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Abstract

This paper deals with some algebraic properties of Sierpifiski graphs and a family of
regular generalized Sierpiniski graphs. For the family of regular generalized Sierpinski
graphs, we obtain their spectrum and characterize those graphs that are Cayley graphs. As
a by-product, a new family of non-Cayley vertex-transitive graphs, and consequently, a
new set of non-Cayley numbers are introduced. We also obtain the Laplacian spectrum of
Sierpifiski graphs in some particular cases, and make a conjecture on the general case.
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1 Introduction

Sierpiniski-type graphs show up in a wide range of areas; for instance, physics, dynamical
systems, probability, and topology, to name a few. The Sierpiniski gasket graphs form one
of the most significant families of such graphs that are obtained by a finite number of
iterations that give the Sierpinski gasket in the limit. Several more families of Sierpifiski-
type graphs have been introduced and studied in the literature (see Barriere, Comellas, and
Dalfé [1] and Hinz, KlavZzar, and Zemlji¢ [6]). In this paper, we deal with two families of
them, as described below.

For positive integers n, k, the Sierpiriski graph S(n, k) is defined with vertex set [k]",
where [k] := {1, ..., k}, and two different vertices (u1, ..., u,) and (vy,...,v,) are ad-
jacent if and only if there exists a ¢ € [n] such that

b Ui:UZ‘fOI'i:l,...,tfl,
> up # vy,
cu;=wvandv; =ugfory=¢t+1,...,n.

For instance, the graphs S(3, 3) and S(2, 4) are depicted in Figure 1.

11 12 21
11 99
14 23
13 24
42 31
41 32
222 223 232 233 322 323 332 333 44 43 34 33

Figure 1: The Sierpifiski graphs S(3, 3) (left) and S(2, 4) (right).

Sierpinski graphs S(n, k) were introduced in Klavzar and Milutinovi¢ [8]. The graph
S(n, 3) is indeed isomorphic to the graph of the Tower of Hanoi with n disks. The graph
S(n, k) has k™ — k vertices of degree k and k vertices of degree k — 1 that are (4,...,1%)
for ¢ € [k]. These vertices are called the extreme vertices.

In addition to S(n, k), we consider a ‘regularization’ of them as another family of
Sierpiriski-type graphs. The graphs S™T(n, k), introduced in Klavzar and Mohar [9],
are defined as follows. The graph ST*(1, k) is the complete graph Ky 1. Forn > 2,
S++(n, k) is the graph obtained from the disjoint union of k£ + 1 copies of S(n — 1, k) in
which the extreme vertices in distinct copies of S(n — 1, k) are connected as the complete
graph K}, 1. See Figure 2 for an illustration of S*(3, 3).

Many properties of Sierpifiski-type graphs, including those of S(n, k) and S+ (n, k),
have been studied in the literature, for a survey see Hinz, Klavzar, and Zemlji¢ [6]. In
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Figure 2: The graph ST+(3, 3).

this paper, we investigate some algebraic properties of the two families of graphs, namely
the spectrum and the property of being a Cayley graph. More precisely, in Section 2,
we determine the spectrum of the graphs S*+(n, k). The Laplacian spectrum of S(n, k)
is already known for £ = 2,3. We establish the case n = 2, in Section 3, and make
a conjecture on the Laplacian spectrum of S(n, k) in general. We also characterize the
graphs ST (n, k) that are Cayley graphs in Section 4. As a by-product, a new family of
non-Calyley vertex-transitive graphs are obtained. From this result, we conclude a new set
of square-free non-Cayley numbers in Section 5, and we discuss its distribution.

2 Spectrum of St (n, k)

Let I' be a simple graph with vertex set V(I') = {v1,...,v,} and edge set E(T"). Its
adjacency matrix A(I') = [a;;] is an n X n symmetric matrix with a;; = 1 if v; and v,
are adjacent, and a;; = 0 otherwise. The multi-set of the eigenvalues of A(I") is called the
spectrum of T

In this section, we determine the spectrum of S+t (n, k). As we will see, the recursive
structure of these Sierpinski-type graphs also shows up in their spectrum. We first recall
some basic facts.

The incidence matrix of a graph T is a 0-1 matrix X (T') = [z,.], with rows indexed by
the vertices and columns indexed by the edges of I', where x,, = 1 if the vertex v is an
endpoint of the edge e. For a graph I', £(T") denotes the line graph of ', in which V' (L(T"))
corresponds with E(I"), and two vertices of L£(I") are adjacent if and only if they have a
common vertex as edges of I'. The subdivision graph S(I') of I is the graph obtained by
inserting a new vertex into every edge of I'. It is easy to verify that

X(T)"X(I) =21 + A(L(T)), .1)
and, moreover, if I" is k-regular, then

X(O)X(T)" = kI + A(T). (2.2)
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The following lemma gives a recursive relation for the graphs S (n, k).
Lemma 2.1. The graph ST (n + 1, k) is isomorphic to L(S(S™T(n, k))).

Proof. Let k be fixed. The graph T',, := S™ ¥ (n, k) can be obtained by the union of S(n, k)
and S(n — 1, k) by adding a matching between the extreme vertices of the two graphs. If
we consider {0} x [k]"~! as the vertex set of S(n — 1, k) (to make them compatible with
the length n of the vertices of S(n, k)), then ({0} U [k]) x [k]"~! is the vertex set of T',,. It
follows that any edge e = {u, v} of I', is of one of the following types:

(D) u= (v, s Uy Uy 0y ..y 0), V=(Ur,...,U,V,U,...,u)forsomer <n—2and
U # v;
2) u=(ug,..., Up-1,u), V= _(U1,...,U,_1,v) With u # v;

B)u=0,u,...,u),v=(uu,...,u).

Each e = {u,v} € E(T',,) is divided into two new edges e, and ey, in S(I",,), where we
assume that u € ey and v € e,. We define a map ¢: E(S(T',)) — ({0} U [k]) x [K]”
based on the type of e as follows:

(i) If e is of type (1) or (2), then ¢(ey) = (u,v) and Y(ey) = (v, u);
(i) If e is of type (3), then ¢(ey) = (u,u) and P (ey) = (v, u).

It is easily seen that ¢ is a one-to-one map. We show that ¢ is an isomorphism from
L(S(T,)) to Tpp1. Let e and €’ be two edges that share a vertex x of S(T',,). If x =
(x1,...,2y) is an ‘old’ vertex of S(T',,), then ¥(e) = (x,y) and ¢)(e’) = (x, z) for some
y # z. Then, it is clear that ¢)(e) and 1 (e’) are adjacent in T',, 1. If x is a ‘new’ vertex
of S(T';,), then from (i) and (ii), it is clear that ¢)(e) and ) (e’) are adjacent in T, 1. This
shows that ¢ is indeed a one-to-one homomorphism. As £(S(T';,)) and T',, 11 have the
same number of edges, it follows that ¢/ is an isomorphism. O

We recall that if A is a non-singular square matrix, then

‘é‘, g’ =|Al-|D—-CAT'B], (2.3)

where | - | denotes the determinant of a matrix. Also, recall that if M is a p X ¢ matrix, then
|of — MM | = 2P~ 2l — M T M|. (2.4)

(Note that (2.4) might not be valid if p < g and « = 0, but this has no effect in our argument
since two polynomials that agree in all but finitely many points, agree everywhere.)
Let
flx)=2>+2—-k)x —k, (2.5)

and let f7(z) denote the polynomial of degree 27 obtained by j times composition of f
with itself. As a convention, we let f°(z) = .
We now give the main result of this section.
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Theorem 2.2. Let k be an integer and P,,(x) denote the characteristic polynomial of the
adjacency matrix of STV (n, k). Then, P, satisfies the recursion relation

Po(z) = (x(z +2)¥" (G P (@), n>2, (2.6)

with Py (z) = (x — k)(x + 1)¥. Moreover, for n > 2, the spectrum of ST+ (n, k) consists
of the following eigenvalues:

(1) k with multiplicity 1,

(i) the zeros of f*~1(x) + 1 each with multiplicity k,

(iii) the zeros of f7(x) each with multiplicity k™27 ((’;) — 1) forj=0,1,...,n—2,

(iv) the zeros of f7(x)+2 each with multiplicity k™27 ((’;) - 1) +1 forj=0,1,...,
n— 2.

Proof. Let T, := S*™1(n, k). Suppose that X and Y are the incidence matrices of ',
and S(T',,_1), respectively. By Lemma 2.1, T, is isomorphic to £(S(T",,—1)). It follows
that
kI, X
T _ p
Yy = {XT 2IJ
where the matrix is divided according to the partition of the vertices into p = k"1 + k"2

‘old’ vertices of I',,_1 and ¢ = %(k” + k™~1) ‘new’ vertices (which have degree 2) added
to I',,_1 to obtain S(T',,_1). Therefore, from (2.3),

el —YYT| = |(x— k)L, - ](m— 21— X" ((x— k)fp)*lx‘

=(z—k)P|(z—-2)I, - %XTX

—k

= k)P (z—2)(x — k), - X X|

= ( )

=@ —k)P Y ((z—2)(x — k)" |(x —2)(z — k), - XX | (by (2.4)
=(z—-2)""|((z = 2)(x — k) — k)L, — A(T'y—1)| (by (2.2))
=(z—2)9PP,_1((x —2)(x — k) — k). .7

On the other hand, by (2.1) and (2.2), we have
Po(z) =z 4+2)Lq =Y 'Y|=(x+2)7 7 |2+ 2)[pyq — YY |
Now, from (2.7) it follows that
P,(z) = (x(x+2)7 PP _1(x(x+2—k) — k),
implying (2.6).

To prove the second part of the theorem, note that as I'y = K11, we have Py (z) =
(x — k)(x + 1)*. From (2.6), we conclude that

Py(x) = (a(z +2) &)1 (f(2) — k) (f(x) + V¥,
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and since
fl@)—k=(x+2)(z—k), (2.8)

the assertion follows for n = 2. Now assume that n > 3 and the assertion holds for n — 1.
So, we have

n—3
Poa() = (@ —k) (£ 2@) + 1) T (F@)™ 7 () +2)
j=0
in which m; = k* ((g) — 1). It follows that
n—2
Pusi(f(x) = (f(x) = k) (S M) +1)" IT (F @)™ (@) +2)
j=1
This, together with (2.6) and (2.8), implies the result. L]

Remark 2.3. It is straightforward to see that the zeros of f7(x) and f7(x) + 2 for j = 1
are 2(k — 2+ Vk? +4) and 1(k — 2 £ VK% — 4), respectively, and for j > 2 are of the

form
1 1 /
2(k2):&2\/k(k+2)j:2\/k(k+2):t2 e 2VE2 4+ 4
and

;(k‘—Q)i;\/k(k+2)ﬂ:2\/l<:(l<;+2)i2\/~-~ﬂ:2\/k;2—4,

respectively, each of them consisting of j nested radicals in iterative forms. Moreover, the
zeros of f"~1(z) + 1 are

1 1 1 1
“(k—2)+ =k + 4k, =(k—2)+ = 2
(k= 2) & S Vk2 + 4k, S (k Z)iQ\/k(k+2)i2 k2 + 4k, ...,

—-1,k—-1
) ’2

;(k—2)i;\/k(k+2)12\/k(k+2)i2 et 2VE ¢ 4k,

where the last one consists of n — 2 nested radicals.

3 Laplacian spectrum of S(n, k)

For a graph T, the matrix L(I") = D(T') — A(T) is the Laplacian matrix of T', where D(T")
is the diagonal matrix of vertex degrees. The multi-set of eigenvalues of L(T") is called the
Laplacian spectrum of T'. In this section, we deal with the Laplacian spectrum of S(n, k).
This is trivial forn = 1 or k = 1. For k = 2,3, the Laplacian spectrum of S(n, k) is
already known (see Remark 3.4 below). We establish the case n = 2, and put forward a
conjecture explicitly describing the Laplacian spectrum of S(n, k) in general.

Let E;; be a k x k matrix in which all entries are 0, except the (7, j) entry that is 1.
Consider the k2 x k2 matrix

k k

YD (B ® Ej),

i=1 j=1

C:
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where ‘®@’ denotes the Kronecker product. The matrix C is called the commutation matrix.
The main property of the commutation matrix (see Magnus and Neudecker [10]) is that it
commutes the Kronecker product: for any k& x k matrices M, N,

C(M®&N)C =N® M.

Note that each row and each column of C' corresponds with a pair (¢, 5) for 1 < 4,5 < k.
Moreover, C is indeed a permutation matrix in which the only 1 entry in the row (i, ) is
located at the column (7, %) for every 1 < i,j < k.

For n = 1, the Laplacian spectrum of S(1,k) = K is {01, k*=11} where the
superscripts indicate multiplicities. In the following theorem, we determine the Laplacian
spectrum of S(2, k).

Theorem 3.1. The Laplacian spectrum of S(2, k) is the following:
k k—1 1 1 (k1]
ott, k), (i +2)[(51)], (2(k+2)i2 k2+4> :

Proof. First, note that the graph S(2, k) consists of k copies of K, together with a matching
M of size (]2“), exactly one edge for each pair of copies of K. Let L denote the Laplacian
matrix of S(2, k), and L’ be the Laplacian matrix of the induced subgraph by the edges of
M. Ttis seen that L = @ — B, where Q = L(kK}y) + I and B = I — L’. Note that B is
a permutation matrix with (g) + k eigenvalues 1 and (’2“) eigenvalues —1. Observe that )
has k eigenvalues 1 and k% — k eigenvalues k + 1. We have the following bounds on the
dimensions of intersections of the eigenspaces of B and Q:

dim(&1(B) N Er41(Q)) > k* —k + (S) kK= (S)

dim(E_1(B) N E11(Q)) = k2 — i+ (‘;) = (’;) Y

in which £, denotes the eigenspace corresponding to the eigenvalue A. For x € £ (B) N
Er+1(Q), we have Lx = kx and for x € £€_1(B) N Ek+1(Q), Lx = (k + 2)x. This means
that L has eigenvalues k and k£ + 2 with multiplicities at least (g) and (g) — k, respectively.

We also have
Q=1 ® ((k+ 1)1 — Jr), (3.1

and from the eigenvalues of (),
Q> - (k+2)Q+ (k+1)I=0. (3.2)

Coming back to B, for each of the extreme vertices (1,1),..., (k, k) of S(2,k), there is a
1 on all the entries of the diagonal of B. The off-diagonal 1’s correspond with the edges
of M. By the definition of S(2, k), the edges of M connect the vertices (%, j) and (4, ) for
1 # 7. It turns out that B is the commutation matrix, and thus

BQB = ((k+ 1)1y — Jk) ® I. (3.3)
The right sides of (3.1) and (3.3) commute, and so
BQBQ = QBQB.
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Next, we see that
(L? — (k+2)L + kI)(QB — BQ)

=((Q = B)* = (k+2)(Q — B) + kI)(QB — BQ)
=(Q*—(k+2)Q+kI+B*+ (k+2)B— QB - BQ) (@B — BQ)
=((k+2)B—-QB - BQ) (@B — BQ) (by (3.2) and since B> = 1)
=Q*— (k+2)Q - B(Q*— (k+2)Q) B~ (QB)* + (BQ)?
= (BQ)* - (@B)*
=0.

The above equality shows that every vector in the column space of QB — B( is an
eigenvector for L with eigenvalue A\, where A% — (k+2)A+k = 0. To obtain the multiplicity
of such A, we compute the rank of QB — BQ:

rank(QB — BQ) = rank(Q — BQB)
= rank(Ik ® ((k + 1)Ik - Jk) - ((k + 1)Ik — Jk) ® Ik)
= rank(Jk I — I, ® Jk)
=2k — 2. 34

To show (3.4), suppose P is a k x k matrix whose first column is ﬁ(L ..., 1)T and that
PPT = I}. Then, J, = P(kFE;;)PT, and so

Je Il — I ® J, = (P@ P)((kEll & Ik) — (Ik & kEll))(PT ® PT).

Since (kE11 ® I) — (Ix ® kE11) is a diagonal matrix having precisely 2k — 2 non-zero
entries in the columns 2,3, ...,k k+ 1,2k + 1,3k + 1,...,(k — 1)k + 1, (3.4) follows.
As 22 — (k + 2)x + k is an irreducible polynomial, each of its roots is an eigenvalue
of L with multiplicity at least k¥ — 1. The matrix L has a 0 eigenvalue. Thus, we have
obtained so far (’2“) + (g) —k+2(k—1)+ 1= k> — 1 eigenvalues of L. As the sum of
the eigenvalues of L is twice the number of edges of S(2, k), it follows that the remaining
eigenvalue is k£ + 2. So the proof is complete. O

Based on empirical evidence, we put forward the following conjecture.

Conjecture 3.2. For n,k > 2, the Laplacian spectrum of S(n, k) consists of the following
eigenvalues:

(1) 0 with multiplicity 1.

(i) The zeros of fi(k — x), each with multiplicity (k"~9 — 2k™"~9=1 + k) for j =
0,1,...,n— 1, where f is given in (2.5).

(iii) The zeros of fi(k — x) + 2, each with multiplicity 3(k"~1=1 — 1)(k — 2) for j =
0,1,...,n—2.

Remark 3.3. The zeros of f7(k— ) and f7(k—z)+2forj = lare $(k+2+Vk? + 4)
and %(/ﬂ + 2+ Vk? — 4), respectively, and for j > 2 are of the form

;(lc+2)i;\/k(k+2)12\/k(k+2)i2\/---12\/l~c2+4
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and

;(k'JrQ)i;\/k(kJrQ)i?\/k(k+2)j:2\/~-~i2\/k24,

respectively, each of them consisting of j nested radicals.

Remark 3.4. The graph S(n,2) is the path graph on 2" vertices. Proposition 3.5 below
shows that Conjecture 3.2 holds for S(n,2). In Grigorchuk and Suni¢ [5], the spectrum
of the Schreier graph I',, was determined. The graph I',, is, in fact, the graph obtained
from S(n, 3) by adding a loop on each extreme vertex. By the way the adjacency matrix of
A(T,,) is defined in [5], for each loop a 1 entry on the diagonal is considered, so that each
row and column of A(T",,) has constant sum 3. It is then observed that the Laplacian spec-
trum of S(n, 3) can be deduced from the spectrum of T',,, which agrees with Conjecture 3.2.
In summary, Conjecture 3.2 holds for n = 2 and for k = 2, 3.

It is known in the literature that the characteristic polynomial of the Laplacian matrix
of a path can be expressed in terms of the Chebyshev polynomials. From this fact, for a
path with 2™ vertices, we obtain the iterated form according to Conjecture 3.2. For the sake
of completeness, we give its complete argument here.

Proposition 3.5. The characteristic polynomial of the Laplacian matrix of the path graph
on 2" vertices is equal to x H;:Ol (2 — x), where g(z) = 2% — 2.

Proof. Let ¢, be the characteristic polynomial of the Laplacian matrix of the path graph on
m vertices. Let T,,, and U,, be the Chebyshev polynomials of degree m of the first and the
second kind, respectively. Then 7T}, is the only polynomial satisfying 7, (cos ) = cos m#f
and U,,(z) = sin((m + 1) arccosz)/ sin(arccos z:) (Snyder [18]). From the identities
given in Cvetkovié, Doob, and Sachs [2, p. 2201, it follows that ¢, (z) = zUp,—1(x/2—-1).
By successive use of the identity Usy—1 (z) = 2T (x)Uk—1(x) (see [18, p. 98]), we get

Upn _1(x) = 2" 1 Ton1(2)Ton—2(x) - - - To () Uy ().

Note that U;(z) = 2z and Ty(z) = 222 — 1. It is seen that 2T (z/2 — 1) = 22 —
4dx + 2 = g(2 — x). This, together with the identity To;(x) = T2(Tk(x)), implies that
2T5; (/2 — 1) = g7 (2 — x). The proof is now complete. O

4 What ST1(n, k) are Cayley graphs?

Recall that a graph I is vertex-transitive if for any two vertices u, v of I, there exists an
automorphism o of T such that o(u) = v. Let G be a group and C' C G such that 1 ¢ C
and ¢ € C implies that ¢! € C. The Cayley graph Cay(G, C) with the group G and the
‘connection set’ C'is the graph with vertex set GG in which vertex u is connected to v if and
only if vu=1 € C.

It is known that any Cayley graph is vertex-transitive. In the other way around, at least
for small orders, it seems that the great majority of vertex-transitive graphs are Cayley
graphs, see McKay and Praeger [12]. It is expected to continue to be this way for larger or-
ders. In fact, it is conjectured in Praeger, Li, and Niemeyer [15] that most vertex-transitive
graphs are Cayley graphs. In this section, we first determine what ST (n, k) are vertex-
transitive and, then, classify ST+ (n, k) that are Cayley graphs.
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Proposition 4.1. The graph ST (n, k) is vertex-transitive if and only if either n < 2 or
k<2

Proof. We have STt (n,1) & Ky, ST1(1,k) = Ki11, and ST1(n, 2) is the cycle graph
on 2"~ . 3 vertices, which are all vertex-transitive graphs. By Lemma 2.1, ST%(2, k) is
isomorphic to £(S(Kj+1)). In the graph S(Kj41), the ‘new’ vertices are in one-to-one
correspondence with 2-subsets of [k + 1]. It is then easy to see that that any permutation of
[k + 1] induces an automorphism of S(K}41). Now, for a given pair of edges of S(Kj.+1)
which can be represented as e = {i,{é,5}} and ¢’ = {i',{i’,j’}}, the automorphism
induced by a permutation o that o(i) = ¢’ and o(j) = j', maps e to e’. It follows that
S(Kjy1) is edge-transitive, and so L(S(Kx41)) & ST(2, k) is vertex-transitive. Hence,
assume that n > 3 and k > 3. We observe that an extreme vertex of a copy A of S(n—1, k)
in ' = S™*(n, k) cannot be mapped to a non-extreme vertex of A by any automorphism
of T. To be more precise, letu = (1,...,1,1)and v = (1,...,1,2). It can be seen that u
is a cut vertex for the induced subgraph by the vertices at distance at most 3 form u, while
v is not a cut vertex for the induced subgraph by the vertices at distance at most 3 form
v. It follows that u cannot be mapped to v by any automorphism of I', and thus T is not
vertex-transitive. O

From Proposition 4.1, it follows that the graphs SJF‘*(n7 k) forn > 3 and k > 3 cannot
be Cayley graphs. The graphs St (n, 1), ST1(n,2),and ST (1, k) are all Cayley graphs.
It remains to characterize what S+ (2, k) are Cayley graphs for k > 3. This is our goal in
the rest of this section.

Definition 4.2. Let I" be a graph and A a subgraph of I". We say that T is strongly A-
partitioned if:

(i) The vertex set of I is partitioned by the vertex sets of copies Ag, ..., Ag of A.
(i) Apart from Ay, ..., Ay, the graph I" contains no further copies of A.

By the way St (n, k) is defined, it is constructed based on k + 1 copies of S(n—1, k).
The following proposition gives a structural property of ST (n, k) that it is indeed strongly
S(n — 1, k)-partitioned for n > 2 and k£ > 3. Note that this is not the case for k = 2
because S ++(n, 2), that is a cycle with 3 - 2"—1 vertices, contains more than three copies
of S(n — 1,2), which is a path on 2"~ vertices. Although we only need the case n = 2 of
the proposition, we state it in its full generality because it could be of independent interest.

Proposition 4.3. Let n > 2 and k > 3. The graph ST+ (n, k) is strongly S(n — 1,k)-
partitioned.

Proof. Let T := S*t*(n,k) and Ty, ...,k be the k + 1 copies of S(n — 1,k) used to
construct I" by its definition. Clearly, V' (T'g), ..., V(T'x) is a partition of V(T"). We show
that T contains no more copies of S(n — 1,k). Let A be a subgraph of I isomorphic to
S(n—1,k).

First, assume that n = 2. Letu € V(A) N V(T) for some ¢, with 0 < ¢ < k.
Since u has at most one neighbor in V(T") \ V(I';) and k& > 3, there exists another vertex
v € V(A)NV(T';) adjacent to u. Now, if w is any vertex of A other than u and v, then since
w is adjacent to two vertices u and v of T'; it must belong to V'(I';). Hence V(A) C V(T'})
and, consequently, A = I';.
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Now, let n > 3. Note that S(n — 1, k) is connected and has no bridges since every
edge of S(n — 1,k) lies on a cycle (which can be seen by induction on n). If A # T;
fori = 0,...,k, then A shares its vertices with at least two I'g and I';. By the definition,
exactly one extreme vertex, say u, of I'g is adjacent to exactly one extreme vertex, say v,
of T';. Because of the connectivity, A must contain the edge uv. Note that for any vertex w
outside I'; and I';, the distance between w and either u or v is greater than the diameter of
S(n—1,k),and sow ¢ V(A). It follows that A is a subgraph of IV := T'[V(T's) UV (T',)].
However, uv is a bridge for IV and thus a bridge for A, a contradiction. O

The following lemma reveals the structure of strongly A-partitioned Cayley graphs.

Lemma 4.4. Let I' be a Cayley graph with a subgraph A such that T is strongly A-
partitioned. Then, the vertex sets of the copies of A are all the right cosets of a subgroup
of the underlying group of T.

Proof. Let T be a Cayley graph on a group G, and X C G be such that 1 € X and I'[X],
the subgraph of T' induced by X, is isomorphic to A. Since for any z € X, I'[Xz~}]
is isomorphic to A and 1 € Xz ™!, from the hypothesis of the lemma, it follows that
Xz~ ! = X. Thus XX ! = X and, hence, X is a subgroup of G. As for any g € G,
I'[X g] is isomorphic to A and the sets X g cover all elements of G, it follows that the vertex
set of every induced subgraph of I" isomorphic to A is a right coset of X, as required. [

Definition 4.5. Let I" be a strongly A-partitioned graph. We say that I' has connection
constant c if there are exactly c edges between any two copies of A in I". We denote the set
of all strongly A-partitioned graphs with connection constant ¢ by SP.(A).

Remark 4.6. The family SP1(K,) contains only one regular graph. However, this is not
the case in any regular graph A. If I' € SP;1(A) is a regular graph with A being a d-
regular graph on k vertices, then I' necessarily contains k + 1 copies of A and thus T is
(d+ 1)-regular with k(k + 1) vertices. For instance, in the case in which A is Cy, the cycle
on 4 vertices, I is a cubic graph on 20 vertices. By a computer search, we found all the
regular graphs in SP1(Cy). It turned out that there are seven non-isomorphic such graphs,
among which only one is a Cayley graph.

Here we recall some notions from group theory that will be used in what follows. Let
G be a finite group and H be a nontrivial proper subgroup of GG. The conjugate of H by
an element g of G is defined as HY = {h9 : h € G}, where h9 := g~ 'hg denotes the
conjugate of h by g. The group G is called a Frobenius group with Frobenius complement
Hif HNHY = {1} forall g € G\ H. A celebrated theorem of Frobenius states that
N =G\ U eq(H \ {1})? is a normal subgroup of G, called the Frobenius kernel of G,
satisfying G = NH and N N H = {1}, thatis, G = N x H is a semidirect product of N
by H (see [17, 8.5.5]). The other concepts we use in the following are standard and can be
found in Robinson [17].

Theorem 4.7. Suppose that I and A are two regular graphs and T' € SP1(A). If Tis a
Cayley graph Cay (G, C), then |A|+1 = p™ is a prime power, G = N x H is a Frobenius
group with minimal normal Frobenius kernel N = 7. and Frobenius complement H,
C = C"U{c} with A = Cay(H,C") and ¢* = 1, and either

(i) ce Nand H = (C"), or
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(i) ¢ = h"™ for some h € H\ {1} andn € N \ {1}, and H = (C', h).
Conversely, if A satisfies the above conditions, then Cay (G, C) € SP1(A).

Proof. Let ' = Cay(G,C), and Ag, Ay, ..., A be the copies of A in I'. As there is
exactly one edge between any two copies of A, it is observed that |A| = kand T"is (d+1)-
regular if A is d-regular. Let H := V(A() and assume, without loss of generality, that
1 € H. By Lemma 4.4, H is a subgroup of G. Let C’ be the neighborhood of 1 in I'[H].
Since I" is (d + 1)-regular, besides the elements of C’, the vertex 1 has exactly one other
neighbor, say ¢ € G\ H. So C = C’ U {c}. Since H is a subgroup of G, C'~! C H,
which implies that C’~! = C’. Thus, ¢ = ¢! is an involution. Clearly, Hc # H so that
I'[Hc] = A, for some 1 < 4 < k. On the other hand,

1= |E(Ag, A))| = |{{h,ch} : h € HNH®Y| = |HnH|,

from which it follows that H N H¢ = {1}. Now, a simple verification shows that Hch N
Hch/ = ) for all distinct elements i, ' € H. Since T'[H| = Ag and T'[Hch] (h € H) are
equal to Ay, ..., Ay in some order, we must have

G=HU |J Hen,
heH

where the unions are disjoint. As a result, every element ¢ € G\ H can be written as
g = hch’ for some h, h' € H, from which it follows that

HNH = H" nHEH") =(HNH) = {1}" = {1}.

Hence, G is a Frobenius group with complement H. Let N be the Frobenius kernel of G.
By [17, 10.5.1(1)], NV is nilpotent. Let N, be a nontrivial characteristic subgroup of N with
minimum order. Then Ny is a normal subgroup of G (see [17, 1.5.6(iii)]). Note that Ny
is an elementary Abelian p-group for Ny is nilpotent and the subgroup of Ny generated
by central elements of a given prime order p dividing | Z(Ny)| is a characteristic subgroup
of Ny and hence of N (see [17, 1.5.6(ii)]). If N # Ny, then NyH is a Frobenius group
for NoH is a subgroup of G and H N HY = 1 for all ¢ € NoH \ H. Moreover, as a
proper subgroup of N, [Ny| < |N|/2 < (k + 1)/2 and hence | Ny| — 1 is not divisible by
|H| = k contradicting [17, Exercises 8.5(6)]. Thus N = Ny so thatk + 1 = |N| = p™
is a prime power for some m > 1. Note that N is a minimal normal subgroup of G
for if N contains a nontrivial normal subgroup Ny of G properly, then NyH would be a
Frobenius group which leads us to the same contradiction as above. If ¢ € N, then since
G C N(C") it follows that H = (C"). Now assume that ¢ ¢ N. Then ¢" € H \ {1} for
somen € N\ {1}. As G C N(C’,c") it follows that H = (C’,c"), as required. The
converse is straightforward. O

We are now in a position to conclude the main result of this section.
Theorem 4.8. The graph ST (n, k) is a Cayley graph if and only if either
H n=1

@) k<2, or



M. Farrokhi D. G. et al.: Some algebraic properties of Sierpiriski-type graphs 183

(i) n=2and k + 1 = p™ is a prime power.
Furthermore, in the case (iii), we have
S**(n, k) = Cay(G, (H\ {1}) U{c}),

for every Frobenius group G with complement H of order p™ — 1, elementary Abelian
minimal normal Frobenius kernel of order p™, and involution ¢ € G \ H.

Proof. By Proposition 4.1, ST (n,k) forn > 3 and k > 3 is not a Cayley graph. As
mentioned above, ST+ (n,1), ST+(n,2), and ST+(1,k) are all Cayley graphs. So, we
may assume that n = 2 and k > 3.

First, we show that St (2,q — 1) are Cayley graphs for all prime powers g. Let F,
denote the finite field with g elements. Then G := F}, x F, together with the multiplication

(z,a) - (y,b) = (zy,zb + a),

forms a group known as one dimensional affine group. We show that ST (2,q — 1) =
Cay(G,C), where C = {(z,0):1#x€F;} U{(-1,-1)}. To this end, let H :=
{(z,0) : @ € F}} be a subgroup of G of order ¢ — 1. Then H has g right cosets each
of which induces a complete subgraph in Cay(G, C) for h/g(hg)~! = h'h~! € C for all
distinct elements hg and h'g of a right coset Hg of H. Since (z,0)(1,ax™!) = (z,a)
covers all elements of G when z and a ranges over F; and [, respectively, it follows that
every right coset of H has a representative of the form (1, b) for some b € F,. Let Hg and
H ¢’ be distinct right cosets of H with g = (1,a) and ¢’ = (1,a’). Then an element hg of
H g is adjacent to an element h'g’ of Hg' if and only if h'g’g~'h=1 = (W' ¢')(hg)~! € C
or equivalently (h'g')(hg) ™t = (—1,—1) as g'g~! ¢ H. A simple verification shows that
this equation has a unique solution for (h, h') so that there is a unique edge between any
two right cosets of H. Indeed, h = (2,0) and b/ = (2/, 0) satisfy the equation if and only
if —2’ = x = (a’ — a)~!. Hence, from the definition, it follows that ST+ (2,¢q — 1) =
Cay(G,C).

Now, assume that I := ST (2, k) = Cay(G, C) be a presentation of ST*(2,k) as a
Cayley graph. By Proposition 4.3, T" is strongly I'y-partitioned for some complete subgraph
Ty of T of order k. Let H := V(I'y) and assume that 1 € H. We know from Lemma 4.4
that H is a subgroup of G. By Theorem 4.7, kK + 1 = p™ is a prime power, G = N x H
is a Frobenius group with Frobenius kernel N and Frobenius complement H such that
N = Z; is a minimal normal subgroup of G, C' = C'U{c},C'""'=C'"CH,Cc =1,
and either

(@) c€ Nand H = (C'), or
(b) c=h"forsome h € H\ {1} andn € N\ {1}, and H = (C’, h).

Since Ty is a complete graph, we must have H \ {1} C C. Then, (a) and (b) together are
equivalent to say that ¢ € G \ H. The proof is now complete. O

As a generalization of Theorem 4.7, we pose the following problem.

Problem 4.9. Let A be a regular graph. Classify all Cayley graphs in SP.(A) for ¢ > 2.
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5 New non-Cayley numbers

In this final section, we give a partial answer to a famous rather old open problem in alge-
braic graph theory. A positive integer n is called a Cayley number if all vertex-transitive
graphs of order n are Cayley graphs. Marusi¢ [11] in 1983 posed the problem of charac-
terizing the set A'C of all non-Cayley numbers. Since disjoint unions of copies of vertex-
transitive (non-Cayley) graphs are again vertex-transitive (non-Cayley) graphs, it follows
that every multiple of a non-Cayley number is again a non-Cayley number. Hence the
problem of determining NC reduces to finding ‘minimal’ non-Cayley numbers. It is well-
known that all primes are Cayley numbers. Following a series of papers by various authors,
McKay and Praeger [13] and Iranmanesh and Praeger [7] provided necessary and sufficient
conditions under which the product of two and three distinct primes is a Cayley number,
respectively. In the same paper, McKay and Praeger established the following remarkable
result determining all non-square-free Cayley numbers.

Theorem 5.1 (McKay and Praeger [13]). Let n be a positive integer that is divisible by the
square of a prime p. Then n € N'C unless n = p?, n = p>, orn = 12.

It follows that, for determining N/C, it is enough to consider only square-free positive
integers. While the problem is yet open for the products of at least four distinct primes,
there are partial results worth to mention here.

Theorem 5.2 (Dobson and Spiga [3]). There exists an infinite set of primes every finite
product of its distinct elements is a Cayley number.

As a consequence of Theorem 4.8, the graph ST (2, k) that has k(k + 1) vertices is
not a Cayley graph if k£ + 1 is not a prime power. Therefore, we obtain a new infinite class
of square-free non-Cayley numbers as follows.

Theorem 5.3. Let k be any positive integer such that k(k + 1) is square-free, and k + 1 is
not a prime. Then, k(k + 1) € NC.

As mentioned in Dobson and Spiga [3], it is straightforward by making use of the
group-theoretic and the number-theoretic results already available in the literature to prove
that Cayley numbers have density zero in the set of natural numbers, and hence the density
of non-Cayley numbers is 1. In the light of this fact, one might wonder about the dis-
tribution of the numbers k£ satisfying the conditions of Theorem 5.3 in the set of positive
integers. The following theorem shows that for large enough N, more than one third of
positive integers less than or equal to N satisfies the conditions of Theorem 5.3.

Theorem 5.4. The density of the set
{k : k(k + 1) is square-free, and k + 1 is not a prime}
is about 0.3226.

Proof. Let f € Z]t] be a primitive polynomial (that is, the greatest common divisor of
its coefficients is 1) without multiple roots such that its image on N has k-free greatest
common divisor. Recall that a number that is not divisible by any proper k-th power is
called k-free. Let S }“ (z) denote the number of all positive integers n < z such that f(n) is

k-free, and consider
K
e IL(-42)

p prime
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where o(d) denotes the number of roots of f in Z4. Ricci [16] (see also Pappalardi [14])
proved that
S;f(ac) ~ (5‘f7kx

provided that deg f < k. Clearly, the function f(¢) := (¢ + 1) satisfies the above re-
quirements of Ricci’s theorem for & = 2. Also, it is obvious that o(p?) = 2 for all primes
p. Thus, by Ricci’s theorem, the density of all positive integers k, for which k(k + 1) is
square-free, in the set of all positive integers, is equal to

2
(5f,2 = H (1 - pQ) = 2C'Feller-Tornier 1= 032263409897

p prime

where Crelier-Tomier 18 the Feller-Tornier constant (see Finch [4, §2.4.1]). Since primes have
zero density in the set of all positive integers, the result follows. O

To date, all the numbers whose membership in A/C is known are determined based on
the results of [7, 12, 13]. Using a computer search, we see that the list of the numbers
whose membership in A/C is not yet determined begins with

9982, 12958, 18998, 19646, 20398, 21574, 24662, 25438, 25606, . ...

A simple computation reveals that among the numbers less than or equal to 10%, there
are 2763 square-free integers of the form k(k + 1), with k + 1 not a prime of which the
following eight integers are new non-Cayley numbers:

1386506, 2668322, 15503906, 23985506, 38359442, 74261306, 89898842, 95912642.
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Abstract

We determine (partly by computer search) the chromatic index (edge-chromatic num-
ber) of many strongly regular graphs (SRGs), including the SRGs of degree £ < 18 and
their complements, the Latin square graphs and their complements, and the triangular
graphs and their complements. Moreover, using a recent result of Ferber and Jain, we
prove that an SRG of even order n, which is not the block graph of a Steiner 2-design or its
complement, has chromatic index k, when n is big enough. Except for the Petersen graph,
all investigated connected SRGs of even order have chromatic index equal to k, i.e., they
are class 1, and we conjecture that this is the case for all connected SRGs of even order.

Keywords: Strongly regular graph, chromatic index, edge coloring, 1-factorization.
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1 Introduction

An edge-coloring of a graph G is a coloring of its edges such that intersecting edges have
different colors. Thus a set of edges with the same colors (called a color class) is a match-
ing. The edge-chromatic number x'(G) (also known as the chromatic index) of G is the
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minimum number of colors in an edge-coloring. By Vizing’s famous theorem [24], the
chromatic index of a graph G of maximum degree A is A or A + 1. A graph with maxi-
mum degree A is called class 1 if x'(G) = A and is called class 2 if x'(G) = A + 1. Itis
also known that determining whether a graph G is class 1 is an NP-complete problem [18].
If G is regular of degree k, then G is class 1 if and only if G has an edge coloring such that
each color class is a perfect matching. A perfect matching is also called a 1-factor, and a
partition of the edge set into perfect matchings is called a 1-factorization. So being regular
and class 1 is the same as having a 1-factorization (being 1-factorable), and requires that
the graph has even order.

A graph G is called a strongly regular graph (SRG) with parameters (n, k, A, ) if it
has n vertices, is k-regular (0 < k < n — 1), any two adjacent vertices of G have exactly A
common neighbors and any two distinct non-adjacent vertices of GG have exactly - common
neighbors. The complement of a strongly regular graph with parameters (n, k, A, p) is
again strongly regular, and has parameters (n,n — k — 1,n — 2k + p — 2,n — 2k + ).
An SRG G is called imprimitive if G or its complement is disconnected, and primitive
otherwise. A disconnected SRG is (K, ({,m > 2), the disjoint union of ¢ cliques of
order m (indeed, u = 0 implies that no two vertices have distance two, so every connected
component is a clique). It is well-known that K,,, (m > 2), and hence also /K,,, is class 1
if and only if m is even. The complement of /K, is a regular complete multipartite graph
which is known to be class 1 if and only if the order is even [17].

A vertex coloring of G is a coloring of the vertices of G such that adjacent vertices have
different colors. The chromatic number x(G) of G is the minimum number of colors in a
vertex coloring. For the chromatic number there exist bounds in terms of the eigenvalues
of the adjacency matrix, which turn out to be especially useful for strongly regular graphs
(see for example [6]). These bounds imply that there exist only finitely many primitive
SRGs with a given chromatic number, and made it possible to determine all SRGs with
chromatic number at most four (see [15]). Motivated by these results, Alex Rosé asked the
third author whether eigenvalue techniques can give information on the chromatic index
of an SRG. There exist useful spectral conditions for the existence of a perfect matching
(see [5, 9]), and Brouwer and Haemers [5] have shown that every regular graph of even
order, degree k and second largest eigenvalue ¥2 contains at least | (k — ¥ + 1)/2] edge
disjoint perfect matchings. From this it follows that every connected SRG of even order has
a perfect matching. Moreover, Cioabd and Li [10] proved that any matching of order k/4
of a primitive SRG of valency k and even order, is contained in a perfect matching. These
authors conjectured that k/4 can be replaced by [k/2] — 1 which would be best possible.
Unfortunately, we found no useful eigenvalue tools for determining the chromatic index.
However, the following recent result of Ferber and Jain [13] gives an asymptotic condition
for being class 1 in terms of the eigenvalues.

Theorem 1.1. There exist universal constants ng and kg, such that the following holds. If G
is a connected k-regular graph of even order n with eigenvalues k = 191 > 9 > -+ > U,
and n > ng, k > ko and max{s, —9,, } < k9, then G is class 1.

If the maximum distance in G is 2 (as is the case for a connected SRG), then n <
1+ k+ k(k —1) = k* + 1. This implies that for an SRG we do not need to require
that £ > ko when we take ng > k(z) + 1. Theorem 1.1 enables us to show that, except for
one family of SRGs, all connected SRGs of even order n are class 1, provided n is large
enough. In addition, we present a number of sufficient conditions for an SRG to be class 1.
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By computer, using SageMath [22], we verified that all primitive SRGs of even order and
degree k£ < 18 and their complements are class 1, except for the Petersen graph, which has
parameters (10, 3,0, 1) and edge-chromatic number 4 (see [20, 25] for example). We also
determine the chromatic index of several other primitive SRGs of even order, and all are
class 1. Therefore we believe:

Conjecture 1.2. Except for the Petersen graph, every connected SRG of even order is
class 1.

2 Sufficient conditions for being class 1

A well known conjecture (first stated by Chetwynd and Hilton [8], but attributed to Dirac)
states that every k-regular graph of even order n with k& > n/2 is 1-factorable. Cariolaro
and Hilton [7] proved that the conclusion holds when k£ > 0.823n, and Csaba, Kiihn, Lo,
Osthus, and Treglown [11], proved the following result.

Theorem 2.1. There exists a universal constant ng, such that if n is even, n > nqg and if
k > 2[n/4] — 1, then every k-regular graph of order n has chromatic index k.

Konig [19] proved that every regular bipartite graph of positive degree has a 1-factor-
ization. We need the following generalization of Konig’s result.

Lemma 2.2. Let G = (V, E) be a connected regular graph of even order n, and let
{V1, Va} be a partition of V such that |V1| = |Va| = n/2.

(i) If the graphs induced by V1 and V5 are 1-factorable, then so is G.
(it) If V1 (and hence V) is a clique or a coclique, then G is class 1.

Proof. Partition the edge set E into two classes E; and E5, where E; contains all edges
with both endpoints in the same vertex set V; or V5, and the edges of E5 have one endpoint
in V7 and the other endpoint in V5.

(i): If the graphs induced by V; and V5 are 1-factorable, then both have the same degree,
and therefore also (V, E7) is 1-factorable. By Konig’s theorem (V, Es) is 1-factorable,
therefore G is class 1.

(ii): If V1 is a coclique, then so is V5 and we have the theorem of Konig. If V; is a
clique, then so is V5. If n/2 is even, then the result is proved in (i). If n/2 is odd, then we
choose a 1-factor F' in (V, E3) (here we use that G is connected), and define E, = E3 \ F
and E{ = Ey U F. Then (V, E}) is 1-factorable (or has no edges), and (V, E}) consists of
two cliques of order n/2 and the 1-factor F'. Thus F' gives a bijection ¢ (say) between
and V5. By Vizing’s theorem the edges of both cliques can be colored with n/2 colors. We
do this coloring such that ¢ preserves colors, which means that {v, w} and {¢(v), ¢(w)}
get the same color. Then for each edge {v, ¢(v)} of F, the two sets of colored edges that
intersect at v and ¢(v) use the same n/2 — 1 colors. So we can color {v, ¢(v)} with the
remaining color.

There exist several SRGs that have the partition of case (i). The Gewirtz graph is the
unique SRG with parameters (56, 10, 0, 2), and admits a partition into two Coxeter graphs
(see [4]). The Coxeter graph is known to be 1-factorable (see [3]), therefore the Gewirtz
graph is class 1. The same holds for the point graph of the generalized quadrangle GQ(3,9)
(the unique SRG(112, 30, 2, 10)), which admits a partition into two Gewirtz graphs, and for
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the Higman-Sims graph (the unique SRG(100, 22, 0, 6)), which can be partitioned into two
copies of the Hoffman-Singleton graph (the unique strongly regular graph with parameters
(50, 7,0, 1)), which has chromatic index 7 (see Section 4).

Suppose 91 > ¥9 > --- > ¥, are the eigenvalues of a graph G of order n. Hoffman
(see [6, Theorem 3.6.2] for example) proved that the chromatic number of G is at least
1 — 91/9,. A vertex coloring that meets this bound is called a Hoffman coloring. For
k-regular graphs, the color classes of a Hoffman coloring are cocliques of which the size
meets Hoffman’s coclique bound nd,, /(¢,, — k). This implies (see [6] for example) that all
the color classes have equal size, and any vertex v of G has exactly —J,, neighbors in each
color class different from the color class of v.

Theorem 2.3. Suppose G = (V, E) is a k-regular graph with an even . chromatic number
2t (say) that meets Hoffman’s bound. Then both G and its complement G are class 1, or G
is a disjoint union of cliques of odd order.

Proof. Let Sy, ..., Sy be the color classes in a Hoffman coloring of G. Since G is regular,
this implies that each S; is a coclique attaining equality in the Hoffman ratio bound, which
means that each vertex outside .S; has exactly —1,, neighbors in S;. Hence, each subgraph
induced by two distinct cocliques S; and \S; is a bipartite regular graph of valency —1,,.
A 1-factorization of Ko; corresponds to a partition Eq, ..., Eo;1 of E, such that each
(V, E;) consists of ¢ disjoint regular bipartite graphs of degree —¢,, = k/(2t — 1). By
Konig’s theorem it follows that each (V, E;) is 1-factorable, and therefore G is class 1.
For the complement G = (V, F) of G, a similar approach works. We can partition the
edge set F' into the subsets Fy, I, ..., F5_1, such that for ¢ = 1,...,2¢ — 1 the graph
(V, F;) is the disjoint union of ¢ regular bipartite graphs of the same positive degree (if the
degree is 0, then G is a disjoint union of cliques). But now there is an additional graph
(V, Fy) consisting of 2t disjoint cliques. We combine Fyy and Fy. Then (V, Fy U Fy) is
the disjoint union of ¢ complements of regular incomplete bipartite graphs with the same
positive degree, and therefore has a 1-factorization by Lemma 2.2. Since (V, F;) has a
1-factorization for i = 2, ..., 2t — 1, it follows that G is 1-factorable. O

For an SRG the color partition of a Hoffman coloring corresponds to a so-called spread
in the complement (see [16]). As a consequence of this result, it follows that any primitive
strongly regular graph with a spread with an even number of cliques, or a Hoffman coloring
with an even number of colors is class 1. Among such SRGs are the Latin square graphs.
Consider a set of ¢ (¢t > 0) mutually orthogonal Latin squares of order m (m > 2). The
vertices of the Latin square graph are the m? entries of the Latin squares, and two distinct
entries are adjacent if they lie in the same row, the same column, or have the same symbol
in one of the squares. If ¢ = m — 1 we obtain the complete graph K2, and if t = m — 2
we have a complete multipartite graph. Otherwise the Latin square graph is a primitive
SRG with parameters (m?, (t +2)(m — 1),m — 2 +t(t + 1), (t + 1)(t + 2)). If t = 0 we
only have the rows and columns, then the Latin square graph is better known as the Lattice
graph L(m). If m # 4, the Lattice graph is determined by the parameters. The m rows of a
Latin square give a partition of the vertex set of the Latin square graph into cliques, which
is a spread. Thus we have:

Corollary 2.4. If G is a Latin square graph of even order, then both G and its complement
are 1-factorable.
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3 Asymptotic results

A Steiner 2-design (or 2-(m, £, 1) design) consists of a point set P of cardinality m, to-
gether with a collection of subsets of P of size ¢ (¢ > 2), called blocks, such that every pair
of points from P is contained in exactly one of the blocks. The block graph of a Steiner
2-design is defined as follows. The blocks are the vertices, and two vertices are adjacent if
the blocks intersect in one point. If m = ¢? — ¢ + 1, the Steiner 2-design is a projective
plane, and the block graph is K,,. Otherwise the block graph is an SRG with parameters
(m(m —1)/0(0 —1),6(m —£)/(£ = 1), (£ —1)2 4+ (m — 20+ 1)/(£ — 1), £?).

Theorem 3.1. There exists an integer ng, such that every primitive strongly regular graph
of even order n > ng, which is not the block graph of a Steiner 2-design or its complement,
is class 1.

Proof. Suppose G is a primitive (n, k, A, £)-SRG of even order n. Then it is well-known
(see for example [6, Chapter 9]) that G has exactly three distinct eigenvalues £ = ¥,
Y5 and ¥,,. Moreover, the eigenvalues are nonzero integers and satisfy k + 929, = pu.
Assume that G nor its complement G is the block graph of a Steiner 2-design or a Latin
square graph. Using a result of Neumaier [21] (known as the claw bound), we get that

V2 < 0n(Vy + 1)(p+1)/2 - 1.

Another result of Neumaier [21] (the p-bound) gives 1 < 93 (219, + 3). Combining these
inequalities, after some straightforward calculations, we obtain that ¥ < (71971)6. Since
k 4+ Y29, = p > 0, we deduce that

kS > (=19209,)% > 950, =035, so 0y < kST

Next we apply the same result to G, and obtain —1 — 9, < (1 + ¥2)%, which yields
—¥, < (202)° (since ¥, is a positive integer). Hence

kG > (_79219'@)6 > 276(_19'@)(_19706 = 276(_19707’ SO - ﬂn < (Qk)6/7 < k_O.Q’

when F is large enough. Thus we get max{ds, —,,} < k%°. Now we apply the result of
Ferber and Jain and conclude that G is class 1 when n is large enough.

If G is a Latin square graph of even order then by Corollary 2.4 both GG and its comple-
ment G are class 1. O

In many cases the complement of the block graph of a Steiner 2-design has k > n/2,
so it will have a 1-factorization by Theorem 2.1, provided n is even and large enough.
The following result follows straightforwardly from the mentioned result of Cariolaro and
Hilton [7].

Proposition 3.2. If G is the complement of the block graph of a 2-(m, ¢, 1) design with
602 < m, then G is class 1, provided G has even order.

For every m > 2 there is a unique 2-(m, 2, 1) design, and its block graph is the triangu-
lar graph T'(m). It is isomorphic to the line graph of the complete graph K,,, and if m > 4
T'(m) is an SRG with parameters (m(m —1)/2,2(m — 2), m — 2,4). The triangular graph
is uniquely determined by its parameters if m # 8. Alspach [1] has proved that 7'(m) has
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a 1-factorization if the order is even, which is the case if m = 0, or 1 (mod 4). Proposi-
tion 3.2 implies that the complement of 7'(m) is class 1 if m > 24 and the order is even.
The complement of 7'(5) is the Petersen graph, which is class 2. For 5 < m < 24 and
m =0,or 1 (mod 4) we found a 1-factorization in the complement of 7'(m) by computer
(see next section for more about the computer search). Thus we can conclude:

Theorem 3.3. For m = 0, or 1 (mod 4) the triangular graph T (m) is class 1, and if
m # 5 so is its complement.

If the block size equals 3, the design is better known as a Steiner triple system. The
chromatic index of the block graph of a Steiner triple system is investigated in [12]. The
paper contains several sufficient conditions for such a graph to be class 1, and the authors
conjecture that all these graphs are class 1 when the order is even. One of the results from
[12] (Theorem 2.2) can be generalized to arbitrary Steiner 2-designs. A set of m /¢ disjoint
blocks of a 2-(m, £, 1) design is called a parallel class, and a partition of the block graph
into parallel classes is a parallelism. A parallelism of a Steiner 2-design gives a Hoffman
coloring in the block graph, so we have:

Proposition 3.4. If a Steiner 2-design has a parallelism with an even number of parallel
classes, then the block graph and its complement are class 1.

4 SRGs of degree at most 18

According to the list of Brouwer [2] all primitive SRGs of even order and degree at most
18 are known (one only has to check the parameter sets up to n = 182 + 1 = 325). The
parameters together with the number of nonisomorphic SRGs with k < n/2 are given in
Table 1 (the ones with k£ > n/2 are the complements of a to ). The graph with parameter

Table 1: Primitive SRGs with n even and k < 18, k < n/2.

a (10,3,0,1) 1] f (36,10,4,2) 11k (50,7,0,1) 1
b (16,5,0,2) 1 |g (36,14,4,6) 180 | I  (56,10,0,2) 1
¢ (16,6,2,2) 2| h (36,14,7,4) 1|m (64,14,6,2) 1
d (26,10,3,4) 10 | i (36,15,6,6) 32548 | n  (64,18,2,6) 167
e (28,12,6,4) 4 |j (40,12,2,4) 28 | o (100,18,8,2) 1

set a is the Petersen graph, which is class 2. The complement of the Petersen graph is the
triangular graph 7'(5) which is class 1 by Alspach’s result [1]. Also Case h and one of the
graphs of Case e is a triangular graph and therefore class 1. For the parameter sets f, m
and o there is a unique SRG, the so called Lattice graph. This SRG belongs to the Latin
square graphs, and by Corollary 2.4 the graph is class 1, and so is its complement. Case [ is
the Gewirtz graph, which is class 1 by Lemma 2.2, as we saw in Section 2. All other graphs
are tested by computer (we actually tested all graphs in Table 1 and their complements).
Using SageMath [22], we wrote a computer program that searches for an edge coloring in
a k-regular graph with k colors. In each step we look (randomly) for a perfect matching,
remove all its edges and continue until the remaining graph has no perfect matching. If
there are still edges left we start again. We run this algorithm repeatedly until an edge
coloring is found. The code for this project is made freely available in a public GitHub
repository which can be found at [14]. By use of this approach we found a 1-factorization



S. M. Cioabd, K. Guo and W. H. Haemers: The chromatic index of strongly regular graphs 193

in all graphs of Table 1, and in their complements, except for the Petersen graph. Thus we
found:

Theorem 4.1. With the single exception of the Petersen graph, a primitive SRG of even
order and degree at most 18 is class 1 and so is its complement.

For the description of the graphs we used the website of Spence [23]. This website
also contains several SRGs with parameters (50, 21, 8,9). We also ran the search for these
graphs. All are class 1.

It is surprising that in all cases our straightforward heuristic finds a 1-factorization. The
heuristic is fast. It took about one hour to find a 1-factorization in each of the 32548 SRGs
with parameter set <.
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Abstract

In this note we give a short and elementary proof of a more general version of Whit-
ney’s theorem that 3-connected planar graphs have a unique embedding in the plane. A
consequence of the theorem is also that cubic plane graphs cannot be embedded in a higher
genus with a simple dual. The aim of this paper is to promote a simple and elementary
proof, which is especially well suited for lectures presenting Whitney’s theorem.

Keywords: Polyhedra, graph, embedding.
Math. Subj. Class. (2020): 05C10, 57M60, 57M15

1 Introduction

Whitney’s famous unique embedding theorem has been formulated in various equivalent
forms. One form is that the facial cycles of 3-connected graphs embedded in the plane are
well determined, so that for any two embeddings there is a graph isomorphism between
the duals. Another is (implied by the Jordan-Schonflies Theorem) that any two topological
embeddings of a graph on the sphere can be mapped onto each other by a homeomorphism
of the sphere that maps the two images of a vertex onto each other.

We will formulate the theorem and describe the proof in the language of combinatorial
embeddings in oriented closed surfaces. For the translation to the language of topological
2-cell embeddings, methods from standard books like [1] or [3] can be used.

We interpret each edge {u,v} of an undirected embedded graph G as two directed
edges: e = (u,v) and its inverse ¢! = (v,u). An embedded graph in an oriented closed
surface is a graph where for every vertex u there is a cyclic order of all edges (u, .) (usually
called a rotation). The cyclic ordering defines the orientation around the vertex. We write

*I would like to thank Bojan Mohar for pointing me to the earlier uses of the crossing Jordan curves argument!
E-mail address: gunnar.brinkmann@ugent.be (Gunnar Brinkmann)
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nx(e) for the next edge in the order around the starting point of a directed edge e. The
inverse graph or mirror image is the graph G~! with all cyclic orders reversed.

A face in an embedded graph G is a directed cyclic walk eg, ..., e,_1, so that for
0 < i < n we have that nx(ei_l) = €(i+1) (mod n)- We say that the set {e,nx(e)} forms an
angle of G and G~! if one of them has a face containing e =1, nx(e) as a subsequence. In
this case the other has a face containing nx(e) ~!, e. If a face is a simple cyclic walk, we call
the corresponding undirected cycle also a (simple) facial cycle. We consider an embedded
graph G and its mirror image G~! as equivalent, as the faces have the same sequences of
underlying undirected edges — only in reversed order. The genus of an embedded graph can
be computed by the Euler formula using the number v of vertices, e of (undirected) edges,
and f of faces as v(G) = % We refer to a (not necessarily embedded) graph that
can be embedded with genus 0 as planar and to an embedded graph with genus O as plane.

With this notation and concept of equivalence Whitney’s famous theorem [5] can be
shortly stated as:

A 3-connected planar graph has an — up to equivalence — unique embedding
in the plane.

We will prove a stronger theorem using the concept of polyhedral embedding that re-
quires some important properties of polyhedra — that is plane 3-connected graphs — but
allows higher genera. It is an easy consequence of the Jordan Curve Theorem that polyhe-
dra are polyhedral embeddings.

Definition 1.1. A polyhedral embedding of a graph G = (V| FE) in an oriented closed
surface is an embedding so that each facial walk is a simple cycle and the intersection of
any two faces is either empty, a single vertex or a single edge.

For cubic embedded graphs this is equivalent to the dual graph being simple.

The argument of crossing Jordan curves that we will use in the proof was first published
by Thomassen in [4], but also known to Robertson and later used by Mohar and Robertson
in [2]. See also Theorem 5.7.1 in [3]. In fact, in [4] the argument was used to prove that
3-connected planar graphs embedded with genus g > 0 have facewidth at most 2. Together
with Whitney’s theorem, this implies Theorem 1.2. We will give every detail of the proof in
order to make it well suited for lectures presenting Whitney’s theorem, but the arguments
are exactly the same arguments of crossing Jordan curves that Thomassen used — only that
here the planar case, that is: Whitney’s theorem — is included too.

Theorem 1.2. A 3-connected planar graph has an — up to equivalence — unique polyhedral
embedding.

Proof. Let G be a plane embedding of a 3-connected planar graph with mirror image G !
and let G’ be an embedding different from these two. We say that a vertex of G’ has type 1
if the order is the same as in G, type —1 if it is the same as in G~! and type 2 otherwise.
As G is neither G nor G~1, G’ has a vertex of type 2 or an edge with one vertex of type 1
and one vertex of type —1.

Assume first that there is a vertex v of type 2. Let e, ..., eqs—1 be the order of edges
around v in G’. If {eg, e1} is not an angle of G, we take this set of edges. Otherwise
assume w.l.o.g. that e; = nx(ep) in G and let j be minimal so that in G we have nx(e;) #
€(j+1) (mod &)- As in G~! we have nx(e;) = e;_1, the edge €(j+1) (mod a) follows ¢;
neither in G nor in G’, 50 {€;, €(j+1) (mod )} is not an angle in G. W.L.o.g. assume j = 0.
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So the order around v in G'is €g, €, ..., €;;,€1,€i, 15+ €i,_, With1l < j < d—2
and assume w.l.o.g. thateg_1 € {e;,,,,...,€i,_,}. Lety = max{iy,...,i;},s0y <d—1
and (y+1) € {ij41,...,%4—2}, which implies that {e,, e,1} is an angle of G’ with e,, €
{ei,,...,ei;}and ey 1 € {es; ;... €, ,}. Let I be the facial cycle in G’ containing
the angle {eg, e1} and F’ be the facial cycle containing {e,, e,+1}. We have F' # F’ as
otherwise the faces would not be simple cycles. In G these cycles are not facial cycles, but
two Jordan curves crossing each other in v. Due to the Jordan curve theorem, there must be
a second crossing, so F, F’ are two facial cycles that have at least two vertices in common
that are not endpoints of a common edge — a contradiction to G’ being polyhedral.

Assume now that all vertices are of type 1 or type —1. Then there is an edge ey with
one vertex of type 1 and one of type —1. Assume that in GG the orientation around the type
1 vertex of e is eg, €1, . . . , ¢ and around the type —1 vertex itis ey ', €], . . ., e/, s0in G’
itis eg,e1,...,eqresp. e, el 1, ..., ey '. In G’ there is a face F' containing e;l, €0, €y
and another face F’ containing 6/171, ey ! e1. In G the corresponding cycles are again no
facial cycles but Jordan curves crossing each other (with one common edge), so like in
the first case we get a contradiction from the fact that there must be a second intersection
between F and F’. O

As plane embeddings of 3-connected graphs are all polyhedral, this also implies Whit-
ney’s theorem, but there are also other consequences that are worth mentioning. They
follow already from Theorem 8.1 in [4]. Note that for graphs with 1- or 2-cut there are no
polyhedral embeddings in any closed orientable surface.

Corollary 1.3.

e There are no polyhedral embeddings of planar graphs in any orientable surface but
the plane.

* There are no embeddings of cubic planar graphs with a simple dual in any orientable
surface but the plane.
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1 Introduction and main results

A graph G = (V(G), E(G)) is permitted to have both loops and multiple edges. An
embedding of a graph G into an orientable surface Oy is a cellular embedding, i.e., the
interior of every face is homeomorphic to an open disc. The subscript in Oy is the genus of
the orientable surface Oy, for k& > 0. We denote the number of cellular embeddings of G
on the surface Oy, by g (G), where, by the number of embeddings, we mean the number of
equivalence classes under ambient isotopy. The genus polynomial of a graph G is given by

To(z) =Y gi(G)".

k>0

This sequence {gr(G),k = 0,1,2,...} is called the genus distribution of the graph
G. For a graph G, it is well known that the total number of cellular embeddings is
[Toev(e (da(v) —1)!, where dg(v) is the degree of the vertex v in G. For example,
see [13, Chapter 3]. Hence,

o)=Y g(@ = ] (da(w)-1). (1.1)

k>0 veV(G)

The average genus ~ya,s(G) of the graph G is the expected value of the genus random
variable, over all labeled 2-cell orientable embeddings of GG, using the uniform distribution.
In other words, the average genus of G is

ML) &, wl6)
To() ~ 2= F Ty

The study of the average genus of a graph began by Gross and Furst [9], and was much
further developed by Chen and Gross [1, 2, 3]. Two lower bounds were obtained in [4] for
the average genus of two kinds of graphs. In [19], Stahl gave the asymptotic result for the
average genus of linear graph families. The exact values for the average genus of small-
order complete graphs, closed-end ladders, and cobblestone paths were derived by White
[22]. More references are the following: [5, 10, 15, 17, 20] etc. For a general background
in topological graph theory, we refer the reader to see Gross and Tucker [13] or White [21].

One of the purposes of the paper is to give an explicit expression of the average genus
for a bouquet of circles. By a bouquet of circles, or more briefly, a bouquet, we mean a
graph with one vertex and some self-loops. In particular, the bouquet with n self-loops is
denoted by B,,. Figure 1 shows the graphs Bj, Ba, B3. The bouquets {B,,n > 1} are
very important graphs in topological graph theory. First, since any connected graph can be
reduced to a bouquet by contracting a spanning tree to a point, bouquets are fundamental
building blocks of topological graph theory. Second, as shown in [8, 12], Cayley graphs
and many other regular graphs are covering spaces of bouquets.

For the genus distribution of B,,, Gross, Robbins and Tucker [11] proved that the num-
bers gi (B,,) of embeddings of the B,, in an oriented surface of genus & satisfy the following
recurrence for n > 2,

Yavg(G) =

(n+ Dgrp(Bn) =4(2n —1)(2n — 3)(n — 1)2(71 —2)gr—1(Bn—2)

@0 - Dgp(Buy)
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Figure 1: The bouquets B, Bs, and Bs.

with initial conditions

9x(Bo) = 1 for k = 0 and g (By) = 1 for k > 0,

1.3
gx(B1) = 1for k = 0and gy (B;) = 1fork > 0. (13

With the aid of an edge-attaching surgery technique, the total embedding polynomial of B,
was computed in [14]. Stahl [18] also did some research on the average genus of B,,. By
[18, Theorem 2.5] and the definition of Euler-Mascheroni constant, one easily sees that

2n
. n+1 1 1
Jim <vavg(Bn) - < 5 "3 E k)) =0. (1.4)
k=1

To achieve this, Stahl made many accurate estimates on the unsigned Stirling numbers
s(n, k) of the first kind. In this paper, using knowledge in ordinary differential equations
and Taylor’s formula, we derive an explicit expression of yays(By). By this expression,
(1.4) follows immediately. Our methods are totally different from that in [18] and we do
not need to make estimates on s(n, k). In Section 2, we will give the computation of
Yavg (Bn) in detail.

A dipole with n edges, denoted by D,,, has two vertices joined by n edges. Figure 2

shows the graphs Dy, Dy, D3.
D2 D3

Figure 2: The dipoles D;, Dy, and Ds.

D,

Another purpose of this paper is to give an explicit expression of the average genus
for dipole D,,. The dipole, like the bouquet, is useful as a voltage graph. See [21] for
example. Moreover, hypermaps correspond with the 2-cell embeddings of the dipole. The
genus distribution of D,, is given by [14] and [16].

In Lemma 2.1 below, we obtain the following recurrence relation for Yayg (By)

(n + 1)Yavg(Bn) = 2%avg(Bn-1) + (n — 1) ('Yan(an2) + 1)~ (1.5)

The most popular way to deal with sequences of numbers is to manipulate infinite
series that “generate” those sequences. For instance, see [6, 7]. We apply this method to
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the calculation of Yaye(By). Multiplying both sides of (1.5) by ¢t and summing on n >
1, the generating function u(t) = Y, < Vave(Bn)t™ will satisfy an ordinary differential
equation. We solve this differential equation with the aid of a computer system and find an
explicit expression for vayve (By,) by expanding u(t) as a power series in ¢. The calculation
Of Yavg (Dy,) is similar to that in ~y,,.(B,,). But the processes are more complicated, so we
still give their details in Section 3.

2 The average genus of B,
We begin by proving the following lemma.
Lemma 2.1. The following recurrence relation holds for the average genus ~aygs(Br)
of Bn
(7 + 1)Yavg(Bn) = 2Yavg(Bn-1) + (1 — 1) (Yavg(Bn—2) + 1) 2.1

1
3

Proof. Multiplying both sides of (1.2) by #* and summing on k > 0, it holds that
Z(nJrl gr(B 24 (2n —1)(2n = 3)(n — 1)*(n — 2)gr_1(Bp_2)z"*

k>0 k>0

+) " 42n — 1)(n — 1)gi(Bn-1)z".
k>0

with initial conditions Yayg(B1) = 0, Yaveg(B2) =

(2.2)

Hence, the genus polynomial 'z, (x) satisfies the following recurrence

(n+ 1T, (r) =4(2n —1)2n —3)(n —1)>(n—2) -z -I'p,_,(z)

+42n —1)(n—1)T'p,_, ().

Differentiating both sides of (2.3) and taking = 1 lead to

(n+1)I's (1) =4(2n—1)(2n - 3)(n —1)*(n—2) - Tz (1)

+4(2n-1)(2n—3)(n—1)*(n—2) - T'p, ,(1) +42n—1)(n — I (1).
Applying (1.1) to the graph B,, yields I'g, (1) = (2n — 1)!. Dividing both sides of the
above equality by I'p_ (1), by the definition of average genus, one arrives at
(n+ 1)Yavg (Bn) = 2Vavg(Bn-1) + (n — 1)('Vavg(Bn72) + 1)-

A direct calculation gives rise to Yayg(B1) = 0 and Yave(B2) = % The proof is com-
pleted. O

(2.3)

The main purpose of this section is to prove the following theorem.
Theorem 2.2. The average genus of B,, is given by

nJrl_"z:1 ~1)™ 1+ (-1)"
m+1 4n+1) "

VYavg (B = (24)

In particular, we have
n—Inn—~v+1—-1In2
'Yavg(Bn) = 9 + 0(1)7

where v = 0.5772 is the Euler-Mascheroni constant.




J. Zhang et al.: The average genus for bouquets of circles and dipoles 203

Proof. Forn < 0, we define ’yavg(Bn) = 0 so that (2.1) holds for any integer n > 1. For
the simplicity of writing, we use a,, to denote Yavg(By) in the proof. Multiplying both
sides of (2.1) by t” and summing on n > 1, we obtain

S+ Dant" =2 anat" + Y (n—1)(an_z + 1)t". (2.5)

n>1 n>1 n>1

Letu(t) = 3_, 5, ant™. Then, with the help of (2.5), we obtain

(t > ant")/ =23 anat" > (n—2anot" + Y anot"+ Y (n—1t"

n>1 n>1 n>1 n>1 n>1
/
= 2tu(t) + ° Y (n— 2)an o™ + Pu(t) + 17 - ( > t”’l) ,
n>1 n>2
that is
s t o\
(tu(t)) = 2tu(t) + 23 (n — 2)an_ot™? + u(t) + ¢ (m)
n>3
t /
= 2tu(t) + 2> nant™ "+ Pult) + 2 (ﬁ)
n>1
t li
= 2tu(t) + 30 () + t2u(t) + 2 (ﬁ) ,

which implies that u(t) satisfies the following equation

(t —tHu'(t) + (1 — 2t — t*)u(t) = (L (2.6)

with initial condition «(0) = 0. Since the above equation is a first order linear differential
equation, we can solve it directly and obtain its solution:

(=) (1 —t)+ (2 —1)In(t+1) + 2t

u(t) = At —1)%
Denote
o  (t+D)In(1—1) _ @+ 1)n(E+1)
ul(t)—ma uQ(t)f*W’ “3()*W

Then, clearly, u(t) = uq(t) + u2(t) + us(t). Using Taylor’s formula, we get

w(t)=3" ntln 2.7

2
n>0

and

i) = J0+ 0 g 2 = G 3 Y (- )

£>0 m>0



204 Ars Math. Contemp. 20 (2021) 199-208

1+t Zi( m+1)”:2bnt", 2.8)
2 =0

n>0

m
where by = —1 and b, = i[z ol =) + 2o’ e mﬂ)} n > 1. Also by the

Taylor’s formula,

us(t) —i(lﬂ)-i 40 _ 1+t > ot Z

1-1¢ t
£>0  m>0

m
tm
m—|—1

n

_i(l 1) Z Z t“ = Z cnt™, (2.9)

n>0 m:O n>0

where ¢y = —+ and

1 n (71)m n—1 (71)m
== >1
=3 2 SR ) m
It follows from (2.7) — (2.9) that

n+1 n+l 17w 1 — 1
=g tbta=" 1 X (- g) + X (- )]

m=0 m=0
R S L -
(X et )
which yields (2.4). In view of
) n 1 . n—-1 (_1)’m
y:ngrﬁn[ _Oerl—lnn} and  lim )" =2, (2.10)
we complete the proof of (2.2). ]

3 The average genus of D,,
Our first purpose is to show the following lemma.

Lemma 3.1. The following recurrence relation holds for the average genus Yavg(Ds,)
of Dy,

(1 +2)%avg(Dn41) = 20+ Dave(Dn) + (0% = 1) - Yavg(Dn1) +0* - G.)
with initial conditions Yayg(D1) = Yavg(D2) = 0.
Proof. By [16, Theorem 5.2], we obtain
(n+2)g8(Dus1) = 020+ Dgu(Da) +7*(n = 1)%g1(Da1) - nn — 1)?gi(Da-1).

Applying (1.1) to the graph D, yields I'p, ., (1) = (n!)?. Following the lines in the
proof of Lemma 2.1, we derive the recurrence relation (3.1).

The initial conditions Yavg(D1) = Yavg(D2) = 0 are due to a direct calculation. The
proof is finished. O
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The main purpose of this section is to prove the following theorem.

Theorem 3.2. 7,yo(D1) = Yavg(D2) = 0 and for n > 3, we have

BNE E(—)™Um2 —12m+6) 1] 1
Yavg(Dn) = n [2 T;(m —3)(m —2)(m — 1)m 6}
n+1
- (=1)™(2m? — 6m + 3)
2 - Bm—m

In particular, we have
n—Ilnn—-~y
Yovg (D) =

where v = 0.5772 is the Euler-Mascheroni constant.

+o(1),

205

(3.2)
7

12°

(3.3)

Proof. First, we give a proof of (3.2). For the simplicity of writing, we use a,, to denote
Yavg (Dy) in the proof. Let u(t) = >, o ant™ ™ = > o, an41t™ 2 Multiplying both

sides of (3.1) by t" =2 and summing on n > 2, we obtain

D on(n+2anat" = (2n + Da,t"?

n>2 n>2

(3.4)

+ z:(n2 — Dap_1t"2 + Z n%t" =2,

n>2 n>2
Since

(1) = 3 (n - Dapt"?,

n>2

u’(t) = (n—2)(n = 3)ant"

n>2

it follows that

D on(n+2)aniat" =Y [(n—2)(n—3) +7(n - 2) + 8]an41t" >

n>2 n>2

= 20" (t) + Ttu’ (t) + Su(t),

D@+ Dant™ =Y 2n+3)anat" =Y (2(n—2) + T)ant"

n>2 n>2 n>2
= 2t2/ (t) + Ttu(t),

Z(n2 —Dap,_1t" % = Z(n2 —Da,_t" %= Z(n2 +4n + 3)ap41t"

n>2 n>4 n>2
— Z [(n—2)(n —3)+9(n—2) + 15 an41t"
n>2

= t*" (t) + 93 (t) + 15t2u(t),

Z ntn? = Z n(n—1)t""2 + Z nt" 2 =" (t) + Z nt"? — 71

n>2 n>2 n>2 n>0

v'(t) 1 3t—4—t2

= U//(t) + ; W7
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where v(t) = > ot V(1) = X, 5o nt" 0" () = 3, 5 n(n — 1)t" 2. Substituting
the above equalities into (3.4), u(t) satisfies the following second order linear differential
equation

3t —4 — 2
(2 — YY" (t) + (7t — 2t> — 93\ (t) + (8 — Tt — 15t )u(t) = TG—17
with initial conditions w(0) = a3 = Yavg(D3) = 3, v/ (0) = a4 = Yavg(Da) = 2.

With the help of a computer algebra systems, the solution of the above equation is

1 w(t)
4t — 1)¢2 + 40t — 1)2t8’

u(t) = 3.5)

where

w(t) = —t3 + 263 1In(t + 1) 4 3t> — 2t%In(t + 1)
—2tIn(1 —¢t) —2tln(t +1) +2In(1 —¢) + 2In(t + 1).

By Taylor’s formula, we get

R N CEI

m>—2
wt) =t*—t*
2(4(=1)mm?2 + m? —12(=1)™m — 5m + 6(—1)" + 6
43 266D (- (D" +6)
= (m—=3)(m—2)(m—1)m
1 m+5
— t’ﬂl.
4(t — 1)%¢4 Z 4
m>—4

Therefore, comparing the coefficients of "3 of the both sides of (3.5) gives

1 n n-1
=gty
L 2(4(=1)™m? +m? —12(=1)™m — 5m + 6(—1)" +6) n—m+2
+mz:4 (m—3)(m —2)(m— m B
n+1
_n (—=1)™(4m? — 12m + 6) (m? — 5m + 6)
=3 m; {(m— 3)(m —2)(m — Om | (m = 3)(m = 2)(m - U)m
- "i (—1)™(4m? = 12m + 6) + (m? — 3m) + (~2m +6) m — 2
— (m—=3)(m—2)(m—1)m 2
n+1 n+1
_n ()"™@4m* —=12m+6) n 1
- 2£(m—3)(m—2)(m—l)m+ 2£(m—1)m

1S (C)™@m? —12m+6) 1 1 ”i 1
24=  (m=3)(m—-1)m 2= m-1 <= m(m-1)
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+
4 —12m+6 11
D e e e
2 (m—2)(m—1)m  2\3 n+1
- i 4m —12m+6) lnfl
= m—1)m 2m:1m

1

2

R

Tt 2(n+1) 3 n+1
which yields the desired result (3.2).

Now we are in a position to prove (3.3). Using the software Mathematica or series
theory, one has

n+1
(—=1)™(4m? — 12m + 6) _2 1
W;(m—s)(m—z)(m_nm =5 +(,) (3.6
and
Ti_:l (—l)m(QmQ —6m + 3) _ l + 0(1) (3.7)
—  (m=3)(m-1)m 12
Combining (3.6)—(3.7), (2.10) and (3.2), we complete the proof of (3.3). O

4 Some remarks

Bouquets and dipoles are two important classes of graphs in topological graph theory. Their
average genera are of independent interest. In this paper, we obtain explicit formulas for
Yavg (Br) and Yave (Dy, ). By Theorems 2.2 and 3.2, we have the following relation between
’Yavg(Bn) and Wavg(Dn)a

1—1In2
2

Vavg(Bn) = fYavg(Dn) + + 0(1>

1= 1“2 when

It follows that the difference of Yave (By) and Yavg (D) tends to the constant ===
n tends to infinity.
Since both B,, and D,, are upper-embeddable, the maximum genera of B,, and D,, are

bJ and VL 1J respectively. Recall that the minimum genera of B,, and D,, equal 0.
Therefore, also by Theorems 2.2 and 3.2, we have

lim ng(Bn) =land lim ng(D")

n=oo |5 noo | B3]

=1

This implies that the average genus of B,, (D,,) is closer to the maximum genus than to the
minimum genus.
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Abstract

A subset of vertices in a graph is called a total dominating set if every vertex of the
graph is adjacent to at least one vertex of this set. A total dominating set is called minimal
if it does not properly contain another total dominating set. In this paper, we study graphs
whose all minimal total dominating sets have the same size, referred to as well-totally-
dominated (WTD) graphs. We first show that WTD graphs with bounded total domination
number can be recognized in polynomial time. Then we focus on WTD graphs with total
domination number two. In this case, we characterize triangle-free WTD graphs and WTD
graphs with packing number two, and we show that there are only finitely many planar
WTD graphs with minimum degree at least three. Lastly, we show that if the minimum
degree is at least three then the girth of a WTD graph is at most 12. We conclude with
several open questions.

Keywords: Total domination, well-totally-dominated graphs, minimal total dominating sets.

Math. Subj. Class. (2020): 05C69

*This work has been supported by the Scientific and Technological Research Council of Turkey (TUBITAK)
under grant no. 118E799. The work of Didem Goziipek was also supported by the BAGEP Award of the Science
Academy of Turkey.

E-mail addresses: sbahadir@ybu.edu.tr (Selim Bahadir), tinaz.ekim @boun.edu.tr (Tinaz Ekim),
didem.gozupek @ gtu.edu.tr (Didem Goziipek)

©@@® This work is licensed under https://creativecommons.org/licenses/by/4.0/



210 Ars Math. Contemp. 20 (2021) 209-222

1 Introduction

Total domination in graphs has been extensively studied in the literature (see [15]) and has
numerous applications. For instance, consider a computer network where a core group of
file servers has the ability to communicate directly with every computer outside the core
group. Moreover, each file server is directly linked to at least one other backup file server
where duplicate information is stored. This core group of servers corresponds to a total
dominating set in the graph representing the computer network. Another application area
is a specific committee selection mechanism such that every non-member of the committee
knows at least one member of the committee and every member of the committee knows
at least one other member of the committee to avoid feelings of isolation and thus enhance
cooperation (see [14]).

Let G be a graph with no isolated vertices. A subset S of V(G) is called a rotal dom-
inating set (TDS) of G if every vertex in G is adjacent to at least one element in S. A
total dominating set is minimal if it contains no other TDS of G. The minimum size of a
total dominating set of a graph G is called the total domination number and denoted by
(@), while the maximum size of a minimal total dominating set is called the upper rotal
domination number and denoted by T'+(G). G is called well-totally-dominated (WTD) if
every minimal TDS of G is of the same size, that is, v:(G) = I';(G). WTD graphs with
~¢ = k are denoted by WTD(k).

Given a graph, computing its total domination number and its upper total domination
number are NP-hard in general [6, 18] and already NP-hard even in specific graph classes
such as bipartite graphs, comparability graphs and claw-free graphs [15]. One way to deal
with such a problem is to consider “trivial” instances where these two paramaters have the
same value. Examples of graph classes defined in this way in the literature include well-
covered graphs (whose all maximal independent sets have the same size), well-dominated
graphs (whose all minimal dominating sets have the same size), and equimatchable graphs
(whose all maximal matchings have the same size). Structural properties of each one of
these graph classes have been studied extensively in the literature. In this paper, we take
the same approach for the total dominating sets. Works on total domination in the literature
mostly focused on the relation of the total domination number with other graph parame-
ters and characterized graphs with total domination number being equal to an upper bound
(e.g. [3, 4]). Inequalities relating the total domination number to other domination param-
eters and characterization of graphs that tightly attain these bounds have also been studied
(see [1, 16]).

Clearly, if the total domination number and the upper total domination number are
polynomial time solvable for a given class of graphs, then the recognition of WTD graphs
belonging to this class of graphs is polynomial. However, the complexity of recognizing
WTD graphs in general is unknown. In such a situation, a classical approach consists in
studying the structure of WTD graphs in restricted graph classes and providing structural
characterizations along with efficient recognition algorithms whenever possible.

WTD graphs were initially introduced in [12], where WTD cycles and paths are char-
acterized and several constructions of WTD trees are given. They also proved that a WTD
graph with minimum degree at least two has girth at most 14. The work in [7] focused
on the composition and decomposition of WTD trees and proved that any WTD tree can
be constructed from a family of three small trees. To the best of our knowledge, [12] and
[7] are the only work on WTD graphs. A graph class resembling WTD graphs is well-
dominated graphs, which are graphs whose minimal dominating sets have the same size. It
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is known that well-dominated graphs form a proper subset of well-covered graphs [8]. We
note that well-covered graphs are graphs whose maximal independent sets have the same
size and there is a rich literature about them (see [13, 19]). Well-dominated graphs were in-
troduced by Finbow et al. [8], who provided a characterization of bipartite well-dominated
graphs and well-dominated graphs with girth at least 5. Characterizations of these graphs
within other graph classes were also obtained [9, 10, 17, 20]. Although their definitions re-
semble each other, there is not a containment relationship between WTD graphs and well-
dominated graphs. For instance, a cycle on six vertices is WTD but not well-dominated,
whereas the graph 77, described in [17] is well-dominated but not WTD.

It follows from the previous studies on WTD graphs that we do not know much about
their structure. In this paper, we investigate the study of WTD graphs from a structural
point of view. We first study WTD graphs with bounded total domination number. We
prove in Section 2 that the recognition of WTD graphs with total domination number k is
solvable in polynomial time for every positive integer k. We then focus on WTD graphs
with total domination number 2, referred to as WTD(2) graphs in Section 3. We char-
acterize triangle-free WTD(2) graphs and WTD(2) graphs with packing number 2 (or
equivalently of diameter 3). We also show that there is a finite number of planar WTD(2)
graphs with minimum degree at least 3. Subsequently, we study the girth of WTD graphs in
Section 4. In particular, building on a result in [12], we prove that WTD graphs with mini-
mum degree at least three have girth at most 12. Finally, we discuss several open research
directions.

2  WTD graphs with bounded total domination number

Recall that the complexity of recognizing WTD graphs is unknown. In this section, we
show that for any positive integer k&, WTD(k) graphs can be recognized in polynomial time.
To this end, we will use an equivalent description of WTD(k) graphs using transversal
hypergraphs. Let us first introduce necessary definitions. A hypergraph H is a pair H =
(X, E) where X is a set of elements called vertices, and E is a set of nonempty subsets
of X called hyperedges. Therefore, a hypergraph might have a vertex which belongs to
none of the hyperedges, but cannot have multiple hyperedges. A transversal (or hitting set)
of a hypergraph H = (X, E) is a set T C X that has nonempty intersection with every
hyperedge of H. A transversal of a collection of sets is a transversal of the hypergraph
whose hyperedges are the given collection. A transversal 7" is called minimal if no proper
subset of T' is a transversal. The transversal hypergraph of H = (X, E) is the hypergraph
H* = (X, F) whose hyperedge set F’ consists of all minimal transversals of H.

Let G be a graph with no isolated vertex. Let Hg be the hypergraph whose vertex set
is V(@) and hyperedges are open neighborhoods of the vertices of G. Let also MTDS(G)
denote the set of all minimal total dominating sets of G.

Lemma 2.1. MTDS(G) consists of hyperedges of the transversal hypergraph of Hg.

Proof. LetT be a hyperedge of H(,, that is a minimal transversal of the set of open neigh-
borhoods of G. This means that 7" contains a neighbor of every vertex in G, thus it is a total
dominating set. By minimality of the transversal 7', it is also a minimal total dominating set
of G. Conversely, let S be a minimal total dominating set of G. Then, every vertex in G is
adjacent to at least one vertex in S. That is, S has a nonempty intersection with every open
neighborhood in G. Therefore, .S is a transversal of the hypergraph H and minimality of
S implies that it is a minimal transversal. Thus, S is a hyperedge of H/. O
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Proposition 2.2. Let G be a graph. Then, for any minimal transversal T of MTDS(G),
there exists a vertex v in G such that N(v) = T.

Proof. Let MTDS(G) = {A4,..., A, }. Since T has nonempty intersection with each
A;, V(G)\ T contains none of the minimal total dominating sets Ay, ..., A,,. Therefore,
V(G)\ T is not a TDS of G, and hence there exists at least one vertex v € V(G) such that
N@)n (V(G)\T) = 0. Thus, we see that N(v) C T. Suppose that N(v) # T. Then
T\ N(v) #0andletu € T\ N(v). Since T is a minimal transversal, 7" \ {u} is disjoint
with at least one of A;,..., A, say A;. Asu € T\ N(v), we have N(v) C T\ {u},
and hence N(v) N A; = (). That is, v is not dominated by A;, which is a contradiction.
Therefore, N (v) = T. O

A hypergraph H is said to be Sperner if no hyperedge of H contains another hyperedge.
The following result shows that any finite collection of finite sets which forms a Sperner
hypergraph corresponds to the set of all minimal total dominating sets of a graph.

Proposition 2.3. Let H be a Sperner hypergraph. Then there exists a graph G such that
E(H) = MTDS(G).

Proof. Let E(H) = {A1,...,An,}and A = U" | A;. Consider a graph with vertex set A
and draw edges between its vertices such that each vertex is adjacent to at least one vertex
in A; foralli = 1,...,m (for example, draw all possible edges). Then, in accordance with
Proposition 2.2, for each minimal transversal 7' of H, add a vertex v to the graph such
that N (vr) = T. Let G be the resulting graph.

We first show that each A; is a TDS of G. By construction, every vertex of A is adjacent
to at least one vertex in A;. Moreover, for every minimal transversal T of Ay, ..., A, we
have T'N A; # (), and hence, each vy is dominated by A;. Therefore, A; is a TDS for
1=1,...,m.

We next show that every TDS of G contains at least one of A;,...,A,,. Let S be a
TDS of G and suppose that A; ¢ S fori = 1,...,m. Then, V(G) \ S is a transversal
of Aq,...,A,,, and hence, there exists a minimal transversal T of A4,..., A,, such that

T C V(G)\ S. On the other hand, we have N (vy) = T and thus, we get N(vr) NS = 0,
which contradicts that .S is a TDS of G.

Consequently, a set other than Ay, ..., A,, can not be a minimal TDS of G. We finally
show that each A; is a minimal TDS of G. Suppose that A; is not minimal for some 3.
Then, A; \ {z} is still a TDS of G for some & € A;, and therefore, A; C A; \ {«} for some
j, which implies A; C A; contradicting that H is Sperner. Therefore, minimal TDSs of G
are exactly Aq,..., Ap,. O

Remark 2.4. One can extend G to another graph whose minimal TDSs are A4,..., A,
as follows: Let G’ be a graph disjoint from G. Draw edges between the vertices of G’
and A in such a way that every vertex of G’ is adjacent to at least one vertex of A; for
i =1,...,m. By following the same arguments, it is easy to check that minimal TDSs of
the resulting graph are Ay, ..., A,,.

Notice that any finite collection consisting of distinct sets of size k corresponds to a
Sperner hypergraph and therefore, Proposition 2.3 implies the following result.

Corollary 2.5. For every integer k > 2, WTD(k) is an infinite graph family.
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The HYPERGRAPH TRANSVERSAL problem is the decision problem that takes as input
two Sperner hypergraphs H and H’ and asks whether H' is the transversal hypergraph H*
of H.

Theorem 2.6 ([2, 5]). For every positive integer k, the HYPERGRAPH TRANSVERSAL
problem is solvable in polynomial time if all hyperedges of one of the two hypergraphs H
and H' are of size at most k.

Theorem 2.6 has the following consequence:

Corollary 2.7 ([11]). For every positive integer k, the following problem is solvable in
polynomial time: Given a Sperner hypergraph H, determine whether all minimal transver-
sals of H are of size k.

The complexity of recognition of WTD graphs with bounded total domination number
can now be derived from Corollary 2.7.

Theorem 2.8. For every positive integer k, the problem of recognizing WTD (k) graphs
can be solved in polynomial time.

Proof. Let G be a graph with no isolated vertices. Consider the hypergraph Hg = (V, £),
where £ contains the inclusion-minimal elements of { N (v) : v € V'}. Observe that H¢ is
Sperner and that the minimal transversals of Hg are exactly the minimal total dominating
sets of G by Lemma 2.1. It follows that GG is WTD if and only if all minimal transversals
of H¢ are of size k. By Corollary 2.7, this condition can be tested in polynomial time. [

3 WTD graphs with total domination number two

In this section, we study WTD graphs whose total domination number is 2. We give
complete characterizations of WTD(2) graphs with packing number 2 and triangle-free
WTD(2) graphs. We also show that planar WTD(2) graphs with minimum degree at least
3 have at most 16 vertices.

Let G be a WTD(2) graph. Note that every minimal TDS of G is a pair consisting
of endpoints of an edge of G. Consequently, every WTD(2) graph is connected. We
will call an edge of G whose endpoints is a TDS of G a dominating edge of G. Let G4,
be the graph with vertex set Ugemrps(e)S (i-€., vertices of G serve as an endpoint of a
dominating edge) and edge set which consists of dominating edges of G. In other words,
G . 1s the edge-induced subgraph of G obtained by the dominating edges. See Figure 1 for
an example.

G Gde

Figure 1: A WTD(2) graph G and the graph G, obtained by the dominating edges of G.
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Remark 3.1. Notice that the graph G 4. and the subgraph of G induced by V(G ) are not
necessarily the same. In general, G4 is a subgraph of G but not necessarily an induced
subgraph of G with respect to a set of vertices.

A set S is a vertex cover of a graph G if every edge of G has an endpoint from S. Let
MVC(G) denote the set of all minimal vertex covers of the graph G.

Proposition 3.2. Let G be a WTD(2) graph. For every minimal vertex cover S of G ge
there exists a vertex vg in G such that N (vg) = S.

Proof. We notice that every minimal vertex cover S of GG4. is a minimal transversal of
MTDS(G). Therefore, by Proposition 2.2 there exists a vertex in G whose neighborhood
is exactly S. O

3.1 Characterization of WTD(2) graphs with packing number 2

A set S C V(G) is called a packing of G if N|u] N N[v] = @ for every distinct u,v € S.
The packing number p(G) is the maximum size of a packing of G. It is well-known that
for any graph G we have p(G) < v(G) < v(G). Therefore, if v;(G) = 2, then p(G) is
either 1 or 2. In this subsection, we provide a characterization of WTD(2) graphs G with
p(G) = 2. In particular, this characterization allows us to construct any WTD(2) graph
with p(G) = 2.

Let W5, be the set of graphs obtained as follows:

Step 1: Choose a bipartite graph H with no isolated vertices.

Step 2: For every S € MVC(H), choose a new vertex vg and draw edges from vg to
every vertex in S.

Step 3: For each edge wv in H and every w € V(H) \ {u, v}, add the edges wu and/or
wo if needed to make sure w is adjacent to at least one of u and v.

Step 4: Choose a new graph H’ (might be the empty graph) which is disjoint from the
current graph. Then for each edge uv in H and every w € V(H'), draw at least
one of the edges wu and wv.

A graph in W is given in Figure 2.

U{z,t} V{y,z} V{z,t} V{y,z} U{z,t} V{y.z}
U{w’z} U{yvt} U{a:,z} ‘\ /' U{y)t} U{I)Z} ‘\ /' U{y7t}
z Yy Step 2 Step 3 z Xy Step 4 T Y
H (V3] U2

us

Figure 2: A graph in W5 obtained by the given process. Bold edges represent the dominat-
ing edges.
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Lemma 3.3. If a graph G is in Wy, then G is a WTD(2) graph with p(G) = 2.

Proof. Let G € Wy and H = (U,V, E) be the bipartite graph in the first step of the
construction of G. We first show that the packing number of G is 2. As H has no isolated
vertices, both U and V' are minimal vertex covers of H. Thus, the vertices vy and vy
have disjoint closed neighborhoods since N(vy) = U and N(vy) = V and hence, we get
p(G) > 2. Clearly, by construction, every edge of H is a dominating edge of G. Therefore,
we get 1:(G) = 2. Since p(G) < 1:(G), we obtain p(G) < 2 and hence, p(G) = 2.

Now let T be a minimal TDS of G other than the edges of H. Then T contains at
most one endpoint of an edge of I because otherwise 1" contains a TDS, which contradicts
that 7" is minimal. Therefore, V/(H) \ T is a vertex cover of H and hence, it contains a
minimal vertex cover S of H. By construction there exists a vertex vg with N(vg) = S.
As S C V(H)\ T, we obtain N(vg) N'T = (), which contradicts that T is a TDS of G.
Consequently, edges of H are the only minimal TDSs of G and hence, G is a WTD(2)
graph and G4 = H. 0

Lemma 3.4. Let G be a WTD(2) graph with p(G) = 2. Then, G is in W.

Proof. Let {z,y} be a packing with minimum |N{[z]| 4+ |N[y]|. Note that every dominating
edge of G has one endpoint from N (z) and one from N (y) and hence, G, is a bipartite
graph, say with parts X and Y where X C N(z) and Y C N(y).

We next show that X = N(z) and Y = N(y). By symmetry, it suffices to prove
X = N(x). Notice that G4, has no isolated vertices and therefore, X is a minimal vertex
cover of G4.. By Proposition 3.2 there exists a vertex vx satisfying N(vx) = X. Suppose
that X # N(z). Then, we get X C N(x). Clearly vx # y. Moreover, vx ¢ N(y)
sincey ¢ X = N(vx). Thus, we get N[vx] N N[y] = () and hence {vx,y} is a packing
of G. However, we obtain |N[vx]| + |[N[y]| < |N[z]| + |Ny]| since X C N(z), which
contradicts the definition of the packing {z,y}. Consequently, we get X = N(z) and
hence, we may take vy = x. Similarly, we have Y = N(y) and we may assume vy = y.

Now let .S be a minimal vertex cover of GG 4.. By Proposition 3.2 there exists a vertex vg
satisfying N(vg) = S. If S = X or S =Y, we can take vg to be z or y, respectively, and
in both cases, we have vg ¢ V(Gg.). Otherwise, suppose that vg € V(Gge) = X UY.
Without loss of generality, let vg € X. Then, as X = N(z), we get x € N(vg) =
S C N(z) U N(y), which is a contradiction. Therefore, vg is not a vertex of G, that is,
Vs € V(G) \ V(Gde).

Finally, we see that one can obtain the graph G by following the procedure in the
definition of W5 with the initial bipartite graph H = G ge. O

Combining the results in Lemma 3.3 and Lemma 3.4 gives the following structural
characterization of WTD(2) graphs with p(G) = 2. Moreover, by definition of the class
W, this provides us with a procedure to construct any WTD(2) graph with p(G) = 2.

Theorem 3.5. A graph G is WTD(2) with p(G) = 2 if and only if G € Wh.

Given a graph G, the diameter of GG, denoted by diam(G) is the maximum length of
a shortest path between any pair of vertices of G. Let G be a graph such that v, (G) = 2.
Then, it is easy to see that diam(G) < 3. Moreover, whenever v,(G) = 2, we have
diam(G) = 3 if and only if p(G) = 2 and therefore, in all the statements in Lemma 3.3,
Lemma 3.4 and Theorem 3.5, the condition p(G) = 2 can be replaced with diam(G) = 3.
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Corollary 3.6. A graph G is WTD(2) with diam(G) = 3 if and only if G € Wa.

One may attempt to modify the description of W5 graphs in order to describe all
WTD(2) graphs with p(G) = 1. In the first step of the process of building a graph in
W, if one starts with a non-bipartite graph H with no isolated vertices, then the resulting
graph is still WTD(2) but has packing number 1. However, not every WTD(2) graph G
with p(G) = 1 can be obtained in this way. For example, consider the graph presented in
Figure 1. To obtain this graph G, in Step 1 one should definitely choose H to be the graph
with vertex set {z,y,¢,w} and edge set {zy, yt,tw} which is indeed G4.. However, in
Step 2 if one chooses a new vertex vg for S = {y, w} (which is a minimal vertex cover of
G 4¢), then the graph G can not be obtained. So, the complete characterization of WTD(2)
graphs with p(G) = 1 is left as an open question.

3.2 Triangle-free WTD(2) graphs

In this subsection, we provide characterization of triangle-free WTD(2) graphs.

Lemma 3.7. If G is a triangle-free graph with v+(G) = 2, then G is a bipartite graph and
we have

1, if G is complete bipartite;
p(G) = :
2, otherwise.

Proof. Let uv be a dominating edge of G. Then we have N(u) U N(v) = V(G). As
G is triangle-free, none of two adjacent vertices have a common neighbor. Therefore,
we have N(u) N N(v) = () and also see that both N(u) and N(v) are independent sets.
We consequently obtain that G is a bipartite graph with parts N(u) and N(v). Since
p(G) < %(G) = 2, we have p(G) € {1,2}. Moreover, it is clear that p(G) = 1 if and
only if each vertex in N(u) is adjacent to all the vertices in N (v), i.e., G is a complete
bipartite graph. O

For a bipartite graph with parts X and Y, define X,, = {# € X : N(z) = Y} and
Y, ={y €Y : N(y) = X}. In other words, X, (resp. Y,,) is the set of vertices in X (resp.
Y’) which are adjacent to every vertex in Y (resp. X). The following result characterizes
all triangle-free WTD(2) graphs.

Theorem 3.8. The following three statements are equivalent:
(i) G is a triangle-free WTD(2) graph.
(ii) G is a bipartite WTD(2) graph.

(iii) G is complete bipartite graph or G is a bipartite graph with parts X and Y such
that there exist vertices a € X \ X,, and b € Y \ 'Y, satisfying N(a) =Y, # 0 and
N(b) = X, #0.

Proof. By Lemma 3.7 we see that (i) implies (ii). On the other hand, the implication
(iii)) = (i) can be easily verified and hence, the proof finishes if we show that (ii) implies
(iii). Now let G be a bipartite WTD(2) graph, say with parts X and Y. Clearly we will
only consider the case when G is not a complete bipartite graph. By definition of X,, and
Y., note that every dominating edge of G has one endpoint in X,, # () and one endpoint
in'Y,, # 0. Moreover, any edge xy where v € X, and y € Y, is a dominating edge of G.
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Therefore, G 4. is the subgraph of G induced by X,, UY,, and it is complete bipartite. Thus,
G 4. has only two minimal vertex covers, namely X, and Y,,. Then, definition of a graph
in W5 and Theorem 3.5 imply the existence of the vertices a € X \ X, and b € Y \ Y,
with N(a) =Y, and N(b) = X,,. O

Although a polynomial time recognition algorithm for WTD(2) graphs follows from
Theorem 2.8, the characterization in Theorem 3.8 provides us with a simple linear time
recognition algorithm.

Corollary 3.9. Triangle-free WTD(2) graphs can be recognized in linear time.

Proof. Given a graph G, one can check whether it is a connected bipartite graph and if so,
find its unique bipartition (X, Y") in linear time (in the number of vertices and edges of G).
Then, sets X,, and Y,, can be identified simply by assigning every vertex x € X such that
d(xz) = |Y| into X,,, and y € Y such that d(y) = | X]| into Y,,. According to Theorem 3.8,
G is triangle-free WTD(2) if and only if either X,, = X and Y,, = Y (thus, G is complete
bipartite), or the removal of X, and Y, leaves at least one isolated vertex in each one of X
and Y. Clearly, all these checks take only linear time. O

3.3 Planar WTD(2) graphs

In this subsection, we study planar WTD(2) graphs whose minimum degree is at least
three and show that such graphs can have at most sixteen vertices. Throughout this section,
we frequently use the fact that a graph obtained by an edge contraction of a planar graph is
also planar. Recall also that a planar graph contains no K5 or K3 3.

Observation 3.10. Let G be a WTD(2) graph. The vertex obtained by edge contraction
of a dominating edge is a universal vertex in the new graph.

Let v(G) denote the matching number of a graph G.
Lemma 3.11. Let G be a planar WTD(2) graph. If v(Ga.) > 3, then |V (G)| < 8.

Proof. Suppose that v(Gg4.) > 3 and G has at least 9 vertices. Then, G has three inde-
pendent dominating edges, say u1v1, uove and ugvs, and three vertices other than w1, us,
us, V1, V2, U3, say w1, we and ws. Now contract the edges uqv1, usve and ugvs. In the
resulting graph, new three vertices and w1y, w2, w3 contain a K3 3, which contradicts the
planarity. O

Lemma 3.12. If G is a WTD(2) graph with 6(G) > 3, then v(Gg.) > 2.

Proof. Let G be a WTD(2) graph with 6(G) > 3. It suffices to show that G has two
independent dominating edges. Let xy be a dominating edge of G. Since the minimum
degree is at least three, each vertex of G has at least one neighbor in V(G) \ {z, y}. There-
fore, V(G) \ {z,y} is a TDS of G and hence, it contains a dominating edge ab since G is
WTD(2). As the dominating edges xy and ab share no vertex, we get v(Gg.) > 2. O

Combining the results in Lemmas 3.11 and 3.12 gives the following result.

Proposition 3.13. If G is a planar WTD(2) graph with 6(G) > 3, then v(Gg.) = 2 or
V(G <s8.
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We next study planar WTD(2) graphs whose minimum degree is at least 3 and match-
ing number is 2.

Proposition 3.14. If G is a planar WTD(2) graph with §(G) > 3 and v(Gg4.) = 2, then
V(@) <16

Proof. Let ab and zy be two independent dominating edges of G and H = G—{a, b, z,y}.
Let Hy,...,H,, be the connected components of H and order of H; be h; for i =
1,...,m. Note that it suffices to show that hy + - - - + h,,, < 12.

We first prove that each H; is a path or a singleton. Note that it suffices to show that
maximum degree of H is at most 2 and H contains no cycle. Suppose that a vertex v of
H has three neighbors, say v1, v2, vs, in H. Then contraction of the edges ab and zy gives
rise to a K3 3 with parts {ab, zy, v} and {v1,ve, v3}, which is a contradiction. Therefore,
every vertex in H has at most two neighbors in H. Suppose that H has a cycle, say
v1, Ve, . .., V. Contract the edge vivi_1 and denote the new point by vy_;. Then contract
the edge vi_1vx—2 and denote the new point by v;_o and so on. Follow this process until
we get a triangle vy, v2, v3. Then contracting the edges ab and xy yields a K5 with vertices
ab, xy, vy, va, v3, which is a contradiction. Thus, H has no cycle and hence, H is a disjoint
union of paths and singletons.

We next show that for every vertex v € H we have |N(u) N {a,b,z,y}| > 3 or
[(N(u)UN(v))N{a,b,x,y}| > 3 for some neighbor v € V(H) of u. Since both ab and
xy are dominating edges, the intersection N (u) N {a,b,x,y} has at least two elements:
one from {a, b} and one from {z,y}. Consider the case when |N(u) N {a,b,z,y}| = 2.
Without loss of generality, let N(u) N {a,b, z,y} = {a,x}. Since the minimum degree of
G is at least 3, there is no vertex v € G such that N (v) = {a, 2}. Hence, by Proposition 3.2
the set {a, x} is not a vertex cover of G.. Then, there exists an edge wv of G4, such that
{w,v} N {a,x} = 0. Thus, as v(Gg.) = 2 and ab, vy € Gg., we have wv = by or
w € {b,y} and v € V(H). Recall that wv is a dominating edge in G and hence, u is
adjacent to w or v. Therefore, the case wv = by is impossible and we see that v is adjacent
to u. Consequently, we get |(N(u) U N(v)) N {a,b,z,y}| > 3 since w € {b,y} is a
neighbor of v. Note that this result implies that if {u} is a component of H, then u has at
least three neighbors among a, b, x, y; otherwise, contraction of the edge uv gives rise to a
vertex adjacent to at least three of a, b, x, y.

We then apply the following process for each i = 1,...,m: If h; < 3, contract the
edges of H; and obtain a singleton. If h; > 4, let H; be the path v{,vs,...,v; Where
k = h;. First, contract vyvs and vi_1v;. Then contract the paths v3v4vs, vgurvs, - - .
and so on. Note that for every ¢ we obtain at least 2 + |(h; — 4)/3] = |(hi + 2)/3]
vertices adjacent to at least three of a, b, z,y. Therefore, each such vertex is adjacent to
both @ and b or adjacent to both x and y. Assume that the number of vertices having
at least three neighbors among a, b, x,y in the resulting graph is more than 4. Then, by
pigeonhole principle, there will be three distinct vertices u;, us and ug each of which is
adjacent, without loss of generality, to both a and b. Then, contraction of the edge xy gives
a K3 5 with parts {a, b, zy} and {u, ug, us}, contradicting the planarity of G. Thus, there
are at most 4 vertices having at least three neighbors among a, b, x, y once the contraction
process is terminated, thatis, > .~ | (h; +2)/3] < 4. Since h; is an integer, the inequality
h;/3 < [(h; + 2)/3] holds, implying that Y_"" | h;/3 < 4 which yields >_"", h; < 12 as
desired. O
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Propositions 3.13 and 3.14 imply that, unlike the general case stated in Corollary 2.5,
there is a finite number of planar WTD(2) graphs with §(G) > 3.

Theorem 3.15. If G is a planar WTD(2) graph with §(G) > 3, then |V (G)| < 16.

In contrast, there is no upper bound on the number of vertices for planar WTD(2)
graphs with minimum degree 1 or 2. For example, consider a star with arbitrarily many
leaves and a graph with arbitrarily many triangles sharing a common edge, respectively.

4 Girth of WTD graphs

In this section, we provide a relation between the minimum degree and the girth for WTD
graphs. We show that if the minimum degree is more than two in a WTD graph, then the
graph contains a cycle of length at most twelve. It is shown in [12] that if G is a WTD
graph with §(G) > 2, then the girth of G, g(G), is at most 14.

Theorem 4.1 ([12, Theorem 4.1]). Suppose G is a connected graph with no leaves such
that G has girth at least fifteen. Then v(G) < I'y(G).

By following the idea in the proof of Theorem 4.1 in [12], one can find other relations
between §(G) and g(G) of a WTD graph G. Before presenting such extensions, we need
the following useful lemma, which is also given in [12]:

Lemma 4.2. Let G be a WTD graph, ujv1, . . ., UV, be a subset of the edges of G and
A = U {u;,v;}. If the subgraph of G induced by A is disjoint union of m complete
graphs of order 2 and G — N[A] has no isolated vertices, then G — N[A] is also WTD.

Proof. Let S be a minimal TDS of G — N[A]. We claim that S U A is a minimal TDS of
G. It is easy to see that it is a TDS of G. Suppose that S U A contains another TDS of G,
say T. Then T'N S is a TDS of G — N|[A] and hence, since S is minimal we get T'N.S = S.
Therefore, we obtain T = S U A" where A’ C A. If A\ A’ is nonempty, then without loss
of generality we assume that u; € A\ A’. But then, v; is not dominated by T, which is a
contradiction. Therefore, we have A’ = A, which implies that 7' = S U A, that is, S U A
is minimal.

As every minimal TDS of G has the same size, |S|+2m is independent of S and hence,
G — NJ[A] is a WTD graph as well. O

Theorem 4.3. If G is a WID graph with §(G) > 3, then g(G) < 12.

Proof. Assume that G is a WTD graph with §(G) > 3 and g(G) > 13. Let P =
v1, V2,3, Vg, Us be a path in G. For any vertex v in G, let dp(v) = minj<;<5 dist(v, v;).
Define Ny to be the set of vertices v with dp(v) =k fork =1,2,....

First note that every vertex in Ny has a neighbor in N_; for every k > 2. Moreover,
for k = 1,2, 3, Ny, is an independent set since otherwise we obtain a cycle of length at most
11. We will now show that for £ = 1, ..., 4, any vertex in Ny, has at least one neighbor in
Ny.+1. Suppose that there exist k < 4 and v € Ny, such that v is adjacent to no vertex in
Nyi+1. By definition, it is clear that v has no neighbor in N; for any [ > k + 2. Therefore,
all the neighbors of v are in Uy <;<3V;. Thus, as v has at least three neighbors, there exist
three paths from v to P such that one of them has length & and two of them have length at
most k + 1. By a simple case analysis, considering the vertices of these paths on P gives
that there exist a cycle of length at most 2k + 3 < 11, which is a contradiction.
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Now, let No = {w1,...,w,,}. Foreveryi = 1,..., m, choose a neighbor of w; in N3,
say u;. Let A = U {w;,u;}. For any ¢ # j, w; is not adjacent to u; because otherwise
we obtain a cycle of length at most 10. Therefore, the induced subgraph of G induced by
A is a disjoint union of m complete graphs of order 2.

Next, consider the graph H = G — N[A]. Note that N[A] consists of Ny, No, N3 and
some vertices in [N4. Therefore, P is a connected component of H. As any vertex in Ny
has a neighbor in N5, no vertex v € Ny N V(H) is isolated in H. Clearly, no vertex in
Ny, with k > 6 is isolated in H since it has a neighbor in Nj_;. Suppose to the contrary
that a vertex v in V5 is isolated in H. Then v has no neighbor in N5 and Ng, and thus, all
its neighbors are in V4. Therefore, since there exist three paths from v to P, this yields
a cycle of length at most 12, which is a contradiction. Consequently, H has no isolated
vertices and we can apply Lemma 4.2 and conclude that H is a WTD graph. However, P
is a component of H and hence, it should be WTD as well. Nevertheless, a path of length 4
is not a WTD graph (both {vy, v2, v4, v5} and {va, v3, v4} are minimal TDSs of P), which
is a contradiction. O

5 Conclusion

In this work, we studied graphs whose all minimal total dominating sets have the same size.
We say these graphs are well-totally-dominated. We proved that well-totally-dominated
graphs with bounded total domination number can be recognized in polynomial time. We
then analyzed well-totally-dominated graphs with total domination number two for the
special cases of triangle-free graphs and planar graphs. Finally, we focused on the girth
of well-totally-dominated graphs. In particular, we proved that a well-totally-dominated
graph with minimum degree at least three has girth at most 12. We now conclude with
several future research directions.

Although we proved in this paper that the problem of recognizing well-totally-dominated
graphs with bounded total domination number can be solved in polynomial time, the com-
plexity of the general case is an open research problem. Hence, we pose the following
question:

Problem 5.1. What is the computational complexity of recognizing well-totally-dominated
graphs?

We have already characterized WTD(2) graphs with packing number p(G) = 2 in The-
orem 3.5. Since WTD(2) graphs have p(G) < 2, in order to complete the characterization
of all WTD(2) graphs, it remains to answer the following question:

Problem 5.2. What are WTD(2) graphs with p(G) = 1?

Along the same line, one may consider to generalize our result in Theorem 3.5. It
is well known that p(G) < 7(G) < T+(G); hence graphs with p(G) = T(G) form a
subclass of WTD graphs. This suggests our next open problem:

Problem 5.3. What are WTD(k) graphs with p(G) = k?

Lastly, we have shown in Theorem 3.15 that planar WTD(2) graphs with 6(G) > 3
have at most 16 vertices. Our intuition is that 16 is not a tight bound. Thus, we pose the
following question:

Problem 5.4. Is the upper bound of 16 for the number of vertices of a planar WTD(2)
graph with §(G) > 3 tight? Can we determine all (finitely many) planar WTD(2) graphs?
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Abstract

The distinguishing index of a graph G, denoted by D’ (G), is the least number of colours
in an edge colouring of GG not preserved by any nontrivial automorphism. This invariant
is defined for any graph without K5 as a connected component and without two isolated
vertices, and such a graph is called admissible. We prove the Nordhaus-Gaddum type
relation:

2<D'(G)+D'(G) <AG)+2
for every admissible connected graph G of order |G| > 7 such that G is also admissible.

Keywords: Symmetry breaking in graphs, distinguishing index, Nordhaus-Gaddum type bounds.
Math. Subj. Class. (2020): 05C15, 05C25

1 Introduction and main result

We consider finite graphs and their edge colourings, not necessarily proper. Such a colour-
ing breaks an automorphism of a graph if there exists an edge that is mapped into an edge
with a different colour by that automorphism. A colouring is called asymmetric (or dis-
tinguishing), if it breaks all non-trivial automorphisms. The minimum number of colours
in an asymmetric colouring of a graph G is called the distinguishing index of G and is
denoted by D’(@G). Obviously, the distinguishing index is defined only for graphs without
K, as a component and with at most one isolated vertex. We call such graphs admissible.

The following general upper bound for the distinguishing index of connected graphs
with respect to the maximum degree was proved by Kalinowski and Pil$niak in [8].
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Theorem 1.1 ([8]). If G is a connected graph with at least three vertices, then
D'(G) < A(G)
unless G is C3, Cy or Cs.

This result was improved in [10], where all connected graphs with the distinguishing
index equal to the maximum degree were characterized. In particular, a tree is called sym-
metric (respectively, bisymmetric) if it contains a central vertex vy (resp. a central edge eg),
all leaves are at the same distance from vy (resp. eg) and all vertices that are not leaves have
the same degree.

Theorem 1.2 ([10]). Let G be a connected graph of order at least three. Then
D'(G)<AG) -1
unless G is a cycle, a symmetric or a bisymmetric tree, K, or K3 3.

In the same paper, the conjecture for 2-connected graphs was formulated, and quite
recently was confirmed in [7] in a bit stronger form, as follows.

Theorem 1.3 ([7]). If G is a connected graph with minimum degree 6(G) > 2, then
D'(G) < [VAG)] +1.

The main goal of the paper is a proof of a Nordhaus-Gaddum type inequalities for
the distinguishing index of a graph. Our investigation was motivated by the renowned result
of Nordhaus-Gaddum [9] who determined in 1956 lower and upper bounds for the sum
of the chromatic numbers of a graph and its complement (actually, the upper bound was
first proved by Zykov [12] in 1949). Since then, Nordhaus-Gaddum type bounds were
obtained for many graph invariants. An exhaustive survey is given in [1]. In particular,
it was considered by Collins and Trenk in [3] for the distinguishing chromatic number
X p(G), which is the minimum number of colours in an asymmetric proper vertex colouring
of a graph GG. The Nordhaus-Gaddum type inequalities were also investigated in [10] for
the chromatic distinguishing index x’,(G) of a graph G defined for asymmetric proper
edge colourings. It was proved therein that if G is an admissible graph of order n > 3
distinct from K 4, then

n—1<xp(G)+xp(G) <2(n—1).

Both upper and lower bounds are similar to Vizing bounds proved for the chromatic index
of a graph [11] but in the proof for the chromatic distinguishing index we have to be more
careful.

It was also conjectured in [10] that

2 < D'(G)+ D'(G) < max{A(G),A(G)} + 2

if both graphs G and G are admissible and of order n > 7. It was confirmed for some
classes of graphs, in particular for trees, claw-free graphs, 3-connected graphs and traceable
graphs. Here, we prove the stronger version of Nordhaus-Gaddum type inequality for
the distinguishing index.
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Theorem 1.4 (Main Theorem). If both G and G are admissible graphs of order n > T,
and G is connected, then

2<D'(G)+ D'(G) <AG) +2.

The lower bound by 2 is obvious. Indeed, if a graph G is asymmetric, that means it
has a trivial automorphism group, then the distinguishing index of both G and G equals 1.
Moreover, Theorem 1.4 is tight. To see this, consider a symmetric (or bisymmetric) tree
T of order n > 7. Then by [5] T contains an asymmetric spanning tree if T is different

from a star, so D'(T") = 2 by Proposition 2.2. So, it follows from Theorem 1.2 that
D'(T) + D'(T) = A(T) + 2 for symmetric and bisymmetric trees.

It has to be noted that there exist graphs of order less than 7 violating the right inequal-
ity in Theorem 1.4. For example, D'(K33) = 3, D'(K33) = 4, whence D'(K33) +
D/(m) = A(Kg}s) + 4. Also, DI(C5) + D/(d) = A(Cs) + 4, and D/(Kl,i) +
D/(Kl,i) = A(Kl,» + 3 fore = 3,4, 5.

In Section 2 we recall some results useful in the proof of Theorem 1.4, which is given
in Section 3.

2 Known bounds for D’

Let us recall some useful results, before we start to prove the Main Theorem. A graph
that contains a Hamiltonian path, i.e. a path that visits each vertex of the graph, is called
traceable. Following [2], we define the k-th Bondy-Chvdtal closure cli(G) of a graph G
as the graph obtained from G by recursively joining pairs of non-adjacent vertices with
degree-sum at least k. By the well-known theorem of Bondy and Chvatal [2], a graph G of
order n is traceable whenever cl,,_; (G) is traceable.

We begin with the distinguishing index of complete graphs and of traceable graphs.

Proposition 2.1 ([8]).

D/(K ): 27 %fn267
" 3, ifn=3,4,5.

The following simple observation is very useful in some proofs. A subgraph H of a
graph G is called almost spanning if H is a spanning subgraph of a graph G — v for some
v e V(Q).

Proposition 2.2 ([10]). If H is a spanning or almost spanning subgraph with at least three
vertices of a graph G, then D'(G) < D'(H) + 1.

In particular, the spanning path in a traceable graph needs two colours to break its non-
trivial automorphism, so a traceable graph has the distinguishing index at most 3. Actually
we have a stronger result.

Theorem 2.3 ([10]). Let G be a traceable graph of order at least 3. If G has at least 7
vertices, then D'(G) < 2. Moreover, if G is of order at most 6, then D'(G) < 3.

The distinguishing index of complete bipartite graphs was determined independently by
Fisher and Isaak [4] and by Imrich, Jerebic and Klavzar [6]. Actually, they formulated their
result for the distinguishing number D (K, 0 K,) of the Cartesian product of complete
graphs, but D'(K, ;) = D(K, 0 K,).
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Theorem 2.4 ([4, 6]). Let p, q, d be integers such that d > 2 and (d — 1)P < g < dP. Then

D _ da lfq < ar — “Ogdp] - 15
(Kpg) = fa< @
d+1, ifqg>dPl—[loggp]+1.

If g = dP — [log, p|, then the distinguishing index D' (K, q) is either d or d + 1 and can
be computed recursively in O(log™(q)) time.

In the rest of the paper, we make use of the following immediate corollary.
Corollary 2.5. Ifp < q, then D' (K, 4) < [%/q] + 1.
The following simple observation is used later in this section.

Proposition 2.6. If H is an admissible disconnected graph of order at least 7, then
D'(H) < |H| - 2.

Proof. Theorem 1.2 implies that the only connected graph H with D'(H) > |H| — 1is
K3, K4,Cy or astar Ky, for n > 3. If all components H1, ..., H; of H are pairwise
non-isomorphic, then D’(H) = max{D'(H;) :i=1,...,s},so D'(H) < |H| - 2. If H
contains ¢t > 2 copies of a graph H; as its components, so |H| > t|H|, then we colour
one of them distinguishingly and use one extra colour for each other copy. Hence,

H
D’(tHl)gD’(Hl)—i—t—lg|H1|+t—1§%+t—1§|H|—2. O

We easily extend a result of [10] for trees to forests. First, recall a result of Hedetniemi
et al. [5] on packing two trees into K.

Theorem 2.7 ([5]). A complete graph K,, contains edge disjoint copies of any two trees of
order n distinct from a star Ky 1.

Proposition 2.8. Let G be an admissible graph of order n such that G is an admissible
forest. Then D'(G) < 2ifn > 7, and D'(G) < 3 otherwise.

Proof. The case when G is a tree was proved in [10]. Otherwise, it easily follows from
Theorem 2.7 that G contains a Hamiltonian path P,. Indeed, we can consider a tree F’
spanned by G, and every tree distinct from a star is included in a subgraph F’ of G. Thus
D'(G) <2ifn>7,and D'(G) < 3if 3 < n < 6 by Theorem 2.3. O

Additionally, let us note the following observation for small graphs. Denote by W and
W the two graphs from Figure 1 called windmills.

W1 W2

Figure 1: Two windmills.
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Proposition 2.9. If G is a connected graph of order at most 7 different from windmills W1
and Wa, and from a star K1, for n = 4,5, 6, then D'(G) < 3.

Proof. Observe that if A(G) < 4, then the claim holds by Theorem 1.2. So let A(G) > 5.
First assume that G does not have pendant edges. If the longest cycle in G is of order at
least 6, then G is traceable and D’(G) < 3 by Theorem 2.3. If the longest cycle C in G
is of order 5, then we colour the edges of this cycle with 0, 1,0, 2, 0 (in this order) and all
chords with 1. Thus, each vertex of C' has an incident edge coloured with 0. If there exists
a vertex of G with noncoloured incident edges, then all of them we colour with 2 and all
the remaining edges with 1. It is an asymmetric colouring of (&, because outside the initial
cycle C' we create a monochromatic vertex with colour 2 and a monochromatic vertex with
colour 1 or a bichromatic one with colours 1 and 2.

If the longest cycle in G is of order 4, then a 2-connected G is isomorphic to K3 ;.
or Ky, + e with r < 5 where e is an edge between two vertices of maximum degree.
Three colour suffice for an asymmetric colouring of r paths of length two between the two
vertices of maximum degree. If such a 2-connected graph is joined with a triangle (in a cut
vertex), then we can colour every edge of the triangle with a different colour. If two cycle
of length 4 (with chords) meet in only one vertex, then an asymmetric colouring of one of
them uses colour 1 twice, while the other one uses 2 twice (apart from one edge coloured
with 0).

If the longest cycle is a triangle Cs, then G has a cut vertex v where three cycles meet.
Then a pair of edges including v in every triangle is coloured with 1 and 2, while every
remaining edge obtains a distinct colour 1, 2 or 3.

Now assume that there exists a leaf v in G. First suppose there exists an induced
subgraph B of G with minimal degree at least 2. Then we can colour it with three colours
as above. So we have to distinguish now only pendant trees (in particular paths and edges)
with a common vertex just fixed in B. It is always possible to do this with three colours if
|G| < 7 unless B has a pendant star K 4. Then we obtain an exceptional graph W;.

Finally, let G be a tree of order at most 7 different from a star K; , withn =3,...,6.
Then D'(G) < A(G) — 1 by Theorem 1.2. Clearly, D'(G) < 3 unless G = W5, which
needs four colours like W5 . O

3 Proof of the Main Theorem

Proof of Theorem 1.4. Let G be a connected graph of order n > 7 such that both G and its
complement G are admissible. Denote A = A(G). Clearly, A > A(G) + 1 whenever G
is disconnected. Next, if A < 271, then

_ -1
5(G):n—1—A2n2 ,

and G is connected. Otherwise, "T_l >A>AG)+1> "T_l + 1. Hence, G satisfies

the well-known Dirac’s condition for traceability, so G is traceable. Hence, D'(G) +
D'(G) < A + 2 by Theorem 1.1 and Theorem 2.3.

Assume then that A > [2]. Analogously, we can assume that A(G) > [%]. Indeed,
our theorem holds if A(G) < 251. Then D'(G) < 2and D'(G) < A(G) < 251 < Aif
G is connected, or D'(G) < [2] < Aif G is disconnected, by the following reasons.

Theorem 1.1 implies that the only connected graphs H with D'(H) > A(H) are

C3,Cy and Cs. If all components Hy, ..., H, of G are pairwise non-isomorphic, then
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D'(G) = max{D'(H;) : i =1,...,s} < max{3,A(H;)}, so D'(G) < Z.If G contains
t; > 2 copies of a graph H; as its components, then let t = max{¢; : i = 1,..., s} and let
H = H; where D'(H;) = max{D'(H;) : i = 1,..., s}, and we colour one copy of H,
distinguishingly and use one extra colour for each other copy. So, for H different from C's,
C4 and C'5 we have

n
2
L,

D'(G)<D'(tH) < D'(H)+t—1<AH)+t—1< @H—z < g
and for i € {3,4,5} we obtain D' (tC;) <t+2 < [%]
We distinguish two cases.

Case A: Both G and G are connected graphs without pendant edges.
Then D'(G) < [V/A]+1and D'(G) < [1/A(G)]+1. Hence, the inequality D'(G)+

D'(G) < A + 2 is weaker than

A — Wﬂ > [ A(é)]. 3.1)

First assume that A > A(G). Itis easy to see that the inequality (3.1) is satisfied unless
A = A(G) = 5. In the latter case 8 < n < 10 and §(G) = §(G) = n — 6. We want to
show that either G or its complement G is traceable.

We say that a sequence (a;) is minorized by a sequence (b;) if b; < a; for any 1.
If n = 8, then the degree sequence, ordered non-increasingly, of G (or G) is minorized
by (5,5,4,4,2,2,2,2) or by (5,4,4,4,3,2,2,2). Indeed, we know by assumptions that
b1 = 5, bg = 2, two terms of b; have to be odd since the sum of degrees is even in every
graph, and the sum of the fourth term of the sequence of G and the fifth term of the sequence
of G equals n — 1 = 7, so one of them cannot be smaller than ["7_11 = 4. Now, by
definition of the (n — 1)-th Bondy-Chvatal closure cl,,_1(G), a vertex of degree five in G
has degree n — 1 = 7 in cl7(G), so we have to add two new edges incident to it. Observe
that adding new edges yields another vertex that has degree n — 1 in cl;(G), and this is
the case at each step of creating cl7(G). Finally, cl;(G) = Ks. Hence, G is traceable, by
the Bondy-Chvaétal theorem [2].

Similarly, if n = 9, we may assume that the degree sequence of G is minorized
by (5,4,4,4,4,4,3,3,3) or by (5,5,4,4,4,3,3,3,3), and it is not difficult to see that
cls(G) = Ky. For n = 10, the degree sequence of G is minorized by (5,5,4,...,4) and
here it is clear that clg(G) = Kj¢. For brevity, the details are left to the reader.

Now assume that A(G) > A. Then it is easily seen that the inequality (3.1) holds for

any A, A(G) and n unless either n = 8, A = 4,A(G) = 5,0orn = 9,A = 5,A(G) = 6,

orn = 10,A =5,A(G) € {6,7},since [5]—[+/[5]] > [v/n — 3]. The same argument
as above confirms that G is traceable.

Case B: A graph G is disconnected or §(G) = 1.
- If GG is a forest, then the conclusion follows from Proposition 2.8.7Hence, assume that
G contains a 2-connected block. We now consider decompositions of G into two subgraphs

Fy, F5 such that E(Fy) U E(F,) = E(G) and the vertex sets V (Fy), V(F5) share at most
one vertex which is a cut-vertex of G. Denote p = |F;|—1, ¢ = |F3|—1if F} and F, share
a common vertex, and p = |F1|, ¢ = |Fy| if F; and F are disjoint. Assume that p < ¢
and the difference ¢ — p is smallest possible. Observe that A(G) > ¢ and G is spanned or

almost spanned by a complete bipartite graph K, .
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First, suppose that ¢ < 27 — p. Then D'(G) < 2, since G is (almost) spanned by
an asymmetric spanning subgraph of K, , for p 4+ ¢ > 7 by Proposition 3.10 in [10] (see
also [6]).

If G is connected, then A = A(G) = n — 2 since 6(G) = 1 by the assumption of
Case B. Moreover, D'(G) < n — 2 by Theorem 1.1 as A(G) < n — 2. Hence

D'(G)+D'(G)<2+n—-2=A+2.

If G is disconnected, then either §(G) = 1 or §(G) > 2. If §(G) = 1, then D'(G) <
n — 2 by Proposition 2.6 and D’(G)i— D'(G) <2+n—2=A+2. Now,let§(G) > 2,
and assume (in the worst case) that G contains s components isomorphic to a connected

graph H. Recall that A(G) > %, as we assumed at the beginning of the proof. So,

3 < |H| < 5=. If we use a distinct additional colour for every component H, then D'(G) <
[VA(G)] + s < [vn—2] + s, by Theorem 1.3. So, we would like to show that

[Vn=2| +s+2<n—|H|+2, (3.2)
since A(G) > n — |H|. To confirm the inequality (3.2), we estimate

[m} ts< [m} +ggn_ggn_|ﬂ|.
It is easy to verify that the second inequality is always true. The last inequality is obvious
if s is at least 2. If s = 1 we do not need to distinguishing connected component one from
another, hence we use the same colours in every component and D’ (G) < [/A(G)]+1 <
A. So, this subcase is completed.

Now, assume that ¢ > 2P — p + 1. Then D'(G) < %/q + 2 for p > 2 by Corollary 2.5
and Proposition 2.2. In this case the graph G can be obtained from a 2-connected graph B
by attaching a number of independent pendant subgraphs (of order at most p) to it or there
is a component of order p and a 2-connected component B of order q. Hence, A(B) < ¢
and D'(G) < [,/q] + 1, by Theorem 1.3 for the block B, and by the observation that then
every subgraph attached to B has one vertex fixed and the order at most p < /g + 2. We
obtain D'(G) + D'(G) < [%/q] + 2+ [\/q] + 1. Recall that A > ¢, so it is enough to
check whether

[/ + [Val +3 < q+2.
Consequently, we obtain the inequality
q—[¥al = Ival =1=0. (3.3)

Forp = 3, wehave ¢ > 23 -3+ 1 = 6. Forq = 6, p = 3 we have D'(G) < 4
by Proposition 2.2, and D’(G) < 3 by Proposition 2.9 for F,. Observe now that the
inequality (3.3) is satisfied, because it holds for ¢ = 7, and ¢ — [3/q] — [\/q] — 1 is an
increasing function of ¢q. The inequality (3.3) also holds for larger values of p since its
left-hand side is non-decreasing with respect to p.

If p = 2, then inequality (3.3) is satisfied for ¢ > 7. Forq = 5orq = 6, G is
(almost) spanned by K5 5 or Ks 6, so D'(G) < 4 by Proposition 2.2, and D'(G) < 3 by
Proposition 2.9 for F». For ¢ = 4 we have n = 7 and our theorem is true by Proposition 2.9.

Now letp = 1. If G is disconnected, then G contains a 2-connected block B of order

n — 1 and an isolated vertex v. Hence, A = n — 1, of course. Then D'(G) < D'(B) <
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[V/A(G)] + 1. Moreover, D'(G) < [V/A] + 1 whenever §(G) > 2, by Theorem 1.3.
Hence,

D'(G)+D'(@) <2[VA| +2,

and2[\/ﬁ] +2<A4+2forA>6,sinccA=n—12>6.

If the graph G is connected, then G can be obtained from a 2-connected block B by
attaching a number (maybe zero) of independent pendant edges to it. It is enough to break
all nontrivial automorphisms of B. Then D'(G) < D'(B) < [/A(G)] + 1. Moreover,
A =n—2and D'(G) < [V/A]+ 1 whenever §(G) > 2, by Theorem 1.3. Then 2[v/A] +
2 < A+2for A > 6, unless A = 5. But in the latter case n = 7 and D'(G) + D'(G) < 6
by Proposition 2.9.

Finally, assume that p = 1 and §(G) = 1. Then we consider decompositions of G into
two subgraphs FY, I} such that E(F])U E(F5) = E(G) and the vertex sets V (FY), V (F})
share one vertex which is a cut-vertex of G. Denote p’ = |F{| — 1, ¢’ = |F4| — 1. Assume
that p’ < ¢’ and the difference ¢’ — p’ is smallest possible. Recall that A(G) = n — 2 and
G is spanned or almost spanned by a complete bipartite graph K,/ .

If ¢ < 2° —p/, then D'(G) < 2 like above (for p’ + ¢’ > 7), and D'(G) < A by
Theorem 1.1. So, we are done. If ¢’ > o' p' +1,then D'(G) < R/q/ +2forp’ > 2,
and we obtain

D(G)+D'(@) < [V + [W/a] +3 < +d +1,

since A >n—2=p +¢ —1. Forp’ = 2, wehave ¢ > 22 —2+1 = 3, and
the inequality 2[v/q'] < ¢’ is satisfied since n > 7. Hence ¢ > 4. The inequality
P+qd —[Vdl - ®/q"] — 2 > 0 also holds for larger values of p’ since its left-hand side
is non-decreasing with respect to p’.

Let p’ = 1. Then there exists a 2-connected block B’ in G with a number of indepen-
dent pendant edges attached to it (at least one). Hence D'(G) < D'(B’') < [VA] + 1.
Recall that also D'(G) < [v/A(G)] +1 < [VA] + 1, since A = A(G) =n — 2. So we
verify the following inequality

2[\/KW+2§A+2

for A € {n —2,n — 1}, which is true for n > 7 unless A = 5. But then n = 7 and

D'(G) + D’(G) < 6 once more by Proposition 2.9. O
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Abstract

Let G be a graph with no isolated vertex and f: V(G) — {0,1,2} a function. Let
Vi ={x € V(G) : f(x) =i} for every i € {0,1,2}. We say that f is a total Roman
dominating function on G if every vertex in V| is adjacent to at least one vertex in V5
and the subgraph induced by V; U V5, has no isolated vertex. The weight of f is w(f) =
> V() f(v). The minimum weight among all total Roman dominating functions on G is
the total Roman domination number of G, denoted by ;z(G). It is known that the general
problem of computing ;g (G) is NP-hard. In this paper, we show that if G is a graph with
no isolated vertex and H is a nontrivial graph, then the total Roman domination number of
the lexicographic product graph G o H is given by

20(G) ity (H) = 2,
=1,

(G o H) = {s«:) if (1)

where v(H) is the domination number of H, ~;(G) is the total domination number of G
and £(G) is a domination parameter defined on G.

Keywords: Total Roman domination, total domination, lexicographic product graph.

Math. Subj. Class. (2020): 05C69, 05C76

1 Introduction

Let G be a graph with no isolated vertex and f: V(G) — {0,1,2} a function. Let V; =
{zx € V(Q) : f(x) = i} forevery i € {0,1,2}. We will identify f with the partition of

E-mail addresses: abel.cabrera@urv.cat (Abel Cabrera Martinez), juanalberto.rodriguez@urv.cat (Juan
Alberto Rodriguez-Veldzquez)
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V(G) induced by f and write f(Vp, Vi, V2). The weight of f is defined to be

W) =FV(G) = Y fl)=[Vil+2[Val.

veV(G)

A function f(Vp, V1, Vo) is said to be total Roman dominating function on G if every vertex
in Vp is adjacent to at least one vertex in V5 and the subgraph induced by V; U V5 has no
isolated vertex [17]. The minimum weight among all total Roman dominating functions
on G is the total Roman domination number of G, denoted by v:z(G). In this article, we
continue the study initiated in [5] on the total Roman domination number of lexicographic
product graphs. In particular, we give closed formulas for the total Roman domination
number of lexicographic product graphs.

Let G and H be two graphs. The lexicographic product of G and H is the graph G o H
whose vertex setis V(G o H) = V(G) x V(H) and (u,v)(z,y) € E(G o H) if and only
ifux € E(G) oru = x and vy € E(H). Notice that for any u € V(G) the subgraph of
G o H induced by {u} x V(H) is isomorphic to H. For simplicity, we will denote this
subgraph by H,,.

For a basic introduction to the lexicographic product of two graphs we suggest the
books [7, 12]. One of the main problems in the study of G o H consists of finding exact
values or tight bounds for specific parameters of these graphs and express them in terms
of known invariants of G and H. In particular, we cite the following works on domination
theory of lexicographic product graphs: (total) domination [14, 18, 19, 21], Roman domi-
nation [14], weak Roman domination [20], rainbow domination [15], super domination [6],
doubly connected domination [2], secure domination [13], double domination [3] and total
Roman domination [5].

We assume that the reader is familiar with the basic concepts and terminology of domi-
nation in graph. If this is not the case, we suggest the textbooks [8, 9, 11]. In particular, we
use the standard notation v(G) and ~;(G) for the domination number and the total domi-
nation number of a graph G, respectively. Throughout the paper, N (v) will denote the set
of neighbours or open neighbourhood of v in G. The closed neighbourhood of v, denoted
by N[v], equals N(v) U {v}. A vertex v € V(G) such that N[v] = V(G) is said to be a
universal vertex. For the remainder of the paper, definitions will be introduced whenever a
concept is needed.

2 The case where y(H) > 2

The next theorem merges two results obtained in [14] and [21].

Theorem 2.1 ([14] and [21]). For any graph G with no isolated vertex and any nontrivial
graph H,

(G), ify(H) =1,
(G), ify(H) > 2.

Below we present two theorems that complete the tools we need to deduce our first
result.

W(GOH):{

Theorem 2.2 ([1]). For any graph G with no isolated vertex,

2v(G) < nr(G) < min{27(G), 3v(G)}-
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Theorem 2.3 ([4]). For any graph G with no isolated vertex and any nontrivial graph H,
(G o H) = % (QG).
From the results above we deduce the following main theorem.

Theorem 2.4. For any graph G with no isolated vertex and any graph H with v(H) > 2,
Yr(G o H) = 2v/(G).

Proof. The result immediately follows by applying Theorems 2.1, 2.3 and 2.2, in this order,
ie., 27 (G) =2v(Go H) < 2wr(Go H) < 2v(G o H) = 2v(G). O

Notice that, since the general optimization problem of finding the total domination
number of a graph is NP-hard [16], by Theorem 2.4 we can conclude that the problem of
finding the total Roman domination number is NP-hard. Even so, we would like to point
out that there are several families of graphs for which the total domination number can be
found in polynomial time [10].

3 The case where y(H) = 1

The following two lemmas are the main tools in this section.

Lemma 3.1. Let G be a graph with no isolated vertex. For any nontrivial graph H with
~v(H) = 1, there exists a vir(G o H)-function [ satisfying the following two conditions.

(i) f(V(H,)) < 2 forevery u € V(QG).
(ii) If f(V(H,)) = 2, then f(u,v) = 2 for some universal vertex v of H.

Proof. Given a TRDF f on G o H, we define the set Ry = {x € V/(G) : f(V(H;)) > 3}.
Let f be ay;r(GoH )-function such that | R¢| is minimum among all v g (G o H )-functions.
Let v € V(H) be a universal vertex and suppose that there exists u € R ;. We differentiate
the following two cases.

Case 1. There exists ' € N (u) such that f(V (H, )) > 1. Let f’ be the function defined
by f'(V(Hy)) = f'(u,v) = 2 and f'(z,y) = f(x,y) forevery z € V(G) \ {u}. Itis
readily seen that f’ is a v,z (G o H)-function with |R;/| < |R|, which is a contradiction.

Case 2. f(N(u) x V(H)) = 0. In this case, we choose a vertex v’ € N (u) and define a
function f" as f'(V(Hy)) = f'(v/,v) = 1, f(V(H,)) = f'(u,v) = 2 and f'(z,y) =
f(z,y) for every x € V(G) \ {u,u'}. Asin Case 1, f’ is a 1:r(G o H)-function with
|Rs/| < |Ry|, which is a contradiction.

According to the two cases above, (i) follows. Now, for any v;z(G o H)-function
f(Vo, V1, V) satisfying (i), we define R}, = {z € V(G) : f(V(H;)) = 2and V(H,) N
Vo = 0}. Let g(Vy, VY, V) be ay;r(G o H)-function such that | R} | is minimum among all
vtr(G o H)-functions satisfying (i). Suppose that there exists u € Ry, If there exists u’ €
N (u) such that, g(V (H,’)) = 2, then the function ¢’ defined by ¢'(V(H,)) = ¢'(u,v) =
1 and ¢'(z,y) = g(z,y) for every z € V(G) \ {u}, is a TRDF on G o H of weight
w(g") < w(g) = vr(G o H), which is a contradiction. Hence, g(N(u) x V(H)) < 1 and
we can differentiate the following two cases.
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Case 1'. There exists v/ € N(u) such that g(V(H,/)) = 1. In this case, we define a
function ¢’ by ¢'(V(H,)) = ¢'(u,v) = 2 and ¢'(z,y) = g(z,y) for every z € V(G) \
{u}. Notice that g' is a v;r(G o H)-function satisfying (i) and |R[,| < |Rj|, which is a
contradiction.

Case 2'. g(N(u) x V(H)) = 0. We fix v/ € N(u). Notice that there exists u” €
N(u')\ {u}, with V(H,») N V5 # (. Hence, we can define a function ¢’ as ¢'(V (H,/)) =
g'(W'v) = ¢'(V(Hy)) = ¢'(u,v) = 1 and ¢'(z,y) = g(z,y) for every x € V(G) \
{u,u'}. Asin Case 1, ¢’ is a y:r(G o H)-function satisfying (i) and |R],| < |R;|, which
is a contradiction.

According to the two cases above, R; = (), and so there exists a y;g(G o H)-function
h defined as h(V(H,)) = h(u,v) = 2 whenever g(V(H,)) = 2 and h(V(H,)) =
g(V(H,)) otherwise. Therefore, h satisfies (i) and (ii). O

Lemma 3.2. Let G be a graph with no isolated vertex and H a nontrivial graph with
~(H) = 1. Let f(Vp, V1, Vo) be a vig(G o H)-function, A = {x € V(GQ) : V(H,) NV, #
0} and B = {x € V(GQ) : V(H,) N Vo # 0}. If f satisfies Lemma 3.1, then B is a
dominating set and A U B is a total dominating set of G.

Proof. Let f(Vy, V1, V) be a v4r(G o H)-function which satisfies Lemma 3.1. Let C =
V(G)\ (AU B). Obviously, if z € C, then V(H,) C Vp, which implies that z is adjacent
to some vertex in B and, since H is a nontrivial graph and f satisfies Lemma 3.1, if z € A,
then there exists y € V(H) such that (z,y) € Vb, and so « is adjacent to some vertex in B.
Hence, B is a dominating set of GG. Now, since the subgraph of G o H induced by V; U V5
does not have isolated vertices, the subgraph of GG induced by AU B does not have isolated
vertices, which implies that A U B is total dominating set of G. O

For any graph G, let D(G) be the set of dominating sets of G, and D;(G) the set of total
dominating sets of G. We now proceed to introduce our main tool, which is the following
domination parameter.

&(G) =min{|A| +2|B| : B € D(G) and AU B € D:(G)}.

We say that an ordered pair (A, B) of subsets of V(G) is a {(G)-pair if B € D(G),
AU B € D(G) and £(G) = |A| + 2| B|.

Theorem 3.3. For any graph G with no isolated vertex and any nontrivial graph H with
V(H) =1,

Ytr(G o H) = £(G).

Proof. Let v be a universal vertex of H. From any £(G)-pair (A4, B) we define the function
f(Vo, V1, Vo) as Vo = Bx{v}, Vi = Ax{v}and V) = V(GoH)\ (V1 UV>). Since V5 is a
dominating set of Go H and V; UV4 is a total dominating set of Go H, we can conclude that
fisaTRDF on GoH. Therefore, y:r(GoH) < w(f) = |[V1|+2|Va| = |A|+2|B| = £(G).

Now, let f/(Vy,V{,V5) be a 1:r(G o H)-function which satisfies Lemma 3.1. Let
A={zx e V(Q): f(V(Hy)) =1}and B = {z € V(G) : f(V(H,)) = 2}. By
Lemma 3.2, B is a dominating set of G and A U B is a total dominating set, which implies
that £(G) < |A] + 2|B| = |V{| + 2|V3| = v+r(G o H). Therefore, the result follows. [
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Figure 1: The labels correspond to two different -y, z(G)-functions f1(Vo, V1, V2), on the
left, and fo(Wo, W1, Wa), on the right. In this case, v:r(G) = 2v:(G) = 8, V2 = {a,d, f}
is ay(G)-set and Wo = {a, b, e, f} is the only v;(G)-set.

Let G be the graph shown in Figure 1 and H a nontrivial graph with v(H) = 1. Notice
that (G o H) = §(G) = nr(G) = 8, where f1(Vo, V1, V2) and fo(Wo, W1, W)
are vig(G)-functions for Vi = {b,e}, Vo = {a,d,f}, Wi = 0, Wy = {a,b,e, f}.
Furthermore, both (V1,V3) and (Wy, Ws) are &(G)-pairs, where V5 is a y(G)-set and
V1| + [Va] > 7:(G), while W3 is a ¢ (G)-set which does not contain any (G)-set.

The following bounds were given in [5]. In fact the lower bound was stated for any
connected non-trivial graph G, although it also holds for any graph G with no isolated
vertex.

Theorem 3.4 ([5]). For any graph H and any graph G with no isolated vertex,
Yr(G) < nr(Go H) < 2%(G).
Furthermore, if v(H) = 1, then
1r(G o H) < 3v(G).

In order to improve some of these bounds, we need to introduce some additional termi-
nology. Given a set S C V(G), we define

P(S) = min{|S"|: ' CV(G)\ Sand S C N(S"US)}.
We also define the following parameter associated to G.
w(G) = min{yp(S) : Sis a y(G)-set}.

It is readily seen that 0 < p(G) < 4(G). Furthermore, ;1(G) = 0 if and only if 1+ (G) =
v(G), while u(G) = v(G) if and only if for every v(G)-set S and every pair of different
vertices z,y € S we have that N[z] N N[y] = 0, i.e., if and only if every v(G)-set is a
2-packing of G.

With the notation above in mind, we state the following theorem.

Theorem 3.5. Let G and H be two graphs with no isolated vertex. If y(H) = 1, then
max{yr(G), 1(G) +7(G)} < yr(G o H) < min{2y(G) + u(G), 27:(G)}.

Proof. Our main tool is Theorem 3.3. For any £(G)-pair (A, B) we have that v, g (GoH) =
§(G) = 2/B| + |A| > [(AU B)| + |B| > 1(G) + ().

Now, let S be a v(G)-set with u(G) = (S) and S" C V(G) \ S a set of minimum
cardinality among the subsets of V' (G)\ S satisfying that S C N(S’US). Since SU S’ is a
total dominating set, y,r(Go H) = £(G) < [SUS'|+]S| = 2|S|+ 5| = 27(G) + u(G).

Finally, by Theorem 3.4, v;r(G) < 1r(G o H) < 2v%(G), which completes the
proof. O
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Since u(G) < v(G), we can conclude that the bound v (G o H) < 2v(G) + p(G)
is never worse than the known bound 1;zr(G o H) < 3v(G). In order to see that the
upper bounds given by Theorem 3.5 are tight, we take the graph G shown in
Figure 1 and any nontrivial graph H with v(H) = 1. In this case, ;g (Go H) = 2v(G) =
21(G) + (@) = 8.

We would point out the following result which is a direct consequence of Theorems 2.2
and 3.5.

Theorem 3.6. If G is a graph with v.(G) = v(G) and H is a nontrivial graph with
v(H) =1, then
Yr(G o H) = 1r(G) = 27(G).

We now proceed to characterize the graphs achieving the lower bounds given by Theo-
rem 3.5.

Theorem 3.7. Let G and H be two graphs with no isolated vertex. If v(H) = 1, then the
following statements are equivalent.

(i) nr(Go H) = vr(G).
(ii) There exists a yir(G)-function f(Vy, Vi, Va) such that Vs is dominating set of G.

Proof. If there exists a g (G)-function f(Vp, Vi, Va) such that V5 is dominating set of
G, then vp(G o H) = £(G) < [Vi U Va| + [Vo| = [Vi| + 2[V2| = %pr(G). Since
vr(G) < 1r(G o H), we conclude that y,z(G o H) = vr(G).

Conversely, assume that y;r(G o H) = 1:r(G). Let g(Vy, V{,V3) be a vz (G o H)-
function satisfying Lemma 3.1. Let A = {z € V(G) : g(V(H;)) = 1} and B = {x €
V(G): g(V(H;)) = 2}. By Lemma 3.2, B is a dominating set of G and A U B is a total
dominating set. Hence, we can define a TRDF h(Vy’, V{", V') from V}' = Aand V3’ = B.
Since w(h) = |A| + 2|B| = |V{| + 2|V5| = v:r(G o H) = 1:r(G), we conclude that h is
a g (G)-function where V3’ is a dominating set, as desired. O

The next result gives a characterization for the case v:r(G o H) = 7(G) + v(G)
whenever y(H) = 1.

Theorem 3.8. Ler G and H be two graphs with no isolated vertex. If v(H) = 1, then the
following statement are equivalent.

(i) 1r(G o H) = 7(G) +7(G).
(ii) There exists a v(G)-set that contains some v(G)-set.

Proof. If there exists a v;(G)-set X which contains a y(G)-set B, then v;z(G o H) =
&G) < | X\ Bl +2B| = |X|+ |B| = %(G) + v(G), and by (i) we conclude that
2wr(G o H) = 7(G) +(G).

Conversely, assume that y;r (G o H) = 7:(G) +v(G) and let (A, B) be a {(G)-pair. If
the total dominating set AU B is a y;(G)-set, then we are done, as B is a dominating set and
from 7,(G) +7(G) = nr(Go H) = §(G) = [A| +2|B| = [AUB| +|B| = %(G) + | B|
we deduce that B is a v(G)-set. Suppose to the contrary, that |A U B| > 7;(G). In such a
case, 1:(G) +v(G) = &(GQ) = |A| +2|B| > |AU B| + |B| > %(G) + ~v(G), which is a
contradiction. Therefore, the result follows. O

Figure 2 shows a graph G such that vz (G o H) = 1(G) + v(G) =7 > 6 = %r(G)
for every nontrivial graph H with v(H) = 1.
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Ly
|

Figure 2: The v,(G)-set D = {a, b, d, e} contains the v(G)-set S = {a, b, d}.

4 Small values of v,z (G o H)
In this short section we characterize the graphs G and H for which v;x(G o H) € {3,4}.

Theorem 4.1. For any graph G and H with no isolated vertex, the following statements
are equivalent.

(i) wr(Go H) = 3.

(ii) ¥(G) = 7(H) = L

Proof. If y4r(G o H) = 3, then by Theorem 2.4 we deduce that v(H) = 1. Moreover,
by Theorem 3.5 we have that 3 = vz (G o H) > 1(G) + v(G) > 3. Hence, v(G) = 1,
as required. Conversely, if v(G) = v(H) = 1, then by Theorem 3.8 we deduce that
'YtR(G o H) =3. O

Theorem 4.2. For any graph G and H with no isolated vertex, v;r(G o H) = 4 if and
only if one of the following conditions are satisfied.

(i) 7(G) =2and y(H) > 2.
(ii) %(G) =v(G) = 2and y(H) = 1.

Proof. We first notice that if conditions (i) or (ii) holds, then by Theorem 2.4 or by Theo-
rem 3.5, respectively, it follows that v,z (G o H) = 4.

Conversely, assume that y:g(G o H) = 4. If v(H) > 2, then Theorem 2.4 leads to
v(G) = 2. From now on, we assume that v(H) = 1. By Theorem 3.8, we have that
4 = yr(Go H) > v(G) + v(G). Hence, 1 < v(G) < 2. If y(G) = 1, then by
Theorem 4.1 we obtain that v, (G o H) = 3, which is a contradiction. Hence, 7(G) = 2
and so v, (G) = 2. Therefore, the result follows. O

5 Open problems

By Theorem 3.3 we learned that, if we want to know the behaviour of vz (G o H) when
~v(H) = 1, then it is crucial to obtain the exact value or derive tight bounds on £(G). In
this sense, the study of £(G) is an interesting challenge.

In particular, Theorem 3.5 states that

max{vr(G),7(G) + v(G)} < &(G) <min{2v(G) + u(G), 27 (G) }-

The graphs achieving the equalities {(G) = 1:r(G) and £(G) = 1(G) + v(G) were char-
acterized in Theorems 3.7 and 3.8, respectively. Therefore, the problems of characterizing
the graphs achieving the equalities £(G) = 2v.(G) and £(G) = 2v(G) + u(G) = 3v(G)
remain open.
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1 Introduction

While words that are finite sequences of symbols are the fundamental and central objects in
computing models developed in theoretical studies of computer science, graphs are mathe-
matical models of pairwise relations between objects found useful for analyzing and solv-
ing different kinds of problems. An interesting area of investigation is relating graphs and
words and there are many studies in this direction (see, for example, [7, 10, 15, 18, 19, 24]).

On the other hand, in the study of numerical quantities related to subwords (also called
scattered subwords) of a word, the notion of Parikh matrix of a word over an ordered
alphabet was introduced in [26]. This has opened up a new direction of research in the area
of combinatorics on words [23] and many problems on words and subwords have been
investigated (see, for example, [1, 2, 4, 25, 33, 34, 36, 37, 38] and references therein),
resulting in a number of interesting results. Parikh word representable graph (PWRG) is
one such notion introduced in [3] linking the two areas of study on properties of words and
of graphs. Based on the notions of subwords of a word and the Parikh matrix of a word
[26] with entries of the matrix giving the counts of certain subwords in the word, PWRG
related to a word was introduced in [3]. Relationship of these graphs with corresponding
words and partitions was recently studied in [27].

In the field of chemical graph theory [14], undirected graphs, referred to as molecular
graphs are considered providing graph representations of organic compounds or equiva-
lently their molecular structures with atoms other than hydrogen often represented by ver-
tices and covalent chemical bonds by edges. In fact in chemical graph theory there have
been attempts to capture the molecular structure in terms of the topological index of the
corresponding graph. There has been a great interest in various topological indices associ-
ated with graphs due to their application in the area of chemical graph theory [8]. There are
a number of studies (see, for example, [14]) of various topological indices of graphs estab-
lishing formulae for computing the indices and also providing upper and lower bounds on
the values of such indices. The Wiener index (also called Wiener number) [40] is the first
topological index introduced by Harold Wiener. Knor et al. [22] provide an excellent sum-
mary of results relating to Wiener index besides providing conjectures and problems on this
index. Wiener index and its variants for different classes of graphs are widely investigated
indices (see, for example, [9, 12, 14, 21, 28, 29, 39] and references therein).

In this paper we study the Wiener index of a PWRG of a binary core word and derive
formulas for computing this index besides establishing sharp bounds on their values, given
different parameters related to the graphs. We also obtain formulas for evaluating certain
other indices that are variants of Wiener index, such as multiplicative Wiener index [13],
terminal Wiener index [11], peripheral Wiener index [16], hyper-Wiener index [20, 30] in
the case of a PWRG of a binary core word.

2 Preliminaries

The basic notions and notations relating to words and subwords can be found in [23,
31]. We recall some essential concepts and results. An ordered alphabet ¥ which is
a set of symbols {a1,as,...,as} with an ordering < on its symbols is written as ¥ =
{a1 <az <---<as}.Aword v is a subword of a word w over X if and only if we can
find words x1, x3, ..., Zn, Yo, Y1, - - -, Yn Over X, some of them possibly empty, such that
W = YoX1Y1T2Y2 * ** Yn—_1TnYn and v = x1xo - - - x,. The number of occurrences of a
word u as a subword of w is denoted by |w|,,. For example, in the word w = aababaaab =
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a®baba®b over the ordered binary alphabet 3 = {a < b}, the number of distinct occur-
rences of the subword ab is 11 so that |w|,, = 11. The set of all words over an alphabet ¥,
including the empty word A with no symbols, is denoted by *.

Definition 2.1 ([6]). A binary word w over an alphabet {a,b} is said to be fair if
‘w|ab = ‘wlba-

Example 2.2. The binary word abbbaab is a fair word since |w|qp = |w]pe = 6.

Definition 2.3 ([38]). Consider the binary word w € ¥* where ¥ = {a < b}. The core of
w, denoted by core(w), is the unique word wy of w with the smallest possible length such
that w € b*wpa™. A word w € ¥* is said to be a core word if and only if core(w) = w.

Clearly, a non empty word w over ¥ = {a < b} is a core word if and only if w starts
with a and ends with b.

We now recall the relationship between binary core words and partitions following the
discussion in [38, pages 62—63].

Lemma 2.4 ([38]). Every nonempty binary core word can be identified with a partition of
a positive integer.

Proof. Suppose w € ¥X* is a nonempty core word and has the form a"*ba"?b- - - a"*lvb
where ny > 1 and ny is nonnegative for each k,2 < k < |w|p. Thus w can be identified
with the partition

[wlap = (N1 +n2 4+ npp,) + -+ (R2 +n1) + 0.

Clearly, distinct core words are identified with distinct partitions.
Conversely, suppose that my + mo + - - - + m; is a partition of some positive integer,
where m; > mq > --- > my > 1. It is clear that the word

w = a™hgM™ 1T M pg 2T 1 L M2
can be identified with the given partition. O

We shall use the notation p(w) = (n1+no+---+n;)+(ny+ng+---+nj_1)+---+
(n1+ne+---+n_j41)+- -+ (n1 +n2) + (n1) to indicate the partition corresponding
to the word w = a™'ba™?b - - - a™b.

We now recall the notion of Parikh word representable graph (PWRG) [3]. For basic
concepts pertaining to graphs we refer to [5].

Definition 2.5 ([3]). For a word w = ajas---a, of length n where for 1 < i < n,
a; € ¥ = {a < b}, we associate a simple graph G = G(w) with n vertices {1,2,...,n}.
Each vertex ¢ has the label a; and represents the position of the letter a;, 1 < i < n, in w.
For each occurrence of the subword ab in w, there is an edge in G(w) joining the vertices
corresponding to the positions of a and b in w. We say that the graph G is Parikh binary
word representable by the binary word w. In other words, we say that a graph G is Parikh
binary word representable if there exists a binary word w such that G is Parikh binary word
representable by the binary word w.
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Since every connected Parikh binary word representable graph corresponds to a core
word, we deal with only core words and the corresponding graphs in the rest of this paper.
As an illustration, if the core word is w = aabab, then in the Parikh word representable
graph as shown in Figure 1, the vertices 1, 2 and 4 have label a while the vertices 3 and 5
have the label b. The number of edges in the graph is |wl|,, = 5. For example there is a
subword ab in w formed by the symbol a in position 1 and the symbol b in position 3 and
so in the graph there is an edge joining the vertex 1 with the vertex 3.

1 2 4

G(aabab)

Figure 1: The Parikh word representable graph of the word aabab.

3 Wiener index of Parikh word representable graphs

Let G = (V,E) be a connected graph with vertex set V(G) and edge set E(G). The
distance between the vertices u and v of G is denoted by d(u,v) and is defined as the
length of a shortest path between v and v in G.

Definition 3.1. The Wiener index W (G) of a connected graph G = (V, E), is the sum of
distances d(u, v) between all the vertices u and v of G. In other words
W(G) = Z d(u,v).
{uv}CV(G)

‘We now obtain a formula for computing the Wiener index of Parikh word representable
graph of a binary word.

Theorem 3.2. The Wiener index of a Parikh word representable graph G(w) for w =
a™ba™b---a™b,ng > 1,np >0for2 < k<l is

I 2
W(G(w)) = (Z n> +

i=1

(142 —3)n; +1(1 —1).

l
i—1

(2

Proof. In the Parikh word representable graph G(w) corresponding to the word w =
a™ba™b---a™b, we consider pairs of vertices (u,v), with u,v € {1,2,...,n} where
the label of w appears before the label of v in w. There are now four cases to be considered:

(i) w and v are both labeled a;
(ii) w is labeled a and v is labeled b;

(iii) w is labeled b and v is labeled a;
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(iv) w and v are both labeled b.

The contribution to the Wiener index of the Parikh word representable graph from each of
these four cases may be calculated as follows:

(i) The distance between any two vertices labeled a is 2 and there are ny +ng+- - - +ny
vertices labeled a. Hence the total contribution from these pairs of vertices is

(ny+no+-4+n)Cox2=ny+ng+-+n)%—(ny +ng+--+mny).

(ii) The distance between u labeled a and v labeled b is 1 and there are ny + (nq +n2) +
-+ + (n1 +mng + - - - + ny) such pairs. Hence the total contribution is

711+(n1+n2)+~~~+(n1+n2+---+nl):ln1+(1_1)n2+...+nl.

(iii) The distance between u labeled b and v labeled « is 3 and there are (ns +mns + -+ - +
ny)+ ms+---+mn)+--+n =n2+2n3+---+ (I — 1)n; such pairs. Hence
the total contribution is

3(na+2ng +---+ (I — 1)ny).

(iv) The distance between any two vertices labeled b is 2 and there are [ vertices labeled
b. Hence the total contribution from these pairs of vertices is

10y x 2 =1(1—1).

Hence the Wiener index of G(w) is given by

W(G(w))=(m +na+-+m)>+ (1 —1ni+ (I +1)ng + - -
+3(l =g +1(1 - 1)

! 2
= (Zm) +>» (+20—-3)n; +1(l - 1). O

i=1

Example 3.3. For the PWRG in Figure 1 corresponding to the word w = a2bab, we have
l=2,n1 =2,n2 =1and so W(G(w)) = 16 which can also be verified from the formula
in the Definition 3.1 by actually computing the distances d(u,v) for all unordered pairs
(u, v) of vertices.

We now derive an alternate form of the expression for the Wiener index of the Parikh
word representable graph G(w) forw = a™ba™b---a™b,ny > 1,n, > 0for2 < k <.
An interesting aspect of this alternate form is that the expression in the formula is elegant
involving only the parameters related to the word.

Theorem 3.4. The Wiener index of a Parikh word representable graph G(w), for w =
a™ba™b---a™b,ny > 1,ng >0for2 < k<l is

W(G(w)) = |w]* = Jw] + [wlalw]y — 2[wa.
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Proof. Since w = a™ba™2b- - - a™b, we have Ziﬁ:l n; = |wlq,l = |wl|p. Also

l
[wla|wly — [wlap =1 (Zm) —[(ni+no+-+n)+-+ (1 +n2) +n]
=1

1
= sz — |wl|q
i=1
so that

l
Zini = |wla|wlp + |wla — [wlab-
i=1

Hence from Theorem 3.2, the Wiener index

l
W(G(w)) = [wl; + (Jwly = 3)|wla + [wlp(wly — 1) + 2 in;
i=1
= |wff + |w]; + 3wlalwly — [wla = w]s — 2wla

= [w]* = w| + [wlalw]y — 2|w]a
using |w| = |wlq + |w]p. O

Corollary 3.5. The Wiener index of a Parikh word representable graph G(w) for a fair
word w = a™ba™b---a"b,ny > 1,ng > 0for2 <k <l is

W(G(w)) = |w]* = Jwl].

Proof. For a binary word w, we have |w|ap + |W]pa = |w|a|w]p. Since w is a fair word,
|W|ap = |w]pa s0 that |w|g|w|p — 2|w]es = |W]pa — |w|as = 0. Hence from Theorem 3.4,
W(G(w)) = [w]* — |w]. O

Theorem 3.6. The Wiener index W (G(w)) of a Parikh word representable graph G(w) =
(V1 U Vo, E) with |V1| = |w|, = p, |Va| = |wl|y = q for the word w = a™ ba™2b- - - a™b,
ny > 1, ng > 0for2 < k < 1, is bounded above by p*> + ¢ + 3pq — 3p — 3¢ + 2 and
below by p* + ¢* + pq — p — q. The bounds are attained on G(ab?~*aP~1b) and G (aPb?)
respectively.

Proof. Since G(w) is connected, |w|qp = |E| > p+ q — 1 [5]. Also |w|e < pg [26].
Hence from Theorem 3.4, the Wiener index of G(w) is

W(G(w)) =p*+¢*+3pg—p—q—2\w|w
<pP’+¢+3pg—p—q—2(p+q—1)=p*+¢*+3pg—3p— 3¢ +2

which is the Wiener index of the Parikh word representable graph G/(ab?~1aP~1b) and
W(G(w)) > p* +¢* +3pg —p—q—2pg=p* +q" +pg—p—4q

which is the Wiener index of the Parikh word representable graph G (a?b?). O
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Remark 3.7. One of the conjectures listed in [22, page 333], states that for a graph G
with diameter d and order 2d + 1, the Wiener index W(G) < W (Ca441) where Cog11
denotes a cycle of length 2d + 1. Since the diameter of any PWRG G(w) corresponding to
the binary core word w is 3, this conjecture holds good for G(w), if the order of G(w) is 7,
which also equals |w/|. In fact, if the binary core word w with |w| = 7, is over the ordered
alphabet {a < b}, the maximum Wiener index of G(w) equals W (C'7) which is 42 and this
is attained, by Theorem 3.6, on G(ab®a?b) or G(ab®a?b).

We shall now find an expression for an upper bound on the Wiener index of Parikh
word representable graph with a fixed number of edges. We use the following lemma.

Lemma 3.8. Given a fixed value of e and of 1, the maximum value of W (G(w)) over all
Parikh word representable graphs of the form G(w) for w = a™ba™2b---a™b, ny > 1,
ny > 0for2 < k <1, with e edges, is attained on G(ab!~1a~'b).

Proof. Since the number of edges in G(w) is e = |w|qp, |w|p =l and e > |w]|, + |w|p — 1
as G(w) is a connected graph with |w|, + |w|, vertices, we have |w|, < e — [ + 1. Hence
from Theorem 3.4, the Wiener index of G(w) is

W(G(w)) = |wla(|w|g — 1) + 17 + 3Jw|l — 1 — 2¢
<(e—1+1)(e—=1)+1®+3wlal —1—2e
<(e=l+D)(e=D+P+3e—1+Dl—1—-2e=e*—1P+el+l—e

which is the Wiener index of the Parikh word representable graph G (ab'~'a®~'b). O

Theorem 3.9. An upper bound of the Wiener index W (G(w)) of a Parikh word repre-
sentable graph G(w),w = a™ba™b---a™b,ny > 1, ng > 0for2 < k <1, with e edges
is given by

5m? —6m +2(m > 1), ife=2m—1;

5m? —m(m > 1), if e = 2m.

W(G(w)) < {

The bound is sharp and is attained on G(ab™ *a™~'b) when e = 2m — 1 and on
G(ab™ ta™b) when e = 2m.

Proof. From Lemma 3.8, the Wiener index of the Parikh word representable graph G(w),

w = a™ba™b---a™b, ny > 1, has a maximum for G(ab'~'a®~'b) and is given by
W(G(w)) = €2 — 12 + el +1 — e. We now use the fact that a quadratic expression
ax® + bx + c,a < 0, has a maximum when 2 = f%‘ When e = 2m — 1,m > 1,
we have

W(G(w)) = —1* + 2ml + (4m? — 6m + 2).

If e = 2m — 1 has a fixed value, this quadratic expression in [ has a maximum when [ = m
and the maximum is 5m? — 6m + 2. When e = 2m, m > 1, we have

W(G(w)) = —1* +1(1 4+ 2m) + (4m? — 2m).

Again if e = 2m has a fixed value, this quadratic expression has a maximum when [ =
[m + 1] = m where [2] is the integral part of z and the maximum is 5m? + 2m. O

We shall now evaluate the Wiener index of a Parikh word representable graph corre-
sponding to a specific partition of a given integer.



250 Ars Math. Contemp. 20 (2021) 243-260

Theorem 3.10. Suppose mq +ms + - - -+ my is a partition of some positive integer, where
my > me > -+ >my > 1. Then the Wiener index of the Parikh word representable graph
G corresponding to this partition is given by

W(G) =mi —2e+ (3l — 1)my + (1 — 1)
where e is the number of edges of G.

Proof. From Lemma 2.4, the word w = a""ba""-1~""pa"-27 -1} ... g1~ "2} corre-
sponds to the given partition. Now |w| = my + [, |w|, = m1,|w|y = I, so that using the
formula in Theorem 3.4, we have
W(G) = W(G(w)) = [w]* — |w| + |w]a|w]p — 2|w]ap
=(m1+0)%=(my+1)+1lmy —2e=m? —2e+ (3l — )my +1(I — 1)

since |w|qp = e. O

4 Multiplicative Wiener index

Definition 4.1 ([32]). The Wiener polynomial of a graph G is

W(G;z) = Z zd(wv),
{uv}CV(G)

Theorem 4.2. The Wiener polynomial of a Parikh word representable graph G(w), for
w=a™ba™b---a"b,ny > 1,n >0for2 < k<l is

W(G(w);z) = (Jwla|wls — IW\ab)fvSJr%(IW\a(lwla = 1)+ |wly(lwly — 1)) 2® + (Jwlap )2

Proof. We consider pairs of vertices (u,v) in the Parikh word representable graph G(w)
corresponding to the word w = a™ba™2b---a™b, with u,v € {1,2,...,n} where the
label of u appears before the label of v in w. As discussed in the proof of Theorem 3.2, the
vertex pairs are of four types, namely, types 1, 2,3 and 4. Also, as discussed in the proof
of Theorem 3.4, there are 1 |w|,(|w|, — 1) pairs of vertices of type 1 and % |w|,(|w|, — 1)
of type 4 and the distance between each such pair is 2. Likewise, there are |w/|,, pairs of
vertices of type 2 with distance 1 and |w|q|w]p — |w]|qp pairs of vertices of type 3 with
distance 3. Hence the Wiener polynomial is

3 1
([wlalwls = [wlap)2® + 5 (Jwla(lwla = 1) + wly(lwls = 1))2* + (slwla)z. O

Definition 4.3 ([40]). The Wiener polarity index of G, denoted by W,(G), is defined as
Wi(G) = {(u,v) € V(G) : d(u,v) = 3}].

Theorem 4.4. The Wiener polarity index of a Parikh word representable graph G(w), for
w=a"ba™b---a™bny > 1,n, > 0for2 <k <I,is given by

Wp(G(w)) = [wlalwlp — |wlap.
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Proof. In the Parikh word representable graph G (w), for the word w = a*ba™2b- - - a™b
as in the hypothesis, the pairs of vertices (u,v) of type 3 as mentioned in the proof of
Theorem 4.2, are at a distance 3 and these pairs contribute to the Wiener polarity index of
G(w). In fact there are ngy + nz + - - - + ny vertices with label a that are at distance 3 from
the vertex with label, the first b in w. Likewise for other vertices corresponding to the other
b's in w. Hence

Wp(G(w)):(n2+n3++nl)+(n3+n4++nl)++nl

1 l
:Zini—Zni = wlq|wlp — |W]|ap- O
i=1 i=1
Definition 4.5 ([13]). The multiplicative version of the Wiener index of a graph G is

G =[] dww).

{u, v} V(@)

Theorem 4.6. The multiplicative Wiener index of a Parikh word representable graph G(w),
forw = a"ba™b---a™bn; >1,n, >0for2<k<lIis

lwla (Jwla =D +|wlp(Jwlp—1)
2

T(G(w)) =2 glwlalwlo—=|wlas

Proof. Considering pairs of vertices as in Theorem 4.2, we obtain the required result, since
there are Iw‘“(‘wlfl);lw‘b(‘w‘rl) pairs of vertices at distance 2 in G(w) while there are
|w|a|w|p — |w|ap pairs of vertices at distance 3. It is to be noted that pairs of vertices at
distance 1 contribute value 1 to the product defining 7(G(w)). O

Corollary 4.7. The multiplicative Wiener index of a Parikh word representable graph
G(w) for a fair word w = a™ba™2b---a™b,ny > 1, np > 0for2 < k <l is

m(G(w)) = 2“”‘2% (2) lwlab

Proof. For a binary word w, we have |w|qp + |w]pe = |w]q|w|s. Since w is a fair word,
|w|ap = |wpe so that |w]q|wy — 2|w|as = [wlpe — |wlap = 0. Also |w| = |wl|s + |wle.
Hence from Theorem 4.6, 7(G(w)) = ol (%)Iw‘ab. 0

Lemma 4.8. Given a fixed value of e and of l, the maximum value of 7(G(w)) over all
Parikh word representable graphs of the form G(w) for w = a™ba™b---a™b, ny > 1,
ng > 0for 2 < k <1, with e edges, is attained on G(ab!~1a®~'b).

Proof. Since |w|, = [ and the number of edges in G(w) is e = |w|qp, We have |w|, <
e—1+1as G(w) is a connected graph with |w|, 4 |w], vertices so that e > |w|, + |w|p — 1.
Note that in a connected graph G with n vertices and e edges, e > n — 1 [5]. Hence from
Theorem 4.6, the multiplicative Wiener index of G(w) is

|wla(wla =)+ wlp(wlp—1)
e = gwla [wlp —|wlab

m(G(w)) =2
2(€*l+1)(62*l)+l(l*1) 3(e—l+1)l—e

which is the multiplicative Wiener index of the Parikh word representable graph
G(ab' =t a*~'b). O
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Theorem 4.9. An upper bound of the multiplicative Wiener index mw(G(w)) of a Parikh
word representable graph G(w),w = a™ba"2b---a™b,n; > 1,n, > 0for2 < k <1,
with e edges is given by

2m27m3m272m+1(m > 1)7 ife =92m —1;
gm*gm’=m (> 1), ife = 2m.

m(G(w)) < {

The bound is sharp and is attained on G(ab™ 1a™~'b) when e = 2m — 1 and on
G(ab™ta™b) when e = 2m.

Proof. From Lemma 4.8, the multiplicative Wiener index of the Parikh word representable
graph G(w),w = a™ba™b---a™b,n; > 1, has a maximum for G(ab'~1a®~'b) and is
given by

(e—l+l)(e;l)+l(l—1) 3(67”1)[76.

m(G(w)) =2
On taking logarithms we get,

In(m(G(w))) = [(e =1+ 1)(e = 1) + 1% - 1]11172 +[(e—1+1)l—¢€]ln3

=0(In2—-1n3)—Il((e+1)(In2—1n3) +e ((e—;l)ln2—ln3) :

We now use the fact that a quadratic expression ax? + bz + ¢, a < 0, has a maximum when
x=—L Let F(l) = 2(In2—1n3) — ((e+1)(In2 — In3) + (I In2 — In 3). When
e =2m—1,m > 1, F(l) has a maximum when [ = m and so 7 (G (w)) has the maximum
gm®=mgm®=2m+1 When e = 2m,m > 1, F(I) has a maximum when | = [m + 3] = m

where [2] is the integral part of 2 and 7(G(w)) has the maximum 2" 3m" =™ O

Theorem 4.10. The multiplicative Wiener index 7(G(w)) of a Parikh word representable
graph G(w) = (Vi UV, E) with [Vi| = |wla = p,[V2| = |wly = q for the word
w=a™ba™b---a"b,ny > 1,n, > 0for2 < k <1, is bounded above by

p(p*l);rq(qfl) 3pq—p—q+1

and below by

p(p—1)+q(g—1)
2 .

The bounds are attained on G(ab?~aP?~1b) and G(aPb?) respectively.

Proof. Since G(w) is connected, |w|qp = |E| > p+ g — 1 [5]. Also |w|a < pg [26].
Hence from Theorem 4.6, the multiplicative Wiener index of G(w) is

p(p=1+a(g=1)
2

m(G(w)) = 2

which is the multiplicative Wiener index of the Parikh word representable graph G(a?b?)
and

(G(w)) < 2" gt
which is the multiplicative Wiener index of the Parikh word representable graph

G(ab?™! aP~1h). O
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5 Hyper-Wiener index of Parikh word representable graphs

We now derive formuas for computing hyper-Wiener index of Parikh word representable
graphs of binary words.

Definition 5.1 ([20, 30]). The hyper-Wiener index of a connected graph G is given by

WW(G) = > dlu,v)+d*(u,v)
{u}CV(G)

where d(u,v) is the distance between the vertices v and v of G.

Theorem 5.2. The hyper-Wiener index WW (G(w)) of a Parikh word representable graph
G(w) for w = a™ba™b---a™b,ny > 1,np > 0for2 <k <l is

(20 4 10i — 13)n; + 31(1 — 1).

l
—1

! 2
WW(G(w)) =3 (Z m) -

i=1 i

Proof. As in the proof of Theorem 3.2, there are four cases for the vertex pairs (u, v). The
contribution to the hyper-Wiener index of the Parikh word representable graph from each
of these cases may be calculated as follows:

(i) The contribution from pairs of vertices labeled a is

(ny+ng+---+n)Cy x (24+4) =3(ny +no+...+n)? —=3(ny +ng+---+ny).

(ii) The contribution from pairs of vertices (u, v) where u is labeled a and v is labeled
bis

2+ (mi+mna)+ ...+ (mr+ne+...+n) =2(In1 + (= na +--- +ny).

(iii) The contribution from pairs of vertices (u,v) where w is labeled b and v is labeled
ais
12(712 + 2713 + -+ (l - 1)711))

(iv) The contribution from pairs of vertices labeled b is

1C5 x 6 = 31(1 — 1).

Hence the hyper-Wiener index of G(w) is given by

(20 + 10i — 13)n,; + 31(1 — 1). O

l
i—1

1 2
WW(G(w) =3 (Z n> +

i=1 i

We now derive an alternate form of the expression for the hyper-Wiener index of the
Parikh word representable graph G(w) for w = a™ba™2b---a™b, n; > 1, ny > 0 for
2<k<I.
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Theorem 5.3. The hyper-Wiener index of a Parikh word representable graph G(w) for
w=a"ba™b---a"b,ny > 1,n >0for2 < k<l is
WW(G(w)) = 3|wl; + 3lwl[j + 12wla|w]s — 3w]e — 3wl — 10[w]as
= 3|w|* — 3|w]| + 6|w|.|w|p — 10|w]ap.

Proof. Since w = a™ba™b- - -a™b, we have 2221 n; = |w|a,l = |wlp. Also, as in the
proof of Theorem 3.4,

l
Zz’ni = |w|a|w|b + |w|a - |w|ab-
=1

Hence from Theorem 5.2, the hyper-Wiener index

l
WW (G (w)) = 3Jw|? + (2wl — 13)|w|q + 3|wls(Jw]y — 1) + 10 _in,
i=1
= 3Jwl2 + 3|w|i + 12wla|w]y — 3|wls — 3wl — 10fw]as

= 3|w|? — 3|w| + 6|wlq|w|p — 10|w|ap
using |w| = |w|q + |wlp. O

Theorem 5.4. The hyper-Wiener index of a Parikh word representable graph G(w) =
(V1 U Vo, E) with |V1| = |w|, = p, |Va| = |w|y = q for the word w = a™ ba™2b- - - a™b,
ny > 1,ng > 0for 2 < k <, is bounded above and below by

3(p* + ¢%) + 12pg — 13p — 13¢ + 10
and
3(v° +4°) +2pg — 3p — 3q.
The bounds are attained on G(ab?~'aP~1b) and G(aPb?) respectively.

Proof. As done in the proof of Theorem 3.6, using the inequalities |w|., > p+ ¢ — 1 [5],
|wlap < pg [26], we have from Theorem 5.3, the hyper-Wiener index of G(w) is

WW (G(w)) = 3p* + 3¢*> 4+ 12pq — 3p — 3q — 10|w|ap
<3(p* 4 ¢%) + 12pg — 13p — 13¢ + 10

which is the hyper-Wiener index of the Parikh word representable graph G(ab?~*aP~1b)
and

W(G(w)) = 3(p” +¢°) +2pq — 3p — 3¢
which is the Wiener index of the Parikh word representable graph G(a?b?). O
The hyper-Wiener index of a Parikh word representable graph corresponding to a spe-

cific partition of a given integer can be evaluated proceeding as in the proof of Theorem 3.10
and is given in the following theorem.
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Theorem 5.5. Suppose mi + mq + - - - + my is a partition of some positive integer, where
my > Mo > -+ >my > 1. Then the hyper-Wiener index of the Parikh word representable
graph G corresponding to this partition is given by

WW(G) = 3(m? + (41 — 1)my +1(1 — 1)) — 10e
where e is the number of edges of G.

We shall now find an expression for an upper bound on the hyper-Wiener index of
Parikh word representable graph with a fixed number of edges. We use the following
lemma.

Lemma 5.6. Given a fixed value of e and of 1, the maximum value of WW (G(w)) over all
Parikh word representable graphs of the form G(w) for w = a™ba™b---a™b, ny > 1,
ng > 0for 2 < k <1, with e edges, is attained on G(ab!~1a®~'b).

Proof. Proceeding as done in the proof of Lemma 3.8, the number of edges in G(w) is
e = |w|ap, |lwlp =l and e > |w|, + |w|p — 1 as G(w) is a connected graph with |w|, + |w|p
vertices, we have |w|, < e — 1 + 1. Hence from Theorem 5.3, the hyper-Wiener index of

G(w) is

WW(G(w)) = 3|w|q(Jw|s — 1) + 312 + 121|w]|, — 31 — 10e
<3(e—1+1)(e—1)+3>+12l(e — 1+ 1) — 3] — 10e

=3e% — 612 4 6el + 61 — Te

~—

which is the hyper-Wiener index of the Parikh word representable graph G(ab'~'a®~'b).
O

Theorem 5.7. An upper bound of the Wiener index W (G(w)) of a Parikh word repre-
sentable graph G(w) for w = a™ba™b---a™b,ny > 1, np > 0for 2 < k <, withe
edges is given by

2 _ > ; — 1.
WW(G) < 18m2 26m + 10(m > 1), l.f€ 2m — 1,
18m* — 8m(m > 1), ife =2m.
The bound is sharp and is attained on G(ab™ *a™~'b) when e = 2m — 1 and on

G(ab™ta™b) when e = 2m.

Proof. From Lemma 5.6, the hyper-Wiener index of the Parikh word representable graph
G(w),w = a™ba"b---a™b,ny > 1, has a maximum for G(w) for w = ab'~1a®'b and
is given by WW (G(w)) = 3e? — 61% + 6el + 61 — Te. We use the fact that a quadratic
expression ax?+br+c, a < 0, has a maximum when z = —%. Whene =2m—1,m > 1,
we have WW (G(w)) = —612 + 12ml + (12m? — 26m + 10). If e = 2m — 1 has a fixed
value, this quadratic expression in [ has a maximum when [ = m and the maximum is
18m? — 26m + 10. When e = 2m,m > 1, we have WW (G (w)) = —61% + (6 +
12m) + (12m? — 14m). Again if e = 2m has a fixed value, this quadratic expression has
a maximum when | = [m + 3] = m where [] is the integral part of = and the maximum is
18m? — 8m. O
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6 Terminal and peripheral Wiener indices

By considering only pendant vertices in a graph, a special kind of Wiener index, called
terminal Wiener index, has been introduced and studied [11]. Here we consider this notion
in the context of Parikh word representable graphs.

Definition 6.1 ([11]). The terminal Wiener index TW (G) of a connected graph G is the
sum of distances between all pairs of pendant vertices of G.

Theorem 6.2. The terminal Wiener index of a Parikh word representable graph G =
G(a™ba™b---a™b),ny > 1,ng > 0for2 < k <, is given by

ni(n; — 1), ifny #1;

TW(G) =
(@) {m(nl—1)—&-1{:(1@’—1)—|—3k:nl7 ifni=1for2<j<k<ln;=0.

Proof. 1f n; # 1, the only possible pendant vertices are the a’s in the last block and the
distance between any two of them is 2 so that

TW(G) =2 X nng = nl(nl — 1)

Note that if n;, = 0, then TW(G) = 0.

Ifni =1,ny=n3=---=mng =0and ng41 # 0,2 < k < [, > 1, then the first
k b’s are also a pendant vertices and the distance between any one of these b’s and any one
of the a’s in the last block is 3 while that between any two b’s is 2 as well as the distance
between any two a’s in the last block is 2. Hence

TW(G) = nl(m - 1) + k(/{ — 1) + 3/€7’Ll.

When k = [, thenn; = 1 and n; = 0,2 < i < [ so that all the &’s are the only pendant
vertices and hence

TW(G) =1(1-1).
Ifny = 1,1 = 1, clearly TW(G) = 1 as the corresponding graph G(ab) has only one edge
with the end labels a and b. [

Another special kind of Wiener index, called peripheral Wiener index, has also been
studied [16].

Definition 6.3 ([16]). The peripheral Wiener index of a connected graph G is given by
Wp(G) = 3 1u,mcp(c) Au,v) where P(G) is the set of all peripheral vertices which are
the vertices of G with their eccentricities equal to diameter of G.

Theorem 6.4. The peripheral Wiener index of the Parikh word representable graph G(w)
forw = a™ba™ba™3b---a™b T g > 1,n, > 0for2 <k <r—1,andn, >0
with r at least 2 and at the most 1, is

, 2,
PW(G(w)) = <Z nL> + Z(r +2i—4n; + (r—1)(r—2).

Furthermore PW (G(w)) = W (G(w)) if w = a™b, where W (G(w)) is the Wiener index
of G(w).



N. Thomas et al.: Wiener-type indices of Parikh word representable graphs 257

Proof. From the definition of G(w), the Parikh word representable graph corresponding
to the word w = a™ba™ba"b- - - a™ b1 it is clear that G(w) is a bipartite graph of
diameter 3 and radius 2. Also,the vertices corresponding to all a’s in a™,2 < ¢ < r and to
all b’s except the last | — 7 + 1 b's are of eccentricity 3 and hence they are the peripheral
vertices of G(w). We consider pairs of peripheral vertices (u,v), where the label of u
appears before the label of v in w. As in Theorem 3.2, the vertex pairs of (u,v) can be
divided into four cases as given below:

1. w and v are both labeled a;
2. wis labeled a and v is labeled b;
3. wis labeled b and v is labeled q;
4. v and v are both labeled b.

The contribution to the peripheral Wiener index of the Parikh word representable graph
from each of these cases may be calculated as follows:

1. The contribution from the pairs of peripheral vertices labeled a is

(na+nz+ng+---+n,)Cyx2 = (ng+nz+ng+---+n,)*—(ng+nz+ng+---+n,.).

2. The contribution from the pairs of peripheral vertices (u, v) where w is labeled a and
v is labeled b is

no+ (ne+n3)+ (ne+ns+ng)+---+Mma+ng+--+n,-1)
=(r—2ng+ (r—3)ng+---+np_1.

3. The contribution from the pairs of peripheral vertices (u, v) where u is labeled b and
v is labeled a is

3[(n2 +n3+ - +n.)+ (n3+ng+--+n.)+ - +nyl
=3[(r — Dn, + (r —2)n,—1 + - + no).

4. The contribution from the pairs of peripheral vertices labeled b is

(r—=1)Cyx2=(r—1)(r—2).

Hence the peripheral Wiener index of G(w) is given by

PW(G(w)) = (Z ni> + Z(T +2i—4)n; + (r —1)(r — 2).

Furthermore, if w = a™b' then all the vertices of G(w) labeled a as well as b are peripheral
vertices of G(w). Thus PW (G(w)) = W(G(w)) where W (G(w)) is the Wiener index
of G(w). O



258 Ars Math. Contemp. 20 (2021) 243-260

7 Conclusion

We have derived formulas for evaluating the Wiener index and certain other variants of
Wiener topological indices for Parikh word representable graphs [3] of binary core words.
There are problems that remain to be investigated. For example, the lower bound of Wiener
index of a Parikh word representable graph G (w) of a binary core word w when the number
of edges of G(w) is a given fixed value, needs to be examined. Bipartite graphs have been
utilized in studies of structural features in the areas of molecular biology and chemistry
(see, for example, [17, 35]). Parikh word representable graphs (PWRG) corresponding to
binary core words are bipartite graphs. It will be of interest to examine the role of PWRG
in such studies of structural features and relationships. Also, it will also be of interest to
study other kinds of topological indices for this class of graphs.
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Abstract

Given two (n + 1) x (n + 1)-matrices A and B over a commutative ring, and some
k €{0,1,...,n}, we consider the (}) x (})-matrix W whose entries are (k + 1) x (k + 1)-
minors of A multiplied by corresponding (k + 1) x (k + 1)-minors of B. Here we require

the minors to use the last row and the last column (which is why we obtain an (}) x (})-
matrix, not a (711 ]) x (;:F])-matrix). We prove that the determinant det W is a multiple of
det A if the (n + 1,n + 1)-th entry of B is 0. Furthermore, if the (n + 1,n + 1)-th entries
of both A and B are 0, then det W is a multiple of (det A) (det B). This extends a previous

result of Olver and the author.

Keywords: Determinant, compound matrix, Sylvester’s determinant, polynomials.

Math. Subj. Class. (2020): 15A15, 11C20

1 Introduction

Let n and k be nonnegative integers, and let A = (aij), ;<11 1<j<nyi DEAN (R +1) X
(n + 1)-matrix over some commutative ring. Let Py be the set of all k-element subsets
of {1,2,...,n}. For any such subset K € P, let K+ denote the subset K U {n + 1}
of {1,2,...,n+1}. If U and V are two subsets of {1,2,...,n + 1}, then subg A shall
denote the |U| x |V'|-submatrix of A containing only the entries a,, , withu € U andv € V.
Let Wy be the Py, x Pj-matrix! whose (I, J)-th entry (forall I € Py and J € Py) is

det (subyf A).

*The author would like to thank Christian Krattenthaler, Peter Olver and Victor Reiner for enlightening dis-
cussions, and Peter Olver for the joint work that led to this paper. The SageMath computer algebra system [14]
has been used for experimentation leading up to some of the results below.

THomepage: http://www.cip.ifi.lmu.de/~grinberg/

E-mail address: darijgrinberg @gmail.com (Darij Grinberg)
I'This means a matrix whose rows and columns are indexed by the k-element subsets of {1,2,...,n}. If you

pick a total order on the set P, then you can view such a matrix as an (Z) X (Z)—matrix.

©@@® This work is licensed under https://creativecommons.org/licenses/by/4.0/
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(Thus, the entries of W4 are all (k4 1) x (k + 1)-minors of A that use the last row and
the last column.) A particular case of a celebrated result going back to Sylvester [15] (see
[12, §2.7] or [13, Teorema 2.9.1] or [10] for modern proofs) then says that

-1 -1
det (WA) — a£+1,n+1 . (det A)q, where p = (n h ) and ¢ = <Z 1>.

Now, consider a second (n + 1) X (n + 1)-matrix B = (bi,j);<;<pi1, 1<j<ni1 OVET
the same ring. Let W4 p (later to be just called W) be the Py, x P;-matrix whose (I, J)-th
entry (forall I € P, and J € Py) is

det (subfi A) det (sub{i B).

What can be said about det (W4 5)? In general, very little?>. However, under some as-
sumptions, it splits off factors. Namely, we shall show (Theorem 2.1) that det (W4 p) is
a multiple of det A if b, 1 n+1 = 0. We shall then conclude (Theorem 2.2) that if both
An+1,n+1 and by 41 41 are 0, then det (W4 p) is a multiple of (det A) (det B). In either
case, the quotient (usually a much more complicated polynomial®) remains mysterious; our
proofs are indirect and reveal little about it. Our second result generalizes a curious prop-
erty of (g) X (g) -determinants [6, Theorem 10] that arose from the study of the n-body
problem (see Example 2.4 for details).

2 The theorems

Let us first introduce the standing notations.

Let N ={0,1,2,...}. Let K be a commutative ring. If @ and b are two elements of KK,
then we write a | b when b is a multiple of a (that is, b € Ka).

If m € N, then [m] shall mean the set {1,2,...,m}.

Fix an n € N. If K is any subset of [n], then K+ shall mean the subset K U {n + 1}
of [n + 1].

Fix k € {0,1,...,n}. Let Py be the set of all k-element subsets of [n]. This is a finite
set; thus, any P, X Pj-matrix (i.e., any matrix whose rows and columns are indexed by
k-element subsets of [n]) has a well-defined determinant*. Such matrices appear frequently
in classical determinant theory (see, e.g., the “k-th compound determinants” in [11] and in
[12, §2.6], as well as the related “Generalized Sylvester’s identity” in [12, §2.7] and [13,
Teorema 2.9.1] and [10]).

If A € K“*"isawu x v-matrix, and if I C [u] and .J C [v], then subj A shall mean the
submatrix of A obtained by removing all rows whose indices are not in I and removing all
columns whose indices are not in J. (Rigorously speaking, if A = (aivj)1<i<u, 1<j<v and

I={i1<ig<---<iptandJ ={j1 <jo<--- <jq},thensub{Aisdeﬁnedtobethe

TP, IXY>

determinant det(sub; A) is called a minor of A.

2For example, if n = 3 and k = 2, then det (WA, B) is an irreducible polynomial in the (altogether
2 (n + 1)% = 32) variables a;, ; and b; ; with 110268 monomials.

3Again, irreducible in the case whenn = 3 and k = 2.

4Here, we are using the concepts of P x P-matrices (where P is a finite set) and their determinants. Both of
these concepts are folklore; a brief introduction can be found in [5, §1].
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Our main two results are the following:
Theorem 2.1. Let

A= (ii)icicnir, 1<j<ns € K HDx () ang

B= (biaj)1§i§n+17 1<j<n+41 € K(n+1)x(n+1)

be such that by 1 41 = 0. Let W be the Py, x Py-matrix whose (I, J)-th entry (for all
I €PrandJ € Py)is

det (subﬁf A) det (sub}’jrF B).
Then det A | det W.
Theorem 2.2. Let
A= (0i5)1<icn, 1<j<nt € KO HDX () g
B = (bi; e K+ x(n+1)

m)1gign+1, 1<j<n+1

be such that ani1n+1 = 0 and byy1 ny1 = 0. Define the P, x Py-matrix W as in
Theorem 2.1. Then (det A) (det B) | det W.

Example 2.3. For this example, set k = 1. Then P, = P, = {{1},{2},...,{n}}. Thus,
the map

[n] = P, i {i}
is a bijection. Use this bijection to identify the elements 1,2, ..., n of [n] with the elements

{1},{2},...,{n} of Py. Thus, the Py x Pj-matrix W in Theorem 2.1 becomes the n X n-
matrix

<det (sublyF A) det (sub{lIT B) )
1<i<n, 1<j<n

=Qi,jAn+1,n+1 :bi,jbn+l,n+1
—Qin4+10n41,;5 —bi n41bni1

= <(ai,jan+1,n+1 - az‘,n+1an+1,j) (bq',,j bn+1,n+1 —bi,n—i-lbn-i-l,j)>
=0 1<i<n, 1<j<n

= ((@i,j@nt1,n+1 — Cint10n41,5)(—bint10n41,5))1<i<n, 1<j<n-

This is the matrix obtained from (a; jan 1,041 — @it 10n11,5)1<;<p 1<i<n by multiply-
ing the i-th row with —b; ,, 41 for all ¢ € [n] and multiplying the j-th column with by, ;1 ;
for all j € [n]. Thus, the claim of Theorem 2.1 follows from the classical fact that

_ n—1
det ((ai,jan+1,n+1 - ai,n+1an+1,j)1gign7 1§j§n> = Opylntl” det A.

This fact is known as Chio pivotal condensation (see, e.g., [7, Theorem 0.1]), and is a
particular case of Sylvester’s identity ([12, §2.7]).
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Example 2.4. For this example, set & = 2, and consider the situation of Theorem 2.1
again. Then P, = P, = {{i,j} | 1 <i<j<n}.If{i,j} € Prand {k,I} € P, satisfy
i< jand k < [, then the ({i,5},{k,(})-th entry of W is

det (subt®HT A) det (sub{ B)

{#,5}+ {#,5}+
Qi k ai, Qi nt1 bi big  bint1
=det | a;k aj,l Ajnt1 | det | bjk bji b+
n+1,k  Ont1,  Ontlntl bntrik bnt1y 0

Note that by, 1 »+1 = 0. If we furthermore assume that

Unt1,nt1 =0, and
Ant1i = Giny1 =1 foralli € [n], and
bpt1i =biny1 =1 forallie [n],

then this entry rewrites as

air ey 1 bir by 1
det Ak Qj1 1| det bjyk bjyl 1
1 1 0 1 1 0

= (ajk + aig — @ik — aji) (bjk +biyt — bik —bji) -

Hence, [6, Theorem 10] can be obtained from Theorem 2.2 by setting k = 2 and A = Cg
and B = Cr (and observing that the matrix W then equals to W ).

3 The proofs

Our proofs of Theorem 2.1 and Theorem 2.2 will rely on some basic commutative algebra:
the notion of a unique factorization domain (“UFD”); the concepts of coprime, prime and
irreducible elements; the localization of a commutative ring at a multiplicative subset. This
all appears in most textbooks on abstract algebra; for example, [8, Sections VIIL.4 and
VIIL.10] is a good reference”.

The content of a polynomial p over a UFD is defined to be the greatest common divisor
of the coefficients of p. For example, the polynomial 422 + 6y> € Z [x,y] has content
ged (4,6) = 2. (Of course, in a general UFD, the greatest common divisor is defined only
up to multiplication by a unit.) The following known facts are crucial to us:

Proposition 3.1. A polynomial ring over 7 in finitely many indeterminates is always
a UFD. |

Proposition 3.1 appears, e.g., in [8, Remark after Corollary 8.21]. For a constructive
proof of Proposition 3.1, we refer to [9, Chapter IV, Theorems 4.8 and 4.9] or to [2, Es-
say 1.4, Corollary of Theorem 1 and Corollary 1 of Theorem 2].

Proposition 3.2. Let p be an irreducible element of a UFD K. Then the quotient ring
K/ (p) is an integral domain.

SWe call “multiplicative subset” what Knapp (in [8, Section VIII.10]) calls a “multiplicative system”.
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Proof of Proposition 3.2. First of all, we recall that any irreducible element of a UFD is
prime (indeed, this follows from [8, Proposition 8.13]). Thus, the element p of K is prime.
Hence, [8, Proposition 8.14] shows that the ideal (p) of K is prime. Therefore, the quotient
ring K/ (p) is an integral domain. This proves Proposition 3.2. O

We shall furthermore use the following properties of contents (whose proofs are easy):

Proposition 3.3. Let U be a UFD. Let p € Uz, o, ...,%y] be a polynomial over U.
Assume that the content of p is 1. Also assume that p is irreducible when considered as
a polynomial in F [z, o, ... xy], where F is the field of fractions of U. Then p is also
irreducible when considered as a polynomial in U [x1, T2, . .., Tp).

Proposition 3.4. Let U be a UFD. Let p,q € U [z1, 22, ..., Tm] be two polynomials over
U. Assume that both p and q have content 1, and assume furthermore that p and q don’t
have any indeterminates in common (i.e., there is no i € [m] such that deg, p > 0 and
deg,, q > 0). Then p and q are coprime.

The next simple fact states that for any positive integer n, the determinant of the
“generic n X n-matrix” (i.e., of the n X n-matrix whose n? entries are distinct indeter-
minates in a polynomial ring over Z) is irreducible as a polynomial over Z:

Corollary 3.5. Let n be a positive integer. Let G be the multivariate polynomial ring
Zla;; | (i,5) € [n]z] Let A € G"*" be the n x n-matrix (a; ;) Then the
element det A of G is irreducible.

1<ign, 1<j<n’

Proof of Corollary 3.5. A well-known fact (e.g., [1, Lemma 5.12]) shows that det A is
irreducible as an element of Q[a; ; | (i,7) € [n)? |. This yields (using Proposition 3.3) that
det A is irreducible as an element of Z[a; ; | (i,5) € [n]?] as well, since the polynomial
det A has content 1. This proves Corollary 3.5. O

An element a of a commutative ring A is said to be regular if every b € A satisfying
ab = 0 must satisfy b = 0. (Regular elements are also known as non-zero-divisors.) In a
polynomial ring, each indeterminate is regular; hence, each monomial (without coefficient)
is regular (since any product of two regular elements is regular).

We recall a few standard concepts from commutative algebra. Let K be a commutative
ring. A multiplicative subset of K means a subset S of K that contains the unity 1x of K
and has the property that every a,b € S satisfy ab € S.

If S is a multiplicative subset of K, then the localization of K at S is defined as follows:
Let ~ be the binary relation on the set K x .S defined by

((rys) ~(r',s") < (t(rs' —sr') =0forsomet € S).

Then it is easy to see that ~ is an equivalence relation. The set L of its equivalence
classes [(r, s)] can be equipped with a ring structure via the rules [(r, s)] + [(+,s")] =
[(rs’ 4 sr',ss")] and [(r, s)] - [(,8")] = [(r1’, ss")] (with zero element [(0,1)] and unity
[(1,1)]). The resulting ring L is commutative, and is known as the localization of K at S.
(This generalizes the construction of QQ from Z known from high school.)

The element [(r, s)] of L is denoted by ~. There is a canonical ring homomorphism
from K to IL that sends each r € K'to [(r,1)] = { € L.
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When all elements of the multiplicative subset .S are regular, the statement “¢(rs’ —
sr') = 0 for some ¢t € S” in the definition of the relation ~ can be rewritten in the
equivalent (but much simpler) form “rs’ = sr’” (which is even more reminiscent of the
construction of Q).

The following fact is easy to see:

Proposition 3.6. Let K be a commutative ring. Let S be a multiplicative subset of K such
that all elements of S are regular. Let L be the localization of the ring K at S. Then:

(a) The canonical ring homomorphism from K to L is injective. We shall thus consider
it as an embedding.

(b) If Kis an integral domain, then L is an integral domain.

(c) Let a and b be two elements of K. Then we have the following logical equivalence:

(a]binll) <= (a|sbinK forsomes € S).

Matrices over arbitrary commutative rings can behave a lot less predictably than matri-
ces over fields. However, matrices over integral domains still show a lot of the latter good
behavior, such as the following:

Proposition 3.7. Let P be a finite set. Let M be an integral domain. Let W € MP*F be
a P x P-matrix over M. Let u € MF be a vector such that u # 0 and Wu = 0. Here, u
is considered as a “column vector”, so that W is defined by

Wu = Z Wp,qUq | where W = (wpvq)(p,q)EPXP and u= (up)peP .
qeP peP
Then det W = 0.
Proof of Proposition 3.7. Let m = |P|. Then we can view the P X P-matrix W as an

m X m-matrix (by “numerical reindexing”, as explained in [5, §1]), and we can view the
vector u as a column vector of size m. Let us do this from here on.

Let F be the quotient field of the integral domain M. Thus, there is a canonical embed-
ding of M into . Hence, we can view the matrix W &€ M"*"™ as a matrix over IF, and we
can view the vector u € M as a vector over . Let us do so from here on. We are now
in the realm of classical linear algebra over fields: The vector u € F™ is nonzero (since
u # 0) and belongs to the kernel of the m x m-matrix W € F™*™ (since Wu = 0).
Hence, the kernel of the matrix W is nontrivial. In other words, this matrix W is singular.
Thus, det W = 0 by a classical fact of linear algebra. This proves Proposition 3.7. O

Let us next recall an identity for determinants (a version of the Cauchy—Binet formula):

Lemma 3.8. Letn € N, m € Nandp € N. Let A € K"*P be an n x p-matrix. Let
B € KP*™ be a p x m-matrix. Let k € N. Let P be a subset of [n] such that |P| = k. Let
Q be a subset of [m] such that |Q| = k. Then

det (subZ(AB)) = Y det (subj A) - det (sub{ B). O

RC[p];
|R|=k
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Lemma 3.8 is [4, Corollary 7.251] (except that we are using the notation subf C for
what is called sublwug)) C in [4]). It also appears in [3, Chapter I, (19)] (where it is stated
using p-tuples instead of subsets).

The next lemma is just a particular case of Theorem 2.1, but it is a helpful stepping
stone on the way to proving the latter theorem:

Lemma 3.9. Let

— F1)x(n+1
A=(aij)1<i<ni1, 1<j<nt1 € RO ang

_ F1)x(nt1
B = (bij)i<icni1, 1<j<ni1 € KXt

be such that by, 41 11 = 0. Assume further that
Unt1,; =0  forall j € [n]. (3.1
Define the Py, x Py-matrix W as in Theorem 2.1. Then det A | det W.
The following proof is inspired by [6, proof of Theorem 10].

Proof of Lemma 3.9. We WLOG assume that K is the polynomial ring over Z in n? +
(n+1) 4 ((n + 1)® — 1) indeterminates

a; foralli € [n] and j € [n];
a;nt1 foralli € [n+1];
bi foralli € [n+ 1] and j € [n + 1] except for by+1,n+1-

And, of course, we assume that the entries of A and B that are not zero by assumption are
these indeterminates.®

The ring K is a UFD (by Proposition 3.1).

We WLOG assume that n > 0 (otherwise, the result follows from det W =
det (0) =0).

The set Py, is nonempty (since k € {0,1,...,n}); thus, |Pg| > 1.

Let A be the n X n-matrix (@i,j) € K"™*"_ Then, because of (3.1), we
have

1<ign, 1<j<n

det A = apyi1n41- det A 3.2)

(by [4, Theorem 6.43], applied to n + 1 instead of n).

The matrix A is a completely generic n X n-matrix (i.e., its entries are distinct indeter-
minates); thus, its determinant det A is an irreducible polynomial in the polynomial ring
Zla;; | (i,5) € [n]ﬂ (by Corollary 3.5). Hence, det A also is an irreducible polynomial
in the ring K (since K differs from Z[a; ; | (i,7) € [n]ﬂ only in having more variables,
which clearly cannot contribute any factors to det A). Thus, Proposition 3.2 (applied to
p = det A) shows that the quotient ring K/(det A) is an integral domain.

Let M be the quotient ring K/(det A). Then M is an integral domain (since K/(det A)
is an integral domain). All monomials in the variables b; ; (with (¢, j) # (n+1,n+ 1))
are nonzero in M. Likewise, a1 n+1 # 0in M.

These assumptions are legitimate, because if we can prove Lemma 3.9 under these assumptions, then the
universal property of polynomial rings shows that Lemma 3.9 holds in the general case.



268 Ars Math. Contemp. 20 (2021) 261-274

Let w be the element [ | e bny1,; € M. (Strictly speaking, we mean the canonical
projection of || e bn+1,; € K onto the quotient ring M.) Then, w is a nonzero element
of the integral domain M (since by, 41,; # 0in M for all j € [n]).

For each i € [n], we define z; € M by 2; = [];c(u, i bn+1,; (Projected onto M.
This is a nonzero element of M. In M, we have

bn+t1,izi = by H bpy1,; = H bpy1; =w (3.3)
J€[n]; J€[n]
J#i

forall ¢ € [n].

We need another piece of notation: If M is a p X g-matrix, and if u € [p] and v € [q],
then M., ., denotes the (p — 1) x (¢ — 1)-matrix obtained from M by removing the u-th
row and the v-th column.

The matrix A1 ~(n+1) has determinant 0 (because (3.1) shows that its last row consists
of zeroes). In other words, det (A~1,~(n+1)) =0.

Also, due to (3.1), we see that each ¢ € [n] satisfies

det (Awl,wi) = Qp41,n+1 * det (ZNLNZ') (34)

(by [4, Theorem 6.43], applied to A ~; instead of A), because the last row of the matrix
A~1,~i is (07 Oa AR Oa an+1,n+1)~
For each i € [n + 1], we define an element u; € M by

zi (—=1)"det (A ~i), ifi e [n];
U; = P
1, ifi=n-+1.

Claim 1. All these n + 1 elements uy,usg, . .., un+1 of M are nonzero.

Proof of Claim 1. Let i € [n]. Then, det (ZNLM) # 0in M because det (ZNLM-) is a
polynomial of smaller degree than det A, and thus is not a multiple of det A. Now,

:an,+1,n+1'd0t(z~l,~i) (by (3.4))
up = 2z (—1)" det (A1 i)
£0in M #0inM
—~ —_—
= 2 (=1)" np1 4 - det (Aor )
#0in M #0in M

#0in M (since M is an integral domain).

Thus, vy, u, ..., u, are nonzero. Moreover, u,,4; is nonzero (since u,4+; = 1). Thus, we
are done. ]

Letu = (uy);cp, € M= be the vector defined by

UJ:HUj.

jeJ
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Then the entries of the vector u are nonzero (because they are products of the nonzero

elements uq, ug, . . ., up+1 Of the integral domain M). Since the vector u has at least one
entry (because | P;| > 1), we thus conclude that u # 0.
Let A be the diagonal matrix A = diag (u1, ug, ..., Upy1) € MOFDX(41)

Let x € M™*! be the column vector defined by
1 2 n+1 T
X = ((—1) det (Avi,n1), (—1)7det (Avin), .o (—1) det(A~1,~(n+1))) :

Let (e, ea, ..., e,+1) be the standard basis of the free M-module M"+L. Thus, for any
(n+1) x (n+ 1)-matrix C € M TUx®+1) and any j € {1,2,...,n + 1}, we have

(the j-th column of the matrix C') = Ce;. (3.5)
Now, using Laplace expansion, it is easy to see that
Ax = —det A - e;. 3.6)

To prove Equation (3.6), consider the adjugate adj A of the matrix A. A standard fact ([4,
Theorem 6.100]) says that A-adj A = det A-I,, 1. But the definition of adj A reveals that
the first column of the matrix adj A is —x. Hence, the first column of the matrix A - adj A
is A-(—x) = —Ax. On the other hand, the first column of the matrix A-adj A is det A-e;
(since A - adj A = det A - I,,1). Comparing the preceding two sentences, we conclude
that —Ax = det A - eq, so that Ax = — det A - e1. This proves Equation (3.6).

Also, Equation (3.5) (applied to C = BT and j = n + 1) yields

Ble, 1 = (the (n + 1)-st column of the matrix BT)

= (bpt1,1:bn11,25- -+, bn+1,n+1)T
Hence,
ABT e,y = A (b1, bos12s - bnging1) a7
= (U1bpy1,1,U2bpt1,2,. .. ,ungnH,nH)T .
(since A = diag (u1,ug, ..., Upt1))-
Claim 2. We have
Uibpt1,: =W - (fl)i det (A1 ~i) foreachi € [n+1]. 3.8)

Proof of Claim 2. Leti € [n+ 1]. If i = n + 1, then both sides of (3.8) are zero (because
bnt+1n+1 = 0anddet (Ao o(nt1)) = 0). If i # n+1, theni € [n] and thus the definition
of u; yields u; = z;(—1)* det(A~1 ~;). Hence,
Uibni1i = 2i (—1)" det (At ni) bug1i = bnyr,izi (—1)" det (Auy i)
——
=w (by (3.3))
—w-(=1)"det (At i) .

Hence, Equation (3.8) is proven in both cases. O
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Now, (3.7) becomes

ABTenH
= (U1bn+1,1, U25n+1,2, cee 7un+1bn+1,n+1)T
- (w (=) det (Ao 1), w - (—1)2 det (Agna) ...,
w- (—1)" det (At w(ne)) )T (by (3.8))

T
=w- ((_1)1 det (Ar~1), (=1)det (A n2) ..o, (—1)" T det (ANLN(M)))

=x (by the definition of x)

= wWX.

Hence,

=—det A-e; (by (3.6)
~ =~
cAx = —w-det A-eq
——

=ant1,n+1-det A (by (3.2))

AABTen_H = Awx = w

= —W- ptint1-det A-eg =0.

=0 (since we are in M)

In other words, the (n + 1)-st column of the matrix AAB7 is 0 (since the (n + 1)-st col-
umn of the matrix AAB” is AAB”e, 1 (by (3.5), applied to C = AABT and j = n+1)).
Now, fix I € P. Then, the last column of the matrix subﬁ (AABT) is 0 (because
this column is a piece of the (n + 1)-st column of the matrix AABT, but as we have just
shown the latter column is 0). Thus, det (subjt(AABT)) = 0.
But Lemma 3.8 (appliedto M, n + 1, n+ 1,n + 1, ABT k41, I+ and I+ instead
of K, n, m, p, B, k, P and Q) yields

det (subjt(AABT)) = Z det (subj A) det (subk"(ABT)).
RC[n+1];
|R|=k+1

Comparing this with det (subj® (AABT)) = 0, we obtain

0= Z det (sub}%Jr A) det (subﬁ'(ABT)).

RC[n+1];
|R|=k+1

In the sum on the right hand side, all addends for which n + 1 ¢ R are zero (because if
R C [n+ 1] satisfies |[R| = k + 1 and n + 1 ¢ R, then the last row of the matrix sub}’, A
consists of zeroes (by (3.1), since n +1 ¢ Rbutn + 1 € I+), and therefore we have
det (subﬁ_ A) = 0), and thus can be discarded. Hence, we are left with

0= Z det (subﬁr A) det (subg(ABT)).
RC[n+1];
|R|=k+1;
n+leR



D. Grinberg: A double Sylvester determinant 271

But the subsets R of [n + 1] satisfying |[R| = k + 1 and n 4+ 1 € R can be parametrized as
J+ with J ranging over Py. Hence, this rewrites further as

0= det (subf{ A) det (sub’} (AB")).
JePy

It is easily seen that det (subgi(ABT)) = det (subﬁr B)u, for each J € Py (indeed,
recall the definition of A and the fact that u,, 11 = 1 and that det (C”) = det C for each
square matrix C). Thus, the above equality simplifies to

0= Z det (subﬁrr A) det (subl‘]_t B)u,].
JEP,

Now, forget that we fixed I. We thus have proven that

0= Z det (subIJj_' A) det (subﬁ' B)u,] 3.9
JEP,

for each I € Pj. This rewrites as Wu = 0 (indeed, the left hand side of (3.9) is the /-th
entry of the zero vector 0, whereas the right hand side of (3.9) is the I-th entry of Wu).
Now, consider the matrix W as a matrix in M"* P Then, Proposition 3.7 (applied to
P = Py) yields det W = 0 in M (since u # 0 and Wu = 0). In view of the definition of
M, this rewrites as det A | det W in K.
Let us consider the matrix W again as a matrix over K. Each entry of W has the form
det (sub/ A) det (subj;” B) for some I, .J € P.

Claim 3. det (sub{i A) is a multiple of ap41,n+1 forallI,J € Py.

Proof of Claim 3. Let I,J € Pj. Then, the equality (3.1) shows that the last row of the
matrix subﬁ_‘ Ais (0,0,...,0,an+1,n+1). Hence, an application of [4, Theorem 6.43]
shows that det (sub{i A) = apq1,n41 det (sub{ A). Thus, det (sub{i A) is a multiple
of apt1,n+1-

By Claim 3, all entries of W are multiples of a,,11,,+1. Hence, the determinant of W/
is a multiple of (an+17n+1)lpk|, thus a multiple of a,41 41 (since |Py| > 1). In other
words, an+1.n41 | det Win K.

Recall that K is a UFD. Also, the two polynomials a,41,,+1 and det A in K both
have content 1, and don’t have any indeterminates in common; thus, these two polynomials
are coprime (by Proposition 3.4). Hence, any polynomial in K that is divisible by both
On+1,n+1 and det A must be divisible by the product a1 1 - det A as well. Thus, from
ant1n+1 | det W and det A | det W, we obtain @, 41,41 - det A | det W. In view of
(3.2), this rewrites as det A | det W. This proves Lemma 3.9. O

We shall now derive Theorem 2.2 from Lemma 3.9, following the same idea as in [12,
§2.7] and [13, Teorema 2.9.1] and [10]:

Proof of Theorem 2.1. We WLOG assume that n > 0 (otherwise, the result follows from
det W = det (O) =0).
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We WLOG assume that K is the polynomial ring over Z in (n 4 1)* 4+ ((n + 1)* — 1)
indeterminates

a;; forallie [n+1]andje€ [n+1];
bi,j foralli € [n+1] and j € [n + 1] except for by11,n+1-

And, of course, we assume that the entries of A and B that are not zero by assumption
are these indeterminates. Proposition 3.1 shows that the ring K is a UFD (since it is a
polynomial ring over Z).

Let S be the multiplicative subset {aj, ,, ., | p € N} of K. Then, all elements of S
are regular (since they are monomials in a polynomial ring).

Let IL be the localization of the commutative ring K at the multiplicative subset S. Then,
Proposition 3.6(a) shows that the canonical ring homomorphism from K to L is injective;
we shall thus consider it as an embedding. Also, Proposition 3.6(b) shows that IL is an
integral domain.

Claim 1. We claim that
det A | detW in L. (3.10)

Proof of Claim 1. Consider A, B and W as matrices over L. The entry a1 n4+1 of A
is invertible in . (by the construction of ). Hence, we can subtract appropriate scalar
multiples’ of the (n + 1)-st column of A from each other column of A to ensure that
all entries of the last row of A become 0, except for a1 1. (Specifically, for each
J € [n], we have to subtract a; ,,+1/an+1,n+1 times the (n 4 1)-st column of A from the j-
th column of A.) All these column transformations preserve the determinant det A, and also
preserve the minors det (subﬁ' A) forall I, J € Py (because when the (n + 1)-st column
of A is subtracted from another column of A, the matrix sub‘lji A either stays the same or
undergoes an analogous column transformation®, which preserves its determinant); thus,
they preserve the matrix W. Hence, we can replace A by the result of these transformations.
This new matrix A satisfies (3.1). Hence, Lemma 3.9 (applied to L instead of K) yields
that det A | det W in L. This proves (3.10). O

But we must prove that det A | det W in K. Fortunately, this is easy: Since K embeds
into IL, we can translate our result “det A | det W in " as “det A | ay, |, ,, 1, det W in K
for an appropriate p € N (by Proposition 3.6(c), applied to a = det A and b = det W).
Consider this p.

Claim 2. The polynomial a1 n41 € K is coprime to det A.

Proof of Claim 2. The polynomial det A contains the monomial a1 p41a2.n " Antr11 =
Hie[n+1] @;,n+2—i, and thus is not a multiple of a,, 41 n41. Hence, it is coprime to ay41,n+1
(since the only non-unit divisor of @y 1,n+1 1S @n41,n+1 itself, up to scaling by units). [J

So we know that a,,41,+1 is coprime to det A. Hence, its power a£+1,n+1 is co-
prime to det A as well. Hence, we can cancel the a?, +1.n41 from the divisibility det A |
@p 41 nv1 det W, and conclude that det A | det W in K. This proves Theorem 2.1. O

TThe scalars, of course, come from LL here.
8Here we are using the fact that n + 1 € J+ (so that the matrix subIJi A contains part of the (n + 1)-st
column of A).
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Proof of Theorem 2.2. We WLOG assume that K is the polynomial ring over Z in the
((n+1)> —1) + ((n 4+ 1)® — 1) indeterminates

a;; foralli e [n+1] and j € [n+ 1] except for an41,n+41;
b;; foralli e [n+1] andj € [n+ 1] except for by41 n+1-

And, of course, we assume that the entries of A and B that are not zero by assumption are
these indeterminates. The ring K is a UFD (by Proposition 3.1).

WLOG assume that n > 0 (otherwise, the result follows from det W = det (0) = 0).
Thus, the monomial a1 4102, - Gnt1,1 = Hie[nﬂ] @i nt2—; occurs in the polynomial
det A with coefficient +-1. Hence, the polynomial det A has content 1. Similarly, the
polynomial det B has content 1.

Theorem 2.1 yields det A | det W. The same argument yields det B | det W (since
the matrices A and B play symmetric roles in the construction of W). But Proposition 3.4
shows that the polynomials det A and det B in K are coprime (because they have content 1,
and don’t have any indeterminates in common). Thus, any polynomial in K that is divisible
by both det A and det B must be divisible by the product (det A) (det B) as well. Thus,
from det A | det W and det B | det W, we obtain (det A) (det B) | det W. This proves
Theorem 2.2. O

4 Further questions

While Theorems 2.1 and 2.2 are now proven, the field appears far from fully harvested.
Three questions readily emerge:

Question 4.1. What can be said about ‘fcttVX (in Theorem 2.1) and % (in Theo-

rem 2.2)? Are there formulas?

Question 4.2. Are there more direct proofs of Theorems 2.1 and 2.2, avoiding the use of
polynomial rings and their properties and instead “staying inside K”? Such proofs might
help answer the previous question.

Question 4.3. The entries of our matrix W were products of minors of two (n + 1) X
(n + 1)-matrices that each use the last row and the last column. What can be said about
products of minors of two (n +m) X (n + m)-matrices that each use the last m rows and
the last m columns, where m is an arbitrary positive integer? The “Generalized Sylvester’s
identity” in [12, §2.7] answers this for the case of one matrix. It is not quite obvious what
the right analogues of the conditions a,,41,,+1 = 0 and by,41,n4+1 = 0 are; furthermore,
nontrivial examples become even more computationally challenging.
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Abstract

Let D = (V, E) be a strongly connected digraph and let v and v be two vertices in

D. The maximum distance md(u,v) is defined as md(u,v) = max{d(u,v),d(v,u)},
where cf(u, v) denotes the length of a shortest directed u-v path in D. This is a metric. The
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two digraphs is investigated in this article.
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1 Introduction

Directed graphs or in short digraphs have immense applications in almost all areas of sci-
ence and even in sociology. A directed network is a network in which each edge has a
direction, pointing from one vertex to another. They can be represented as directed graphs.

Road traffic networks are the most frequently met examples of one-way networks. A
two-way street is one in which vehicles are allowed to travel in both directions. The advan-
tages of a one-way street network over a two-way street pattern are discussed in [14]. But
when one-way traffic is introduced in a two-way network, the distance between places in
one of the directions may increase. So the problem of designing a network is to minimize
the distance between places and the cost of construction.

The one-way problem was first studied by Robbins [13]. It finds applications in various
fields like computer science, biology, etc. In [2], directed graphs are used to analyze the
local properties of internet connectivity. Neurons are connected in intricate communication
networks established during development to convey sensory information from peripheral
receptors of sensory neurons to the central nervous system and to convey commands from
the central nervous system to effector organs [12].

The boundary-type sets of a graph, the boundary, contour, eccentricity, and periph-
ery sets of a graph were studied in [5] and [7]. It is very difficult to identify the various
boundary-type sets in large networks. So we try to decompose the network into smaller
networks and identify the boundary-type sets. The four standard graph products, namely
Cartesian, direct, strong, and lexicographic products can be extended to digraphs as well.
Marc Hellmuth and Tilen Marc developed a polynomial-time algorithm for determining the
prime factor decomposition of strong product of digraphs [11].

The directed distance defined in digraphs is generally not a metric. As we are concerned
with the problem of designing the network to minimize the distance between places at a
minimum cost, we consider the distance maximum distance or in short, m-distance which
is a metric that was introduced by Chartrand and Tian in [8]. It gives the maximum of the
directed distances in either direction and is denoted by md (u, v). So minimizing md (u, v)
results in minimizing the distance between the nodes in both directions. An undirected
graph G can be identified as a symmetric digraph, that is, one for which (u,v) € E(G) if
and only if (v,u) € E(G), and the metric md is the usual distance metric in undirected
graphs.

The boundary-type sets of the Cartesian product of two digraphs were studied in [6]. In
this paper, a similar study is conducted for the strong product of digraphs.

2 Preliminaries

A directed graph or a digraph D consists of a non-empty finite set V' (D) of elements called
vertices and a finite set E(D) of ordered pairs of distinct vertices called arcs or edges [1].
We call V(D) the vertex set and E(D) the edge set of D. We write D = (V, E) to denote
the digraph D with vertex set V' and edge set E. For an edge (u,v), the first vertex u of
the ordered pair is the tail of the edge and the second vertex v is the head; together they
are the endpoints. This definition of a digraph does not allow loops (edges whose head and
tail coincide) or parallel edges (pairs of edges with the same tail and the same head). The
underlying graph U D of a digraph D is the simple graph with the vertex set V(D) and the
unordered pair (z,y) € E(UD) if and only if either (x,y) € E(D) or (y,z) € E(D).
The following concepts are taken from [1].
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For a vertex v in a digraph D = (V, E), the neighborhoods are defined as follows:
Ni(w)={weV: (v,w) € E}, Np(w)={ueV:(uv)€E}.

The sets N}, (v), Nj, (v), and Np(v) = N, (v) U N, (v) are called the out-neighborhood,
in-neighborhood, and neighborhood of v. These neighborhoods are called open neighbor-
hoods of v. Similarly, we can define closed neighborhoods of v (neighbors including v).
The closed neighborhood of v is denoted by Np[v]. That is, Np[v] = Np(v) U {v}.

A directed path is a directed graph with V (P) # () with distinct vertices w1, us, . . . , ug
and edges ej, es,...,e,x—1 such that e; is an edge directed from u; to u;4q for 1 < ¢ <
k — 1. In this article, a path will always mean a ‘directed path’. A digraph is strongly
connected or strong if, for each ordered pair (u, v) of vertices, there is a path from u to v.
A digraph is weakly connected if its underlying graph is connected. A strong component of
a digraph D is a maximal induced subdigraph of D which is strong. If D1, Do, ..., D, are
the strong components of D, then V(D) UV (Dg)U---UV(Dy) = V(D) and V(D;) N
V(D;) = 0 for every i # j.

The length of a path is the number of edges in the path. The directed distance cf(u, v)
between two vertices u,v € V(D) is the length of the shortest directed path from u to
v, or infinity if no such path exists. Note that this distance is not a metric, as generally

d(u,v) # d(v, u).
So in [8], Chartrand and Tian introduced two other distances between the vertices u and

v in a strong digraph, namely the maximum distance md(u, v) = max{d(u,v), d(v,u)}

and the sum distance sd(u,v) = d(u,v)+d(v, u), both of which are metrics. In this article,
we deal with the maximum distance, md.

Remark 2.1. md(u,v) is denoted by d(u, v) hereafter.

The m-eccentricity of a vertex v, the m-radius and the m-diameter of a digraph D
are also defined in [8]. Consistent with our notation d(u,v) for maximum distance be-
tween the vertices u and v, we denote them respectively as ecc(v), rad(D), and diam(D).
Thus, ecc(v) = max,ecy(p)d(v,u), rad(D) = min,cy(p)ecc(v), and diam(D) =
max, ey (p) ecc(v), where ecc(v) denotes m-eccentricity of v.

If a digraph D is strongly connected, then the maximum distance between every pair
of vertices is finite, and hence the m-eccentricity of every vertex in D is finite. Otherwise,
D has more than one strong component, and the maximum distance between two vertices
lying in different strong components of D is infinity. So if D is not strongly connected,
then the m-eccentricity of every vertex in D is infinity.

2.1 Definitions of boundary-type sets

We define the boundary-type sets of a digraph D with respect to the metric maximum
distance. Most of the following definitions are analogous to the definitions in [7]. Let D
be a strong digraph and u, v € V(D). The vertex v is said to be a boundary vertex of u if
no neighbor of v is further away from u than v. Hereafter, we denote Np(v) and Np[v] by
N (v) and N [v], respectively.

A vertex v is called a boundary vertex of D if it is the boundary vertex of some vertex
u € V(D).

Definition 2.2. The boundary O(D) of D is the set of all of its boundary vertices
d(D) ={v e V(D) : Ju € V(D) such that Vw € N (v), d(u,w) < d(u,v)}.
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Given u, v € V(D), the vertex v is called an eccentric vertex of  if no vertex in V(D)
is further away from u than v; that is, if d(u, v) = ecc(u). A vertex v is called an eccentric
vertex of digraph D if it is the eccentric vertex of some vertex v € V(D).

Definition 2.3. The eccentricity Ecc(D) of a digraph D is the set of all of its eccentric
vertices

Ecc(D) = {v € V(D) : Ju € V(D) such that ecc(u) = d(u,v)}.

In a similar way, we can define the eccentricity of any proper subset W of the vertex
set V(D):

Ecc(W) = {v € V(D) : Ju € W such that ecc(u) = d(u, v)}.

A vertex v € V(D) is called a peripheral vertex of D if no vertex in V(D) has an
eccentricity greater than ecc(v); that is, if the eccentricity of v is equal to the diameter
diam(D) of D.

Definition 2.4. The periphery Per(D) of a digraph D is the set of all of its peripheral
vertices
Per(D) = {v € V(D) : ecc(u) < ecc(v),Vu € V(D)}
= {v e V(D) : ecc(v) = diam(D)}.

A vertex v € V(D) is called a contour vertex of digraph D if no neighbor vertex of v
has an eccentricity greater than ecc(v). The following definition is from [5].

Definition 2.5. The contour Ct(D) of a digraph D is the set of all of its contour vertices
Ct(D) = {v € V(D) : ecc(u) < ecc(v),Vu € N(v)}.
As in the case of undirected graphs [3] we have,
1. Per(D) C Ct(D) N Ecc(D),
2. Ecc(D) U Ct(D) C 9(D).

This is because a peripheral vertex is a vertex having the maximum eccentricity in the
digraph D and so every peripheral vertex in D is a contour vertex in D as well as the
eccentric vertex of a diametrical vertex in D.

If v is an eccentric vertex of a vertex u, then v is a boundary vertex of u. Also if v
is a contour vertex, then ecc(u) < ecc(v) for all u € N(v). So there exists some vertex
w € V(D) such that d(w, v) < d(w, v) for all u € N(v), and hence v is a boundary vertex
of w.

The open neighborhood N (v) can be replaced by the closed neighborhood Nv] in the
definitions of the boundary and the contour sets. This does not affect the definitions and
is necessary for proving the relationship between the boundary and the contour sets of the
strong product of two digraphs and its factors.
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3 Strong product of directed graphs

The strong product Dy K Do of two digraphs Dy and Dy with vertex sets V(D;) =
{uy,ug,y...,um} and V(D2) = {v1,va,...,v,} is the digraph having the vertex set
V(D1) x V(D3) and with arc set E(D; X Ds) defined as follows. A vertex (u;,v,.) is
adjacent to (u;,vs) in D1 X D if either

1. (u;,uj) € E(D1), vp = vs, OF
2. u; = uj, (v, vs) € E(D3), or
3. (ui,uj) € E(Dy), (vr,vs) € E(Do2).

The strong product of digraphs is commutative [10]. The distance between two vertices
(g9,h) and (¢’, 1) in the strong product G X H of two graphs G and H is given in [9] as
follows:

dGlXH((ga h)7 (gla h/)) = maX{de(g, g/)a dH(h’ h/)}

So in the case of two digraphs D; and Ds, it follows that the directed distance
JDlng((Uiyvr% (ijs)) = maX{d_'D1 (ui7uj)7JD2 (vr,vs) }-
Lemma 3.1. Let D1 and D5 be two strongly connected digraphs. Then
le XDy ((u’ia UT‘)a (Uj, US)) = ma‘X{dD1 (ui7 uj)7 dD2 (UT7 US)}v
eccp, ®p, (Ui, vr) = max{eccp, (u;), eccp, (vr) }.
Proof.
le X Doy ((ula vT‘)a (uja US))
= max{dp,wmp, ((u, vr), (uj, vs)), dp,mp, (15, vs), (ui, vp))}
D, (Ur, Vs) }, maX{le (uj, u;), dDz (vs, vr) }}

= max{max{dp, (us, u;),d

= maX{maX{le (us, J)’ 2 (Vr, Vs), dD1 (uj, ui), dDz (vs,vr)}}

= max{max{cfpl (ui, w ])7 (g, ui) )y max{dDZ (vr, vs), dDz (vs,vr)}}
(

= max{le (ula u]) dD2 Vr, Us >}
Hence it follows that
€CCp, XDy (Uz', Ur)
= max{dp,rp, ((ui, vr), (u;,0s)) : (uj,vs) € V(D1 W Do)}
= max{max{dp, (u;,u;),dp,(v,,vs)} : uj € V(D1),vs € V(D2)}
= max{max{dp, (u;,u;) : u; € V(D1)}, max{dp, (v, vs): vs € V(D2)}}

= max{eccp, (u;),eccp, (vr) }. O
Corollary 3.2. Let Dy and D4 be two strongly connected digraphs. Then

rad(D; X Dy) = max{rad(D;),rad(D2)},
diam(D; X Ds) = max{diam (D), diam(D3)}.
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Proof.

rad(Dy X Dy) = min ecc(ug, vy
( ! 2) (u,i,vr)EV(DlleDg) ( )

= u,;en\l/l(rllm) max{eccp, (u;),eccp, (vy)}
v €V(D2)

max{uiemvi(npl) ecc(u;), vremvi(%z) ecc(v,)}

= max{rad(D;),rad(D2)},

diam(D; X Dy) = ecc(ug, vy)

max
(ui,vr)€EV(D1KD2)

= a. a. ecc i), €ccC g
uig‘l/(}él)m X{ C Dl(uz)’ C D2(U7)}
v,-€V(D3)

= a. a. ecc ; a. ecc
mx{ui?v&i) (”Z)’v,.?vff)z) (vr)}

= max{diam(D1 ), diam(Ds)}. O

The strong product of two directed graphs is strongly connected if and only if both
the digraphs are strongly connected [9]. Also if G and H are two undirected graphs,
Namul(g,h)] = Nglg] x Ni[h] [9]. Since the neigbors of a vertex in a directed graph are
exactly its neighbors in the underlying graph, it follows that

Np,&p, [(ui; vr)] = Negn[(wi, vr)] = Nelu] x Nulop] = Np, [ui] X Np,[vr],

where G and H are the underlying graphs of D; and Do, respectively. In [4], Caceres
et al. presented a description of the boundary-type sets of two undirected graphs and the
description of the boundary is as follows.

For two graphs G and H, 0(GX H) = (0(G) x V(H)) U (V(G) x 9(H)). But this
result does not hold in the case of directed graphs.

Consider the strong product, D; X D5 of the digraphs D; and Dy in Figure 1. The
eccentricity of each vertex is displayed near the vertex in red color.

Per(Dl) = ECC(Dl) = Ct(Dl) = {ul, U4}7
Per(Dg) = ECC(DQ) = Ct(Dg) = {’1)1,’1}2}, and
Per(D1 X DQ) = ECC(Dl X DQ) = Ct(Dl X DQ)

= {(u1,v1), (ua,v1), (u1,v2), (us,v2)}.

8(D1) = {Ul,U4},
9(D2) = {v1,v2}, and
8(D1 X DQ) = {(’U,l,’Ul), (U4,U1), (Ul, 1]2), (U4,’U2)}.

The reason for (us, v1), (ug, va), (us,v1), (us,ve) ¢ (D1 K Dy) is explained after the
proof of Theorem 3.3.

Now we present the results concerning the boundary-type sets of the strong product of
two strongly connected digraphs. In all these results, D; and D, can be interchanged due
to the commutativity of strong product of digraphs.
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Dy

Figure 1: D1 X Ds.

We have, 8(D1 X Dg) - [6(D1) X V(DQ)} @] [V(Dl) X 8(D2)]

To this end, let (u;,v,) € O(D1 X Dy). Then there exists a vertex (u;,vs) €
V(D1 ® Dy) such that d((u;, vs), (wi,vr)) > d((uj,vs), (uk, vq)) for every (ug,vq) €
N{[(u;,vr)]. This implies, max{d(u;,u;),d(vs,v,)} > max{d(u;,ug),d(vs,vq)} for
every up € N[u;] and for every v, € Nlv,]. Hence d(uj,u;) > d(uj,uy) for ev-
ery up € Nlu;], or d(vs,v,) > d(vs,v,) for every v, € Nv,]. Thus, u; € 9(D) or
v € O(D3) or both. That is, if (u;, v,.) € (D1 X D), then at least one of the vertices u;
and v, must be a boundary vertex in the corresponding factor graph.

Theorem 3.3. Let Dy and Dy be two strongly connected digraphs. Then (D1 X Ds) =
A1 U A U Ag, where

A1 = 8(D1) X 8(D2)7

Ay = {(ui,vr) € V(Dl X DQ) tU; € 8(D1),vr ¢ 8(D2), and
v, € V(Ds) such that d(ve, vq) < ecc(u;), Yvg € Nlvp]},

Az = {(ui,v,.) S V(Dl X Dg) DU ¢ 8(D1),Ur S 8(D2), and
Juy € V(Dy) such that d(ug, uy) < ecc(v,),Vuy, € Nu;}.

Proof. Suppose that (u;,v,) € 9(Dy X D).
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Then there exists a vertex (u;,vs) € V(D1 K D) such that d((u;,vs), (ui, vr)) >
d((uj,vs), (uk,vq)) for all vertices (uy,vq) € N[(u;,v,)]. Since d((uj,vs), (us,vy)) =
max{d(u;j, u;), d(vs,v,)} and d((u;,vs), (ur,vq)) = max{d(u;,ur),d(vs,vq)}, we get
max{d(uj,u;),d(vs,v,)} > max{d(u;,ur), d(vs,vq)} for all uy € Nlu;], vy € Nlv,].
We distinguish four cases:

1. max{d(uj, u;),d(vs,vy)} = d(u;, u;) and d(vs, v,) > d(vs, vq) for all vy € N[v,];

2. max{d(u;, u;), d(vs,v,)} = d(uj,u;) and d(vs, v,) > d(vs, v4) does not hold for all
vg € Nvy);

3. max{d(u;,u;),d(vs,v)} = d(vs,v,) and d(uj, w;) > d(u;, ug) for all uy, € Nw;);

4. max{d(u;j,u;),d(vs,v,)} = d(vs,v,) and d(uj, u;) > d(uj, uy) does not hold for
all uy, € Nu;).

In cases 1 and 3, d(u;,u;) > d(uj,ug) for all up, € Nu,] and d(vs, v,) > d(vs, vg)
for all v, € N[v,]. Sou; € 9(D1), v, € O(D2), and hence (u;, v,) € A;.

In case 2, u; € 9(D1) and v, is not a boundary vertex of v, in Ds. If there exists any
vertex v; such that v, is a boundary vertex of vy, then we get (u;,v,) € A;. Otherwise,
since v, ¢ 9(D3), for every vertex v, € V(D3), there exists some vertex v, € N[v,] such
that d(v;, v,) < d(vi,vg). Hence if (u;, v,) is a boundary vertex of a vertex (ug,v;) in
Dy W Dy, then d((ug,vt), (us,vr)) = max{d(ue, u;), d(ve, vr) } = d(ue, u;) > d(vg, vy ),
for otherwise d(u¢,u;) < d(ve,vy) and so we get d((ug, ve), (Ui, vr)) = d(vg,v,) <
d(ve,vg) = d((ug, ve), (Ui, vq)), where (u;, vq) € N[(ui, vr)].

Let (ug, vq) € N[(ui,vr)]. Then d((ue, ve), (ug, vq)) = max{d(us, ug), d(ve, vg)}. If
(u;,v,) is a boundary vertex of (ug, v:), then max{d(ug, u;), d(ve, v,)} > max{d(ue, ug),
d(ve,vq)}. So the necessary condition for the vertex (u;, v,.) such that w; € 9(D1) and v, ¢
0(D3) to be a boundary vertex of the vertex (us, v¢) in Dy X Dy is d(ug, u;) > d(ve, vg)
for all v, € N[v,]. Since ecc(u;) > d(ug,u;) for all ug € V (D7), the necessary condition
becomes ecc(u;) > d(vg, v,) for all v, € N[v,]. Thus, (u;, v,) € As.

Thus in case 2, (u;, v,) € A1 U As.

In case 4, v, € 9(D-) and w; is not a boundary vertex of u; in Dy. As in case 2, it
follows that (u;,v,) € A1 U As.

Thus in all cases, we get (D1 X Do) C A; U Ay U As.

Conversely, suppose that (u;,v,) € A; U Ay U Ag. First let (u;,v,.) € A;. Then
u; € 9(D1) and v, € I(D3). So there exists vertices u; € V(Dy), vs € V(D2) such
that d(u;,u;) > d(uj,uy) for every uy € Nw], and d(vs,v,) > d(vs,v,) for every
vg € Nv.]. Hence in D1 ® Dy, d((u;,vs), (w5, vr)) = max{d(u;,u;),d(vs,v,)} >
max{d(uj, ug),d(vs,vq)} = d((uj,vs), (uk,vq)) for all vertices (ug,vq) € N[(ui,vy)].
ThllS, Al - 8(D1 X DQ)

Now let (u;,v,) € As. Then u; € 9(D1),v, ¢ O(D2) and there exists some vertex
vy € V(D3) such that d(v,,vq) < ecc(w;),forall v, € Nlv,]. Since u; € 9(D1), there
exists at least one vertex u; € V/(D1) such that d(u;,w;) > d(uj,uy) for every uy €
Nu;]. Of these vertices, let u;, be a vertex such that d(up,w;) = ecc(u;). Hence in
D1 X Do,

d((up,ve), (Ui, vr)) = max{d(up, u;), d(ve, vy)}
2 max{d(ub’ uk)7 d(v, Uq)} = d((ub7 vt)? (u, Uq))
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for all (ug,vq) € N[(ui,v,)], since d(ve, vq) < ecc(u;) = d(up,u;) for all v, € Nlv,].
Thus, (u;, v,-) is a boundary vertex of (up, v¢) in Dy KX Dy and hence Ay C 9(D; X Ds).
By analogous arguments and since the strong product of digraphs is commutative, it
follows that A3 C 9(D; X D).
Hence A1 U A2 U A3 Q 8(D1 X DQ) O

Now consider Figure 1. ecc(vy) = ecc(vg) = 1. Nug] = Nus] = {u1, ua, uz, uq},
d(U1,U4) = 3, d(ul,ug) = d(ul,u;),) = d(UQ,U4) = d(U3,u4) = 2, and d(UQ,’U,g) = 1.
uz ¢ O(Dy) and hence (ug,v1), (uz,v2) ¢ (D1 X Ds), since there is no vertex u; €
V(Dy) such that d(ug,ur)) < 1 for all up, € NJug]. For similar reasons, (us,vi),
(U37’02) ¢ 8(D1 X DQ)

Consider the strong product of two connected undirected graphs. In the case of an
undirected graph, the maximum distance between two vertices is the usual distance between
the vertices. Also, since we deal with the distance between any two distinct vertices, it
doesn’t matter whether the undirected graphs are simple or not; that is, whether they contain
loops or parallel edges. So we state the result for any two connected nontrivial (not equal
to K1) undirected graphs.

Remark 3.4. The description for the boundary set of the strong product of two graphs
(undirected graphs) G and H presented in [4] holds only for the product of two nontrivial
graphs G and H. To this end, let H = K; = ({v},0). We have, (K1) = {v} (since
all vertices of a complete graph are boundary vertices of the graph), and hence 9(G) =
I(GR K;p) = (0(G) x {v}) U (V(G) x {v}) = V(G), which is not true in general.

Corollary 3.5. Let D and D be two nontrivial connected undirected graphs. Then

Proof. By Theorem 3.3, if D and D are two strongly connected digraphs, (D1 X Ds) =
A;UA3UAs. Since Dq and D5, are given to be two nontrivial undirected graphs, ecc(u;) >
1 for all u; € V(Dy), ecc(v,) > 1 for all v, € V(D3), d(u;, ug) = 1 for all uy, € N(u;),
and d(v,,v,) = 1 for all v, € N(v,.). Thus,

Al = 6(D1) X a(Dg),
Ay = {(’U,i,’l)r) S V(D1 X Dz) U € 8(D1),vr ¢ 8(D2)7 and

vy € V(D7) such that d(vy, vg) < ecc(u;), Vg € N(vy)}
= 8(D1) X V(DQ),

Az = {(us,v,) € V(D1 ® D3) : u; ¢ 9(D1), v, € I(D2), and
Jue € V(D1) such that d(ug, ug) < ecc(v,.),Vur, € N(u;)}
= V(D) x 9(D3).
Therefore, (D1 K D3) = AyUA; U Az = [0(D1) x V(D2)|U[V(Dy1) x0(Dg)]. O
Theorem 3.6. Let Dy and D be two strongly connected digraphs.
1. If diam(D;) < diam(Ds), then Per(D1 K D3) = V(D1) x Per(Dz).

2. If diam(D;) = diam(Dsy), then Per(Dy X Dy) = [Per(D;) x V(D3)] U
[V(Dl) X PeI‘(Dg)].
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Proof.
1. Let diam(Dy) = n. Let v, € Per(D3).

Then for all u; € V(Dy), ecc(u;,v,) = max{ecc(u;),ecc(v,)} = n. Hence
(us,vr) € Per(D; B Dg). Also if v, ¢ Per(D3), then since ecc(u;,v.) < n,
(u;,v,) ¢ Per(D1 X Ds). Hence it follows that Per(D1 X Ds) = V(D;) x Per(Ds).

2. Let diam(D;) = diam(D3) = n. If u; € Per(D;), then for all v, € V(D3),
(u;,v,) € Per(Dy X D), since ecc(u;, v) = max{ecc(u;), ecc(v,)} = n. Hence
(ui,v.) € Per(Dy X Ds). Similarly, if v, € Per(Dy), then for all u; € V(Dy),
(us,v,) € Per(Dy X Dy). Hence it follows that [Per(D;) x V(D3)] U [V(Dy) x
Per(Ds)] C Per(D; X D»).

Conversely, if (u;,v,) € Per(Dy ® Dy), then ecc(u;,v,) = max{diam(D),
diam(D3)} = n. Thus, at least one of ecc(u;) and ecc(v,.) must be necessarily
equal to n. Hence u; € Per(D;) or v, € Per(Ds3), and therefore, Per(D; X D) C
[Per(D;) x V(D2)| U [V (D1) x Per(D3)]. O

Theorem 3.7. Let Dy and D be two strongly connected digraphs.
1. If rad(D,) = rad(Dy), then

Ecc(D1 ¥ Dg) = [Ecc(D1) x V(D2)] U [V(D1) x Ecc(D2)].

2. If rad(D1) < rad(Dz), then

Ecc(D; K Dy) = U Ecc(u;) x V(Dy) | U[V(Dy) x Ece(Dy)].
ecc(u;)>rad(D2)

Proof.

1. First we will prove that Ecc(D; K Do) C [Ecc(D1) x V(D2)] U [V(D1) X
Ecc(Ds)]. Let (u;,v,) € Ecc(Dy ® Dy). Then there exists a vertex (uj,vs) such
that ecc(uj, vs) = d((uj,vs), (ui, vr)) = max{d(u;, u;),d(vs, v,)}. Since ecc(u;, vs) =
max{ecc(u;), ecc(vs)}, and ecc(u;) > d(uj,u;) and ecc(vs) > d(vs,vy), at least one of
ecc(u;) = d(uj,u;) and ecc(vs) = d(vs, v,) must hold. So necessarily u; is an eccentric
vertex of u;, or v, is an eccentric vertex of v,.

Hence (u;, v,) € [Ecc(D1) x V(D32)] U [V (D1) x Ecc(Dz)].

Let rad(D;) = rad(D2) = n. Let u; € Ecc(D;). Then there exists a vertex u; €
V(D1) such that ecc(u;) = d(u,, u;). Consider the vertex (u;, v,) € V(D1 K Ds), where
vy is an arbitrary vertex in Ds. Since rad(Ds) = n, there exists a vertex vy € V' (Ds) such
that ecc(vs) = n. Hence d(vs,v,) < n and so ecc(u;,vs) = max{ecc(u;),ecc(vs)} =
max{ecc(u;),n} = ecc(u;). Thus, d((u;,vs), (u;,vr)) = max{d(u;, u;),d(vs,v,)} =
ecc(u;) = ecc(uj,vs). So (u;, vy is an eccentric vertex of (u;, vs). Thusif u; € Ecc(Dy),
then (u;,v,) € Ecc(Dq ® Ds) for all v, € V(Dz). Similarly, we can prove that if v, €
Ecc(Dy), then (ug, vq) € Ecc(Dy X Ds) for all uy, € V(D).

Hence [Ecc(D1) X V(D2)|U [V(Dy) x Ecc(D2)] C Ecc(D; X D3), and so the result
holds.
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2. Letrad(D;) < rad(D3) = n. Letu; € V(D1), v, € V(D3). Here two cases arise:
Case 1. v, € Ecc(Ds).

Then there exists a vertex v, € V(D3) such that ecc(vs) = d(vs,v,). Let u, €
V(D1) be such that ecc(u,) = rad(D;). Then since rad(Ds) > ecc(up), ecc(up, vs) =
max{ecc(up),ecc(vs)} = ecc(vs). Also, d((up,vs), (ui,v)) = max{d(up,u;),

d(vs,vr)} = ecc(vs). Thus, (u;,v,) is an eccentric vertex of (u,,vs). So in this case,
V(D;) x Ece(Ds) C Ecc(D1 X Ds).

Case 2. v, ¢ Ecc(Ds).

Let vy € V(D) be such that ecc(vg) = rad(Dz2). Let Uece(u;)>rad(py) Bec(ui) = A.
Let up € A. Then there exists a vertex u, € V(D;) such that ecc(u,) > rad(Ds)
and ecc(up) = d(up,ur). Then d((up,vy), (uk,vr)) = max{d(up, ux),d(vg,vr)} =
d(up, ur) = ecc(up) = ecc(up, vq) and hence (uy,v,) is an eccentric vertex of (up,vy).
Hence in this case, Uece(y,)>rad(py) Ecc(i) x V(D2) € Ecc(Dy K Dy).

Thus, [Uecc(ui)Zrad(Dg) Ecc(u;) x V(D2)] U[V(Dy) x Ece(Ds)] € Ece(Dy K Ds).

Conversely, let (ux,v,) € Ecc(Dy X Dy). Then there exists a vertex (u;,vs) €
V(D1 ¥ D5) such that ecc(uj, vs) = d((u;,vs), (uk, vy)) = max{d(u;, ur), d(vs,v,)} =
max{ecc(u;), ecc(vs)}. If v, € Ecc(D2), we get (ug,v,) € V(D7) x Ecc(Da).

Hence suppose that (ug, v,) € Ecc(Dy X Ds) and v, ¢ Ecc(Ds). Then for all vs €
V(Da), ecc(vs) > d(vs,vr). Thus, ecc(uj,vs) = ecc(u;) = d(u;,ux). If possible,
suppose that uy & A = Uece(u,)>rad(p,) Ecc(ui). Thus, there is no vertex u; in Dy such
that ecc(u;) = d(u;, ux) and ecc(u;) > rad(D2). Hence if uy, is an eccentric vertex of u;
in D1, then d(u;, up) < rad(D2). We have, rad(D; X D,) = max{rad(D;),rad(D>)} =
rad(Ds). Thus, (ux,v,) cannot be the eccentric vertex of any vertex (uj,vs) € Di X Do,
since d((u;, vs), (ug, vr)) = max{d(u;, ux), (vs,v,)} # ecc(u;, vs) in this case. This is
a contradiction, and hence uj, € A. Hence (ug, vr) € Ueco(us)>rad(ps) Ecc(ui) X V(D2).

Hence Ecc(D1 M D2) C [Uece(us)srad(py) Ecc(ui) X V(Da)| U[V(D1) x Ecc(Dg)éi

Theorem 3.8. Let Dy and D be two strongly connected digraphs. Then Ct(Dy X Do) =
A1 U Ag U As, where

Ay = [Ct(D1) x Ct(Dy)],

A2 = {(ui,vr) € V(Dl X DQ) tu; € Ct(D1)7’UT ¢ Ct(Dg), and
ecc(vy) < ecc(u;) for all vy € Nlv,]},

Az = {(us,v,) € V(D1 ® D3) : u; ¢ Ct(D1),v, € Ct(D3), and
ecc(uy) < ecc(v,) for all u, € Nlu;]}.

Proof. (u;,v,) € Ct(Dy W D) if and only if ecc(u;, v,) > ecc(ug, vq) for all (ug,vq) €
N{(u;, v,)]; if and only if max{ecc(u;),ecc(v,)} > max{ecc(uy), ecc(vy)} for all uy, €
Nlu;] and v, € N[v,]; if and only if one of the following three cases holds.

1. max{ecc(u;),ecc(v,)} = ecc(u;) = ecc(vy). Then, ecc(u;) > ecc(ur) and
ecc(v,) > ecc(vy) for all uy, € Nw;] and vy € Nv,].

2. max{ecc(u;),ecc(v,)} = ecc(u;) > ecc(v,). Then, ecc(u;) > ecc(uy) for all
ug € Nlu;] and ecc(v,) < ecc(u;), ecc(vy) < ecc(u;) for all v, € N(v,.).
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3. max{ecc(u;),ecc(v,)} = ecc(vy) > ecc(u;). Then, ecc(v,) > ecc(vy) for all
vg € Nv,] and ecc(u;) < ecc(vy.), ecc(uy) < ecc(v,) for all uy, € N (u;).

In case 1, (u;,v,) € Ct(Dq X Dy).

In case 2, (u;,v.) € {(uj,v.) € V(D1 W D3) : u; € Ct(Dy),v, ¢ Ct(D2), and
ecc(vy) < ecc(u;) for all vy € Niv,|}.

In case 3, (uj,v,) € {(uj,v,) € V(D1 W Dy) : u; ¢ Ct(Dy),v, € Ct(D2), and
ecc(uy) < ecc(v,.) for all uy, € Nu;)}.

Thus we get, Ct(Dl X Dg) =A;UAyU As. O

Consider the contour set of the strong product of two connected undirected graphs. As
in the case of the boundary set, the result holds even when the undirected graphs are not
simple.

Corollary 3.9. Let Dy and D, be two connected undirected graphs. Then

Ct(Dy ® D) = {(us,vr) € V(D1 K Dy) : u; € Ct(Dy), v, ¢ Ct(Ds2), and
ecc(vy) < ecc(u;)}
U {(ui,vr) € V(D1 ® Dy) : u; ¢ Ct(Dy), v, € Ct(D2), and
ecc(u;) < ecc(vy)}
U [Ct(Dy) x Ct(D2)].
Proof. By Theorem 3.8, when D; and D5 are two strongly connected digraphs, Ct(D; X

Dy) = Ay U As U As. Since D; and D5 are given to be undirected graphs, eccentricity of
two adjacent vertices differ by atmost one. Hence

Ay = Ct(Dy) x Ct(Dy),

Ay = {(u;,v,) € V(D1 ® D) : u; € Ct(Dyq), v, ¢ Ct(D3), and
ecc(vy) < ecc(u;) for all vy € Nv, |}
= {(us,v.) € V(D1 ® D3) : u; € Ct(D1),v, ¢ Ct(D5), and
ecc(v,) + 1 < ecc(u;)}
= {(us,v,) € V(D1 ® D3) : u; € Ct(D1),v, ¢ Ct(D2), and ecc(v,) < ecc(u;)},

Az = {(us,v,) € V(D1 ® Dg) : u; ¢ Ct(Dy),v, € Ct(D3), and ecc(u;) < ecc(v,)},
since max,, ¢ n[u,;] €cc(ur) = ecc(u;) + 1. Hence it follows that

Ct(Dl X DQ) = {(ui,vr) S V(D1 X Dg) U € Ct(Dl),’UT §é Ct(Dg), and
ecc(vy) < ecc(u;)}
@] {(Ui7vr) S V(Dl X DQ) DU ¢ Ct(Dl),UT S Ct(DQ), and
ecc(u;) < ecc(vr)}
U [Ct(D1) x Ct(Dg)]. O

We have examined the boundary-type sets of the strong product of two strongly con-
nected digraphs D; and Ds. Now suppose that at least one of D; and D», say D1, is not
strongly connected. Then the eccentricity of every vertex in D; is infinity, and hence the
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eccentricity of every vertex in Dy X Dy is infinity. Thus, we have 9(D;) = Per(D;) =
Ecc(Dq) = Ct(D1) = V(D1), and 9(D1 X Dy) = Per(D; K Ds) = Ecc(Dy K Ds) =
Ct(Dy1 ® Dy) = V(D1) x V(Ds). Since rad(D;) = diam(D;) = oo, the expression
for Per(D; X Ds) in Theorem 3.6, and the expression for Ecc(D; X D) in Theorem 3.7
gives V(D1) x V(Ds). Since ecc(u;) = oo for all u; € V(Dy), the expression for
0(Dy ® D3) in Theorem 3.3, and the expression for Ct(D; X D) in Theorem 3.8 also
gives V(D) x V(D). Similar is the case when D5 and both D; and D5 are not strongly
connected.

Thus, the results derived for the boundary-type sets of the strong product of two strongly
connected digraphs D; and D- hold also when the digraphs D; and D5 are not even weakly
connected. So the results for the boundary-type sets of the strong product of two connected
undirected graphs hold for any two arbitrary undirected graphs.

4 Conclusion

In this article, the relationship between the boundary-type sets of the strong product of two
digraphs, and that of its factors is derived. As ‘maximum distance’ is the generalization
of the usual distance in an undirected graph, these results hold for undirected graphs also.
The results for the periphery and eccentricity sets of the strong product of two undirected
graphs turn out to be the same as the results in [4]. The results for the boundary and contour
sets in the undirected case, as described in [4], are also derived as special cases.
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