G is called the principal character of G, while the other
characters are called nonprincipal characters of G. Note that any character of G
maps the identity element of G to 1.

According to the next result, if f is a character of a finite group G, the range of
a character of G lies on the unit circle. We recall that if G is a finite group with
identity element e, then the exponent of G is the least positive integer k such that
gf=eforall geG.

Proposition 19 [Apostol 1976, Theorem 6.7]. Let G be a finite group with identity
element e and let f € G. Then, f(e) = 1 and each function value f(g) is an m-th
root of unity, where m is the exponent of G.

One may think that the set of characters of a group could potentially contain
many functions. The next theorem gives the exact number of characters when the
group is finite and abelian.

Proposition 20 [Apostol 1976, Theorem 6.8]. If G is a finite abelian group, then
G| =1G].

In particular, if G is a finite cyclic group of order n (in which case the exponent
of G equals the order of G) and g is a generator of G, then the n characters of G
are determined by sending g to the different n-th roots of unity in C.

Example 21. Let G be the additive group Z4. Then, there exist four characters
fi, f2, f3, fa of G and each character value is in the set {1, —1, i, —i}, the 4th roots
of unity. Suppose that f; is the principal character and f3, f3, f4 are defined by
1) =—1, f3(1) =i and f4(1) = —i. Note that, since 1 is a generator of G
and characters are group homomorphisms, f», f3, fs are well-defined. We give the
range of the characters of G through a 4 x 4 matrix A whose entry A(i, j) is given
by fi(gj), where g1 =0, g2 =1, g3 =2, and g4 =3:

1 1 1 1

1 -1 1 —1
A=

1 i -1 —i

1 —i —1 i

The following concept will be key in the proof of our main results.

Definition 22 (group matrix [Chan et al. 1998]). Let G be a finite group of order n.
Fix an enumeration {gy, ..., g} of the elements of G. For every complex-valued
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function « on G, the matrix A, given by A,(i, j) = oz(gl.g/._l) is called a group
matrix associated to o.

Example 23. Let G be the additive group Z4 and let f> be the character defined in
Example 21. Then, the following matrix is a group matrix associated to f5:

1 —i i —1
1 1 —i i

A =
S i =1 1 —i

- i -1 1

In what follows, we let p denote a prime number. Next we show that the rank
of H, can be computed by finding the rank of a group matrix. In particular, the next
lemma states that the matrix H), can be obtained by permuting some columns of a
group matrix associated with a real-valued function on the multiplicative group Z;
consisting of the units of Z,.

Lemma 24. Let p be a prime number. Let o : Z; — N be given by a(im) = m,
where m denotes the equivalence class mod p of m € {1,2,..., p—1}. Then, H,
is a column permutation of the group matrix A, associated to «o.

Proof. First recall that, since p is a prime number, the group Z7 is a cyclic group
under multiplication. Let g, where g € {1, 2, ..., p — 1}, be a generator for Z; and

consider the enumeration of Z; given by {g7(), g7, ..., g7(P=D}, where o is a
permutation of {1, 2, ..., p — 1} such that g"(i) =1i. Then,

Ag(i, j) = a(g"Dg=o() = ij~" (mod p).

Let = be the permutation of {1,2, ..., p — 1} such that 7 (j) = j~!. Now consider
the matrix A, obtained from Ag by permuting its columns as follows: column j
of Ay is column 7( j)=j " of A,. Then, Ay=H » 1s obtained by permuting the
columns of A, and the result follows. O

The previous lemma implies that rank(H ) = rank(A).

We next characterize the eigenvalues of a group matrix of a finite abelian group, as-
sociated to an injective function, and show that it is diagonalizable, implying that its
rank is the number of its nonzero eigenvalues. For this purpose, we present the next
lemma which gives the spectrum of a group matrix associated to an integer-valued
injective function in terms of the values of the characters of G at an element of the
group ring Z[G], when G is a finite abelian group. Note that any character in the char-
acter group of G can be extended by linearity to a complex-valued function on Z[G].

Lemma 25 [Chan et al. 1998; Jungnickel 1993, Theorem 7.7.4]. Let G be a finite
abelian group and o an injective function from G toN. Let a = deG a(g)g € Z[G].
Then, the group matrix A, associated to « is diagonalizable and its spectrum is the

set{f(a): f €G).
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Since A, is diagonalizable, we can compute the rank of A, by counting the
number of eigenvalues distinct from zero. Thus, rank(A,) = [{f € G : f(a) # 0}].

Remark 26. Taking into account Lemmas 24 and 25, in order to compute rank(H ),
it is enough to determine the number of characters f in the character group of Z;

such that Y7~ if (i) #0.

Here, it becomes convenient to work with the so-called Dirichlet characters
whose definition we give below.

Definition 27 (Dirichlet character [Apostol 1976, Section 6.8]). Let n € N and f
be any character of Z,¢. The function x : N — C given by

f(m) if n and m are relatively prime,

X(m)z{

0 if n and m are not relatively prime

is called the Dirichlet character modulo n induced by f. The Dirichlet character
induced by the principal character is called the principal Dirichlet character mod-
ulo n. A Dirichlet character modulo 7 that is not the principal character is called
nonprincipal.

It is easy to see that Dirichlet characters modulo n are completely multiplicative
and periodic with period n [Apostol 1976, Theorem 6.15]; that is, if x is a Dirichlet
character, then

e x(x+n)=x()forall x eN;
o x(xy)=x(x)x(y) forall x,y € N.

Note that the number of Dirichlet characters modulo n equals the order of 7
since, by Proposition 20, the number of characters of a finite abelian group equals
its cardinality.

Example 28. The following table displays the Dirichlet characters for n = 5. We
obtain four functions since Z5 contains 4 units. We only give the values of the

functions on the set {1, ..., 5} since these Dirichlet characters are periodic functions
of period 5:
X 1 2 3 4 5
x1(x) 1 1 1 0
x2x) 1 -1 -1 1 0
x3(x) 1 i —i -1 0
xa(x) 1 —i i -1 0

Definition 29 (primitive Dirichlet character [Apostol 1976, Section 8.7]). If x is a
Dirichlet character modulo n, we say that x is primitive if for every proper divisor d
of n, there exists an integer a such thata =1 (mod d), ged(a,n) =1, and x (a) # 1.
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Example 30. Consider the Dirichlet characters modulo 5, given in Example 28.
The only proper divisor of 5 is 1. Note that y; is not primitive since x;(a) = 1
whenever gcd(a, n) = 1. However, the rest of the Dirichlet characters are primitive
since x;(2) # 1 fori =2, 3, 4.

The observations in the previous example can be generalized as follows.

Lemma 31 [Apostol 1976, Theorems 8.13 and 8.14]. The principal Dirichlet
character modulo n is not primitive. Moreover, if n is prime, all nonprincipal
Dirichlet characters modulo n are primitive.

Definition 32 (admissible Dirichlet character). Let y be a Dirichlet character mod-
ulo n. We say that x is admissible if
n—1
> ix(@#0.
i=1
Note, the principal Dirichlet character modulo p is admissible since Zf:ll i #0.
Taking into account Remark 26, we obtain the following.

Remark 33. If p is prime, the rank of H, is equal to the number of admissible
Dirichlet characters modulo p.

In order to see which Dirichlet characters are admissible, we need some well-
known results from the theory of Dirichlet L-functions.

Definition 34 (Dirichlet L-function [Apostol 1976, Sections 11 and 12]). Let x
be a Dirichlet character modulo n and s € C with real part greater than 1. The
associated Dirichlet L-series is the absolutely convergent series given by

L(s, x) = Z Xi(sl).
i=1

If x is nonprincipal, L(s, x) is a complex-valued function in s that can be analyti-
cally extended to an entire function on the whole complex plane [Apostol 1976,
Theorem 12.5]. This function is called a Dirichlet L-function and is also denoted
by L(s, x).

The following is a well-known result in analytic number theory.

Lemma 35 [Apostol 1976, Thm. 12.20]. If x is a nonprincipal Dirichlet character
modulo n, then

n—1
1 Lo
L =—=— .
©0.0=—- 2:x(z)
1=
Remark 36. The admissible Dirichlet characters modulo p, where p is prime, are
exactly the principal Dirichlet character and the nonprincipal Dirichlet characters
such that L(0, x) #0.
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In order to determine when L(0, x) # 0, we introduce the functional equation
for Dirichlet L-functions.
Let x denote the complex conjugate of the Dirichlet character x.

Lemma 37 (functional equation [Apostol 1976, Theorem 12.11]). Let x be a

primitive Dirichlet character modulo n. Then, for all s € C, we have

nS 10 (s)
(2m)*

where I' (s) is the Gamma function and G(1, x) = Zle X (r)e¥ i is the Gauss

sum associated with .

L(1—s, %)= (e 4+ x (=)™ )G (1, ) L(s. }).

The following are well-known results in analytic number theory.

Lemma 38 [Apostol 1976, Theorem 8.15]. Let x be a primitive Dirichlet character
modulo n. Then, G(1, x) # 0.

Lemma 39 [Apostol 1976, Section 7.3]. Let x be a nonprincipal Dirichlet charac-
ter modulo n. Then, L(1, x) is finite and nonzero.

The next result gives necessary and sufficient conditions for a Dirichlet character
modulo p to be admissible.

Lemma 40. Let p > 2 be a prime number and consider the primitive (p—1)-th
root of unity w = e?™/ (P~ Let g be a generator of Z}; and let fi be the character
of 75 defined by fi(g) :== w* ', withk =1,...,p—1. Let x1,..., xp-1 be
the Dirichlet characters modulo p induced by fi, ..., fi, respectively. Then, for
k=2,...,p—1,we have xy is admissible if and only if k is even.

Proof. Since g is a generator of Z;, we have g?~!'=1 (mod p) and g* # 1 (mod p)
fors=1,..., p—2. Thus, g?~V/2=—1 (mod p). So, fork=2,..., p—1, we
have xx(—1) = xx (P~ V/?) = (wP=D/2)k=1 = (—1)*=1 Therefore, x;(—1) = —1
if k is even and x;(—1) = 1 if k is odd. Since p is prime and y; is nonprincipal,
Xk 1s primitive by Lemma 31. By Lemma 37,

L, x) = %(—i +x(=Di) G, x) L1, X1

Note that if y; is a nonprincipal Dirichlet character, then y is also nonprincipal.
Taking into account Lemmas 38 and 39, it follows that, if k is even, L(0, xx) # 0;
if k is odd, L(0, xx) = 0. Now the result follows from Remark 36. O

We can now give the rank of the matrix H, when p > 2 is a prime number.
Lemma 41. Let p > 2 be a prime number. Then, rank(H,) = (p +1)/2.

Proof. By Lemma 40, we have that the nonprincipal Dirichlet characters modulo p
X2, X4 - - ., Xp—1 are admissible, while x3, xs, ..., xp—2 are not admissible. Since,
by Remark 36, x; is admissible, the result follows taking into account Remark 33. [
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Observe that, by Lemma 41, we have that Conjecture 16 is true when n > 2 is
prime. Then, by Remark 17, Lemma 7, and Theorem 14, we can obtain a basis
for the kernel of H,, when p > 2 is prime (note that when p = 2, the kernel of H),
is {0}). From this basis for the kernel of H,, we can easily obtain a basis for the
kernel of C),, the p x p matrix whose (i, j)-th entry is ij (mod p).

Theorem 42. Let p > 2 be a prime number and C,, € M, be defined by C,(i, j) =
ij (mod p). Let K be as in Lemma 7. Letu; :=e; —e; € M,_1)/2,1 and w; =
[Op—1)/2, uj, 017 € My, with j =2,...,(p—1)/2. Then, the set of vectors
{K_lwz, R K_lw(p_l)/z, ey} is a basis for the kernel of C,. In particular,
rank(C,) = (p+1)/2.

4. Application

We now present a number theoretic application of the problem we have considered
in this paper. This application, which motivated our work, appears in the context of
the study of Stickelberger relations on class groups of group rings.

Let G be a finite abelian group and let n be the order of G. Fix a primitive n-th
root of unity z. Then, for each g € G and f € G, there is a unique integer r, with
1 <r <n, such that f(g) = z". We therefore can define the function

(-,):GxG—> Q7
given by
r
@ n={x}.
where {r/n} denotes the fractional part of r/n.
Note that the group rings Q[G] and Q[G] are Q-vector spaces with dimension

|G| = |G|, and G and G are bases for Q[G] and @[G], respectively. Thus, we may
extend the function above via linearity to

(-,-):Q[G] x Q[G] — Q
defined by

(Cee Xerr) =X Lacrte .
feG

geCG geG feG
where cg, ¢y € Q. Now consider the function h: Q[G] — Q[G] given by

h(a)=) (g,a)g foranyacQ[G]. (6)
geG

We may view & as a linear map between two Q-vector spaces of dimension |G]|.
An interesting problem, which motivated our work, is the study of the kernel of 4.
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When the group G is cyclic (and, therefore, isomorphic to Z,, for some n), we can
determine explicitly the matrix representation of /4 as the following lemma states.

Lemma 43. Let G be the additive group 7, and g be a generator of G. Let
G ={f1, far-..» fu}, where fi(g) = z'~" and 7 is a primitive n-th root of unity.
Then, the matrix representation R, of h in the bases 81 = {f2, f3, ..., fu, f1} and
Br=1{g.g% ...,8" "\, e} is given by

Rn(i,j)={%}=@, i, j=1,2...,n

Proof. Fori,j=1,...,n—1,since fj11(g") = 7", the (i, j)-th entry of R, is
given by
i poy= i) _ ij (modn)
(6, o= {4 | = mOCR),

Since fj(e)=1= z°, we have (e, fjy=0for j=1,...,n, which implies that the

last row of R, is zero. Since fi(g') =1=2°, we have (g, fi)=0fori=1,...,n,
and, then, the last column of R,, is zero. Thus, the claim follows. |
Note that

1 1[H, 0
R"_ZC”_Z[O o]

Finally, we observe that, although the function % given in (6) is defined be-
tween Q-vector spaces, the determination of the kernel and rank of the matrix
representation of 4 can be done by considering it as a matrix over the real numbers.
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Harnack’s inequality for second order linear
ordinary differential inequalities

Ahmed Mohammed and Hannah Turner

(Communicated by Johnny Henderson)

We prove a Harnack-type inequality for nonnegative solutions of second order
ordinary differential inequalities. Maximum principles are the main tools used,
and to make the paper self-contained, we provide alternative proofs to those
available in the literature.

1. Introduction

The aim of this paper is to present a self-contained discussion of the Harnack and
Harnack-type inequalities for nonnegative solutions of second order linear ordinary
differential inequalities of the form

Lu< f(x), xel:=(A,B), (1-1)
where, for u € C%(I),
Lu:=u"(x)+ px)u'(x) +qx)u. (1-2)

Here and in the sequel, the notation C2(I) stands for the class of twice continuously
differentiable real-valued functions on the open interval /. Likewise, we write C (1)
for the class of continuous real-valued functions on /. Throughout, we will assume,
without further mention, that p, g, f € C(I). In this case, (1-2) can be rewritten as

1

Lu=1%

ru) +q@x)u, wherer(x):= exp(/x p(t)dt). (1-3)

Let H be a class of nonnegative and locally bounded functions in the open interval
I = (A, B). We say that Harnack’s inequality holds for the class # if and only if
given any closed interval [a, b] C I, there is a positive constant C such that

sup u(x) <C inf u(x) forallu e H. (1-4)
x€la,b]

x€la,b]

MSC2010: 34C11.
Keywords: Harnack’s inequality, maximum principles, ordinary differential inequalities.
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The important point here is that C is independent of u € H. The class H is usually
a collection of nonnegative (or nonpositive) solutions of some differential equations.

This type of inequality is named after Carl Gustav Axel von Harnack (1851—
1888) who first derived the inequality for nonnegative harmonic functions in the
plane. The inequality became a very important tool in the study of solutions to
second order linear and nonlinear elliptic partial differential equations. We refer
the interested reader to the article [Kassmann 2007] for a detailed account on some
history and theoretical developments of this fascinating inequality, as well as an
extensive bibliography of articles and monographs related to Harnack’s inequality.
We direct the reader to the paper [Berhanu and Mohammed 2005] for a simple
application of Harnack’s inequality to the ordinary differential equation Lu = f.
The same paper also provides an example that shows the explicit dependence of the
constant C in (1-4) on the differences a — A and B — b.

2. On maximum principles

To develop a version of Harnack’s inequality for nonnegative solutions of (1-1),
we need several results on maximum principles which can be found in [Protter
and Weinberger 1984]. To make the paper self-contained and for the readers’
convenience, we provide alternative proofs to these maximum principles under the
assumption that p and g are continuous on /.

We first introduce an auxiliary function that will be used in our proof of a basic
theorem on maximum principles. We use the notation J := («, 8) for o < B.
Consider the following auxiliary function, with & > 0 to be chosen:

2(x) =0 (x —a) — ", 2-1)
We observe that
zZ()=—1 and 7'(a)=0.

Direct computation shows
Lz=—0%"C"9( 1+ &(1 —e oWy @ l —(x—a)e 7))
o o \o
If p and g are bounded on [«, 8], we see that
1
lim (_p(x) (1—e o069y 4 _q(x) (— —(x — a)e“(xa))) =0,
o—>00 o o o

uniformly on [, 8]. Therefore, in this case we can choose o > 0 large enough
such that
Lz < —co?e®*=9 inJ

for some constant ¢ > 0.
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Most of the theorems on maximum principles will be easy consequences of the
following basic and useful result.

Theorem 2.1. Let p, g € Cc(J) andq <0in J. Letu € C2(J)NC(J) be a solution
of Lu <0in J. Suppose u has a nonpositive minimum at xo € {«, B}. If u is
differentiable at xg, and u’(xo) = 0, then u is a constant in J.

Proof. We consider the case xo = « first. Suppose u has a nonpositive minimum u (o)
at «. Furthermore, assume that u is differentiable at -, and u’ () = 0. We consider
the auxiliary function z in (2-1) with o > 0 such that Lz < 0 in J. We note
that z(o) = —1 and z/(«) = 0. We fix ¢ > 0, and set w := u + £z. We note that
Lw=Lu+¢eLz= Lu <0. On recalling that u(«) <0, we have w(«) =u(x)—¢e <0,
and w’(«) = 0. By continuity of w on [«, B8], we see that w(x) < 0 on [«, 7) for
some T > 0. Let

n:=sup{p €la, B]l:w(s) <0 V0O <s < p}.
Then we note that
(r(x)w’) = (rw’) +rx)g(x)w —rx)g(x)w(x)
=r(x)Lw —r(x)gx)w
<—-r(x)gx)wkx) <0, aoa<x<n. (2-2)

Thus rw’ is decreasing on [«, 1] so that r(x)w’(x) < r(x)w’(«¢) =0 on [e, n]. In
particular, this implies that w is decreasing on [«, n]. Hence w(x) < w(x) < 0 for
all « <x <. This and the continuity of w on [«, 8] would contradict the definition
of n if n < B. Therefore we must have n = 8, so that w is decreasing on [, 8]. In
particular, we have

ux)+ez(x) <u(a)+ez(e), o<x<B§g.

Letting ¢ — 0, we find that u(x) < u(«) on [«, B]. This, together with the fact that
u(x) > u(a), shows that u(x) = u(x) on [a, B].

Now suppose u has a nonpositive minimum at 8 and u’(8) = 0. Let w(x) =
uB—x)forxel:=[B,2B—a]. Thenclearly w € C%(I)NC(I), and moreover, w
is differentiable at B with w'(8) = —u’(B) = 0. Furthermore, w satisfies the
inequality

Lw=w"+p@w +§x)w=<0, xel,
where
px)=—-p2B—x) and qg(x)=q(2B—x), xe€l.

Finally we also note that w has a nonpositive minimum at 8. Therefore, by the above
result, we must have w(y) = w(g) for all y € [B, 28 — «]. Thus for any x € [«, 8],
we have w(B) = w2 — x) = u(x), that is, u(x) = u(8), as was to be shown. [
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As consequences of Theorem 2.1, we have the following immediate and useful
theorems on maximum principles.

Theorem 2.2. Let p,q € C(J) and g <0 in J. Suppose u satisfies the differential
inequality Lu <0 in an interval J. If u assumes a nonpositive minimum value at an
interior point xo of J, then u(x) = u(xp).

Proof. Suppose u attains its nonpositive minimum at xo € J = («, 8). Then
u'(xp) = 0. Consider the intervals [«, xo] and [xo, 8]. By Theorem 2.1, we see
that u(x) = u(xp) for all x € [, x9] and u(xg) = u(x) for all x € [xg, B]. That is,
u(x) = u(xg) for all x € [«, B]. J

Theorem 2.3. Let p,q € C(J) and g <0in J. Suppose u € C*(J) N c(J)
satisfies the differential inequality Lu <0 in an interval J := («, B). If u assumes
a nonpositive minimum value at xo € {«, B} and u is differentiable at xg, then
u'(xo) > 0if xo =a, and u'(xo) < 0 if xo = B unless u is a constant on J.

Proof. Suppose u satisfies Lu < 0 in J, and u has a nonpositive minimum at
xo € {a, B}. By hypothesis, u is differentiable at xy. Let us take the case xg = «.
Then clearly u’(«) > 0. If u’(«) = 0, then by Theorem 2.1, we conclude u is a
constant. Therefore, if u is nonconstant, we must have u’(«) > 0. If xo = 8, here
again we have u’(8) < 0. If u is nonconstant, then again by Theorem 2.1, we must
have u’'(8) < 0. O

Theorem 2.4. Let p, q € C(J) and q <0in J. Suppose u € C2(J)NC(J) satisfies
the differential inequality Lu <0 in an interval J := («, ). Suppose u(y) <0 for
some y € J. In case y € {a, B}, we assume that u is differentiable at y:

@) Ifu'(y) <0, then u(x) <0 forall x € [y, B].
(i) Ifu'(y) =0, then u(x) <0 forall x € [a, y].
(iii) Ifu'(y) =0, then u(x) <0 for all x € J.

Proof. Suppose u’(y) < 0. We assume that y < 8, for otherwise there is nothing to
prove. Suppose that u(c) > 0 for some ¢ € (y, 1. Since u(y) <0, and u(c) > 0, we
note that # has a nonpositive minimum on [y, c] atsome y <d <c.If y <d <,
then u’(d) = 0 and we invoke Theorem 2.2 to conclude that u is a constant in [y, c].
If d = y, then the assumption u'(y) < 0 and Theorem 2.3 lead us to conclude
that u is a constant on [y, c]. In any case, we see that u(c) > 0 for some ¢ € (y, ]
implies that u is a constant on [y, ¢]. But then u(c) = u(y) < 0, which contradicts
the assumption that u(c) > 0. This proves statement (i).

To prove (ii), let us assume that u’(y) > 0, and that y > «. Assume that u(c) > 0
for some ¢ € [a, y). Since u(y) <0, as in the previous case we note that u takes a
nonpositive minimum on [¢, y] atsome ¢ <d <y. Ifc <d <y, then u’'(d) =0, and
by Theorem 2.2, we see that « is a constant on [c, y]. If, on the other hand, d = y,
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then since u’(y) > 0, we conclude that u is a constant on [c, y] by Theorem 2.3.
In either case, we conclude that u is a constant on [c, y]. But this implies that
u(c) = u(y) <0, which again contradicts the assumption that u(c) > 0. Therefore
statement (ii) holds as well.

Finally statement (iii) follows from statements (i) and (ii). O

3. The Harnack and Harnack-type inequalities

We start with following existence and uniqueness theorem for solutions of Lu = f
that satisfy initial conditions. This theorem is usually taught in a first course
on ordinary differential equations in undergraduate curriculum (see [Boyce and
DiPrima 1965] for instance), and will be needed in our proof of Harnack’s inequality.

Theorem E (existence and uniqueness). Suppose p,q, f € C(I). Let xo € I and
let co and ci be arbitrary real constants. Then there exists a unique solution
ueC*(I) of equation Lu = f such that u(xg) = co and u'(xg) = cj.

We now begin our considerations of Harnack’s inequality with respect to the
class of nonnegative solutions of the differential inequality

Lu<0 in/:=(A, B). 3-1)
To proceed further, we fix some notations, some of which are fairly standard. For
any function & : (A, B) — R, we write

ht(x) :=max{h(x),0} and A~ (x):=max{—h(x),0}, xe€(A,B).
Note that we have
h=h"—h".
In the sequel, we will also use the following notation repeatedly.
Lou:=u"+px)u' —qg~ (x)u, xel.
Remark 3.1. We first make note of the following:
(1) If u is a nonnegative solution of (3-1), then u is a solution of Lou <O0in I.

(2) If u is a nonnegative solution of (3-1) with u £ 0 on I, then u > 0 in I, for if
u(xg) = 0 for some xg € I, then u’'(xg) = 0. Since Lou <0 in I, we invoke
Theorem 2.2 and conclude that u(x) =0in /.

We start with the following theorem on Harnack’s inequality for nonnegative
solutions of (3-1).

Theorem 3.2. Given [a, b] C I, there is a positive constant C that depends on the
coefficients p, q and the constants A, B, a and b only, such that

max u(x) <C min u(x) (3-2)
a<x<b a<x<b

for any nonnegative solution u of (3-1).
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We break down the proof into two lemmas, each of which may be of independent
interest. The proof closely follows the method in [Berhanu and Mohammed 2005].

Lemma 3.3. Given [a, b] C I, there are constants C, and Cy, that depend on the
coefficients p, q and the constants A, B, a and b only, such that

u'(h)
(b)) —

w(a) _
ula) —

for all positive solutions u of (3-1).

Cp (3-3)

. an

Proof. Let wy and w; be solutions of
Low:=w"+px)w —qg (x)w=0, A<x<B,
such that wi(a) = 1, w|(a) =0, and wa(a) =0, w)(a) = 1.
We define
v(x) :=ulx) —ul@)w;(x) —u'(@)wr(x), A<x<B.

Then recalling that Lou <0, and Low; =0 = Low; in (A, B), we see that Lov <0
in (A, B). Moreover, we have v(a) = 0 and v'(a) = 0. By Theorem 2.4, we
conclude that v <0 on (A, B). Thus

0 <u(x) <u(@w;(x)+u'(@)wr(x), A<x<B,
whence
u'(a)
u(a)
Since wj(a) = 1, we note that there is a small interval centered at a on which w,

is increasing. So we fix a* with & < a™ < a such that w;(a*) < 0. Therefore, on
taking x = a* in (3-4), we conclude that

wy(x)+wi(x) >0, A<x<B. (3-4)

w'(a) _wi(@) _
u(a) = wala*)

Ca. (3-5)
Next we establish the second estimate in (3-3). This is very similar to the previous
case, and hence we will be brief. Let z; and z, be solutions of
Loz1 =0, z1(b)=1, Z;(b)=0 and Loz =0, z2(b) =0, z5(b) = 1.
Let us consider the function
v(x) i=ux) —u®)zi(x) —u'(b)za(x), A<x <B.

Then Lv <0in (A, B) and v(b) =0, v'(b) = 0. Arguing as before, we can show
that v <0 on (A, B), from which we conclude

u'(b)

u(b)

2(x)+z1(x) >0, A<x<B.
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Since z; is increasing in some interval centered at b, we can find b < b* < B such

that zo(b*) > 0. Thus we find that

W(b) ) _
u) = z2(b%)

This completes the proof of the lemma. ]

(3-6)

Lemma 3.4. Given [a, b] C I, there is a positive constant C, depending on the
coefficients p, q and the constants A, B, a and b only, such that

lu'(x)] < Cu(x), a<x<b (3-7
for all nonnegative solutions u of (3-1) in I.

Proof. Let u be a nonnegative solution of (3-1) in / with u 0 so that u > 0 in [.
Direct computation shows that

(= (g
u u u

(—p)u’ — g (x)u)

—

<=
u

u/
=—p@ (%) —qw0.
Therefore,

(%) +p@() <a7 0.
(GXP (/x p(1) dt)%) <q exp </X p(t)dt).

<r(x)u;/ —/xr(t)q_(t) dt) <0, xe€(a,b),

r(x):= exp(fx p() dt).

Thus for any a < x < b, we have

This leads to

This gives

where we have set

/ b / X /
ry D) —/ r(t)q‘(t)dtfr(x)u——/ (g~ dr < r(@)"2.
ub) J, u Ja u(a)

In conclusion, we have

u'(b) " u'(a)

u
r(b) wb) Q(b) = rx)— = @

+QMb), xc€(a,b), (3-8)
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where Q(b) denotes the constant

b
o) :=/ r(t)g (t)dt.

Using Lemma 3.3 in (3-8), we obtain
u'(x)

u(x)

r(x)

<Co, x¢€la,bl],

for some positive constant Cy, independent of u. Since
1
r(x)

we conclude that

exp(—/ p(t)dt> <exp(lplloc(b —a)), x€la,bl,

YO xelabl, (3-9)
u(x)
for a constant C > 0 that is independent of u. (]

Proof of Theorem 3.2. For any x, y € [a, b], we see that

og(““\ = [ L iogueryai
e
iy
y u(r)

u(x) =exp(/x W' (1) dt).
u(y) y u()

It follows from this and Lemma 3.4 that

Therefore,

exp(—Clr —yD) = “Y < exp(Clx =y, x.y € [a, bl
u(y)

Therefore, we finally see that

exp(—Clb—a) = 25 <exp(Clb-a). x.y€labl
uly
which leads to the inequality stated in (3-2). U

Remark 3.5. The differential inequality (3-1) with the inequality reversed doesn’t
satisfy Harnack’s inequality as can be seen from the following simple example. Fix
xo € [a, b]. Then uy (x) = k=% satisfies the inequality x” > 0 in R, and note that

K P=0) < sup uy(x) < C inf ug(x) < Cug(xg) = C.
b [a,b]

But there is no single positive constant C, independent of u; and hence k, such that

ek(b—xo) <C.
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Next we study a Harnack-type inequality for nonnegative solutions of nonhomo-
geneous equations.

We will start by deriving a Harnack-type inequality for nonnegative solutions of
the following equation, assuming that f > 0 on I:

Lou=f inl:= (A, B). (3-10)

However, it should be noted that Harnack’s inequality (3-2) does not hold for
nonnegative solutions of (3-10) for general f. This is to be expected as nonnegative
solutions of (3-10) are not necessarily positive in (A, B). In fact, the following
simple example shows that the inequality (3-2) cannot hold even for positive
solutions of (3-10).

Example 3.6. Consider the equation " = 1 in the interval (A, B) := (-2, 2). For
any positive integer k,
1 1\2 1
w=5(r=g) 4y
is a solution of u} = 1, and u; > 0 in (=2, 2) for all k. Suppose there is a constant
C > 0 such that

max u <C minu Yu>0,u"=1. (3-11)
[~1,1] (—1,1]

EHE

Then note that

up(l) =

S
=
o
=]
o
<
~
/N
| =
~—
I
| —

If (3-11) were to hold, then

1 1\2 1 1
(=) +e=c(p) vh=12.

Letting k — 0o, we arrive at a contradiction.

We now state the following theorem on a Harnack-type inequality for solutions
of (3-10). For the remainder of our discussion, we will use the following notations.

a:=1(a+A) and B:=3(b+B).

We will also find it convenient to use the notation || gl to denote the following
number for any g bounded on an interval /:

1gl7.00 == sup [g(x)],

xel

or simply | g]leo if 1 is clear from the context.
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Theorem 3.7. Suppose f > 0in I. Given [a, b] C I, there is a positive constant C
that depends on the coefficients p, q and the constants A, B, a and b such that

B
max u(x) < C( minbu(x) —I—/ fx) dx) (3-12)

a<x<b
for all nonnegative solutions u of (3-10).

Proof. We prove the theorem in three steps. Suppose u > 0 in (A, B) is a solution
of (3-10).

Step 1. Let u(xo) =min{u(x):x €[«, B1}. By Theorem E, we pick z, € C>(I)NC(I)
such that

Loze = f, z+(x0) =0= Z;(XO)- (3-13)

By Theorem 2.4(iii), we note that z, > 0 in (A, B). We claim that u > z, in [«, S].
To see this, we start by observing that

Lo(u—z,)=0 in (A, B) and  (u—z4)(x0) > 0.

Suppose first that o < xo < 8. Then u’(xp) = 0, and therefore (u — z4)'(xg) = 0.
Consequently, by Theorem 2.4(iii), we conclude that # — z, > 0 in [¢, B], as
desired. Suppose xo = «. Then u'(xg) = u' () > 0, so that (u — z,)'(xg) > 0. By
Theorem 2.4(i), we conclude that u — z, > 0 in [xg, 8] = [«, B]. Finally, suppose
that xo = B. Then u'(xo) = u’(B) < 0, so that (u — z,) (x9) < 0. Again, by
Theorem 2.4(ii), we conclude that u — z, > 0 in [«, x9] = [, B]. Thus, in all cases,
we have shown that u > z, in [«, 8] as claimed.

Step 2. Let u(¢) := min{u(x) : a < x < b}. Since u — z, is a nonnegative solution
of Low =0 in (¢, B8), we invoke Theorem 3.2 to obtain a positive constant C that
depends on p, g~ and the constants A, B, a and b only such that the following
chain of inequalities hold:

max u = max(zy + U — Zy)
[a,b] la,b]

< max zZ4 + max(u — z4)
[a,b] la,b]
<max z4 + C min(u — z,) (by Theorem 3.2)
[a,b] [a,b]
< C(u — z4)() + max z,
[a,b]

< Cu(¢)+maxz, (recall that u(¢)=minu)
[a,b] [a,b]

= C min u + max z. (3-14)
[a,b] [a,b]
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Step 3. We now estimate z, on [a, b]. Recall the notation || g|| s :=maX,¢[q, g7 18 (X)|
for any function g € C([«, S]). We recall that

f=Loz = Tlx)(rmz;y g (7., xel,

r(x)= exp(/x p(s) ds).

X t
= [ s [ ol O+ r) dsd.

where

For x € (xq, b), we have

Therefore, for x € (xg, b),

z*(x)iexp((b—a)llplloo)/ /(q_(S)Z*(S)Jrf(S))dsdt

< —a)exp((b—a)lple) / (¢~ Dz + f(1)) dt

X0

B x
SPO/ f(t)dr+Po||q—||oo/ () dt,
o X0

where Py := (b —a)exp((b —a)||pll)-
Denoting the right-hand side of the last inequality by ¢ (x) for xo < x < b, and
on noting that z,(x) < 9 (x) on (xg, b), we find

ﬂ/(x) = P0||q7||ooz*(x)
< Pollg lleo¥ (x)  (since z4(x) < ¥ (x)), x € (x0, D),

so that

19,/
ﬁ((j)) < Pollg lloes % € (X0, B).

Integrating on (xo, x), we find that

B
(X)) =0 (x) = Py eXp(Pollqlloo(b—a))/ f@)dr. (3-15)

The same inequality holds if a < x < xo.
Using (3-15) in (3-14) leads to the desired inequality (3-12). O

Finally we are ready to state and prove the following Harnack-type inequality for
nonnegative solutions of the differential inequality (1-1) with the nonhomogeneous
term f in C (), without any sign restrictions.
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Theorem 3.8. Given [a,b] C I, there is a positive constant C, that depends on the
coefficients p, q and the constants A, B, a and b only such that the Harnack-type in-
equality (3-12), with f replaced by ™, holds for all nonnegative solutions of (1-1).

Proof. Let u be a nonnegative solution of (1-1) in (A, B). Let u(xg) = ming, p u,
and consider the solution z of
Loz=f" in(A,B) and z(xp) =u(xo), Z'(x0) = u’(xo).

Then Lo(u—z)=Lou—Loz < f — f <0, and (u—z)(xp) =0 and (u—z)'(x9) =0
By Theorem 2.4(iii), we conclude that u —z <0in (A, B),sothat0<u <zin (A, B).
Thus

max u(x) < max z(x)
x€la,b] x€la,b]

< C( min z(x) +f frx) dx> (by Theorem 3.7)

x€la,b]

2(x0) + / £ dx)

=<(
( (XO)+/ f+(X)dX)
=c(aa

min u(x)—i—/ f+(x)dx).

This is the desired result. O
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The 1soperimetric and Kazhdan constants
associated to a Paley graph

Kevin Cramer, Mike Krebs, Nicole Shabazi,
Anthony Shaheen and Edward Voskanian

(Communicated by Kenneth S. Berenhaut)

In this paper, we investigate the isoperimetric constant (or expansion constant)
of a Paley graph, and the Kazhdan constant of the group and generating set
associated with a Paley graph.

We give two new upper bounds for the isoperimetric constant 4 (X ,) for the
Paley graph X,. These bounds improve previously known eigenvalue bounds
on h(X,). Along with a known eigenvalue lower bound for 4(X ), they pro-
vide a narrow strip in which #(X,) must live. More precisely, we show that
(p—4/P)/4<h(X,) < (p—1)/4, which implies that lim,_, o, h(X,)/p = 1/4.

In addition, we show that the Kazhdan constant associated with the integers
modulo p and the generating set for the Paley graph X, approaches 2 as p tends
to infinity, which is the best possible limit that the Kazhdan constant can be.

1. Introduction

Paley graphs are interesting because they allow one to use graph-theoretic tools
to study the theory of quadratic residues. They also have interesting properties
that make them useful in graph theory. For example, they are strongly regular,
self-complementary, and their eigenvalues are essentially Gauss sums.

Let p be an odd prime with p =1 (mod 4). The Paley graph X, is constructed
as follows. The vertices of X, consist of the integers modulo p, which we denote
by Z,. Two vertices x and y from Z, are adjacent if and only if x — y is an
element of I', = y?lye Z, and y # 0}. It is well known that —1 is in I';, since
p =1 (mod 4). Hence the above definition is well-defined; that is, x — y is in I, if
and only if y —x is in T').

For example, if p=13,thenI'13={1, 3,4, 9, 10, 12}. Then 1 and 10 are adjacent
since 10 — 1 =9, which is in I'j3. A picture of X3 is given in Figure 1.

MSC2010: 05C99.
Keywords: isoperimetric constant, expansion constant, Paley graph, Kazhdan constant.
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Figure 1. The Paley graph on Z;3.

A great reference for Paley graphs is [Elsawy 2009]. Note that one can define
a Paley graph on a finite field of size p". However, we are sticking with n =1 in
this paper.

We want to get approximations on two constants associated with the Paley
graph: the isoperimetric constant and the Kazhdan constant. We first introduce the
isoperimetric constant.

Let X be a graph with vertex set V. Let F be a subset of V. The boundary of F,
denoted by dF, consists of the edges of X with one end in F and the other end in
V' \ F. The isoperimetric constant of X is defined to be

.| 10F] 4
h(X)=ming— | FCVand |F| < —.
|F| 2

In layman’s terms, the isoperimetric constant of a graph X gives a rough estimate
for how “good” a graph is as a communications network. It has been heavily studied
by both computer scientists and mathematicians. One main topic of investigation in
this area is that of expander families. A family of finite regular graphs, each with the
same degree, whose order is unbounded, is said to be an expander family if there is a
uniform positive lower bound for #(X) for all X in the family. Recently it has been
shown that every family of finite nonabelian simple groups yields an expander family
via the Cayley graph construction. This was proven for all families except Suzuki
groups by Kassabov, Lubotzky, and Nikolov [Kassabov et al. 2006], with the final
case of Suzuki groups proven by Breuillard, Green, and Tao [Breuillard et al. 2011].

In general it is a difficult combinatorial problem to get an exact value for the
isoperimetric constant of a graph. Some examples where the isoperimetric constant
of a graph family is known are as follows. The isoperimetric constant for cycle
graphs of order n is equal to 4/n when n is even and 4/(n — 1) when n is odd. The
isoperimetric constant of a complete graph of order n is equal to n/2 when 7 is even
and (n+1)/2 when n is odd. See [Krebs and Shaheen 2011] for proofs. Rosenhouse
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[2002] shows that h(X,) =4/n, where X, is the Cayley graph constructed using
the dihedral group D,, with generators 7, r~!, and s. Lanphier and Rosenhouse
[2004] derive approximations on the isoperimetric constants of Platonic graphs.

Instead of calculating 2 (X) exactly, one must usually be satisfied with approxima-
tions. One way to approximate . (X) is to use the eigenvalues of X. The eigenvalues
of X are especially useful in finding a lower bound on 4 (X).

Let A1(X) be the second largest eigenvalue of a d-regular graph. A well-known
inequality is

szl(X)gh(x)s 2d(d =21 (X)) v

(see [Krebs and Shaheen 2011, p. 31]). One also has a tighter upper bound on A (X)
given by Mohar [1989]. It is

R(X) < V/(d+ 2 (X))(d — 21 (X)). )

Let us see what (1) and (2) tell us about Paley graphs. Since Paley graphs are
strongly regular graphs, one can find a quadratic polynomial that the adjacency
matrix satisfies. This leads one to the eigenvalues of a Paley graph. (For the details,
see [Gross et al. 2014, pp. 684-685]). The eigenvalues of X, are (p — 1)/2 with
multiplicity 1, ,/p/2 — 1/2 with multiplicity (p — 1)/2 and —,/p/2 — 1/2 with
multiplicity (p — 1)/2. Thus A1(X ) = ,/p/2 — 1/2. Plugging this into (1) and
using the fact that X, is (p — 1)/2 regular, we get that

_ 2 _ —
#smxp)s\/p pﬁz PP 3)

Using the Mohar bound, given in (2), one gets

Jpr=3p+2p

2 ’

h(Xp) = “)
which reduces the upper bound in (3) by a factor of +/2 as p tends to infinity.
The lower bound in (3) seems optimal for Paley graphs. However, the two upper
bounds given above are far from optimal. In this paper, we will give two new upper
bounds. One we call the a-bound, which is the average of the first half of the
elements of I',, and the other is the simpler bound of (p — 1)/4. Both of these
bounds give much better upper bounds than the eigenvalue bounds given above in (3)
and (4). Consider Table 1. Note how close the eigenvalue lower bound is to both the
a-bound and (p — 1) /4, and how much better the two new upper bounds are. While
h(Xp) is still not known exactly, we have found a very narrow band in which it must
exist. For example, we have 2,168,090 < h(X,) < 2,168,277 when p = 8,675,309.
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prime p 13 577 40,961 8,675,309

eigenvalue lower bound from (3) | 2.35 138.24 10,189 2,168,090
a-bound (new upper bound) 2.67 139.29 10,201 2,168,277
(p — 1)/4 (new upper bound) 3 144 10,240 2,168,827

eigenvalue upper bound from (4) | 5.86 287.77 20,479 4,337,654

eigenvalue upper bound from (3) | 7.51 399.07 28,891 6,133,328

Table 1. Lower and upper bounds for 4 (X ).

Summarizing the above, we have our main result for the isoperimetric constant
of a Paley graph.

Theorem 1. Let p be an odd prime with p =1 (mod 4). Then
— -1
Do pxy < 2L
Note that inequalities (3) and (4) show that

X h(X 1
— <liminf ( p)flimsup ( 1’)5—.
p=oop p—oo P 2

Theorem 1, however, shows more precisely that

h(X 1
lim (Xp) =,
p>oo p 4

Before moving on, we would like to note that we do not know if the «-bound is
always smaller than (p — 1) /4, but from calculations it appears to be so.

The second result of this paper concerns the Kazhdan constant of the pair (Z,, I',)
associated with the Paley graph X ,. We begin by giving the general definition of a
Kazhdan constant for any finite group. The definition greatly simplifies when the
group is the integers modulo p. The reader who has never encountered representation
theory may skim the next paragraph to get the idea with no loss of understanding.

Let G be a finite group, and let I' be a nonempty subset of G. Let p be a unitary
representation of G acting on some vector space V,. We define

k(G, T, p)= ||min max || p(y)v —v].

v[|=1 yel’
veV,

The Kazhdan constant of the pair (G, I') is defined to be
k(G,I') =min{« (G, T, p)},
0

where the minimum is over all irreducible, nontrivial, unitary representations p
of G. Question: why is one interested in computing such a constant? One answer
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is because, when I' is a symmetric subset of G, we know that « (G, I') is related to
the isoperimetric constant of the Caley graph built from G and I'. More specifically,
suppose that I" is a symmetric subset of the group G. That is, y € I if and only if
y ! € I'. Then one can build the Caley graph X = Cay(G, I'), where the vertices
of X are the elements of G and x, y € G are adjacent if and only if y~'x € I'. (Note
thatif G = Z,, then I' =T, gives the Paley graph.) Here X is a regular graph of
degree d = |I'|. In this case, we have the relationship 4 (X) > k (G, I")2/4d. Hence,
by finding lower bounds on x (G, I'), one can find lower bounds on /4 (X). For more
information on the above discussion, see [Krebs and Shaheen 2011, Chapter 8].

We would like to note that it is difficult to calculate « (G, I') in general. There
are very few results in this area. As an example, Bacher and de la Harpe [1994]
calculate x (Z,, I') for several very specific sets I', such as « (D5, {r, s}), where
D»,, is the dihedral group and r and s are its generators, and «(S,, [',), where
r,={1,2),...,(n—1,n)}.

We are interested in approximating the Kazhdan constant of the pair (Z,, I')).
When G = Z,, the Kazhdan constant simplifies considerably. To simplify our
notation, we set &, = e2™/P The irreducible, nontrivial, unitary representations
of Z,, are given by the maps p,(y) : C — C, where p,(y)z =§,"z, V, =C, and
a=1,2,..., p—1. Hence,

k(Z,,Tp)= min min max ||§ Yo—v]

I<a<p-1 |v|=1
veC

= min max ||$‘”’ —1].
1<a<p—-1 yel’

In words, k(Z,, I';) is calculated by considering each a and finding the y for which
g,” is the maximal distance away from 1, and then one finds the minimum of these
maximums. Or another way of saying it is that for any 1 <a < p — 1, there exists
ay €T such that &, — 1|| > «(Z,, T)).

Let Z; =7,\{0} and Fp =7,\ (FEU {0}). Efa € Z; then it is easy to show that
al'y =Ty if a € T'p; otherwise, al’, =T, if a € I, (To see this note that I', is a sub-
group of Z 7 under multiplication and there are only two cosets: I', and Fp.) Hence

kK(Z,,Tp) = mm max ||$‘”’ — 1]
<p-lyel),

= mm{maXHSV — 1|, max || &) — 1]}
Y€ vel,
Thus to calculate «(Z,, I',,), one must find the square y; € Z,, where S p 1s as

far away from 1 as possible, and the nonsquare y, € Z,,, where ";‘ is as far away
from 1 as possible. Then one calculates the minimum of those two distances.
For example, when p = 17, we have that I';; = {1,2,4,8,9, 13, 15, 16} and
Oy = {3,5,6,7,10, 11, 12, 14}; see Figure 2. We have labeled the elements £ by
squares when y is in I'17 and by circles when y is in I'17. The element £ where
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Figure 2. The Kazhdan constant k =« (Z17, I'17).

y is a square that is furthest from 1 is £8. The element £ where y is a nonsquare
that is furthest from 1 is &’. Therefore, « (Z17, T'17) = |&]; — 1]I.

For specific congruency classes of primes, one can use arguments involving the
Legendre symbol to explicitly calculate «(Z,, I'y). For example, arguments from
[Voskanian 2013] show that if p is a prime with p = 17 (mod 24), then

K(Zy, Tp) = |le™ =3P 1.
And when p =97 (mod 120),
K(Zp, Tp) = |le™ =3P — 1.

However, it seems that one cannot generalize these arguments to give a formula for
k(Z,,Tp) forall p=1 (mod4).

Notice that 0 < «(Z,,T',) < 2. We will not be able to explicitly calculate
k(Zp,T),); however, we will show the following theorem, which is our main result
on the Kazhdan constant of a Paley graph.

Theorem 2. We have that
lim «(Z,,T),)=2

p—>00

as p goes over the primes which are congruent to 1 modulo 4.

2. The isoperimetric constant of a Paley graph

We now give the proofs of the new upper bounds for the isoperimetric constant of
X, that were discussed in the introduction to this paper. We begin with the a-bound
and then proceed to the (p —1)/4 bound. Note thatif F C 7, with0 < |F|<Z,/2
then 7(X,) < [dF|/|F|. This is the technique that we will use in both proofs. That
is, we will pick a specific F' that will give an upper bound for 4(X ).

2.1. The a-bound. The proof of the «-bound relies on a table that we call the
adjacency table for X ,. The adjacency table for X, is obtained by constructing the
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group addition table for Z, (under the usual addition modulo p) with all the rows
corresponding to any § ¢ I', omitted.

For each a € '), we write the additive inverse of « as a~ ' Notethata ™' = p—a,
and |T',| = (p — 1)/2; hence we can arrange the elements of I', in increasing order
and we will write

—1 -1 -1
Up={an,az, ..., ,...,0, o]},

where k = (p — 1)/4. Since 1 is the smallest element of I',, we will always have

o; =1 and “1_] = p — 1. Incorporating these considerations into our construction,
we arrive at the following adjacency table:
0 1 2 o p—1
1 2 3 e 0
o) o+ 1 o +2 - ap—1
a3 az+1 az+2 - az—1
(0" o+ 1 oar+2 -+ oap—1
o' o+l oo 2 e -
a;] a3_1+1 a3_1+2 013_1—1
a;l a;l—i—l a£1+2 oz;l—l
p—1 0 1 -ee  p—2

For example, when p = 13 we have that I'j3 = {1, 3, 4, 9, 10, 12}, which gives
the following table:

o 1 2 3 45 6 7 8 9 10 11 12
1 2 3 4 56 7 8 9 10 11 12 O
34 5 6 78 9 10 11 12 0 1 2
4 5 6 7 8 9 10 11 12 0 1 2 3
9 10 11 12 01 2 3 4 5 6 7 8
o 11 12 o0 12 3 4 5 6 7 8 9
2 0 1 2 3 4 5 6 7 8 9 10 11

To get the a-bound, we will be considering the set F ={0,1,2, ..., (p —3)/2}.
The following lemma and propositions will be useful when we tally the edges in
oF row-wise.

Lemma3. Let T, ={ay, a2, ..., 0, 00 ...,0) o'} Then 1 <a; < (p—1)/2
foralli=1,... k.

Proof. We know o = 1 is the smallest element in I, so we have 1 < «;. Now
suppose that, for some i, we have «; > (p — 1)/2. Since ¢; is an integer and p
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is odd, the smallest «; can be is (p + 1)/2. Thus, we see that o; > (p + 1)/2.
Therefore, it follows that
-1 p+ 1 p— 1
o =p—q SP—T=T-
In this case, we have o; > (p+1)/2 and ai_l < (p —1)/2. In particular, ocl._l < .
Since this contradicts the ordering of I',, we see that o; < (p — 1)/2 for all
i=1,2,...,k O

Proposition 4. Let FF ={0,1,2,..., (p—3)/2} be a subset of vertices in X ,. Then
row a; of the adjacency table for X , contributes exactly o; edges to the boundary
set oF.

Proof. By our choice of F, we only need to scan the entries in row «; from column 0
to column (p — 3)/2, and any entry we encounter contributes an edge to oF if and
only if it is greater than (p — 3)/2. Since |F| = (p — 1)/2, there are a total of
(p —1)/2 columns headed by elements of F', and thus (p — 1)/2 entries to consider.
Also, we recall that for any entry y in the table, the entry in the same row, one
column to the right, is y + 1.

Let us tally the contributions made to dF by row «; of the adjacency table.
Starting at column 0, we scan row ¢; until we arrive at the entry (p —3)/2 in some
column B. In this case, all the entries encountered so far are less than or equal to
(p—3)/2, and thus contribute no edges to dF. Since (p —3)/2 is the entry in row «;,
column B, we have (p —3)/2 =«; + 8. Thus, 8 = (p —3)/2 — «;. Scanning from
column 0 to column B, we have encountered 8 + 1 entries. This means there are

entries remaining to consider in the columns headed by the entries from F. These
entries increase in unit increments from (p—3)/2+1to (p—3)/2+«;. By Lemma 3,
we have that 1 <«o; < (p — 1)/2. This implies that (p —3)/2 4+ «; < p —2. This
means the sequence of remaining entries never reaches p to revert to 0 modulo p.
That is, each of the remaining «; entries is strictly larger than (p —3)/2, and thus
contributes an edge to dF. So row «; contributes exactly «; edges to dF . (]

Proposition 5. Let F ={0,1,2,..., (p —3)/2} be a subset of vertices in X ,. Then
rows a; and o; : of the adjacency table each contribute the same number of edges
to OF.

Proof. By our choice of F, we only need to scan the entries in row «; ! from
column O to column (p — 3)/2, and any entry we encounter contributes an edge
to oF if and only if it is greater than (p — 3)/2. This gives a total of (p — 1)/2
columns to scan through and, thus, (p — 1)/2 entries to consider.
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Noting that the entries increase in unit increments as we scan from left to right,
we begin with the entry o, !in column 0 and scan to the right until we reach the
entry p — 1 in column 8. By Lemma 3, we have 1 < «o; < (p —1)/2, so it follows
that (p+1)/2 <o ' < p — 1. Thus, we see that every entry encountered so far,
of which there are 8 + 1, is greater than (p — 3)/2 and contributes an edge to JF .
Since p — 1 resides in row ozi_l, column B, we have p — 1 = ozl._l + B, from which
it follows that 8 +1 = p —a;” !'= ;. That is, thus far we have encountered «;
entries in row o; ! contributing edges to oF.

Now, if o; = (p — 1)/2, then we must have already scanned through all the
necessary columns. This means there are no more entries to consider, and row o, '
contributes exactly «; edges to oF.

If 1 <o <(p—3)/2, then there are (p — 1)/2 — «; entries, ranging from
(p—1)+1=0in column 8+ 1 to

p—1 p—3
-0+ (5 ma) =2

in column (p — 3)/2, remaining to consider. However, since «; is at least 1,
(p—3)/2—0«; is no greater than (p—5)/2. So we see that the remaining entries range
from 0 to at most (p —5)/2, which means that none of them contribute edges to dF.

We have shown that, for all possible values of a;, row o, ! contributes exactly
a; edges to dF. But that is how many edges row «; contributes. Thus, we see rows
a; and &' each contribute the same number of edges to dF. O

Proposition 6. Let F ={0, 1,2,..., (p —3)/2} be a subset of vertices in X , and
[, be arranged in increasing order. Then

k
OF1 =2 o,
i=1

where «; is the i-th element of ', and k = (p — 1) /4.

Proof. Recall that when arranged in increasing order, we have labeled

-1 -1 -1
Uy ={an,a...,0n0 ,...,0, ,a; }

and that column O of the adjacency table is populated in increasing order from
top to bottom by the elements of I',. Since there are 2k elements in I', and
Tyl = (p—1)/2, it follows that k = (p — 1) /4.

Since F =1{0,1,2,...,(p —3)/2}, if we use the adjacency table to tally the
edges in F row-wise, by Proposition 5, rows «; and «;" ! each contribute exactly
o; edges to dF. Thus, we see rows ¢ through o contribute a total of Zle o
edges to dF; as do rows ak_l through ozl_l.

Since there are no other rows to consider, we see there are exactly 225‘:1 o;
edges in 0F, as required. U
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Proposition 7. The isoperimetric constant of a Paley graph satisfies the bound

k
1
h(Xp) = %;O{,

where I', = {ay, ay, .. .,ak,ozlzl, .. .,a;l,afl} and k = (p —1)/4 as above.

Proof. Let F =1{0,1,2,...,(p — 3)/2}. By Proposition 6, this choice gives
|0F| = 22;‘:1 «;. Noting that |F| = (p — 1)/2, we see that

f 0

2.2. The ((p —1)/4)-bound. We have the suspicion that the «-bound is smaller
than (p — 1) /4 for all primes p congruent to 1 modulo 4, though this has yet to be
proven. In fact, early into our work, sample values for the «-bound supported this,
and thus contributed to the plausibility for (p —1)/4 as an upper bound for 2 (X ).
Whether or not the a-bound is smaller in general than the ((p — 1)/4)-bound, they
appear to be very close.

We begin the proof for the ((p — 1)/4)-bound by introducing a key subset of
vertices from the graph X ,,. As above, let Fp =7, \(I',U{0}). That s, Fp consists
of the nonsquares in Z,. We will prove that 4(X,) < (p — 1)/4 by showing that

|M|221m= i

|F

k‘l»—

2

9T _p—1 )
ITpl 4
Noting that Fp is the set of all nonzero nonsquares in Z ,, two results follow that
will contribute towards our goal: no element of Fp is adjacent to 0, and {I"), {0}, I_“p }
is a partition of the vertices of X ,. From these two results, we can distill that G(Fp)
contains only edges going between fp and I',. Therefore, we will determine |9 (Fp)|
by figuring out how many of the edges incident to vertices in I', remain once the
edges going between either an element of I, and O or two elements of ', are
accounted for. We have that

-1 _
Tyl pT = (# of edges going between I', and T'},)
+ (# of edges going between I';, and 0)
+ 2 - (# of edges going between vertices in I')).
The first term on the right side is |8(Fp)|. Also, |I'y| = (p —1)/2, and every vertex

in I';, is adjacent to 0, so the first factor on the left-hand side and the second term
on the right-hand side are both (p — 1)/2. Substituting these values and solving
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for [3(T,)|, we get

_ -1 —1 -1
[0(I"))| = 4 5 P 5~ P B 2 - (# of edges between vertices in I'y).  (6)

We now set our sights on determining the number of adjacencies between vertices
in I',. The way to do this is to count walks of length 3 that start and end at 0
within X ,. We use the following theorem to do this.

Theorem 8 [Stanley 2013]. Let G be a graph, L1, Ay, ..., A, be the eigenvalues
of G, and Ny be the number of closed walks in G of length k. Then

M:iﬁﬁ.
i=1

We noted in the introduction that the eigenvalues of the Paley graph X, are
(p — 1)/2, with multiplicity 1; (,/p — 1)/2, with multiplicity (p — 1)/2; and
(—=4/P — 1)/2, with multiplicity (p — 1)/2. So the number of closed walks of
length 3 in X, is given by

() o) () -

Paley graphs are Caley graphs, which have a nice property: vertex transitivity. More
specifically, if x; and x, are both vertices of X, then the number of closed walks of
length k beginning at x; is equal to the number of closed walks of length £ beginning
at x3. (One can see this by shifting the walks from x; to x, by adding —x; + x5 to all
the vertices of the closed walk starting at x;, and vice versa.). Since there are p ver-
tices in X ,, we see that the number of closed walks of length 3 beginning at any one
vertex of X, is %( p—5)(p—1). In particular, this is how many such walks begin at 0.
Again, noting that O is adjacent to each element of I', (and only to elements
of I'y), it follows that if § and B are nonzero elements of 7, then (0, 82, ,82, 0) is
a closed walk of length 3 beginning at zero if and only if (0, 82, 62, 0) is a closed
walk of length 3 beginning at zero if and only if > and B2 are adjacent vertices
of I',. When viewed in this fashion, we see the number of closed walks of length 3
beginning at 0 double counts adjacencies between vertices in I',. That is,

%(p —35)(p—1) =2 (# of edges between vertices in I'y,).
It follows immediately from (6) that

p—1 p—1 p-1
2 2 2
p—1 p—1

2 4
Dividing the above result by |Fp| =(p—1)/2 givesus (5). Hence, h(X,) <(p—1)/4.

10T = —x(p=5(p-1
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3. The Kazhdan constant of the pair associated with a Paley graph

In this section, we prove Theorem 2. Recall that I'), = Z,, \ (I', U {0}), &, = e*i/P
and

k(Zp, Tp) = min{max [|” — 1|, max [|” — 1] }.
)/EFP }/EF,,

To attack the problem of approximating the Kazhdan constant of a Paley graph,
we need to use facts about squares and nonsquares in Z,. For this we need the
Legendre symbol. Recall that the Legendre symbol is defined as

0 if p divides a,

a
(—) = 1 if a is a square modulo p,

P —1 if a is a nonsquare modulo p.

One can show that (%) = (%)(%) Also, if x = y (mod p), then (%) = (%)

It can also be shown that (S1) = 1'if and only if p =1 (mod 4). Likewise () =1
if and only if p = 1 (mod 8).These results can be found in any standard book on
number theory. For example, see [Niven et al. 1991].

We now show that lim,_, oo € (Z,,, ') = 2, where the limit is over all primes
with p =1 (mod 4). We break this into two cases: when p =1 (mod 8) and when
p =15 (mod 8).

Let € > 0 be an arbitrary small number.

Suppose that p =5 (mod 8). In this case we have that

- (i) _ (w) (3) _ _(w)
D 4 4 D
Hence (p — 1) - 27! is in l:p. Let N; be an integer such that if p > N; and
p =5 (mod 8), then

lg;" =D — 1) > 2—e.
This gives us a nonsquare (p—1) 271 of Z,, where é,(,p_l)/z is close to —1 in the com-
plex plane. Now let o be a real number such that 1/2 <o <1 and [|e/*" — 1|| > 2 —e.
Consider the interval [‘/ap/2, M] Note that limp%oo(\/ﬁ— ,/ap/2) = o0.
Hence, there is a positive integer N, such that if p > N, then there exists an integer x
such that \/ap/2 < x < /p/2, which is equivalent to ar < (2w x?)/p < . Hence
if p > N then there exists a square y € I';, such that

1€y — 1] > [ = 1] > 2 —e.

Combining the above, we have that if p is a prime with p =5 (mod 8) and p >
max{N, Na} then «(Z,,T)) > 2 —e.
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Now suppose that p =1 (mod 8). In this case we have that

- <—_1) _ (w) (3) _ (w)
p p p p
Therefore (p — 1) - 2-1is in I',. Let N3 be an integer such that if p > N3 and

p=1 (mod8), then [|£""> — 1] > 2 —€. Let 0 < j, < p be the smallest
nonsquare in Fp. Note that j, must be odd since if it was even, then

()-C)CA) ()

This would imply that j, - 2~! is a smaller nonsquare than j pin Fp, which is not
true. We also have that

(#=2)- (-G ()--

Thus, (p — jp) - 27! is a nonsquare. We now introduce a lemma which is taken
from [Pollack and Trevifio 2014]. This lemma will give us a nice bound on j,.

Lemma 9. O<j,,<%+\/ﬁ

Proof. Note that p < j,[p/j,| < p+ j,. Hence the least nonnegative residue of
Jp[p/jp1 modulo p lies in the interval (0, j,). Therefore, j,[p/j,] is a square mod-
ulo p. Since j, is a nonsquare modulo p, we must have that (j,[p/j,1)/ji,=[p/jp]
is a nonsquare. By the minimality of j,, we have that j, < [p/j,1 <1+ p/jp.
Therefore, jl% — Jp < p and hence jg — Jp+1 =< p. This implies that (j, — 1/2)? <
JE=Jp+1=p.So. j,<1/24./p. O

By Lemma 9, we have that

p_P—jp_ P P 1

2 2 2 2 4’
Hence

(p—in/2 2—/p/2—-1/4 i) i
”Epp in)/ _1||>||$5/ NI / _1”2”67[1 wi/\Jp 7'[1/2]7_1”'
Let N4 be a positive integer such that if p > N4 and p =1 (mod 8), then
||§(P*J'p)/2 —1|>2—¢.

Thus, if p is a prime with p =1 (mod 8) and p > max{N3, N4}, then «(Z,,T),) >
2—e€.
Combining all of the above results, we have that Theorem 2 has been proved.
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Mutual estimates for the dyadic
reverse Holder and Muckenhoupt constants
for the dyadically doubling weights

Oleksandra V. Beznosova and Temitope Ode

(Communicated by Kenneth S. Berenhaut)

Muckenhoupt and reverse Holder classes of weights play an important role in
harmonic analysis, PDEs and quasiconformal mappings. In 1974, Coifman and
Fefferman showed that a weight belongs to a Muckenhoupt class A, for some
1 < p < oo if and only if it belongs to a reverse Holder class RH, for some
1 < g < oo. In 2009, Vasyunin found the exact dependence between p, g
and the corresponding characteristic of the weight using the Bellman function
method. The result of Coifman and Fefferman works for the dyadic classes of
weights under an additional assumption that the weights are dyadically doubling.
We extend Vasyunin’s result to the dyadic reverse Holder and Muckenhoupt
classes and obtain the dependence between p, g, the doubling constant and the
corresponding characteristic of the weight. More precisely, given a dyadically
doubling weight in RH[‘,I on a given dyadic interval I, we find an upper estimate
on the average of the function w? (with ¢ < 0) over the interval /. From the
bound on this average, we can conclude, for example, that w belongs to the
corresponding Agl -class or that w? is in A‘q"2 for some values of g;. We obtain our
results using the method of Bellman functions. The main novelty of this paper is
how we use dyadic doubling in the Bellman function proof.

1. Definitions and main results
We will be dealing with a family of dyadic intervals on the real line,
D = {[n2_k, (n+ 1)2_k] n, ke Z}.

For an interval J, let D(J) stand for the family of all its dyadic subintervals,
D(J):={leD :1cCJ}andlet D,(J) stand for the family of all dyadic subintervals

MSC2010: 42B37.
Keywords: reverse Holder, Muckenhoupt, weights, dyadic.
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of J of length exactly 27"|J|. For a locally integrable function f, let (f), stand
for the average of f over the interval /7,

(), = ﬁ /1 F@)dx,

where |/| is the Lebesgue measure of /.

Let w be a weight; i.e., w is a locally integrable, almost everywhere nonnegative
function which is not identically zero. Since we will be dealing mostly with averages,
we define the dyadic doubling constant of the weight w to be

Dbd(w) = inf{C s (w) . <C(w)1}=% inf{C : / w(x)dxéC/w(x)dx},
leD IeD * I

where I* is the dyadic “parent” of the interval I, i.e., the smallest dyadic interval
that strictly contains the interval /. If the dyadic doubling constant of the weight w
is bounded by Q, we will say that w € Db% <. Note also that any weight is positive
almost everywhere; therefore the dyadic doubling constant defined this way is
always greater than %

Our main assumption is that a weight w belongs to the dyadic reverse Holder
class on the interval J with the corresponding constant bounded by §:

weRH)!(J) = [Wlgyay = sup {C:(w?)/P < Clw),} <.
1eD(J)
We define A‘Sq’d (J) to be the class of the dyadic Muckenhoupt weights on the
interval J with the corresponding constant bounded by 4:

w e Af]’d(.]) == [U)]Ag,d(J) = sup <w>1 (w—l/(q_1)>;]_1 <5
1eD(J)
Given a dyadically doubling weight w € RHy“(J), our goal in this paper is to

bound the averages involved in the definitions of w € Af]ll and w? € Af]lz,

~1/(g1—=1)yq1—1 —p/(@2—1)yg2—1
<w>1<w q1 )31 and (wP>J<w P/\q2 )?2 .

Note that the quantities (w), and (w?), are involved in the definition of RH g’d J);
therefore for our goals, it is enough to bound (w?) , from above for g < 0.

It is a well-known fact that w € Ag for some 1 < g < oo implies that w is a dyad-
ically doubling weight; it is also known that in the dyadic case, the reverse Holder
classes RH;’ contain weights that are not dyadically doubling (see [Buckley 1990]).
In fact, if w € RH ,‘3"1 (J), nothing prevents w from being close or even equal to O on,
say, the left half of J; the local RH I‘f (J)-constant can be defined for such weights.
There is no way to define an AZ (J)-constant for such a weight, and even the quantity
(w?), is undefined for g < 0, which is the case considered in this paper. What

prevents this from happening is the doubling assumption that does not allow (w),
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to be too far from (w) e and therefore if w is equal to 0 on any dyadic subinterval
of J then w has to be identically 0 on the whole interval J (which is not permitted).

We are ready to define the Bellman function for our problem: for p > 1, ¢ <0
and Q > 2, let

B(xy, x2; p,q,98, Q)= sup {(w?), cwis s.t. (w), =x1, (W), =x2}.
weRH (1), Db? (w)<Q

The parameters p, g, § and Q will be fixed throughout the paper, so we will skip them
and write B(x1, x2). Note also that by a rescaling argument, B does not depend on
the interval J. The constant Q corresponds to the doubling constant of the weight w.
We know that for any weight, we have Db? (w) > % We take Q > 2 for technical
reasons (we need it in the proof), so one may think of Q as being the maximum
of the doubling constant of the weight w and 2; that is, Q := max{Db%(w), 2}.
Then for the given p, ¢, &, and Q, we have that B is defined on the domain

Us := {¥ = (x1,x2) : 3w € RH)* s.t. Db?(w) < Q and x; = (w) ,, x, = (w?), }.

In order to state the main theorem, we need to define functions uf(t). Let uf(r)
be two solutions (positive and negative) of the equation

A—pw)'/PQ—uw)y'=r, 0<r<I. (1-1)
For Q > 2, we define ¢(p, 6, Q) as follows. Let

_ _ (p—D/p
H3=H(p,Q)=QQp ! and 81=£<p 1) 5.

H-1

Then we can define

1 yl/p
si(s) = ui(—) and rt:= ui<—>
€ ex

Note that since u™(¢) is a decreasing function and in our domain

1/p
Y
< —
&X

’

™ | =

we have that r [0, s*]. Similarly, since ™~ () is an increasing function, we have
that r—€[s 7, 0].

Theorem 1.1 (main theorem). Let p>1, g <0, Q >2and§ > 1;let s~ :=s5 (¢)
fore(p, 8, Q) defined above. If g € (1/s7, 0) then

l—qr=(1—s"}\? L—agr=(1—ps—\%/P
B(x1,x2; p,q,8) < x;] ar 5 szq/P qr ps .
1—gs—\1—r— 1—gs— \1—pr-




310 OLEKSANDRA V. BEZNOSOVA AND TEMITOPE ODE

The proof of Theorem 1.1 can be found in Section 2.

Note that the result from [Vasyunin 2008] assumes that the reverse Holder
inequality for the weight w holds for any interval / C J, while our Theorem 1.1
only uses dyadic subintervals I € D(J) and the doubling constant. Therefore our
result is more general (in the sense that if a weight is in the continuous reverse
Holder class, it has to be in the dyadic class and it has to be doubling, so our
theorem applies). Unfortunately, we lose the sharpness. Note also that Theorem 1.1
is not a straight-forward extension of Vasyunin’s result because it fails in the case
when the weight w is not dyadically doubling. The latter is easy to see: in his thesis,
Buckley gave examples of weights in RH ,-classes that are not dyadically doubling
and therefore do not belong to any of the Af,.

Let us consider the following simple example. Let w(x) = xy+(x). Then
w e RHS’ZH/')(J) for all 1 < p < co. At the same time, it is clearly impossible
to bound (w?), for ¢ < 0. Note that this weight is not dyadically doubling, so the
doubling assumption in Theorem 1.1 is necessary, and we have to find a way to
use doubling in the Bellman function argument. Most of Vasyunin’s proof works
in the dyadic setting; it is Lemma 4 in his paper that fails and does not have a full
size dyadic analogue. We replace Lemma 4 using a technique from [Pereyra 2009]
to incorporate the doubling property of the weight in the Bellman function proof.

As a consequence of Theorem 1.1, we obtain the following corollary.
Corollary 1.2 (RH,, vs. A,). Let w be a reverse Hélder dyadically doubling weight
with [u)]RHg =6§and Q := maX{Dbd(w), 2}. Let (p, 8, Q) be defined as above.
Let s—=s"(¢). Then:

d
q1°

-1
gq—1 \*
[wlag (q1—1+s—)

.. _ _ p d
(ii) Forevery q» > 1— ps™—, we have w? € Ay, and moreover,

-1 q—1
[wp]AZ < (qz—_> .
2 q— 1+ ps

Above, s~ (¢) is the negative solution of the equation (1 — ps*)l/"(l —s) 1= 1/e.

(i) Forevery q; > 1 —s—,we have w € AS_, and moreover,

A result similar to the second part of the above corollary was used in [Beznosova
et al. 2014] (without a proof) for the sharp norms of r-Haar multiplier operators.
The difference is that in [loc. cit.], the € was taken to be ¢; = Q§, which is an upper
bound for our ¢(p, §, Q).

The proof of Corollary 1.2 is very simple. Note that since r~ € [s—, 0], we have

1—r~ <1—s7; therefore
1—s—

> 1.
1—r—
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(=)

< 1.
1—r—

_ e \4/P

(1_P> <1
1—pr-

since p is positive. At the same time, since both ¢ and r~ are negative, gr~ is
positive and 1 — gr~ < 1. Therefore, for our choice of parameters, we have that

So, since g < 0, we have that

We also have that

oty < Mg, 077)
J ~

1—gs~

Using this rough estimate in the definition of the corresponding Muckenhoupt
constant, we get the desired bounds.

2. Proof of Theorem 1.1

In this section, we essentially follow the proof from [Vasyunin 2008]. Unfortunately,
we cannot use the full proof from Vasyunin’s paper since it relies on Lemma 4 from
his paper, which fails in the dyadic case. We will sketch the proof, referring to
Vasyunin’s results whenever possible, and replace his Lemma 4 with our dyadically
doubling analogue, Lemma 2.4.

Wefixp>1,,g<0, 0Q>2,86>1andlet

B(Xl,XZ;p,q,S,Q):: sup {(w")J Tw is s.t. <IU)J:.X1,<wp>J:x2}
weRHY (J),Db¢ (w)<Q

and

l—gr= (1—s"\!
Bmax = Bmax (X1, x2; P, q, 6, Q) :=xi11 _< _)
—gs—\1—r

be defined on the domains
Us={X=(x1,x) : 3w e RH)* s.t. DbY(w) < Q and x; = (w),, x2 = (w"), }

and
Qe :={X¥=(x1,x) 1 x, >0, x] <x<e’x]}

respectively. Please note that Us and €2, here are two domains defined in two
different ways. In Lemma 2.4, we show that one is contained in the other and any
line segment that connects points in Us that correspond to the same weight and
dyadic interval has to lie inside the enlarged domain €2,. This part is the main
difference between the continuous and the dyadic case.
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Note that

4 l—gr= (1—s"\! :xq/pl —qr= (1—ps~ a/p
TT—gs—\1—r- 2 1—gs—\1—pr-
by the definitions of s~ and r .
Our goal is to show that B < Byax. We will prove it using the Bellman function

method. The proof consists of the following parts, which we will now state in the
form of lemmata.

Lemma 2.1. [f the function By, defined above, is concave on the domain 2, i.e.,

)= 21

x”+xt Bmax(xi)‘kBmax(er)
Brax 3

for any xT and x~ such that there exists a weight w € RHg’d with Dbd(w) <0,
where xT = ((w)l+, (w”)l+) and x~ = ((w)J_, (wp)J_), then Theorem 1.1 holds.

Lemma 2.2. The function By is locally concave on the domain Q.; i.e., its
Hessian matrix

9’B
dzBmax — { max }

0x 1 3)62
is not positive definite.

Lemma 2.3. Let x°, xT, x~ € Us, where x° = %(XJF + x7) and the line segment
connecting x* and x~ lies completely inside the larger domain Q. Suppose that
the function Bngx is locally convex on Q; i.e., on 2, we have that the Hessian
d? By is not positive definite. Then the inequality (2-1) holds.

Lemma 2.4. Let x°, x©, and x~ be three points in Qs with the property that
x° = %(er + x7) such that there is a weight w € RHg’d with Dbd(w) < Qanda
dyadic interval I such that

+ +
X1 :<w>1i’ Xy :<wp>1i-

Then the line segment connecting x™ and x~ lies completely inside the larger
domain 2.

Proof of Lemma 2.1. First, observe that if a weight w is constant on the interval J,
say w = c, then (w?), = (w)j = (wp)‘}/p; therefore in this case, B < Bpax.
Now let w be a step function. Note that for any dyadic interval /, we have that

(w), = %((w)l+ +(w),_) and (w?), = %((wl’)]+ + (wP),_). This, together with
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the concavity of By, gives

|71 Bnax ((w),, (w”))
> 1J 7 Bax ((w) -, (wP),2) + 1 Buax ((w) 1, (wP) )
> 1077 Buax (), (wP) )+ I Brax (W), ., (w?) )
+ 157 Bax () s (wP) ) + 1T Brnax (W) 1 (w7) 1)

> > Z |I|Bmax(<w>1’ (wP>1)_

IeD,(J)

Now note that since w is a step function, it has at most finitely many jumps. Let
the number of jumps be m. For n large enough, in the last formula we have that w
is constant on 2" — m subintervals I € D, (J) (we will call these subintervals
“good”) and has jump discontinuities on the other m subintervals (we will call these
subintervals “bad”). On good subintervals, w is constant, so for such intervals, we
have that 7] Bnax({(w),, (w”),) > [I|{w?),. For the bad intervals, we know that
Bmax is a continuous function and the set of points {x = ((w),, (w?),) : I € D(J)}
is a compact subset of 2., so Bmax((w)l, (wp)l) for bad intervals {I;}x=1,...
bounded by a uniform constant M. So the whole sum differs from |J|{w?)
most M ) ;.4 1|, which tends to 0 as n — oo.

This implies that (w) ; < Bmax({(w),, (w”),) for all step functions w.

Next we extend this result to all weights w,, that are bounded from above and
from below, say m < w < M. We take a sequence of step functions w,, that pointwise
converge to w,,. By the Lebesgue dominated convergence theorem, Lemma 2.1
should hold for w,,.

The result of [Reznikov et al. 2010] extends our argument to an arbitrary weight w,
which completes the proof of the Lemma 2.1. O

J

Proof of Lemma 2.2. We want to show that the matrix of second derivatives of Bpax
is not positive definite. We will just refer to [Vasyunin 2008], where it is shown in
a more general case. U

Proof of Lemma 2.3. For the fixed points x°, x™ and x~ in the domain Us C Q,
with x° = J(x~ + x*) and such that the line segment connecting x* and x~
lies inside the domain 2., we introduce the function b(t) := B(x;), where
xi:=3(1+0x*+ (1 —1)x~. Note that defined this way, B(x?) = b(0), while
B(x") =b(1) and B(x~) = b(—1). Note also that

dx
/" _ldx d 2 dr
b0 =4 %] d? B [d_y}
dt

So, since —d? Bpax is not negative definite, —b”(¢) > 0 for all —1 <7 < 1.



314 OLEKSANDRA V. BEZNOSOVA AND TEMITOPE ODE

On the other hand,

Bmax + Bmax B b(1 b(—1 1 ! Vi
By (x0)— Dmax (¥ )er x )=b(0)—%=—5f1(1—|t|)b (t)dt.

The second part of the above formula is a simple calculus exercise of integrating by
parts twice.
Clearly, since —b" (¢) is nonnegative,

B + B -
Buax (x°) — max (X )‘; max (X 7) >0,

which completes the proof of Lemma 2.3. (]

Proof of Lemma 2.4. Let x°, x* and x~ be three points in
Us .= {55 =(x1,x2) : dw e RH‘W NDb2 4 s.t. x; = (w),, x2 = (wP)J}

that correspond to the same weight w and interval /; i.e., there is a weight w € RH 8,d
with Db?(w) < Q and a dyadic interval I such that

xi}:<w>1’ xg =<wp>17
+ +
X = <w>1i’ Xy = (wp>1i-

Note that the reverse Holder property for the weight w implies that x” | Sx2< 81’x1
for all three points x?, x* and x~, and the fact that w is almost everywhere positive
implies that x{, x, > 0. At the same time, the fact that w is dyadically doubling
with a doubling constant at most Q implies that

x! < Qxli, xli <2xy, and x <(Q- l)x1 .

Without loss of generahty, we will assume that x| < x1 Then we know that
x) < Oxy, xl < 2x{ and xl <(Q—Dxy.
Therefore

Us C Qs :={X=(x1,x) : x] <x2<8%x]} C Qe

and the points x°, x* and x~ € Uy are such that

=2(x +x7),  x; <x10<xf“,

x?
<Q17 xl \lev foé(Q—l)xf

We need to show that the line interval connecting x™ and x~ lies inside the do-
main ;.

First observe that the worst case scenario is when the central point x° and one of
the endpoints lie on the upper boundary of Us, x, = §7 xf , while the other endpoint
lies on the lower boundary of Us, x, = xf’ . There are two possibilities, so let us
consider the two cases separately.
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Case 1: x° and x~ are on the upper boundary and x™* is on the lower boundary.
This means that

x%= @], 8P (x))P),  xT =, 8P ()P, xT =L ()P).

/p_—1

We need to minimize the function f(x) =x,""x, " over the line that passes through
the points x°, x* and x~. We are not going to use all of the conditions on our
points. To simplify the problem, we will drop the condition that the point x™ is on
the lower boundary. We will only be using the points x° and x~ and we will use
the fact that x? < Qx".

Again, in the worst case, which may be unattainable, x{ = Qx, . The line through
the points x~ = (x,, 67 (x; )?) and x? = (Qx~, QP87 (x, )?) has slope

§7(x)P(QP =1
Q-1 '

Therefore the equation is

X2 — 8P (x)P — 8P (x P! QQP_ 11 (x1 —x;) =0.

So we need to solve the optimization problem

f(x) :le/prl — max,

Xy — 8P (x )P — 8P (x;)P~! o1 (x1 —x;)=0.

0-1

The problem can be solved, for example, using method of Lagrange multipliers. If
we let H :=(Q? —1)/(Q — 1) then

P—l (P—l)/PH
fmax: —H—l —34,

which is exactly our choice of ¢.

Case 2: x° and x* are on the upper boundary and x~ is on the lower boundary. In
this case, we will drop the condition that x~ is on the lower boundary. Since the
coordinates of our points are positive,

xF4+xr o oxft
o_ %1 LM
xl——/_7
2 2

SO x1+ < 2x{. Therefore this case is similar to Case 1 with Q = 2. Since Q > 2,
this case is covered as well. This is the only place where we use that Q > 2.
This completes the proof of Lemma 2.4 and Theorem 1.1. ]
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Radio number for fourth power paths

Min-Lin Lo and Linda Victoria Alegria
(Communicated by Jerrold Griggs)

Let G be a connected graph. For any two vertices u and v, let d(u, v) denote
the distance between u# and v in G. The maximum distance between any pair
of vertices of G is called the diameter of G and denoted by diam(G). A radio
labeling (or multilevel distance labeling) of G is a function f that assigns to
each vertex a label from the set {0, 1, 2, ...} such that the following holds for
any vertices u and v: | f(u) — f(v)| > diam(G) — d(u, v) + 1. The span of f is
defined as maxy, yev () {| f (1) — f(v)|}. The radio number of G is the minimum
span over all radio labelings of G. The fourth power of G is a graph constructed
from G by adding edges between vertices of distance four or less apart in G. In
this paper, we completely determine the radio number for the fourth power of any
path, except when its order is congruent to 1 (mod 8).

1. Introduction

Motivated by the channel assignment problem [Hale 1980] of dividing the radio
broadcasting spectrum among radio stations in such a way that the interference
caused by their proximity is minimized, radio labeling was introduced by Chartrand
et al. [2001] to model the problem of finding the optimal distribution of channels
using the smallest necessary range of frequencies.

Let G be a connected graph. For any two vertices u and v of G, the distance
between u and v is the length of a shortest u-v path in G and is denoted by dg (u, v)
or simply d(u, v) if the graph G under consideration is clear. The diameter of G,
denoted by diam(G), is the greatest distance between any two vertices of G. A
radio labeling (or multilevel distance labeling [Liu 2008; Liu and Zhu 2005]) of a
connected graph G is a function f : V(G) — {0, 1, 2, 3, ...} with the property that

|f(u) — f(v)| = diam(G) + 1 —d(u, v)
for every two distinct vertices # and v of G. The span of f is defined as

,£3¥G>{'f(”) — fI}.

u

MSC2010: 05C78.
Keywords: channel assignment problem, multilevel distance labeling, radio number, radio labeling.
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The radio number of G, denoted by rn(G), is defined as
min{span of f : f is a radio labeling of G}.

A radio labeling for G with span equal to rn(G) is called an optimal radio labeling.

Finding the radio number for a graph is an interesting yet challenging task. So
far the value is known only for very limited families of graphs. The radio numbers
for paths and cycles were investigated in [Chartrand et al. 2001; Chartrand, Erwin
and Zhang 2005; Zhang 2002]and were completely solved by Liu and Zhu [2005].
The radio number for trees was investigated in [Liu 2008].

The r-th power of a graph G, denoted by G, is the graph constructed from G by
adding edges between vertices of distance » or less apart in G. The radio number
for the square of a path on n vertices, denoted by Pnz, was completely determined
by Liu and Xie [2009], who also partially solved the problem for the square of
a cycle on n vertices, denoted by C ,f [2004]. Motivated by [Liu and Xie 2009],
Lo [2010] and Sooryanarayana et al. [2010] determined rn(P,f).

This paper will follow the structure in [Liu and Xie 2009] closely to determine
the radio number of the fourth power of paths (or simply, fourth power paths). It
is our hope that this paper will be helpful for those readers who wish to pursue
finding the radio number for P>, P®, and eventually P for any positive integer r.

Theorem 1. Let P} be a fourth power path on n vertices where n > 6 and let
k =diam(P}) = [1(n —1)]. Then

2k°+1 ifn=0,3,6,0r7 (mod8)orn=09,
m(PH =12k>+2 ifn=4o0r5 (mod8),
2k if n=2 (mod 8).

If n=1 (mod 8) and n > 17 (where n is of the form 8q + 1), then

2k*+2 <rn(Py,,,) < 2k* +q.

2. General properties and notation

The diameter of P is [ +(n—1)], based on the definition of P;}. Figure 1 shows Py

oS~
/z@z&\x\
IWA\VA\\

vy v v

7 Ug

Figure 1. A fourth power path on 8 vertices, denoted by P84 .
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Proposition 2. For any u,v € V(P,jt ), we have

d(u,v) = [ 1dp,(u, v)].

A center of P, is defined as a “middle” vertex of P,. An odd path P, has only
one center v,,+1, while an even path Py, has two centers v,, and v,,+1. For each ver-
tex u € V(P,), the level of u, denoted by L (u) is the smallest distance in P, from u to
a center of P,. If we denote the levels of a sequence of vertices A by L(A), we have

n=2m+1 = L@i,v,...,0ptr1)=m,m—1,...,2,1,0,1,2,...,m—1,m),
n=2m = L,v,...,v)=m—1,...,2,1,0,0,1,2,...,m—1).
Define the left-vertices and right-vertices as follows:
If n = 2m + 1, then the left-vertices and right-vertices respectively are
{UI, V2, ..., Up, Um+l} and {Um+la Um+25 -+« UV2m,» U2m+1}-

In this case, the center v,,4; is both a left-vertex and a right-vertex.
If n = 2m, then the left-vertices and right-vertices respectively are

{v19U27 ---,Um} and {vm+11 Um+27 ---,UZm}-

If two vertices are both right-vertices or left-vertices, then we say that they are
on the same side; otherwise, they are on opposite sides.

Lemma 3. Ifn is odd, then for any u, v € V(P,f'), we have

H(L(u) + L(v))—| if u and v are on opposite sides,

d(u,v) =197 . .
|_Z|L(u) — L(v)|-| if u and v are on the same side.

If n is even, then for any u, v € V(P,;‘), we have
A v) H(L(u) + L(v) + 1)—| if u and v are on opposite sides,
u,v)=
HIL(M) — L(v)|—| if u and v are on the same side.
In the proof of Lemma 7 below, the following proposition will be used frequently:
Proposition 4. For any dy, d> in N, we have
41 +d [dy/r+[dy/r]1—1 if (d1,dr)=(,m) (modr),wherel #0,m #0,
{ ‘ ﬂ - and 2 < (dy+d,) (mod r) <r,
' [dy/r+[dy/7] otherwise,

[di/r1—[d2/r1+1 if (di,d>) =(0,m) (mod r), where m #0,
di—dy or (dy,dr) =(,m) (mod r),where l 20,m #0,
and 1 < (dy1—dp) (mod r) < (r-—2),

[di/r1—[dy/r] otherwise.
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It is important for the reader to understand the notation used in the labeling of P}/
so we will define a few terms and notation first.

Let M, N € N. We define a block (M, N) to be a pattern to follow when
consecutively labeling a certain group of vertices in P, . Take an (M, N)-block for
example: The first vertex labeled, x;, will have L(x;) =M (mod r). The next vertex
labeled, x;4, will have L(x;;+1) = N (mod r). The following vertex labeled, x;,,
will have L(x;42) = M (mod r). Continue in this fashion until we end at a vertex
of level congruent to N (mod r). We may also choose to specify what side the
vertex is on by writing (LM, RN). This would mean that the first vertex labeled, x;,
would be a left-vertex with L(x;) = M (mod r), and x;,; would be a right-vertex
with L(x;4+1) = N (mod r), so on and so forth.

We say that a disconnection occurs when L (x;)+ L(x;+1) is not congruent to said
specified value modulo r that maximizes the distance between two consecutively
labeled vertices. This specific value changes depending upon the parity of n for Py.

A labeling pattern is a specific arrangement of blocks. Note that the same block
may appear multiple times in a labeling pattern; however, the number of vertices
in each “identical” block may be different. For any labeling pattern, P will be
said to have an “even” pairing if, for each (M, N)-block in the labeling pattern,
the number of vertices with level congruent to M (mod ) on one side equals the
number of vertices with level congruent to N (mod ) on the other side. Otherwise,
P2 will be said to have “extra” vertices.

3. Lower bound of rn(P,‘,‘) when 7 is even

Lemma 5. Let P,f be a fourth power path on n vertices, where n > 6, and let
k= diam(P,f) = H(n — 1)-|. If n is even, then

2k°+1 if n=0o0r6 (mod8),

m(PY) > {2k? if n=2 (mod 8),

2k>+2 if n=4 (mod 8).
Proof. Let f be a radio labeling for Pn4 . Rearrange V(P,j1 ) ={x1,x2,...,X,} SO
that 0 = f(x1) < f(x2) < f(x3) <--- < f(x,). Note that f(x,) is the span of f.
By definition, f(x;+1) — f(x;) > k+1—d(x;, x;+1) for 1 <i <n —1. Summing
up these n — 1 inequalities, we have

n—1

)= =Dk+1) =) d(xi, xit1). (3-1)

i=1

L. . .. —1 . .
Thus to minimize f(x,), it suffices to maximize Z?:l d(x;, xi+1). Since n is even,

n—1 n—1
Y d(xi, xip) < Y [FELGD) + L)+ D],

i=1 i=1
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Observe, from the above inequality we have:

(1) For each i, the equality for d (x;, xj+1) < [ §(L(x;) + L(xi41) + 1)] holds when
x; and x;4 are on opposite sides, or when they are on the same side but one of
them is a center and the other vertex is of level not congruent to 0 (mod 4).

(2) In the summation Zl'.l:_ll H(L(xi) + L(xi11) + 1)-|, each vertex of P,f occurs
exactly twice, except for x; and x,, which both occur only once.

By direct calculation, we have

%(L(u)+L(v)+4) if Lu)+L(v) =0 (mod4),

1 1 :
HL@)+Lw)+4) -1 if Lw)+L@w) =1 (mod4),
TL@+Lw+D] =414 4
[2@@@+L@)+D] T(L@+L@)+4)—2% if L(u)+L(v) =2 (mod 4),
L@ +Lw)+4)—2 if L)+L(v) =3 (mod 4).
Therefore,

[3(L(x)+ Lxip) + D] < L) + Lxigr) +4),

and the equality holds only if L(x;)+ L (x;+1) =0 (mod 4). Combining this with (1)
above, there exist at most n—4 of the i such that d (x;, x;11)= }L (L(x))+L(xi+1)+4);
that is, there are at least three disconnections in the labeling. Note that when
L(xj)+ L(x;4+1)=1,2, or3 (mod 4), we say that there is a disconnection between
x; and x;4 of the best type, second best type, or the worst type, respectively.
Moreover, among all the vertices, only the centers are of level zero. Hence,
L(xp)+ L(x,,) > 0+ 0 =0. We conclude that

Zd(xl,xwrl) < (Z (L(x,)+L(xl+1)_|_4)> 1_1_1
41_1(( ZL(X[ ) - L(.XI) — L(x,,)) —+ (n — 1) _ ?_1

;{(( ZL(x,) 0)+(n—1)—%

( (0+1+2+ +(En=1)))+n-1
By direct calculation for (3-1) and considering that rn(P,jl ) is an integer, we have

[2k>4+3]=2k*+1 ifn=0 (mod8) (ie.,n =4k and k is even),
[2k—1]=2k*  ifn=2 (mod8) (ie.,n=4k—2 and k is odd),
[2k>+3]=2K>+1 ifn=4 (mod8) (i.e.,n=4k and k is odd),
[2k2—1] = 2k> ifn=6 (mod8) (i.e.,n=4k—2 and k is even).

n(P;) >
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Further investigation for a sharper lower bound of rn(P,f ) when n =4 or 6 (mod 8)
is needed. There are three cases to consider based on the number of disconnections
that occur in the labeling pattern.

Case 1: There are at least five disconnections. Then we have,

o

n—1 n—1
Zd(xl', Xit1) < <Z }T(L(xi) + L(xi4+1) +4)) — ;2; < %n2+ %n —
i=1 i=1

Hence, by direct calculation for (3-1) we have

[(2k2+3)+2]=2k*+2 if n=4 (mod 8) (i.e.,n =4k and k is odd),

[(2k>=1)+2]=2k*+1 if n=6(mod 8) (i.e.,n=4k—2 and k is even).

rn(PnA')z {

Case 2: There are exactly four disconnections. This case will be broken down into
two subcases based on L(x1) + L(x,).

Case 2.1: L(x1) + L(x,) > 1. Therefore,

E =)

n—1 n—1
Y d(xi,xign) < (Z FLG) + Lxig) + 4)) —4<in+3n—
i=1 i=1
Case 2.2: L(x1)+ L(x,) =0.
Claim. In this case, at least two of the disconnections that occur cannot be of the
best type.

Proof of claim. For n = 4 or 6 (mod 8), we have the following types of blocks
as well as extra vertices (without loss of generality, we start each block with a
left-vertex):

(LO,R0), (L1,R3), (L2,R2), (L3,R1) LI, RI.

We wish to have exactly four disconnections and we also want L(x1) + L(x,) =
04 0 = 0 under this case. Therefore we must use two (L0, RO)-blocks. Thus our
new blocks become (blocks are boxed for easy identification of disconnections that
occur in the labeling pattern):

[(LO,RO), [@LI,R3)—LI], [L2.R2)], [R1—(L3,Rl)

., [(LO,RO)].

Since we want L(x1) + L(x,) = 0+ 0 = 0, our labeling pattern must start and
end with the (L0, RO)-blocks. Special attention is given to the “end-1" vertices,
namely, the first and the last vertices of the two block patterns (L1, R3) — L1 and
R1 — (L3, R1) from above. All disconnections in the labeling pattern will occur
at these four end-1 vertices. The best type of disconnection would occur if an
end-1 vertex was followed or preceded by a vertex whose level was congruent to
0 (mod 4). However, there are only two such vertices available. Therefore, at least
two of the four end-1 vertices cannot have disconnections of the best type. (]
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By direct calculation, our claim, and the assumption that L(x;) + L(x,) =0,
we have,

n—1
Zd(xi, Xit1) < <

i=1

n—1

> L) + L(xigr) +4>) —S=in’+3n-1.

i=1

Hence, by direct calculation for (3-1) for the two subcases, the same bounds as in
the conclusion of Case 1 are obtained.

Case 3: There are exactly three disconnections.

Claim. [In this case, at least one of the disconnections in the labeling pattern will
not be of the best type.

Proof of claim. Similar to Case 2.2, to ensure that there are only three disconnections,
our new blocks must be

|(LO,RO)|, [(L1,R3)—L1|, [L2,R2)], [R1—(L3,RD)].

Thus, out of the three disconnections that occur, at least two of them will occur at
the end-1 vertices. Furthermore, out of the disconnections that occur at the end-1
vertices, at least one of them will not be of the best type, unless two (L0, R0)-blocks
are used, which would increase the number of disconnections. [l

By calculation, our claim, and noting that L(x;) 4+ L(x,) > 1 under this case, we
have,

B {Ne)

n—1 n—1
Y d(xi,xipn) < (Z HLG) + Lxign) +4)) —f<gn’+in—
i=1 i=1

Direct calculation for (3-1) in this case also leads to the same bounds as in the
conclusion of Case 1. O

4. Lower bound of rn(P,;') when 7 is odd

Lemma 6. Let P,f be a fourth power path on n vertices, where n > 6, and let
k=diam(P,) = [+(n — 1)]. If n is odd, then

2k2+2 ifn=1 (mod8)andn > 17 orn=>5 (mod 8),

rn(P,f')z
2k>4+1 ifn=30r7 (mod8) orn=29.

Proof. We retain the same notation and employ the same method used in the proof
of Lemma 5. Since n is odd,

n—1 n—1
Y d(e, xip) < ) [FELOD) + Lxin)].
i=1 i=1

Observe, from the above inequality we have:
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(1) For each i, the equality for d(x;, x;4+1) < H(L(x,') + L(x,~+1))-| holds only
when x; and x;4; are on opposite sides, unless one of them is a center.

(2) In the summation Z:’:—l] %(L(xi)+L(xi+1 ))—|, each vertex of P,f occurs exactly
twice, except x| and x,, which each occurs only once.

By direct calculation, we have

LL@) +Lw)+3) =3 if L)+ L(v) =0 (mod 4),
HL@) + L) +3) if L(u)+ L(v) =1 (mod 4),

L L =
[+ L] L)+ L) +3)—% if L)+ L(v) =2 (mod4),
TL@)+Lw+3)—3 if L)+ L(v) =3 (mod4).
Therefore

[2(LGx) 4+ L(xip1)] < $(L(x3) + Lxig1) +3),

and the equality holds only if L(x;) + L(xj+1) = 1 (mod 4). Note that when
L(x;)+ L(xj+1) =2,3,0r 0 (mod 4), we say that there is a disconnection between
x; and x;4 of the best type, second best type, or the worst type, respectively.
Combining this with (1), there are two possible cases to consider based on the
number of disconnections in the labeling pattern:

Case 1: There are at least three disconnections. In this case, since » is odd, there is
only one center. Therefore, L(x{) + L(x,) > 1. Then,

n—1 n—1
Zd(xi, Xit1) < (Z H(L(x) + Lxi+1) +3)) —2<in’+3n-2.
i=1 i=1
By direct calculation for (3-1), we have
2k>+1 ifn=1 (mod8) (i.e., n=4k+1 and k is even),
(P > [2k*4+3]=2k*+1 ifn=3 (mod8) (ie.,n=4k—1 and k is odd),
n

T 2k 41 ifn=>5 (mod8) (i.e., n=4k+1 and k is odd),

[2k24+3]=2k*+1 ifn=7 (mod8) (ie.,n=4k—1 and k is even).
Case 2: There are exactly two disconnections. In this case, neither x; nor x,, is the
center (denoted by C).

Case 2.1: n =1 (mod 8). The labeling pattern must be a permutation of the boxed
blocks

[(LO,R) —C— (LL,RO)|, [2R3)], [(L3.RY)

Therefore, L(x1) + L(x,) > 4. By similar calculations to Case 1, we have

n—1

n—1
Y dxi, xip) < (Z G(LG) + Lxig1) +3>) —f=gn’+in-
i=1

i=1

ool
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By direct calculations, since n = 4k + 1 and k is even, we have
m(P)) > [Qk* + 1)+ 2] =2k* +2.

Case 2.2: n=3,5,or7 (mod 8). Note that Pé +3 and Pg 47 both have an extra pair
of vertices whose level is congruent to 1 (mod 4). Therefore, the labeling pattern
must be a permutation of the boxed blocks

[R1—(LO,R1)—C—(LI,RO)—L1], [(L2,R3)], [(L3.R2)].

Now, Pg‘q 45 has two extra pairs of vertices whose levels are congruent to 1 (mod 4)
and 2 (mod 4). The labeling pattern must be a permutation of the boxed blocks

[RTI—(LO,RI)—C— (LI,RO)—L1], [2,R3)—L2], [R2—(L3.R2).

Therefore, for n =3, 5, or 7 (mod 8), considering all possible permutations men-
tioned above, L(x;) + L(x,) > 3. Therefore,

n—1 n—1
> dixis) < (Z HLO) + Lxisn) +3)> 2oy 3, 1
i=1 i=1

Thus, by direct calculation we have,

[(2k*+3)+5]=2k+1 ifn=3 (mod8) (i.e.,n=4k—1and k is odd),

m(P)={ [@k2+1)+1]=2k>+2 ifn=5 (mod 8) (i.e.,n =4k+1and k is odd),
[(2k*+1)+1]=2k+1 ifn=7 (mod8) (i.e.,n=4k—1andk is even).
Now assume n =1 (mod 8) and n > 17; that is, n =4k + 1, k is even and k > 4.

Assume to the contrary that f(x,) = 2k? + 1. Then only Case 1 is possible and all
of the following must hold:

(1) {x1, x4} = {vors1, vokg2} or {vogq1, vox}. That is, {x1,x,} is of the form
{x1, x,} = {center, a vertex right next to center}.

(2) f(xix1) = fxi)+k+1—d(x;, xi41) forall i.

(3) For all i > 1, the two vertices x; and x;; are on opposites sides unless one of
them is the center.

(4) There exist three ¢-values, 1 <t <n—1, such that L(x;)+ L(x;4+1) =2 (mod 4)
while L(x;) + L(x;4+1) =1 (mod 4) for all other i # ¢.

By (1) and by symmetry, we can assume that x; = vyry1; i.€., x1 is the center.
Excluding the center, there are %k vertices whose level is congruent to O (mod 4),
1 (mod 4), 2 (mod4), and 3 (mod 4) on each side, respectively. Since x, is of
level one, by (2), (3), and (4) we have:



326 MIN-LIN LO AND LINDA VICTORIA ALEGRIA

(5) The labeling pattern must be the arrangement of boxed blocks

[C=(1,0)]-[2.3)]-[3.2]-[©, D]

Claim. {vq, v,} = {xk+1, x3142} (.e., {v1, v} consists of the last vertex whose level
is congruent to 0 (mod 4) in the (1, 0)-block and the first vertex whose level is
congruent to 0 (mod 4) in the (0, 1)-block).

Proof of claim. Suppose v{ & {Xr+1, X3x+2}. Then vy is inside one of the (0, 1)- or
(1, 0)-blocks, since L(v;) =2k =0 (mod 4). Let v; = x. for some ¢, where x._;

and x.4 are both vertices on the right side. Thus, L(x.—1) = L(x.4+1) =1 (mod 4).
Let L(xc—1) =y and L(xc4+1) =z. By (2),

fxe) = flxem) = 3k+1—[1y].
f@er) = f(xe) = 5k +1—[5z].
Therefore,
fes) = fGemn) =k +2—[1y] - [1z],

contradicting that

f@ep) = fe) Zk+1—[1lz—yl] (asy=z=1 (mod4), soy,z#0).
Therefore vy € {xg+1, X3r+2}. Similarly, we can show that v, € {xg+1, x3k42}. U

By the claim, we may assume that v, = x4y and v| = x3;42 (the proof for
the other case is symmetric). By (5), L(xx) = a = 1 (mod4) and L(xgy42) =
b =2 (mod4). By (2), (3), the fact that k£ is even, and our assumption that
L(xx+1) = L(vy) = L(var+1) = 2k, we have

fOos) = f ) = 3k +1—[3a],
fOug2) = f o) = 3k +1—[3b],
and so,
fOs2) = fa) =k +2—[za] = [3b].
By definition and by Lemma 3,

f@k42) = fO) = k+1—[fla—bl].

Therefore, a must equal 1. Thus L(x;) = 1, which means x; is the level-one vertex
on the left side, since xx+1 = v, is a right-vertex. Thus x; = vy,. Similarly, we can
show that x3;13 is of level one and on the right side. Thus, x3;4+3 = vVog+2.

Now, x, is a right-vertex since x3;42 = vy is a left-vertex, and so x, = vogy2. This
implies that x,, = vyx4+2 = x3¢+3 and therefore k = 2, contradicting the assumption
k > 4. Therefore rn(P}) > 2k*+2if n =1 (mod 8) and n > 17.

Similar techniques can be applied for the case n = 5 (mod 8). Assume that
n=>5 (mod8) and n > 21; that is, n = 4k + 1, k is odd, and k > 5. Assume to
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the contrary that f(x,) = 2k*> + 1. Then only Case 1 is possible and the same
requirements (1), (2), (3), and (4) for the case n =1 (mod 8) and n > 17 must hold.

By (1) and by symmetry, we can assume that x; = vy,41; i.€., X1 is the center. Ex-
cluding the center, there are %(k — 1) vertices whose level is congruent to O (mod 4),
%(k + 1) vertices whose level is congruent to 1 (mod 4), %(k + 1) vertices whose
level is congruent to 2 (mod 4), and ‘l‘(k — 1) vertices whose level is congruent to
3 (mod 4), on each side. By (1), (2), (3), and the second part of (4), the labeling
pattern must be the arrangement of boxed blocks

[C—(1-0-D]-[2=3-2)]-[2=3-2)]-[(1-0—D)|.

However, in this arrangement the three ¢-values for which L(x;) + L(x;41) is
not congruent to 1 (mod 4) are not all congruent to 2 (mod 4), which contradicts
the first part of (4). Therefore, rn(P.") > 2k* +2. O

5. Upper bound and optimal radio labelings

To establish Theorem 1, it suffices to give radio labelings achieving the desired
spans. To this end, we will use the next lemma, which provides us with an easy
way to verify that a given labeling of P is indeed a radio labeling of P, .

Lemma?7. Let P, be anr-th power path graph on n vertices, where k =diam(P, ) =
H(n — 1)—|. Let {x1, x2, x3, ..., X} be a permutation of 'V (P)) such that for any
1<i<n-2,

min{dp, (x;, Xi+1), dp, (Xi+1, Xit2)} < %Fk +1

and max{dp, (x;, Xi+1), dp, (Xi+1, Xi+2)} # 1 (mod r) if k is even and the equality
in the above holds. Let f be a function, f : V(P]) — {0, 1,2, ...} with f(x1) =0
and f(xj+1) — f(xi) =k+1—d(x;j, xiy1) forall1 <i <n—1. Then f is a radio
labeling for P .

Before we present the proof of Lemma 7, note that Proposition 4 will be used
frequently throughout the proof of Lemma 7 below. The construction of this proof
is adapted from [Liu and Xie 2009].

Proof. Let f be a function satisfying the assumption. It suffices to prove that
fj)—f(xi) =k+1—d(x;,xj) forany j >i+2. Fori=1,2,...,n—1, set

Ji=fxig) — f(x).

For any j > i +2, it follows that f(x;) — f(x;) = fi + fix1 + fisxa +-- -+ fi-1.
We divide the proof into three cases:
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Casel: j =i+2. Assume d(x;, x;+1) > d(xj+1, X;+2) (the proof for d(x;, x;41) <
d(xi+1, Xi+2) is similar). Then,

_|3k+2) ifkiseven,
T |ik+1) ifkis odd.

%rk+1"

d(xit1, Xiy2) < ’V .

Therefore, d(x;y1, Xj42) < %(k + 2). It suffices to consider the following subcases:

Case 1.1: x; is between x; 4 and x;4». Then d(x;, x;4+1) < d(x;+1, Xi4+2). Since we
assume d (x;, Xi41) > d (X; 41, X;4+2), we have d(x;, Xi41) =d (Xi41, Xi42) < 3(k+2)
and dp, (x;, x;+2) < (r — 1), from which we have d(x;, x;12) = 1. Hence,

fig) = fx) =k+1—dx;, xit1) +k+1—d(xiy1, xi12)
>k+1—d(xi, xi42).

Case 1.2: x;1 is between x; and x;4,. This implies

d(xi, Xi+2) = d(xi, xiv1) +d(xi11, xi+2) — 1.
Similar to the calculations above, we have f(x;12) — f(x;) > k+1—d(x;, x;42).
Case 1.3: x;1; is between x; and x;4;. Assume k is odd or

min{dp, (xi, Xi41), dp, (Xi41, Xiz2) } <(5rk+1)—1,

then we have d (x; 41, Xi42) < 2 (k+1) and d (x;, x;42) = d (x;, Xi11) +d (Xj 41, Xi42).
Hence, f(xi42) — f(xi) > k+1—d(x;, x;42). If k is even and

min{dp, (x;, Xi+1), dp, (Xi41, Xi42)} = 3rk +1,
then by our assumption, it must be that dp, (x; 1, Xj4+2) = %rk +1=1 (mod r) and
dp,(xi, xi+1) # 1 (mod r). Thus we have,

d(xi, xi+2) = d(x;, Xi+1) —d(xXi41, xi42) + 1,
which implies

f(xig2) = f ) =2k +2— (d(x;, xig2) +d(Xig1, Xi42) — 1) —d(Xig1, Xi42)
>k+1—d(x, xit2).

Case2: j =i+3.

Case 2.1: The sum of some pair of the distances d(x;, xj+1), d(Xj+1, Xi4+2), and
d(xj42, xi+3) is at most k + 2. Then,

Sxig3) — f(xi) =23k +3—(k+2)—k
>k+1—d(x;, xi+3).

Case 2.2: The sum of any pair of the distances d(x;, xj+1), d(xj+1, Xj4+2), and
d(xj42, xi+3) is greater than k+2. If we then assume thatd (x;, xj4+1) >d (Xj+1, Xi+2)
(the proof for d(x;, xj+1) <d(x;+1, Xj42) is similar), from the calculation in Case 1,
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we have d(x; 11, xXj4+2) < %(k +2). By our hypothesis, it follows that d(x;, x;+1)
and d(x;42, x;+3) must both be greater than %(k +2). This result, together with
diam(P)) = k and our assumption under this case, implies that x; must appear
before x;1,, then x;41, then x; 43, from left to right on the r-th power path (or x;+3
must appear before x;1, then x;1, then x;). Therefore,

d(xi, xi+3) = d(x;, Xi41) +d(Xig2, Xi43) — d(Xi41, xi42) — 1.
Therefore, we have

fxig3) = f(xi) >3k +3—d(x;, xiy3) — 2d (x4 1, Xiy2) — 1

>k+1—d(x;, xiq3).

Case 3: j > i +4. Since
min{dp, (x;, Xi+1), dp, (X1, Xi42) } < 3k +2)

and f; > k+ 1 —d(x;, x;41) for any i, we have max{f;, fi+1} > %k for any
1 <i <n —2. Therefore,

Sx) = fx) = (fi + firD) + (fia + firs)
> (Sk+1)+ (3k+1) > k+1—d(x;, x)). O

When diam(P)) is odd, we have the following “looser” condition for checking
that a given labeling is indeed a radio labeling:

Lemma 8. Let P, be anr-th power path graph on n vertices, where k =diam(P, ) =
H(n — 1)—| is odd. Let {x1, X2, X3, ..., X,} be a permutation of V (P, ) such that for
any 1 <i<n-2,

min{dp, (x;, Xi+1), dp, (Xi11, Xi2)} < Sr(k+1).

Let f be a function, f:V(P))—>1{0,1,2,...} with f(x1)=0and f (x;y1)—f(x;)=
k+1—d(x;,xi+1) forall 1 <i <n—1. Then f is a radio labeling for P, .

Proof. Assume d(x;, Xj+1) > d(xi11, Xi+2) (the proof for d (x;, xi+1) <d(xi+1, Xi+2)
is similar). Then

%r(k +1)

d(Xit1, Xig2) < [ .

1 1

Note that this is the same conclusion we obtained in the beginning of the proof
of Lemma 7. Therefore we can use exactly the same proof as above for the case
when £ is odd to prove this lemma. O

For each radio labeling f of P# given in the following, we shall first define a
permutation (line-up) of the vertices V(P,j‘) = {xy, x2, X3, ..., X, }, then define f
by f(x;)=0,andforall 1 <i <n—1, f(xi+1) — f(xi) =k+1—d(x;, xit+1).
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Case 1: 1rn(P§1 45) = 2k> +2. Let n = 8¢ + 5 for some g € N. Then k =
dlam(P8 5) = 2q + 1. We give a radio labeling with span 2k? 4 2. The line-up of
V(P4) = {xl, X2, ..., Xp} is given by the arrows in the display below. That is, x; is
the center, x; is the left-vertex of P,f whose level is equal to4g+1, .. ., x,, is the right-
vertex of P whose level is equal to 2. The values above and below each arrow indi-
cate the distances in P2 and P,, respectively, between consecutively labeled vertices.

q+1 q+2 q+1 q+2 q+2 q+1
CE LU+ TR Lidg—3) 4q+1 L5 >R(q)
q+2 q+l q+2 q+1 q+1 q+l
R(4 +1) wr R 3)4 +5 4q+l T gt 4q+5 L(4 )
"—“>L(4 +2)"—+2>R3 "“ L 4g-2) 412 g7 atl, . 4t ’,R(4q S P "*‘ RAAN )
49+5 4q+1 4q+1 4q +5
q+2 q+1 q+2 q+1 q+1 q+1
R(4 +2) 3 T Rdg 2)4 +5 4q+1 T g 4 +5 oL _l)

By Lemma 8, f is aradio labehng for P 8 +5" Observe from the above display, there
are two possible distances in P8 +5 between consecutively labeled vertices, namely,
g + 1 and g + 2, with the number of occurrences 4g + 4 and 4¢, respectively. It
follows by direct calculation that

8q+4

frsgis) = Bg+ )k +1) = Y d(xi, xiq1) =2k>+2.

i=1
Case 2: rn(Pg4 ) = 2k> +2. Let n = 8q + 4 for some g € N. Then k =
dlam(P8 p )= 2q +1. Let G = Pg‘ 45 and H be the subgraph of G induced by the
vertices {v, v, ..., Vgg+4). Then H = +4, diam(H) = diam(G) =2¢g + 1, and
dg(u,v) =dy(u, v) for every u, v € V(H) Let f be a radio labeling for G, then
f |y is also a radio labeling for H. By Case 1, rn(Pg1 ) < rn(Pgl Ls) <2kF+2.

Case 3: rn(P, q+3) <2k*+ 1. Let n = 8q + 3 for some ¢ € N. Then k =
dlam(P8 4+3) =2q + 1. Similar to Case 1, we line up the vertices according to the
display below

q+1

CobLdg+ ) ‘”2 gl

R4-TL(dg—3) a2

4g+s5 4q+l

q+1

L5 ‘”2 Ri4q) .

R(4 + ‘”2 LA "*‘ R(4g—3) ﬁi L84"+‘ L RS 1 (4g) LRI
q+1 4q+1 4q+5 4q+1
—>L(4q D q“ R3—>L(4q 6) 4‘13 74qu ...4(133 sz“ R(4g—1)

L300 "“ P REg-) "*2 L70 "“ L R(@Ag—6)-L 2 (4 S e ‘”‘ 4t Ro.

4q+2 4945 aq +5
By Lemma 7, f is aradio labehng for Pg‘q 13- If follows by direct calculation that

8q+2

frsgs3) = Bq+ Dk + 1) — Y dxi, xi41) = 26> + 1.
i=1



RADIO NUMBER FOR FOURTH POWER PATHS 331

Case 4: in(Pg, ,,) < 2k>. Let n =8¢ +2 for some g € N. Then k = diam(P
2g + 1. Similarly, we line up the vertices according to the display below.

q+2) -

RO-L551(4g) R4 L L(dg—4) s 14 T R(4g)

49+ 4q+5 +1 4q+5 4q+1 4q+5
4_+1>L L Rdg -5 q” L5 q“ LoRUg-5) q” 22 (4g—3 Of e ‘”1 L R3
4g+2 dg+ 4g+5
q+1 q+1 q q q+1
L(4 —2)—>R2—>L(4q 6)4 — 64%3 S L24 R(4g-2)

L300 q” PRG-I ‘”2 L7-7L R4g —7)q—“> A2 (4g —Do ‘”‘ R1LL0.
4q+2 4g+1 +5 4q+5 2

By Lemma 7, f is a radio labeling for Pg‘q 4o If follows by direct calculation that

8q+1
Flrsgi) = Bg+ Dk +1)— Y d(xi, xi41) =2k,
i=1
Case 5: rn(Pgl ) = 2k> +q. Let n = 8¢ + 1 for some ¢ € N. Then k =
dlam(P8 +1) =2q. Similarly, we line up the vertices according to the display below.

C—)L(4q 3)q—+1>R4—>L(4q 7o "“ L1 L R(4g)
49-3 4q+1
2q q-H q+1 q q g+1 —
o Lidg -2 o R3—>L(4q 6) 1 R L2 DL R(dg - 1)
i)L(4 1)q—+1>R2—>L(4q 5) q+1 R6—L..._ 4 139t R(4q—-2)
_ 493 49-3 4q+1
q+1 q+1 q q q+1 B
L) R1—>L(4q Do RS o LA R(4g —3),

By Lemma 7, f is a radio labeling for Pg‘q +1- It follows by direct calculation that

8q
fOsgrn) = @) (k+1) =Y d(xi, xip1) = 2k> +4.
i=1
Case 6: rn(qu) <2k*>+1. Let n = 8¢ for some ¢ € N. Then k = diam(P;q) =2gq.
Similarly, we line up the vertices according to the display below.

RO—>L(4q 4)q—+1>R4—>L(4q 8 "“ LA R (4g—4)
49-3 4g+1
2q 1 q+1 q+1 q q q+1
o Léa—3 > R3—>L(4q N R oy Ll Réa=D
q+1 q+1 q q q+1
—>L(4q 2)—>R2—>L(4q 6) R64qi3 . L2 yoe R(4g-2)
q+1 q+1

2 1 (4q 1)—>R1—>L(4q 5) R5—%s... 113 9L R4g—3)—L510.
8¢—2 4q-2

49-3 4q-3 4g+1



332 MIN-LIN LO AND LINDA VICTORIA ALEGRIA

By Lemma 7, f is a radio labeling for Péq. It follows by direct calculation that

8g—1
flrsg) = Bq—D(k+1)— Y d(x;, xi1) =2k>+1.
i=1
Case7: m(Pg, ,) <mn(Pg, ) <2k*+1. Since k =diam(Py, _,) =diam(Pg, )=
diam(qu) = 24, using the same subgraph argument as in Case 2, we have that
rn(Pg‘q_z) < rn(Pg‘q_l) < rn(Pg‘q) <2kZ+1.
Cases 1-7, together with Lemmas 5 and 6, complete the proof of Theorem 1.
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On closed graphs, 11

David A. Cox and Andrew Erskine

(Communicated by Colin Adams)

A graph is closed when its vertices have a labeling by [n] with a certain property
first discovered in the study of binomial edge ideals. In this article, we explore
various aspects of closed graphs, including the number of closed labelings and
clustering coefficients.

1. Introduction

Given a simple graph G with vertices V (G) and edges E(G), a labeling of G is a
bijection V(G) ~[n] = {1, ..., n}. Given a labeling, we assume V (G) = [n].

Definition 1.1. A labeling of G is closed when {j, i}, {i, k} € E(G) with j >i <k
or j <i>kimplies {j, k} € E(G). We say that G is closed if it has a closed labeling.

A labeling of G gives a direction to each edge {i, j} € E(G) where the arrow
points from i to j when i < jj; that is, the arrow points to the bigger label. In this
context, closed means that when two edges point away from a vertex or towards a
vertex, the remaining vertices are connected by an edge, as shown below:

VARV

Closed graphs were first encountered in the study of binomial edge ideals defined
in [Herzog et al. 2010; Ohtani 2011]. Properties of these ideals are explored in
[Ene et al. 2011; Saeedi Madani and Kiani 2012] and their relation to closed graphs
features in [Crupi and Rinaldo 2011; Ene et al. 2014; 2015; Ene and Zarojanu 2015].

It is natural to ask for a characterization of those graphs that have a closed
labeling. One solution was given in [Crupi and Rinaldo 2011], which characterizes
closed graphs using the clique complex of G. Another approach, taken in our
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previous paper [Cox and Erskine 2015], shows that a connected graph is closed if
and only if it is chordal, claw-free, and narrow (see [loc. cit., Definition 1.3] for the
definition of narrow).

In this paper, we will use tools developed in [Cox and Erskine 2015] to study
the combinatorial properties of closed graphs. Our main results include:

e Section 4: Theorem 4.3 counts the number of closed labelings of a closed graph.

e Section 5: Theorem 5.4 counts the number of closed graphs with fixed layer
structure (see Section 2 for the definition of layer).

e Section 6: Theorem 6.3 gives a sharp lower bound for the clustering coefficient
of a closed graph.

To prepare for these results, we will recall some relevant results and definitions in
Section 2 and explore when a labeling remains closed after exchanging two labels
in Section 3.

2. Notation and known results

We recall some notation and results from [Cox and Erskine 2015]. The neighborhood
of ve V(G)is
Ng(v) ={w € V(G) | {v, w} € E(G)}.

When G is labeled and i € V(G) = [n], we have a disjoint union
Ng (i) = Ng (i) UNg (i),
where
Ng@)={jeNg()|j>i} and NgG@) ={jeNc()|Jj<i}.
Also, vertices i, j € [n] with i < j give the interval [i, jl={k e[n]|i <k <j}.
Here is a characterization of when a labeling of a connected graph is closed.

Proposition 2.1 [Cox and Erskine 2015, Proposition 2.4]. A labeling on a connected
graph G is closed if and only if for alli € [n], the set N; (i) is a complete subgraph
and is an interval.

When a connected graph G has a labeling with V (G) = [n], we can decompose G
into layers as follows. The N-th layer of G is the set Ly of all vertices that are
distance N from vertex 1; i.e.,

Ly ={i €[n]]i is distance N from 1}.
Since G is connected, we have a disjoint union
[n]=LoUL{U---ULy, (2-1)

where h = max{N | Ly # @}. Here is a simple property of layers.
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Lemma 2.2 [Cox and Erskine 2015, Lemma 2.6]. Let G be labeled and connected.
IfieLyand{i, j} € E(G),then j € Ly_1, Ly, 0or Lyy1.
When G is closed and connected, the layers are especially nice.

Proposition 2.3 [Cox and Erskine 2015, Proposition 2.7]. If G is connected with a
closed labeling, then:

(1) Each layer Ly is complete.
(2) If d =max{Ly}, then Ly = N (d).

The diameter of G is denoted diam(G), and a longest shortest path of G is a
shortest path of length diam(G). These concepts relate to layers as follows.

Proposition 2.4 [Cox and Erskine 2015, Proposition 2.8]. If G is connected with a
closed labeling, then:

(1) diam(G) is the integer h appearing in (2-1).

(2) If P is a longest shortest path of G, then one endpoint of P is in Lo or L) and
the other is in Ly, where h = diam(G).

3. Exchangeable vertices

A closed graph with at least two vertices has at least two closed labelings, since
the reversal of a closed labeling is clearly closed. But there may be other closed
labelings, as shown by this simple example:

4 4

2\/3 1\/3
1 2
To explore what makes this example work, we need some definitions.

Definition 3.1. Let G be a graph.
(1) The full neighborhood of a vertex v € V(G) is Né(v) ={v}UNg ().

(3-D

(2) v, w € V(G) are exchangeable, written v ~ w, if Nj;(v) = N (w).

Vertices 1 and 2 are exchangeable in the left-hand graph of (3-1). Switching
labels gives the right-hand graph, which is still closed. Here is the general result.

Proposition 3.2. Let G have a closed labeling. If i, j € [n], where i # j, are
exchangeable, then the labeling that switches i and j is also closed.



336 DAVID A. COX AND ANDREW ERSKINE

Proof. Define ¢ : [n] — [n] by ¢ (i) = j, ¢(j) =i, and ¢ (k) =k for k € [n]\ {i, j}.
Pick u, v, w € V(G) with {u, v}, {v, w} € E(G), u # w, and ¢ (u) > ¢ (v) < ¢ (w)
or ¢(u) < ¢(v) > ¢(w). We need to prove that {u, w} € E(G).

If{i, j}Nn{u, v, w} =g, then {u, w} € E(G) since the original labeling is closed.
Now suppose {i, j} N {u, v, w} # @ and ¢ (1) > ¢ (v) < ¢(w). There are several
cases to consider. First suppose that i = v. If j € {u, w}, then without loss of
generality we may assume j = u. Then

we NGW) = N5 = N5 () = N§(w)

implies {u, w} € E(G). If j ¢ {u, w}, then ¢(u) > ¢(i) < ¢(w) means that
u > j <w. Then {u, w} € E(G) since the original labeling is closed and j ~i = v.
The proof when j = v is similar and is omitted. Then two cases remain:

e i=uand j ¢ {v, w}. Thus ¢ (u) > ¢ (v) < ¢ (w) means that j > v < w. Then
{j, w} € E(G) since the original labeling is closed and j ~ i = u. Using
Jj ~ i =u again, we conclude that {u, w} € E(G).

ei=uand j = w. Then ¢(u) > ¢(v) < ¢(w) means j > v < i. Then
{u, w}={i, j} € E(G) since the original labeling is closed.

The proof when ¢ (1) < ¢ (v) > ¢ (w) is similar and is omitted. U

Exchangeability, denoted v ~ w, is an equivalence relation on V (G) with equiv-
alence classes

e(v) ={w e V(G) |w~v}={we V(G) | Ni(w) = N;(v)}.

Equivalence classes are complete, since v ~ w implies v € NC*;(U) = Né(w), SO
that {v, w} € E(G) whenever v # w.

Since permutations are generated by transpositions, Proposition 3.2 implies that
when G has a closed labeling, every permutation of an equivalence class yields a
new closed labeling.

When G is connected and closed, equivalence classes have the following structure.

Proposition 3.3. If G is connected with a closed labeling and i € [n], then the
equivalence class e(i) is an interval.

Proof. It suffices to show that if i and j are exchangeable and i < k < j, then
Nc*;(k) = N(*;(i). First note that {i, k} € E(G) since j € N (i) and N (i) is an
interval by Proposition 2.1. Then {j, k} € E(G) since i ~ j.

Now take m € N(; (k). We need to show m € N/ (i). If m = k, this follows from
the previous paragraph. If {m, k} € E(G), there are two possibilities:

o Ifm <k,thenm <k > i, so {m,i} € E(G) since the labeling is closed.

o If m>k,thenm > k < j, so either m = j or {m, j} € E(G) since the labeling
is closed.
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Since N (i) = N/ (j), both possibilities imply m € N (i).

Conversely, take m € Nj(i). If m =i, then m € N(; (k) since {i, k} € E(G) by
the first paragraph of the proof. If {m, i} € E(G), then {m, j} € E(G) since i ~ j.
Again, there are two possibilities:

e Ifm <i,thenm <i <k < j,so{m, k} € E(G) since N (m) is an interval.

e If m>i,thenm > i <k, so either m =k or {m, k} € E(G) since the labeling
is closed.

Thus m € N(; (k) and the proof is complete. (I

4. Counting closed labelings
Some graphs have no nontrivial exchangeable vertices.

Definition 4.1. A graph G is collapsed if all exchangeable vertices are equal, i.e.,
N{(v) = Nj(w) implies v = w.

Proposition 4.2. Let G be a closed graph with at least three vertices. Then the
following are equivalent:

(1) G has exactly two closed labelings.
(2) G is connected and collapsed.

Proof. The proof of (1) = (2) is easy. If G is not connected, then G is a disjoint
union G = G1UG,, where G; is closed. We may assume G has at least two vertices,
so G has at least two labelings. Then we get at least four closed labelings of G: two
where 1 is in G, and two where 1 is in G,. Also, if G is not collapsed, then some
equivalence class e(i) has at least two elements. If |e(i)| > 3, then switching labels
within e(i) gives at least six closed labelings, and if |e(i)| = 2, then G has at least
one more vertex, which makes it easy to see that G has at least four closed labelings.

The proof of (2) = (1) will take more work. First note that diam(G) = h > 2.
This follows because # = 1 would imply that G is complete, which is impossible
since G is collapsed with at least 3 vertices, and # = 0 is impossible since G is
connected with at least 3 vertices.

Fix a closed labeling with V (G) = [n]. This gives layers Lo = {1}, L1, ..., Ly
associated with the labeling, and Proposition 2.4(2) implies that every longest
shortest path has one endpoint in Ly or L and the other in L.

Let ¢ : [n] — [n] be another closed labeling which we will call the ¢-labeling.
Pick 1’ € [n] such that ¢(1") = 1. Then some longest shortest path of G begins
at 1’. By the previous paragraph, 1" € Lo U L or 1’ € L. Replacing ¢ with its
reversal if necessary, we may assume that 1’ € Lo U L;. We claim that ¢ is the
identity function. This will prove the theorem.
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We first show that 1’ =1, i.e, ¢ (1) = 1. Recall that L = Ng(1) and that L is
complete by Proposition 2.3(1). It follows that N (1) = Lo U L; is also complete.
The same argument implies that N (1") is complete. Now suppose 1 7 1 and pick
m € N, (1) different from 1. Then {1, m} € E(G) since 1 € N/ (1') and N/ (1) is
complete. This implies m € L} = Ng(1), and then the inclusion N (1) € N/ (1)
follows easily. The opposite inclusion follows by interchanging the two labelings.
Hence we have proved N (1) = N/ (1). Since we are assuming 1 # 1’, this
contradicts the fact that G is collapsed. Hence we must have 1’ = 1, as claimed.

Now suppose that vertices 1, ..., u — 1 € [n] have the same ¢-label as in the
original labeling, i.e., ¢(j) = j for 1 < j <u — 1. Then pick u’ € [n] such that
¢ (') = u. To prove that u’ = u, i.e., ¢ (1) = u, suppose that u’ # u. Since ¢ is the
identityon 1, ...,u — 1 and ¢ (') = u, we have u’ > u and ¢ (1) < ¢ (u).

We first show that {u, u’} € E(G). Since G is connected, Proposition 2.1 implies
that every vertex is connected by an edge to its successor in any closed labeling. For
the original labeling, this gives {u — 1, u} € E(G), and for the ¢-labeling, this gives
{u—1,u'} € E(G) since ¢p(u — 1) =u — 1 and ¢ (u") = u. Proposition 2.1 implies
that N7 (u — 1) (in the original labeling) is complete, and {u, u’} € E(G) follows.

We next prove that NJ;(u) € N (u'). Pick m € N/, (). Then:

o If m =u, thenm € NJ,(u') since {u, u'} € E(G).

o If m > u, then either m = u’, in which case m € N;(u’) is obvious, or m 7 u’,
in which case m € N (u') since m > u < u’ implies {m, u’} € E(G) as the
original labeling is closed.

e If m < u, thenm € NS(u') since ¢p(m) =m < u < ¢(u) > ¢(u’) implies
{m, u’} € E(G) as the ¢-labeling is closed.

This proves Nj(u) € Nj(u'). By symmetry, we get Nj(u') = N (u), which
contradicts u’ # u since G is collapsed. We conclude that u” = u, and then ¢ is the
identity by induction on u. ([

Now suppose that G is a connected graph with a closed labeling. Since each equiv-
alence class is an interval by Proposition 3.3, we can order the equivalence classes

Ei<E,<---<E, 4-1)

sothatif i € E, and j € Ep, then i < j if and only if @ < b. This induces an
ordering on V(G)/~ ={Ey, ..., E;}. Then define the graph G/~ with vertices

V(G/~)=V(G)/~={E ..., E} (4-2)
and edges

EG/~) = {{Ea, Ey} | {i,j} € E(G) forsomei € E,, j € Eb}. (4-3)
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Since i ~ i’ and j ~ j" imply that {i, j} € E(G) if and only if {i’, j'} € E(G), we
can replace “for some” with “for all” in (4-3).

Theorem 4.3. Let G be connected with a closed labeling and exchangeable equiv-
alence classes E1, ..., E,. Then:

(1) The quotient graph G/~ defined in (4-2) and (4-3) is connected, collapsed,
and closed with respect to the labeling (4-1).

(2) If r > 1, then G has precisely 2[],,_, | Eq|! closed labelings.

Proof. For (1), we omit the straightforward proof that G/~ is connected and closed
with respect to (4-1). To prove that G/~ is collapsed, we first observe that for
vertices u, v € V(G),

u € N;(v) < e(u) € N (e(v)). (4-4)

We leave the simple proof to the reader. Now suppose that equivalence classes
e(v), e(w) satisfy e(v) ~ e(w). Then by (4-4), we have

ueN;(w) < e(u) € Ni(e(v)) < e(u) € Ni(e(w)) < u e N(w).

This proves that N (v) = Nj(w). Then v ~ w, which implies e(v) = e(w). It
follows that G /~ is collapsed.

For (2), first note that r > 1 implies r > 3, for if there were only two equivalence
classes E; and E;, then since G is connected there must be {v, w} € E(G) with
v € Ey and w € E;. The observation following (4-3) implies that {s, t} € E(G) for
all s € E1 and ¢t € E;. It follows easily that G is complete, which implies r =1, a
contradiction. Hence r > 3.

According to Proposition 4.2, G /~ has exactly two closed labelings since it has
r > 3 vertices by the previous paragraph and is connected, closed, and collapsed
by (1). It follows from (4-1) that any closed labeling of G induces one of these two
closed labelings of G /~. Hence all closed labelings of G arise from the two ways
of ordering the equivalence classes, together with how we order elements within
each equivalence class. Proposition 3.2 and the remarks following the proposition
imply that we can use any of the | E|! orderings of the elements of an equivalence
class E. Since different equivalence classes can be ordered independently of each
other, we get the desired formula for the total number of closed orderings of G. [J

5. Counting closed graphs

In Theorem 4.3, we fixed a connected graph and counted the number of closed
labelings. Here we change the point of view, where we fix a labeling and count the
number of connected graphs for which the given labeling is closed.

Here is how a layer of a connected closed graph connects to the next layer.
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Definition 5.1. Let G be a connected graph with a closed labeling. Let the layers
of Gbe Lo ={1}, Ly, ..., Ly, h =diam(G).

(1) Letay =|Ly| for N =0, ..., h. Note that ap = 1.
(2) If N < h, write the vertices of Ly in order. For 1 < s < ay, let by be the
number of edges of G connecting the s-th vertex of Ly to a vertex of Ly.

(3) The sequence of Ly is the sequence Sy = (b1, ba, ..., byy).

Here is some further notation we will need. First, let my = min{L y}. Propo-
sitions 2.1 and 2.3 imply that Ly is complete and is an interval. Thus Ly =
[my, my +ay — 1], and the s-th vertex of Ly isug =mpy +s — 1.

We can now show that the sequence Sy = (b1, ba, .. ., b,, ) determines precisely
how L is connected to Ly 1.

Proposition 5.2. Let G be connected with a closed labeling. If us=my+s—1€ Ly
is the s-th vertex of Ly and by > 0, then

{veLnyi|f{us, v} € E(G)}=[myt1,myy1+bs—1].
Thus by determines how ug links to Ly y1.

Proof. Let A={v € Lyy1 | {us, v} € E(G)}. Note that every v € A satisfies v > u;
by Proposition 2.3(2). It follows easily that

A= Ng(ug) N Lyyi.

We know that Ly is an interval, and the same is true for N (u,) by Proposition 2.1.
Hence A is an interval. However, if ve A and v #my1, thenmpy4 | <v > u; and the
fact that the labeling is closed imply {uy, my1} € E(G) since {my+1, v} € E(G)
by the completeness of L. Hence myy; € A, and from here, the proposition
follows without difficulty. ([

Here is an important property of the sequence Sy .

Proposition 5.3. Let G be connected with a closed labeling. If N < diam(G), then
the sequence Sy = (b1, ba, ..., byy) of the layer Ly has the following properties:

(1) The last element of Sy is an+1; i.e., bgy, = an+1.
(2) Sy isincreasing;i.e.,by <bsyifors=1,...,ay — 1.
Proof. For (1), note that the last vertex of Ly connects to every vertex of Ly by
Proposition 2.3(2). It follows that b,, = |[Ly+1| = an+1.
For (2), let ug be the s-th vertex of Ly, with 1 <s <ay—1. If by=0, then by < by

clearly holds. If by > 0, then u; connects to my; + by — 1 by Proposition 5.2,
and it connects to ug4 since Ly is complete. Then my1 +bs — 1 > ug < ugyq
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implies that u4| connects to my41 + bs — 1 since the labeling is closed. Using
Proposition 5.2 again, we obtain

myy1+bs—1€[myyr,mypq+bspq — 1],
and b < by follows. |
We now come to the main result of this section.

Theorem 5.4. Fix n and an integer partition n = ap+ay + - - - + ay, with ag = 1
anday > 1for N =1, ..., h. Also set Ly = {1} and

Ly=lag+--+ay_1+1,a0+ - +an] (5-1)

for N=1,..., h,sothat |Ly|=ay. Then the number of graphs G satisfying the
conditions

(1) V(G) =In],
(2) G is connected and closed with respect to the labeling V (G) = [n], and
(3) the N-th layer of Gis Ly for N=0,...,h

is given by the product
h—1

1—[ <aN+1 +any—1 )
anN — 1 )
N=0
Proof. Let G satisfy (1), (2) and (3). Each layer of G is complete, and every
edge of G connects to the same layer or an adjacent layer by Lemma 2.2. Then
Proposition 5.2 shows that the edges of G are uniquely determined by Sy, ..., Sp—1.
By Proposition 5.3, each Sy = (b1, b2, ..., byy) is an increasing sequence of
nonnegative integers of length ay that ends at ayy;. It is well known that the
number of such sequences equals the binomial coefficient

(aN+1 +ay—1 )

anN — 1 ’

It follows that the product in the statement of the proposition is an upper bound
for the number of graphs satisfying (1), (2) and (3).

To complete the proof, we need to show that every sequence counted by the
product corresponds to a graph G satisfying (1), (2) and (3). First note that the
minimal element of Ly is

my=ao+---+ay-1+1

when N > 0. Now suppose we have sequences S, ..., S,—1, where each Sy =
(b1, b2, ..., byy) is an increasing sequence of nonnegative integers of length ay that
ends at ay 4. This determines a graph G with V (G) = [n] and the following edges:
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(A) All possible edges connecting elements in the same level Ly.

(B) For each N =0, ...,h — 1, all edges {us, v}, where u; is the s-th vertex
of Lx and v is any vertex in the interval [my1, myy1+bs — 1] C Ly from
Proposition 5.2.

Once we prove that G is closed and connected with Ly as its N-th layer, the
theorem will be proved.

Since b,, = an+1, we see that for N =0, ..., h — 1, the last element of Lxr
connects to all elements of £Ly4;. This enables us to construct a path from 1 to
any u € Ly for N =1, ..., h. It follows that G is connected and that all u € Ly
have distance at most N from vertex 1. Since every edge of G connects elements
of Ly to Ly, Lps+1, or Lyy—1, any path connecting 1 to u € Ly must have length
at least N. It follows that Ly is indeed the N-th layer of G.

It remains to show that G is closed with respect to the natural labeling given
by V(G) = [n]. A vertex of G is the s-th vertex u; of Ly for some s and N. We
will show that N (u) satisfies Proposition 2.1. The formula (5-1) for £y and the
description of the edges of G given in (A) and (B) make it clear that

NG (us) = lug41, ap+- - -+anlU[myy1, myy1+bs—1]
= [usy1, myy1+bs—1],

where the second equality follows from my; =ag+ -+ ay + 1. To show that
N¢ (us) is complete, take distinct vertices v, w € N (us). If both lie in Ly or Ly 41,
then {v, w} € V(G) by (A). Otherwise, we may assume without loss of generality
that v = u,, where t > s, and w € [myy1, my+1 + by — 1]. Note that u, links to
every vertex in [myy1, my+1 + b; — 1] by (B). We also have by < b, since Sy is
increasing. It follows that {v, w} = {u,, w} € E(G). Hence N (u) is complete,
so that G is closed by Proposition 2.1. O

6. Local clustering coefficients

In a social network, one can ask how often a friend of a friend is also a friend.
Translated into graph theory, this asks how often a path of length two has an edge
connecting the endpoints of the path. The illustration (1-1) from the Introduction
indicates that this should be a frequent occurrence in a closed graph.

There are several ways to quantify the “friend of a friend” phenomenon. For our
purposes, the most convenient is the local clustering coefficient of vertex v of a
graph G, which is defined by

number of pairs of neighbors of v connected by an edge

. . if deg(v) > 2,
C,= number of pairs of neighbors of v

0 if deg(v) <1.
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Local clustering coefficients are discussed in [Newman 2010, pp. 201-204].

Proposition 6.1. Let v be a vertex of a closed graph G of degree d = deg(v) > 2.
Then the local clustering coefficient C,, satisfies the inequality

1 1
Coz3 - 3a-n

Furthermore, d > 3 implies that C,, > %

Proof. Pick a closed labeling of G and let @ = [N (v)| and b = [N (v)|. Then
a+b=|Ng(v)| =deg(v) =d. Since the labeling is closed, any pair of vertices in
N¢ (v) orin N (v) is connected by an edge. It follows that at least

sa(@—1)+3b(b—1)

pairs of neighbors of v are connected by an edge. Since the total number of such
pairs is %d(d —1)and d = a + b, we obtain

_ _ 2 2 _ ld2 —d
>a(a D+bb—-1) a"+b d> 3 1 1

> = > =5—57— (©D
did—-1) did—-1) dd-1) 2 2d-1)

where we use a® + b* — %dz = %(a —b)? > 0. When d > 4, this inequality for C,
easily gives Cy, > % When d = 3, then a + b = 3, with a, b € Z, implies that
a® +b* > 5, in which case the left half of (6-1) gives

5-3 1
33-1) 3 -

A global version of the clustering coefficient defined by Watts and Strogatz is

Gy

C =

1
Cws=— D, Co. n=[V(@G)L.
veV(G)
(See reference [323] of [Newman 2010]. A different global clustering coefficient is
discussed in [loc. cit., pp. 199-204].) To estimate Cws for a closed graph, we need
the following lemma.

Lemma 6.2. Let G be a connected closed graph.
(1) Set h = diam(G) and let ¢ be the number of vertices v € G with deg(v) =2
and C, =0. Thenc <h—1.
(2) G has at most two leaves.
Proof. For (1), fix a closed labeling for G with V(G) = [n] and pick v € V(G)
with deg(v) =2 and C, = 0. We claim that v is in a layer of its own. To see why,
let v € Ly and suppose there is s € Ly with s # v. Then {v, s} € E(G) since

layers are complete by Proposition 2.3(1). Furthermore, |Ly| > 2, so N > 0. Then
{s,d}, {v,d} € E(G) for d = max{Ly_;} by Proposition 2.3(2). Since deg(v) = 2,
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we must have Ng(v) = {s, d}, and then {s, d} € E(G) contradicts C, = 0. Thus {v}
is a layer when deg(v) =2 and C, = 0.

Note that if {v} = L, then the two vertices in Ng(v) = L would be linked by
an edge. The same holds if {v} = Ly, for here the two vertices would be in Lj_;
since Ly, is the highest layer by Proposition 2.4(1). It follows that each of the
c vertices with deg(v) = 2 and C, = 0 lies in a separate layer distinct from L
or Lj. Since there are only 4 — 1 intermediate layers, we must have ¢ < h — 1.

For (2), assume G has leaves u, v, w and fix a closed labeling of G. We may
assume u < v < w, and let u’, v/, w’ be the unique vertices adjacent to u, v, w
respectively. A shortest path from u to v is directed (see [Herzog et al. 2010] or
Proposition 2.1 of [Cox and Erskine 2015]) and must pass through u’ and v/, hence
u < u' <v' <vsince u < v. The same argument applied to v and w would imply
v<vV <w <w. Thus v < v and v < v/, so three leaves cannot exist. O

We can now estimate the clustering coefficient Cws of a closed graph.

Theorem 6.3. If G is connected and closed with n > 1 vertices and diameter h,

then
1 h+1

Cws > — — .
WS =373,

Proof. Since n > 1 and G is connected, all vertices of G have degree > 1. Thus we
can write V (G) as the disjoint union

V(G)=AUBUCUD,

where A consists of vertices of degree > 3, B consists of vertices of degree 2 with
C, =1, C consists of vertices of degree 2 with C,, =0, and D consists of the leaves
(which have C, = 0). Since C, > % for v € A by Proposition 6.1, we have

|A] + |B] _n- (Cl+ D))
3n 3n '

Then we are done since |C| < h — 1 and |D| < 2 by Lemma 6.2. ([

Cws > 3(3 - [Al+1-1B[40-1C[+0-|D]) >

By Theorem 6.3, the clustering coefficient Cws is large when the diameter is
small compared to the number of vertices. At the other extreme, both sides of the
inequality in Theorem 6.3 are zero when G is a path graph.
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Klein links and related torus links

Enrique Alvarado, Steven Beres, Vesta Coufal,
Kaia Hlavacek, Joel Pereira and Brandon Reeves

(Communicated by Colin Adams)

In this paper, we present our constructions and results leading up to our discovery
of a class of Klein links that are not equivalent to any torus links. In particular,
we calculate the number and types of components in a K, ;, Klein link and show
that Kp,p = Kp_p_l, prz = Tp—1,2; and szqu = T2p,p' Finally, we show that
in contrast to the fact that every Klein knot is a torus knot, no Klein link X, ,,
where p > 5 is odd, is equivalent to a torus link.

1. Introduction

When we began thinking about Klein knots, we were told that they were uninteresting
since all Klein knots are torus knots. We decided to see if we could prove that
statement using elementary methods, and whether it was also true for Klein links.
In this paper, we present our constructions and results leading up to our discovery
of a class of Klein links that are not equivalent to any torus links. While results
identical or similar to Theorems 2, 3, 4 and 5 are also proved in [Bowen et al. 2013;
Bush et al. 2014; Freund and Smith-Polderman 2013; Shepherd et al. 2012] using
braids, our approach uses different constructions and methods.

2. Constructions

Our construction of Klein knots and links is modeled after the standard construction
of torus knots and links, as in [Adams 2004; Murasugi 2008]. Recall that for
nonnegative integers p and ¢, the torus link 7), , is the link on the torus which
crosses the longitude p times and crosses the meridian g times, with no crossing
on the torus itself. We illustrate the construction of 75 3 in Figure 1. Notice that we
can translate the construction to a planar diagram as in Figure 1.

We will construct Klein knots and links in a similar way, being careful of certain
issues. The first difficulty is that Klein bottles do not exist in three-dimensional
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The authors received partial support from McDonald Work Awards .

347


http://msp.org
http://msp.org/involve/
http://dx.doi.org/10.2140/involve.2016.9-2
http://dx.doi.org/10.2140/involve.2016.9.347

348 E. ALVARADO, S. BERES, V. COUFAL, K. HLAVACEK, J. PEREIRA AND B. REEVES

< >

(a) Constructing 75 3 on a torus. (b) Planar diagram for 75 3.

Figure 1. Torus knot 75 3.

space, and knots are trivial in four-dimensional space. To get around this, we
will work with punctured Klein bottles in three-dimensional space. The puncture
occurs where the Klein bottle appears to (but does not) intersect itself. Warning:
the knots and links we work with will be dependent on the relative position of the
puncture. Mimicking the construction of 7, ,, the Klein link K3 3 is illustrated
in Figure 2. The corresponding planar diagram representation of K, 3 is again
modeled after the torus version, except that we need to account for the M&bius-
band twist and be mindful of the puncture. By deforming the Klein bottle as in
Figure 3, we see that the twist produces a pattern of additional crossings as in
Figure 4, with the puncture occurring in the lower left corner. Note that K, ¢ is the
p-component unlink.

In general, we construct K, , on the planar diagram just as for T), ,, except
with the pattern of extra crossings. See Figure 5. We emphasize that the class of
links that we are denoting by K, , and the results in this paper are dependent on
placing the puncture in the lower left corner. We do not consider Klein links with
the puncture placed in different positions in this paper. Furthermore, deformations
of our links are as links in space, not on the Klein bottle, and so the puncture does

Figure 2. Klein link K3 3.
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Step 1

Step 3 Step 4

Figure 3. Deformations of K3 3.

not affect deformations. For this reason, and since our puncture is always in the
lower left corner, we do not include it in our illustrations.

It is worth noting that, while the diagrams are configured a bit differently, our
K, 4 Klein links are the same as the K (p, ¢) Klein links found in [Bowen et al.
2013; Bush et al. 2014; Freund and Smith-Polderman 2013; Shepherd et al. 2012].
Additionally, some of the same authors of the previously cited papers have done
preliminary work in which they found explicit relationships between Klein links with
different choices of puncture. There are certainly more questions to be answered
in this regard.

Figure 4. Planar diagram for K3 3.
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1 2 3 ...p=2p-1p

Figure S. Planar diagram for K, ;.

3. The wrapping function

The underlying key to many of our results is our “wrapping” function. Given a
strand entering the left side of the rectangle in the planar diagram construction
of K, , (see Figure 6), the wrapping function determines where that particular
strand re-enters the left side of the rectangle.

This allows us to count components, to characterize the types of components,
and sometimes to tell that the components are unlinked. We have a similar wrapping

1 2 p

Figure 6. The wrapping function.
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12 P
/ :

Figure 7. R, , with p <gq.

function and similar results for torus links, though we will concentrate only on our
results for Klein links here.

Let 1 <x <gq, so that x is the position at which a particular strand passes through
the left side of the planar diagram for K, , as in Figure 6. Then the wrapping
function is given by

W,qe(x)=1—-x+ p (modg).

To see why this formula works, we will first back up a step and determine the
position at which the strand entering the left side at x exits the right side of the planar
diagram as shown in Figure 6; we denote this position by R, ,(x). In Figure 7,
with p < ¢, we can see that

R, 4(x)=x— p (mod q).

In particular, notice that R, ;,(x) = x — g = x (mod g), as one would expect.
Next, if p > g, we divide p by g to get p =ng +r for some n,r e N with 1 <r <gq.
By concatenating n copies of the planar diagram for K, , and one copy of the
diagram for K, ,, we get that

Rp,q (x) = anJrr,q (x)

=R, 40R;40R 40 - 0Ry 4(x)

= Rr,q(x)
=x—r
=x—(p—ng)
=x—p (modq).

Finally, since strands exiting the right side of the planar diagram enter the left side
in reverse order, we have that W), ,(x) =1— R, ;(x) =1—x — p (mod g).
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In our work, we will reference the following result about composing the wrapping
function with itself.

Lemma 1. For any p, q > 0, we have WI%, ¢(x) = x. Therefore, every component of
K .4 wraps at most twice.

Proof. Applying W), , twice, we see that

Wg»q(x) =WpqoWpg(x)=W,q(1—x+p)
=1—-(-x+p+p
=x (mod gq). 0

4. Results

First we compute the number of components in a K, , link and determine the
types of components, results that we use to prove that K s is not equivalent to any
torus link.

Theorem 2 (number of components). If g =0, then K, , has p components. If
q # 0, then the number of components of K , is

(g+1)/2 if qisodd,
q/2 if g and p are both even,
(g+2)/2 if qisevenand p is odd.

Proof. For ¢ =0, no components wrap around the rectangle. So there is a component
for each point on the top. Thus, there are p components.

For ¢ > 0, by Lemma 1, each component wraps at most twice. We find how
many components wrap once. If there are t components that wrap once, then there
are (¢ —t)/2 components that wrap exactly twice. So there will be (g —1)/2+1t =
(g +1)/2 components in all.

To find the number of components of K, , that wrap once, we solve the modular
equation

Wye(x)=1—x+p=x (modgq),

ey
2x —p—1=0 (mod g).

In other words, ¢ divides 2x — p — 1.

Case 1: ¢ odd. Since we are adding modular ¢, without loss of generality, we can
assume p < ¢q. Since x < g, we have

g<2x—p<2q—-p — ¢g—-1<2x—p—-1<2q—p—1.
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Thus we have that g — 1 <2x — p—1 < 2q. So,if 2x — p— 1 =0 (mod ¢q), then
2x — p — 1 =gq. Then there is one component that wraps once. So, for g odd, K, ,
has (g + 1)/2 components.

Case 2: p and g even. Let p = 2n and g = 2r. In this special case, (1) becomes
2(x —n)—1=2rk forsomekeZ. )

Notice that the left-hand side of (2) is odd while the right-hand side is even. So
W), 4 (x) # x for any x, and thus no components wrap once. Thus, for K, , = K2, 2,
there are ¢ /2 = r components.

Case 3: p odd, g even. Let p =2n + 1 for some integer n and g = 2r for some
integer r. Then, (1) becomes 2(x —n — 1) =0 (mod g). Now since x < g, we have

20—n—1)<2(g—n—-1) <2q.

Thus the only possibilities for (1) to be true are 2(x —n—1) =0or2(x —n—1) =q.
So, there are exactly two components of K, , that wrap once, namely when x =n+1
and x =n+1+¢q/2. Then, for K, ,, there are (g + 2)/2 components. ([l

The components of a link are knots. More generally, a link can be viewed as
a collection of sublinks, possibly tangled together. For notational purposes, if a
link L is made up of m copies of a sublink M and n copies of a sublink N, we will
write L=m - M Un - N. In the next theorem, we determine the types of knots that
make up a Klein link.

Theorem 3 (types of components). If p < g, then
Kpg=KppYKog—p,
where the sublink K, , is disjoint (untangled) from K¢ ,_ . Furthermore:
() Ifg=2n+rwithn eNandr =0o0rr =1, then
Kog=n-KooUr-Ko;.
Q) Ifp=2n+rwithneNandr =0o0rr =1, then
Kpp=n-KyoUr-Kyj.

Proof. We begin by showing that if p < ¢, then K, , =K, , UK ,_,. Let X be
the positions 1,2, ..., p on the left side of the planar diagram for K, ,, as shown in
Figure 8. Similarly, let X, be the positions p 41, ..., g on the left, Y| be the posi-
tions 1, ..., g — p on the right, and Y, be the positions ¢ — p+1, ..., g on the right.
Notice that | X;| = |Y2| = p and | X3| = |Y1|=¢q — p.
By construction of the planar diagram for K, , with p < g, strands from the
p positions in X pass through the p positions on the top of the diagram, then through
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I . p
1 1
Xl Yl
p q—>p
p+1 q—p+1
X, : Y,
q q
L p

Figure 8. X, X», Y; and Y>.

the p positions on the bottom of the diagram, and hence to the p positions in Y>.
Throughout, the order is preserved. In other words, R, 4|x, : X1 — Y> is a bijection.
Similarly, strands from the ¢ — p positions in X, cross the diagram directly to the
g — p positions in Y}, preserving order, and R, 4|x, : X2 — Y} is also a bijection.

Inside of the rectangle in the diagram, all strands from X, on the left cross over
all strands from X before passing through positions in Y;. Outside of the rectangle,
these same strands exit from positions in Yj, cross over all strands exiting from Y5,
and re-enter through X in reverse order. Thus W, ;|x, : Xo — X», and the strands
passing through positions in X, form a link L, that crosses over all other strands
in K, ;. Similarly, strands through positions in X pass under strands from X»
both inside and outside the rectangle in the diagram, W), 4 |x, : X1 — X1, and these
strands form another link L completely disjoint from L,. These two links are
illustrated in Figure 9.

1

%

DeRs

Figure 9. The links L; (left) and L, (right).
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Figure 10. Planar diagrams of K, , (left) and K, ,_; (right).

Viewed separately, these disjoint links are L1 = K, , and L, = K¢ 4—,. Thus
Kpg=KppUKog—p

Since K, , is composed of the two links K, , and Kg ,_,, our next step is to
characterize the components of Klein links of these types.

Consider K, for any value of ¢ > 1. By Lemma 1, for all 0 < x < ¢, we
have W& q(x) = x, and hence each component of K , wraps horizontally around
the rectangle in the planar diagram at most twice. It follows that each component
is either a Ko ; or a Kp2. Now, to have a K¢ ; component, we must have some
0 < x < g such that x = Wy ,(x) =1 —x (mod g). This occurs exactly when g
divides x — (1 —x) = 2x — 1, that is, exactly when ¢ is odd. In this case, ¢ =2n+ 1
for some positive integer n (and r = 1 in the statement of the theorem). Since
2x —1<2q—1 < 2q, we see that W ,(x) = x implies that 2x — I = g. Thus, there
is only one component of the form K¢ ; which passes through x = (¢ +1)/2. Since
all other components wrap twice, there are n components of the form Ky, and
Ko,y =n- KoUKy 1. On the other hand, suppose g is even with g = 2n for some
positive integer n (and r =0). Then every component wraps twice, so Ko, =n-Ko .

For K, ,, since every component wraps at most twice, every component is of
the form K5 > or Ky ;. Similar to the K , situation, there is at most one component
of type K1 1 and it exists if and only if p is odd. Therefore, if p = 2n + r with
r=0orl,wehave K, , =n-Ky,Ur-Kj. O

Above we see that K, , has components consisting entirely of the knots K >
and Ky ;. It turns out that we can also view K, , as the slightly simpler Klein
link K, ,—1.

Theorem 4 (Klein to Klein). If p e N, then K, , = K, 1.
Proof. By construction, the diagram of K, , has a loop sitting on top of the rest of
the link. This top loop, which is highlighted in Figure 10 (left), can be pulled tight

(with one of the basic Reidemeister moves), turning the double diagonal strands into
one diagonal strand. The resulting diagram, Figure 10 (right), is the link K, , . [
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1 2 3 4 .. p—1p

Figure 11. Planar diagram of K, 5.

Now we are ready to compare Klein links and torus links. Recall that all Klein
knots are torus knots. Similarly, certain classes of Klein links are torus links. In the
next two theorems, we investigate Klein links of the forms K, > and K5, 7).

Theorem 5 (Klein to torus, I). If p e N, then K, > =T, ».

Proof. Consider the planar diagram of K, > as in Figure 11.

Notice the crossing on the right of the planar diagram, in particular the strand
that crosses underneath. If we follow this strand to the left, it wraps under the
planar diagram. By unwrapping this strand and pulling it upward, the crossing is
now gone. (This is a type-II Reidemeister move.) The resultant diagram is shown
in Figure 12 (left).

We no longer have two nodes on the right side of the planar diagram. However,
we may slide the strand so the strand exits the planar diagram from the right side
as opposed to the top side. See Figure 12 (right).

So there are p — 1 nodes along the top and two nodes along the side. Notice the
strand that exits on the top node on the right enters through the top node on the left,
and similarly the strand that exits on the bottom node on the right enters through
the bottom node on the left. Thus, we obtain the planar diagram for 7,_; > and
Kpr=T, 1. O

Theorem 6 (Klein to torus, I). If p € N, then K32, = T2p p.

Proof. A general K>, >, has 2p strands entering or leaving each side of the rectangle
in the planar diagram. Instead of manipulating each strand separately, we will collect

1 2 3 4 .. p-1p

Figure 12. K, > with crossing removed (left) and with two nodes
on right restored (right).
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Figure 13. K;, >, as a ribbon.

together the first p strands entering the left side of the rectangle as if they are on a
ribbon, as illustrated in Figure 13.

Manipulating the ribbon moves the p strands together, resulting in an equivalent
link. Our first steps are to flip up the inner loop of the ribbon, and unfold the lower
right portion of the ribbon, resulting in Figure 14(a). In Figure 14(b), we turn the
loop into a twist in the ribbon, and in Figure 14(c), we push the twist down to
produce a fold. Returning to the p strands instead of the ribbon, we now have T, ,,
as desired. O

The final class of Klein links that we consider are those of the form K ;, where
b > 5 is odd. We will use linking numbers in our proof. To denote the linking
number for an oriented link L of more than two components, we use the notation
k(L) =11, 1, ..., 1], where [1, [5, ..., 1, are the individual linking numbers of
each two-component pair and are arranged in no particular order. This is not the
total linking number found in [Bush et al. 2014; Murasugi 2008] which goes one
step further by summing up the pair-wise linking numbers.

Theorem 7 (Klein not torus). Let b > 5 be an odd integer. For every choice of

p.q € N, we have Ky, # T, 4. In other words, Ky,  is not a torus link.

Proof. By Theorem 2, K}, j, has ¢ = (b + 1)/2 components, and by Theorem 3, one
of the components is a copy of K1 and all of the other components are copies
of K> ». Note that both K, > and K ,; are unknots.

(a) Ky, 2, after flipping (b) K3, 2, with twist. (©) Kopapas Ty p.
and unfolding.

Figure 14. Deforming K3, >, into T3 p.
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Figure 15. T3, 3.

If Kpp =T),,, then T, , must also have ¢ = (b + 1)/2 components. It is well
known (see [Adams 2004; Murasugi 2008]) that T}, ;, has ¢ components exactly when
gcd(p, g) =c. So we let p =mc and g = nc, where m, n € N with gcd(m, n) = 1.
Then, as determined in [Murasugi 2008], T, ; = Tyucnec = ¢ - Tp,n. Furthermore,
we may assume that m > n without loss of generality since T, , = T,,, forall p, g
(see [Adams 2004; Murasugi 2008]). As noted above, each individual component
of K is an unknot. From our (very convenient) knowledge of torus knots and
[Murasugi 2008], a torus knot 7, , is equivalent to the unknot only when n = 1.
So if K}, is equivalent to some torus link, it must be the case that Ky, j, = T),¢ .-

In order to determine if K, = T, for some m, we examine the linking
numbers. From our standard planar diagram of K} p, regardless of orientation,
we have that Ik(Kp ) =1[2,...,2,1, ..., 1]. Any pair of components consisting
of the copy of K1, and one of the copies of K, ; has four crossings within the
rectangle in the planar diagram, all of the same type, and two crossings outside of
the rectangle, all of the opposite type, resulting in a crossing number of (4—2)/2=1.
Any pair consisting of two copies of K3 has eight crossings within the rectangle
and four opposite crossings outside of the rectangle, and hence a linking number
of (8—4)/2=2.

Now consider the planar diagram for the general T,,. .. As an example, T3, 3 is
shown in Figure 15. Orient each strand entering the left side of the rectangle in an
upward direction. Consider the block on the left side of the diagram corresponding
to the first ¢ points along the top of the rectangle. In this block, each component
crosses each of the other components exactly twice, and each crossing is left-
handed. The same thing happens in each of the m blocks corresponding to groups
of ¢ points along the top of the rectangle. Thus the linking number between
any two components in the 7}, . is | —2m|/2 = m and consequently 1k(7p,. ) =
[m,m,...,m] #[2,...,2,1,...,1]. So there is no m for which Kj p = T)c...
Hence, K, , # T) 4 for any choice of p, g. [l

Since all Klein knots are also torus knots, we expected all Klein links to be torus
links. So this last result was a pleasant surprise.



KLEIN LINKS AND RELATED TORUS LINKS 359

References

[Adams 2004] C. C. Adams, The knot book: An elementary introduction to the mathematical theory
of knots, Amer. Math. Soc., Providence, RI, 2004. MR 2005b:57009 Zbl 1065.57003

[Bowen et al. 2013] J. Bowen, D. Freund, J. Ramsay, and S. Smith-Polderman, “Klein link multiplicity
and recursion”, preprint, 2013, available at http: //discover.wooster.edu/jbowen/files/2013/10/
Klein-Link-Multiplicity-and-Recursion.pdf.

[Bush et al. 2014] M. A. Bush, K. R. French, and J. R. H. Smith, “Total linking numbers of torus
links and klein links”, Rose-Hulman Undergrad. Math J. 15:1 (2014), 73-92. MR 3216221

[Freund and Smith-Polderman 2013] D. Freund and S. Smith-Polderman, “Klein links and braids”,
Rose-Hulman Undergrad. Math J. 14:1 (2013), 71-84. MR 3071244

[Murasugi 2008] K. Murasugi, Knot theory & its applications, Birkhduser, Boston, 2008. MR 2347576
Zbl 1138.57001

[Shepherd et al. 2012] D. Shepherd, J. Smith, S. Smith-Polderman, J. Bowen, and J. Ramsay, “The
classification of a subset of klein links”, Proceedings of the Midstates Conference for Undergraduate
Research in Computer Science and Mathematics at Ohio Wesleyan University (2012), 38-47.

Received: 2015-01-03 Revised: 2015-02-23 Accepted: 2015-02-26

ealvarado9611@gmail.com Department of Mathematics, Washington State University,
Pullman, WA 99164, United States

sberes@zagmail.gonzaga.edu Department of Mathematics, Gonzaga University,
Spokane, WA 99258, United States

coufal@gonzaga.edu Department of Mathematics, Gonzaga University,
Spokane, WA 99258, United States

khlavacek@zagmail.gonzaga.edu Department of Mathematics, Gonzaga University,
Spokane, WA 99258, United States

pereira@gonzaga.edu Department of Mathematics, Gonzaga University,
Spokane, WA 99258, United States

breeves@wisc.edu Department of Economics, University of Wisconsin,
Madison, WI 53706, United States

mathematical sciences publishers :'msp


http://msp.org/idx/mr/2005b:57009
http://msp.org/idx/zbl/1065.57003
http://discover.wooster.edu/jbowen/files/2013/10/Klein-Link-Multiplicity-and-Recursion.pdf
http://discover.wooster.edu/jbowen/files/2013/10/Klein-Link-Multiplicity-and-Recursion.pdf
https://www.rose-hulman.edu/mathjournal/archives/2014/vol15-n1/paper5/v15n1-5pd.pdf
https://www.rose-hulman.edu/mathjournal/archives/2014/vol15-n1/paper5/v15n1-5pd.pdf
http://msp.org/idx/mr/3216221
https://www.rose-hulman.edu/mathjournal/archives/2013/vol14-n1/paper6/v14n1-6pd.pdf
http://msp.org/idx/mr/3071244
http://dx.doi.org/10.1007/978-0-8176-4719-3
http://msp.org/idx/mr/2347576
http://msp.org/idx/zbl/1138.57001
http://discover.wooster.edu/jbowen/files/2013/10/The-Classification-of-a-Subset-of-Klein-Links.pdf
http://discover.wooster.edu/jbowen/files/2013/10/The-Classification-of-a-Subset-of-Klein-Links.pdf
mailto:ealvarado9611@gmail.com
mailto:sberes@zagmail.gonzaga.edu
mailto:coufal@gonzaga.edu
mailto:khlavacek@zagmail.gonzaga.edu
mailto:pereira@gonzaga.edu
mailto:breeves@wisc.edu
http://msp.org




Guidelines for Authors

Authors may submit manuscripts in PDF format on-line at the Submission page at
the Involve website.

Originality. Submission of a manuscript acknowledges that the manuscript is orig-
inal and and is not, in whole or in part, published or under consideration for pub-
lication elsewhere. It is understood also that the manuscript will not be submitted
elsewhere while under consideration for publication in this journal.

Language. Articles in Involve are usually in English, but articles written in other
languages are welcome.

Required items. A brief abstract of about 150 words or less must be included.
It should be self-contained and not make any reference to the bibliography. If the
article is not in English, two versions of the abstract must be included, one in the
language of the article and one in English. Also required are keywords and sub-
ject classifications for the article, and, for each author, postal address, affiliation (if
appropriate), and email address.

Format. Authors are encouraged to use I&TEX but submissions in other varieties
of TgX, and exceptionally in other formats, are acceptable. Initial uploads should
be in PDF format; after the refereeing process we will ask you to submit all source
material.

References. Bibliographical references should be complete, including article titles
and page ranges. All references in the bibliography should be cited in the text. The
use of BibTgX is preferred but not required. Tags will be converted to the house
format, however, for submission you may use the format of your choice. Links will
be provided to all literature with known web locations and authors are encouraged
to provide their own links in addition to those supplied in the editorial process.

Figures. Figures must be of publication quality. After acceptance, you will need
to submit the original source files in vector graphics format for all diagrams in your
manuscript: vector EPS or vector PDF files are the most useful.

Most drawing and graphing packages (Mathematica, Adobe Illustrator, Corel Draw,
MATLAB, etc.) allow the user to save files in one of these formats. Make sure that
what you are saving is vector graphics and not a bitmap. If you need help, please
write to graphics @msp.org with details about how your graphics were generated.

White space. Forced line breaks or page breaks should not be inserted in the
document. There is no point in your trying to optimize line and page breaks in
the original manuscript. The manuscript will be reformatted to use the journal’s
preferred fonts and layout.

Proofs. Page proofs will be made available to authors (or to the designated corre-
sponding author) at a Web site in PDF format. Failure to acknowledge the receipt of
proofs or to return corrections within the requested deadline may cause publication
to be postponed.


http://msp.org/involve
mailto:graphics@msp.org

mvolve

2016 vol. 9 no.

On the independence and domination numbers of replacement product graphs
JAY CUMMINGS AND CHRISTINE A. KELLEY

An optional unrelated question RRT model
JEONG S. STHM, ANU CHHABRA AND SAT N. GUPTA

On counting limited outdegree grid digraphs and greatest increase grid digraphs
JOSHUA CHESTER, LINNEA EDLIN, JONAH GALEOTA-SPRUNG, BRADLEY
IsoM, ALEXANDER MOORE, VIRGINIA PERKINS, A. MALCOLM
CAMPBELL, ToDD T. ECKDAHL, LAURIE J. HEYER AND JEFFREY L. POET

Polygonal dissections and reversions of series
ALISON SCHUETZ AND GWYN WHIELDON

Factor posets of frames and dual frames in finite dimensions
KILEEN BERRY, MARTIN S. COPENHAVER, ERIC EVERT, YEON HYANG
KiM, TROY KLINGLER, SIVARAM K. NARAYAN AND SON T. NGHIEM

A variation on the game SET
DAVID CLARK, GEORGE FISK AND NURULLAH GOREN

The kernel of the matrix [ij (mod n)] when n is prime
MARIA 1. BUENO, SUSANA FURTADO, JENNIFER KARKOSKA, KYANNE
MAYFIELD, ROBERT SAMALIS AND ADAM TELATOVICH

Harnack’s inequality for second order linear ordinary differential inequalities
AHMED MOHAMMED AND HANNAH TURNER

The isoperimetric and Kazhdan constants associated to a Paley graph
KEVIN CRAMER, MIKE KREBS, NICOLE SHABAZI, ANTHONY SHAHEEN
AND EDWARD VOSKANIAN

Mutual estimates for the dyadic reverse Holder and Muckenhoupt constants for the

dyadically doubling weights
OLEKSANDRA V. BEZNOSOVA AND TEMITOPE ODE

Radio number for fourth power paths
MIN-LIN LO AND LINDA VICTORIA ALEGRIA

On closed graphs, 11
DAVID A. COX AND ANDREW ERSKINE

Klein links and related torus links
ENRIQUE ALVARADO, STEVEN BERES, VESTA COUFAL, KATA
HLAVACEK, JOEL PEREIRA AND BRANDON REEVES

181

195

223

237

249

265

281

293

307

317

333

347

2;1-3

1944-4176(2016)9:



	 vol. 9, no. 2, 2016
	Masthead and Copyright
	Jay Cummings and Christine A. Kelley
	1. Introduction
	2. Preliminaries
	3. Independence number of replacement product graphs
	4. Domination numbers of replacement product graphs
	Acknowledgements
	References

	Jeong S. Sihm and Anu Chhabra and Sat N. Gupta
	1. Introduction
	2. Unrelated question RRT models
	2.1. Unrelated question models
	2.1.1. Binary response model
	2.1.2. Quantitative response model

	2.2. Optional unrelated question models
	2.2.1. Binary response model
	2.2.2. Quantitative response model


	3. The proposed model
	3.1. Binary response model
	3.2. Quantitative response model

	4. Simulation results
	4.1. Simulation of  and  for binary case
	4.2. Simulation of x and  for quantitative case

	5. Conclusion
	References

	Joshua Chester and Linnea Edlin and Jonah Galeota-Sprung and Bradley Isom and Alexander Moore and Virginia Perkins and A. Malcolm Campbell and Todd T. Eckdahl and Laurie J. Heyer and Jeffrey L. Poet
	1. Introduction
	2. Enumerating LOG and GIG digraphs
	2.1. Counting approach 1:
	2.2. Counting approach 2:
	2.3. Determining whether a LOG digraph is a GIG digraph

	References

	Alison Schuetz and Gwyn Whieldon
	1. Catalan numbers and polygonal partitions
	2. Iterated Mandelbrot polynomials and reversions of series
	3. Iterations of general polynomials and polygonal dissections
	4. Generalizations to colored dissections
	5. Further questions
	References

	Kileen Berry and Martin S. Copenhaver and Eric Evert and Yeon Hyang Kim and Troy Klingler and Sivaram K. Narayan and Son T. Nghiem
	1. Introduction
	2. Preliminaries
	3. Factor posets
	4. Dual frames
	5. p-norm of the frame coefficients
	Acknowledgment
	References

	David Clark and George Fisk and Nurullah Goren
	1. Introduction
	2. Example of gameplay
	3. Background
	4. Results
	5. Length of the game
	6. Open problems
	Acknowledgments
	References

	Maria I. Bueno and Susana Furtado and Jennifer Karkoska and Kyanne Mayfield and Robert Samalis and Adam Telatovich
	1. Introduction
	2. The kernel of the matrix Hn
	3. The rank of the matrix Hn when n is prime
	4. Application
	Acknowledgement
	References

	Ahmed Mohammed and Hannah Turner
	1. Introduction
	2. On maximum principles
	3. The Harnack and Harnack-type inequalities
	References

	Kevin Cramer and Mike Krebs and Nicole Shabazi and Anthony Shaheen and Edward Voskanian
	1. Introduction
	2. The isoperimetric constant of a Paley graph
	2.1. The -bound
	2.2. The ((p - 1)/4)-bound

	3. The Kazhdan constant of the pair associated with a Paley graph
	References

	Oleksandra V. Beznosova and Temitope Ode
	1. Definitions and main results
	2. Proof of 0=theorem.31=Theorem 1.1
	References

	Min-Lin Lo and Linda Victoria Alegria
	1. Introduction
	2. General properties and notation
	3. Lower bound of rn(P4n) when n is even
	4. Lower bound of rn(P4n) when n is odd
	5. Upper bound and optimal radio labelings
	References

	David A. Cox and Andrew Erskine
	1. Introduction
	2. Notation and known results
	3. Exchangeable vertices
	4. Counting closed labelings
	5. Counting closed graphs
	6. Local clustering coefficients
	Acknowledgements
	References

	Enrique Alvarado and Steven Beres and Vesta Coufal and Kaia Hlavacek and Joel Pereira and Brandon Reeves
	1. Introduction
	2. Constructions
	3. The wrapping function
	4. Results
	References

	Guidelines for Authors
	Table of Contents

