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Abstract

Let I' denote a non-bipartite distance-regular graph with vertex set X, diameter D > 3,
and valency k > 3. Fix ¢ € X and let T' = T'(z) denote the Terwilliger algebra of I" with
respect to z. Forany z € X and for 0 <4 < D, letT';(2) = {w € X : d(z,w) = i}. For
y € T1(x), abbreviate D} = D (x,y) = Ti(x) NT;(y) (0 <4,j < D). For1 <i < D
and for a given y, we define maps H,: D} — Z and V;: Di_, UD.™" — 7Z as follows:

Hi(z) = [T'1(z) N Di—{], Vi(z) = [T'1(z) N Di—4].

We assume that for every y € I’y (z) and for 2 < ¢ < D, the corresponding maps H; and V;
are constant, and that these constants do not depend on the choice of y. We further assume
that the constant value of H; is nonzero for 2 < ¢ < D. We show that every irreducible
T-module of endpoint 1 is thin. Furthermore, we show I' has exactly three irreducible
T-modules of endpoint 1, up to isomorphism, if and only if three certain combinatorial
conditions hold. As examples, we show that the Johnson graphs J(n,m) where n > 7,
3 < m < n/2 satisfy all of these conditions.
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1 Introduction

This paper is motivated by a desire to find a combinatorial characterization of the distance-
regular graphs with exactly three irreducible modules (up to isomorphism) of the Ter-
williger algebra with endpoint 1, all of which are thin (see Sections 2, 3 for formal def-
initions). This is a difficult problem which we will not complete in this paper. To begin, we
find combinatorial conditions under which a distance-regular graph is 1-thin. When these
combinatorial conditions hold, we identify additional combinatorial conditions that hold if
and only if the distance-regular graph has exactly three irreducible 7-modules of endpoint
1, up to isomorphism.

Let I" denote a distance-regular graph with diameter D > 3 and valency £ > 3. Let
X denote the vertex set of I'. For x € X, let T = T'(z) denote the Terwilliger algebra
of I' with respect to x. It is known that there exists a unique irreducible 7'-module with
endpoint 0, and this module is thin [5, Proposition 8.4]. It is also known that I is bipartite
or almost-bipartite if and only if I' has exactly one irreducible T-module of endpoint 1,
up to isomorphism, and this module is thin [4, Theorem 1.3]. Furthermore, Curtin and
Nomura have shown that I" is pseudo-1-homogeneous with respect to = with a; # 0 if and
only if I" has exactly two irreducible T-modules of endpoint 1, up to isomorphism, both of
which are thin [4, Theorem 1.6].

For any z € X and any integer i > 0, let T';(2) = {w € X : 9(z,w) = i}. Fory €
[y (x) and integers i, j > 0, abbreviate D} = D’ (z,y) = T's(x) N T;j(y). For1 <i < D
and for a given y, we define maps H;: D! — Z, K;: Di — Zand V;: Di_,UD!™" -7
as follows:

Hi(z) = [Ti(z) N DTy, Ki(z) = Ti(z) N Difil,  Vilz) = Ta(2) N DiZ4-
Our main result is the following.

Theorem 1.1. Let ' = (X, R) denote a non-bipartite distance-regular graph with diame-
ter D > 3 and valency k > 3, and fix vertex x € X. Assume that for every y € T'y(z) and
for 2 <3 < D, the corresponding maps H; and V; are constant, and that these constants
do not depend on the choice of y. Also assume that the constant value of H; is nonzero for
2 <4 < D. Then T is 1-thin with respect to x.

We need the following definition.

Definition 1.2. With the assumptions of Theorem 1.1, for y € T'y(x) let D} = D’ (x,y)
(0 < 4,7 < D) and let K; denote the corresponding map. Let B = B(y) denote the
adjacency matrix of the subgraph of I induced on Di. Observe that B € Mat D! (C), and
so the rows and the columns of B are indexed by the elements of D1. Let j € CP I denote
the all-ones column vector with rows indexed by the elements of Dj.

With reference to Definition 1.2, we denote by P1, P2 and P3 the following properties
of I':

P1: There exists y € 'y () such that K is not a constant.

P2: Forevery y, z € I'; («) with d(y, z) € {0, 2}, the number of walks of length 3 inside
I'y (z) from y to z is a constant number, which depends only on d(y, z) (and not on
the choice of y, z).
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P3: There exist scalars «, 8 such that for every y € I'1 (z) we have
B*j = aBj + fj.
We prove the following.

Theorem 1.3. With reference to Definition 1.2, T has exactly three irreducible T-modules
of endpoint 1, up to isomorphism, if and only if properties P1, P2, and P3 hold. We note
these three T'-modules are all thin by Theorem 1.1.

Finally, we show that the Johnson graphs J(n,m) where n > 7, 3 < m < n/2 satisfy
the assumptions in Theorem 1.1 and the equivalent conditions in Theorem 1.3.

2 Preliminaries

In this section we review some definitions and basic results concerning distance-regular
graphs. See the book of Brouwer, Cohen and Neumaier [2] for more background informa-
tion.

Let C denote the complex number field and let X denote a nonempty finite set. Let
Mat x (C) denote the C-algebra consisting of all matrices whose rows and columns are
indexed by X and whose entries are in C. Let V = C¥X denote the vector space over C
consisting of column vectors whose coordinates are indexed by X and whose entries are
in C. We observe Mat x(C) acts on V' by left multiplication. We call V' the standard
module. We endow V' with the Hermitian inner product (, ) that satisfies (u, v) = u'v for
u,v € V, where ¢ denotes transpose and ~ denotes complex conjugation. For y € X let
y denote the element of V' with a 1 in the y coordinate and 0 in all other coordinates. We
observe {¢ | y € X'} is an orthonormal basis for V. The following will be useful: for each
B € Matx (C) we have

(u, Bv) = <§tu,v> (u,v € V). 2.1

Let I’ = (X, R) denote a finite, undirected, connected graph, without loops or multiple
edges, with vertex set X and edge set R. Let 0 denote the path-length distance function
for I', and set D := max{9d(x,y) | z,y € X}. We call D the diameter of T'. For a vertex
x € X and an integer ¢ > 0 let I';(«) denote the set of vertices at distance i from x.
We abbreviate I'(x) = I';(«). For an integer k& > 0 we say T is regular with valency k
whenever |I'(z)| = k forall z € X. We say I is distance-regular whenever for all integers
h,i,7 (0 < h,i,7 < D) and for all vertices x,y € X with 9(z,y) = h, the number

Pl = ITi(x) NT(y)|

is independent of = and y. The p?j are called the intersection numbers of I".

For the rest of this paper we assume I' is distance-regular with diameter D > 3. Note
that pfj = p?i for 0 < h,i,7 < D. For convenience set ¢; := p’i’ifl 1< < D),
a; = p’ii 0 <i<D),b; := p’i’Hl 0O<i<D-1,k; = p?i 0O <1< D), and
co = bp = 0. By the triangle inequality the following hold for 0 < h, 4,5 < D: (i) p?j =0
if one of h, ¢, j is greater than the sum of the other two; (ii) p?j # 0 if one of h, 7, j equals
the sum of the other two. In particular ¢; # Ofor1 <i < Dandb; #0for0 <i < D-—1.
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We observe that I' is regular with valency £k = k; = by and that ¢; + a; + b; = k for
0 <i < D. Note that k; = |T';(z)| forxz € X and 0 <4 < D.

We recall the Bose-Mesner algebra of I'. For 0 < i < D let A; denote the matrix in
Matx (C) with (z, y)-entry

N if d(z,y) =1,

We call A; the ith distance matrix of I". We abbreviate A := A; and call this the adjacency
matrix of I". We observe (ai) A9 = I; (aii) Ei’;o A; = J; (aiii) 4; = 4; (0 < i < D);
(aiv) A = A; (0 < i < D); (av) A;A; = Zf:o p?jAh (0 < 4,5 < D), where I (resp.
J) denotes the identity matrix (resp. all 1’s matrix) in Mat x (C). Using these facts we find
Ao, Ay, ..., Ap is a basis for a commutative subalgebra M of Mat x (C). We call M the
Bose-Mesner algebra of T'. Tt turns out that A generates M [1, p. 190]. By [2, p. 45],
M has a second basis Ey, E1, ..., Ep such that (ei) By = |X|~1J; (eii) Z?:o E, =1,
(eiii) F; = BE; (0 < i < D); (eiv) Bf = E; (0 < i < D); (ev) B;E; = 6;;E; (0 <i,j <
D). Wecall Ey, E1, ..., Ep the primitive idempotents of T'.

3 The Terwilliger algebra

Let T' = (X, R) denote a distance-regular graph with diameter D > 3 and valency k > 3.
In this section we recall the dual Bose-Mesner algebra and the Terwilliger algebra of I'. Fix
a vertex © € X. We view « as a “base vertex.” For 0 < i < D let Ef = E(z) denote the
diagonal matrix in Mat x (C) with (y, y)-entry

o1 ifo(x,y) =1,
(Ei)yy—{o it 02, y) £ i (y € X).

We call E the ith dual idempotent of I' with respect to x [11, p. 378]. We observe
M) X2 E; = L (i) Bf = Bf (0 < i < Dy (i) Ef' = Ef 0 < i < D,
(v) EfE; = 0i; 7 (0 < 4,5 < D). By these facts Ej, ET, ..., E} form a basis for
a commutative subalgebra M* = M*(x) of Mat x (C). We call M* the dual Bose-Mesner
algebra of T" with respect to x [11, p. 378]. For 0 < ¢ < D we have

E;V =span{g | y € I'i(z)}
sodim BV = k;. We call E}'V the ith subconstituent of T with respect to . Note that
V=EV+EV+---+E,V (orthogonal direct sum).

Moreover I is the projection from V onto E;V for 0 < ¢ < D.

We recall the Terwilliger algebra of I. Let 7' = T'(x) denote the subalgebra of
Mat x (C) generated by M, M*. We call T the Terwilliger algebra of T with respect to x
[11, Definition 3.3]. Recall M (resp. M*) is generated by A (resp. £, ET, ..., E))so T
is generated by A, £, EY, ..., E},. We observe 7" has finite dimension. By construction
T is closed under the conjugate-transpose map so 7' is semi-simple [11, Lemma 3.4(i)].

By a T-module we mean a subspace W of V such that SW C W forall S € T Let
W denote a T-module. Then W is said to be irreducible whenever W is nonzero and W
contains no 7-modules other than 0 and .
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By [6, Corollary 6.2] any T-module is an orthogonal direct sum of irreducible 7-
modules. In particular the standard module V' is an orthogonal direct sum of irreducible
T-modules. Let W, W' denote T-modules. By an isomorphism of T-modules from W to
W' we mean an isomorphism of vector spaces o: W — W' such that (¢S — So)W =0
for all S € T. The T-modules W, W' are said to be isomorphic whenever there ex-
ists an isomorphism of T-modules from W to W’'. By [3, Lemma 3.3] any two non-
isomorphic irreducible T-modules are orthogonal. Let W denote an irreducible 7T-module.
By [11, Lemma 3.4(iii)] W is an orthogonal direct sum of the nonvanishing spaces among
E;W, EXW, ..., ExW. By the endpoint of W we mean min{i | 0 < ¢ < D, EfW # 0}.
By the diameter of W we mean |{i | 0 < i < D, EfW # 0}| — 1. We say W is thin if
dim(EfW) < 1for0 < i < D. We say I is 1-thin with respect to z if every T-module
with endpoint 1 is thin.

By [5, Proposition 8.3, Proposition 8.4] Mz is the unique irreducible 7-module with
endpoint 0 and the unique irreducible T-module with diameter D. Moreover M £ is the
unique irreducible 7-module on which Ej does not vanish. We call M & the primary mod-
ule. We observe that vectors s; (0 < ¢ < D) form a basis for M Z, where

si= Y. . (3.1)

y€eli(z)

Lemma 3.1. Ler I' = (X, R) denote a distance-regular graph with diameter D > 3
and distance matrices A; (0 < ¢ < D). Fix a vertex x € X and let Ef = E}(x)
(0 < i < D) denote the dual idempotents with respect to x. For 0 < h,1,7 < D, the
matrix E,’;AiE]’-‘ = 0 whenever any one of h, i, j is bigger than the sum of the other two.

Proof. Routine using elementary matrix multiplication. O

The following result will be crucial later in the paper.

Lemma 3.2. LetT' = (X, R) denote a distance-regular graph with diameter D > 3. Fix a
vertex x € X and let EX = E}(x) (0 < i < D) denote the dual idempotents with respect
to x. Let T = T'(x) denote the Terwilliger algebra of T with respect to x. Assume that (up
to isomorphism) I' has exactly three irreducible T-modules with endpoint 1, and that these
modules are all thin. Let I, F5, F3, Fy, F5 € T and pick an integer i, 1 < i < D. Then
the matrices

E'RE], EfFyEy, EfF3EY, EfF,E{,Ef FsE}
are linearly dependent.

Proof. Let Vj denote the primary module of I', and let V, (1 < ¢ < 3) denote pairwise
non-isomorphic irreducible 7-modules with endpoint 1. Define vectors v, (0 < £ < 3) as
follows. If £V, = 0, then let v, = 0. Otherwise, let v, be an arbitrary nonzero vector of
E*Vy. Furthermore, for 0 < ¢ < 3 fix a nonzero uy € E{V;. As modules V; (0 < ¢ < 3)
are thin, there exist scalars )\§ (1<j<5,0</¢<3)suchthat

E}FjEfug = Mo,
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Consider now the following homogeneous system of linear equations:

AN A A0 gl 0
PYEEDYIED Y EEPY DY 02 _|o 3.2)
AOA3 A A A2 3 0 '
Qg
AAS AT AL N/ 0
5

Observe that the above system has a nontrivial solution, and let (j11, fi2, i3, f14, j15)" denote
one of its nontrivial solutions. We will now show that Z?:l w; B F; EY = 0. First, pick
an arbitrary u € ETV}, for some ¢ (0 < £ < 3). As module V% is thin, there exists a scalar
A, such that u = Auy. Now we have

5 5 5 5
S WEFiEju=\> B FiEfug =AY pidve = dog ¥ A =0, (3.3)
j=1 j=1

j=1 j=1

Assume now that W is an irreducible 7-module with endpoint 1 and note that W is iso-
morphic to V; for some 1 < ¢ < 3. Pick arbitrary w € EfW. Leto: Vp, — W be a
T-module isomorphism and let © € E;V; be such that w = o(u). Now by (3.3) we have
that

5 5 5
> wiEiFEfw =Y E;F;Ejo(u) = a(ZMjE;‘FjEfu> =0. (3.4)

j=1 j=1 j=1

For 1 < ¢ < 3 let Vy denote the sum of all irreducible T-modules with endpoint 1, which
are isomorphic to V. Observe that

EYV = EfVo + E{V1 + EfVy + ETVs (orthogonal sum). 3.5)

Pick now an arbitrary v € E7V. Note that by (3.5) v is a sum of vectors v¢, where & belongs
to some index set =, and each v is contained in E7W¢, where W is either 1, or isomor-
phic to V; for some 1 < ¢ < 3. By (3.4) we have that Z?=1 i B Fy Efve = 0 for each
¢ € =, and consequently Z?:l w; EX Fj Efv = 0. This shows that Z?:l wiEXF;E7 = 0.
As at least one of i (1 < j < 5) is nonzero (recall that (i1, pi2, jt3, f14, p15)" is a nontrivial
solution of (3.2)), the result follows. O]

4 The local eigenvalues

In order to discuss the thin irreducible 7-modules with endpoint 1, we first recall some
parameters called the local eigenvalues. We will use the notation from [7].

Definition 4.1. Let I' = (X, R) denote a distance-regular graph with diameter D > 3,
valency k > 3 and adjacency matrix A. Fix a vertex z € X. We let A = A(z) denote the
graph (X, R), where

={ye X |9d(z,y) =1},

X
R={yz|y,2€X,d(y,z2) =1}.
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The graph A has exactly k vertices and is regular with valency a;. We let A denote
the adjacency matrix of A. The matrix Ais symmetric with real entries, and thus Ais
diagonalizable with real eigenvalues. We let 11,7, ...,n; denote the eigenvalues of A.
We call 01,19, ..., nx the local eigenvalues of T with respect to x.

We now consider the first subconstituent V. We recall the dimension of ETV is k.
Observe ETV is invariant under the action of EfAET. We note that for an appropriate
ordering of the vertices of I', we have

e (A O
mam = (1 0),

where A is from Definition 4.1. Hence the action of EfAET on E}V is essentially the
adjacency map for A. In particular the action of Ef AE} on E{V is diagonalizable with
eigenvalues 11,72, ..., ;. We observe the vector s; from (3.1) is contained in EV. One
may easily show that s; is an eigenvector for £} AET with eigenvalue a;. Reordering the
eigenvalues if necessary, we have 77; = a;. For the rest of this paper, we assume the local
eigenvalues are ordered in this way. Now consider the the orthogonal complement of s; in
E;V. By (2.1), this space is invariant under multiplication by E; AE7. Thus the restriction
of the matrix Ef AET to this space is diagonalizable with eigenvalues 12,73, . . ., M.

Definition 4.2. Let I"' = (X, R) denote a distance-regular graph with diameter D > 3,
valency k > 3 and adjacency matrix A. Fix a vertex € X, and let 7' = T'(z) denote the
Terwilliger algebra of I" with respect to z. Let W denote a thin irreducible 7-module with
endpoint 1. Observe E W is a 1-dimensional eigenspace for £ AET; let n denote the cor-
responding eigenvalue. We observe EW is contained in £V so 7 is one of 12,13, . . . , k-
We refer to 7 as the local eigenvalue of W.

Theorem 4.3 ([14, Theorem 12.1]). LetT' = (X, R) denote a distance-regular graph with
diameter D > 3 and valency k > 3. Fix a vertex v € X, and let T = T(z) denote
the Terwilliger algebra of T with respect to x. Let W denote a thin irreducible T-module
with endpoint 1 and local eigenvalue 1. Let W' denote an irreducible T-module. Then the
following (i), (ii) are equivalent.

(i) W and W' are isomorphic as T-modules.
(ii) W' is thin with endpoint 1 and local eigenvalue 1.

LetI' = (X, R) denote a distance-regular graph with diameter D > 3 and valency k >
3. Fixavertex x € X, and let T' = T'(x) denote the Terwilliger algebra of I" with respect to
z. Recall that in Section 3, we said that the standard module V" is an orthogonal direct sum
of irreducible T-modules. Let W denote an irreducible T-module. By the multiplicity of
W, we mean the number of irreducible T-modules in the above decomposition which are
isomorphic to W. It is well-known that this number is independent of the decomposition
of V.

Theorem 4.4 ([14, Theorem 12.9]). LetT' = (X, R) denote a distance-regular graph with
diameter D > 3 and valency k > 3. Fix a vertex v € X, and let T = T(x) denote the
Terwilliger algebra of T with respect to x. With reference to Definition 4.1, the following
are equivalent.
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(i) Forevery i (2 < i < k), there exists a thin irreducible T-module W of endpoint
1 with local eigenvalue n;. Moreover, the multiplicity with which n; appears in the
list 12, M3, ..., N is equal to the multiplicity with which W appears in the standard
decomposition of V.

(ii) T is 1-thin with respect to x.
With reference to Theorem 4.4, we note that if I is 1-thin with respect to x, then the

number of non-isomorphic irreducible 7-modules of endpoint 1 is equal to the number of
distinct local eigenvalues in the list 12,73, . . ., nx. We will need this fact later in the paper.

5 The matrices L, F', R

LetT' = (X, R) denote a distance-regular graph with diameter D > 3. Fix a vertex z € X.
In this section we recall certain matrices L, F', R of the Terwilliger algebra T' = T'(x).

Definition 5.1. Let ' = (X, R) denote a distance-regular graph with diameter D > 3 and
adjacency matrix A. Fix a vertex € X and let E = E(x) (0 < ¢ < D) denote the dual
idempotents with respect to . We define matrices L = L(x), F = F(z), R = R(x) by

D D D—1
L= Ej ,AE;, F =Y EjAE;, R= > Ej, AE;.

Note that A = L + F + R [3, Lemma 4.4]. We call L, F, and R the lowering matrix, the
flat matrix, and the raising matrix of T" with respect to x, respectively.

Lemma 5.2. Let I' = (X, R) denote a distance-regular graph with diameter D > 3 and
valency k > 3. We fixx € X and let L = L(x), F = F(z) and R = R(x) be as in
Definition 5.1. For y, z € X the following (i)—(iii) hold.

(i) L.y =1if0(z,y) =1land 0(x,z) = O(z,y) — 1, and 0 otherwise.
(ii) Foy =1if0(z,y) = 1and O(z, z) = 9(x,y), and 0 otherwise.
(iii) R,y =1if0(2,y) = 1and 0(z, z) = 0(x,y) + 1, and 0 otherwise.

Proof. Immediate from Definition 5.1 and elementary matrix multiplication. O

With the notation of Lemma 5.2, we display the (z, y)-entry of certain products of the
matrices L, I and R. To do this we need another definition.

A sequence of vertices [yo, y1,...,y:] of T is a walk in T" if y;_qy; is an edge for
1<i<t.

Lemma 5.3. LetI' = (X, R) denote a distance-regular graph with diameter D > 3 and
valency k > 3. We fixx € X and let L = L(z), F = F(x) and R = R(x) be as
in Definition 5.1. Choose y,z € X and let m denote a positive integer. Assume that
y € T'y(x). Then the following (i)—(vi) hold.

(i) The (z,y)-entry of R™ is equal to the number of walks [y = Yo, Y1, - Ym = 2],
such that y; € Tiyj(x) for 0 < j < m.

(ii) The (z,y)-entry of R™ L is equal to the number of walks [y = Yo, Y1, - - -, Ym+1 = 2,
such that y; € T;_o4j(x) for1 < j <m+1.
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(iii) The (z,y)-entry of LR™ is equal to the number of walks [y = Yo, Y1, - - -, Ym+1 = 2],
such that y; € iy j(x) for 0 < j < mand Ymi1 € Tipm—1(2).

(iv) The (z,y)-entry of R™F is equal to the number of walks [y = Yo, Y1, -, Ym+1 =
z], such thaty; € T'y_14;(x) for1 <j<m+1

(v) The (z,y)-entry of FR™ is equal to the number of walks [y = yo,Y1,-- ., Ym+1 =
z], such that y; € T4 ;(x) for 0 < j < mand ym+1 € Tipm ().

(vi) The (z,y)-entry of F™ is equal to the number of walks [y = yo,Y1, .-, Ym = 2,
such that y; € T';(z) for 0 < j < m.

Proof. Immediate from Lemma 5.2 and elementary matrix multiplication. O

6 The sets DJ?

Let T' = (X, R) denote a distance-regular graph with diameter D > 3. In this section we
display a certain partition of X that we find useful.

Definition 6.1. Let I' = (X, R) denote a distance-regular graph with diameter D > 3 and
valency k > 3. Pick z € X and y € I'(z). For 0 < i,j < D we define D} = D’(x,y) by

Di =T;(z)NT;(y).

J

For notational convenience we set D; = (if ¢ or j is contained in {—1, D + 1}. Please
refer to Figure 1 for a diagram of this partition.

Figure 1: The partition with reference to Definition 6.1.

‘We now recall some properties of sets D;

Lemma 6.2 ([10, Lemma 4.2]). With reference to Definition 6.1 the following (i), (ii) hold
for0<4i,5<D.

(i) |Dj| = pjj-
(ii) D;— = 0 if and only ifp}j =0.

Observe that for 1 < ¢ < D we have pl{i_l = ¢;k;/k # 0 by [2, p. 134]. Therefore,
D¢, and Dj_l are nonempty for 1 <¢ < D.

Lemma 6.3 ([9, Lemma 2.11]). With reference to Definition 6.1 pick an integer i (1 < i <
D). Then the following (i), (ii) hold.
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(i) Each z € Df_l (resp. fol) is adjacent to

(a) precisely Ci—1 vertices in Df:é (resp. D;:% ),
(b) precisely ¢; —c;—1 — |T(2) N DI~1|  vertices in D™ (resp. D} _,),
(c) precisely ai—1 —|T(2) N Di7{| vertices in D}_, (resp. Di™1),
(d) precisely bi vertices in DE‘H (resp. D),

(e) precisely a; —a;—1 + |T'(2) N Dzj| vertices in DL.

(ii) Each z € D} is adjacent to

(a) precisely ¢ —|T'(z)N D;:}\ vertices in Dj_,
(b) precisely ¢ —|T'(z)N Dz:}\ vertices in D;_l,
(c) precisely b — |T'(z) N Dfiﬂ vertices in D\,
(d) precisely b; — |T'(z) N Di1| vertices in D,

(e) precisely a; —b; — ¢; + |T'(2) N DiZ{| + [T'(2) N D{fi|  vertices in D:.
In view of the above lemma we have the following definition.

Definition 6.4. With reference to Deﬁnition 6.1, for 1 <1 < D we define maps H, : Dﬁ —
Z, K;: D} — Zand V;: Di_, UD!™' — Z as follows:

Hi(z) =[P(z) N DiZil,  Ki(2) =[0() N Difl, Vi(z) = T(z) N D).
We have the following observation.

Lemma 6.5. With reference to Definition 6.4, fix an integer i (2 < i < D) and assume that
there exist integers my, ma, such that V;(z) = my for every z € D;fl and Vi(z) = mq for
every z € D;_,. Then m; = mao.

Proof. By Lemma 6.3(i) and using a simple double-counting argument we find that
1D (i = cimr =) = |Di_y (i = cim1 —ma).
As |D!™'| = |D}_,| # 0 by the comment below Lemma 6.2, the result follows. O
For the rest of the paper we assume the following situation.

Definition 6.6. LetI' = (X, R) denote a non-bipartite distance-regular graph with diame-
ter D > 3, valency k > 3, and distance matrices A; (0 < i < D). We abbreviate A := A;.
Fix x € X and let Ef = E}(z) (0 < i < D) denote the dual idempotents with respect
to z. Let T = T(x) denote the Terwilliger algebra with respect to z. Let A = A(x)
be as in Definition 4.1. Let matrices L = L(z), F' = F(z), R = R(z) be as defined in
Definition 5.1. For y € I'(x), let sets D’ (x, y) (0 < i,j < D) and the corresponding maps
H;, K;,V; (1 <11 < D) be as defined in Definition 6.1 and Definition 6.4. We assume
that for every y € I'(z) and for every 2 < ¢ < D, the corresponding maps H; and V; are
constant, and that these constants do not depend on the choice of y. We denote the constant
value of H; (V;, respectively) by h; (v;, respectively). We further assume that h; # 0 for
2<i<D.

Remark 6.7. With reference to Definition 6.6, pick y € I'(z) and let D} = D' (x,y)
(0 < 4,7 < D). Since I' is assumed to be non-bipartite, a; # 0 for some integer j
(1 <5 < D). It follows that D; = () by Lemma 6.2(ii) and [2, p. 127]. But since each
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h; # 0 (2 < i < D), we conclude each of sets DJJ::}, D?:g, ceey D% is nonempty. Since
D} # (), we have a; # 0. Now by [2, Proposition 5.5.1], we find a; # Ofor1 <i < D—1.
Thus Djf # () for 1 < i < D — 1. However, with our assumptions of Definition 6.6, it is
possible that ap = 0 and DB = (). In this case, we make the convention that hp := 1.
Finally, we wish to make clear that while we are assuming the maps H; and V; are constant

for 2 <7 < D, we are not making any such global assumptions about the maps K.

7 Some products in T’

With reference to Definition 6.6, in this section we display the values of the entries of
certain products in 7'

Lemma 7.1. With reference to Definition 6.6, pick y € T'(x) and let D;- = Dj—(x,y)
(0 < i,j < D). Pick an integeri (1 < i < D), and let z € T';(x). Then the following
(i)—(iii) hold.

Ci—1Ci—2---c1 ifz € Dj_y,
0 otherwise.

(i) (R™1)zy = {

(ll) (RlL)Zy = CiCj—1-""C1.

bicici—1---c1 ifz e Df_p
(iii) (LRZ)zy = (bz — Ki(Z))CiCZ',1 s C ifz € D%,

(Cit1—ci—vig1)cici—1 -+ c1 ifz € Diy.

Proof. First we observe that, by the triangle inequality, we have d(y, z) € {i —1,4,i+ 1}.

(i): By Lemma 5.3(i), the (z, y)-entry of R‘~! is equal to the number of walks [y =
Yo Y1,---,Yi—1 = 2], such that y; € 'y (x) for 0 < j < ¢ — 1. Observe that there
are no such walks if 9(y,z) > i. If d(y,z) = ¢ — 1, then it is easy to see that y; €
Fipi(z)nTy(y) = D;H for 0 < j <i— 1. Lemma 6.3(i) now implies that the number
of such walks is equal to ¢;_1¢;—2 - - - ¢y.

(ii): By Lemma 5.3(ii), the (z,y)-entry of R'L is equal to the number of walks [y =
YosY1,---,Yi+r1 = z), such that y; € T'j_4(x) for 1 < j < i+ 1. Observe that this
implies that y; = z. On the other hand, since z € T';(z), there are ¢;c;—1 - - - ¢; walks
[z =y1,Y2,...,Yit1 = 2], such that y; € T';_; () for 1 < j < i+ 1. The result follows.

(iii): By Lemma 5.3(iii), the (z,y)-entry of LR" is equal to the number of walks [y =
YosY1,-- - Yi+1 = 2], such that y; € T'j4q(z) for 0 < j < 4. It follows that y; € D;H
for 0 < j < 4. Furthermore, observe that by Lemma 6.3, z has exactly ¢;+1 — ¢; — V41
neighbours in D} " if O(y, z) = i+1 (thatis, if € D{_ ), exactly b;— K; () neighbours in
Dt if d(y, z) = i (thatis, if 2 € DY), and exactly b; neighbours in DT if 9(y, z) = i—1
(that is, if = € D!_,). Moreover, by Lemma 6.3(i), for any vertex y; € Df“, the number
of walks [y = yo, Y1, ..., ¥, such that y; € D;J’l for 0 < j <14, isequal to c;c;—1 -+ cy.
The result follows. O

Lemma 7.2. With reference to Definition 6.6, pick y € T'(x) and let D§ = D;(x,y)
(0 <i,j < D). Pick an integeri (1 < i < D), and let z € I';(x). Then the following (i),
(ii) hold.
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i—1 ) .
D i1 Cim1Ci—2 - Cip1vjpihihy_1 - he  ifz € Dy,

(i) (RTF)zy = { hihioy -+ ho ifz € DI,
0 ifz € Dl

(ai—1 —vi)ei—1Gi—2- -1 ifz € Di_y,
(ii) (FR"™").y =< (ci — hi)ci—ici—a---c1 ifz € D,
0 ifze Djyy.

Proof. The proof is very similar to the proof of Lemma 7.1, so we omit the details. We
only provide a sketch of the proof.

(i): We would like to count the number of walks of length i — 1 from z to D7. First, this
number is 0 if z € Di ;. If z € D{, then this walk must pass through sets D!”{, D!”3,
..., D3. Observe the number of such walks is equal to h;h;_1 - - - ho. Finally, suppose
z € D! ;. For any walk of length i — 1 from z to Di, there must exist some in-
teger 1 < j < ¢ — 1 such that this walk passes through sets Df:%, D;:g, . ,D§+1,
Dg,Dgfj, ...,D3,D}. By Lemma 6.3, the number of such walks (for a fixed j) is
Ci—1Cij— "+ Cj+11}j+1hjh]‘_1 - - - hg. The result follows.

(ii): Here we note that z has 0 neighbours in D}_, if z € D! ,, ¢; — h; neighbours
in D}_, if z € D}, and a;_1 — v; neighbours in D;_, if z € D;_,. Moreover, there are
Ci—1Ci—g - - - c1 walks of length 7 — 1 from each vertex of D§71 to y. O

8 Proof of the main result

In this section we will prove our main result. With reference to Definition 6.6, we will
show that I" is 1-thin with respect to z.

Lemma 8.1. With reference to Definition 6.6, fix an integer i (1 < ¢ < D). Then there
exist scalars A\, \o such that

EfFR™'Ef = \\EfR"'E} + \Ef R 'FEj. 8.1)

Proof. Let z,y € X. We shall show the (z, y)-entry of both sides of (8.1) agree. Note that
we may assume z € I';(z),y € I'(x); otherwise the (z, y)-entry of both sides of (8.1) is
zero. Let Df = Df(x, y) (0 < ¢,j < D) and define scalars A1, Ao as follows:

1—1
(ci —hi) X2 cimicima - Cip1vjahjhy—1 -+ ho
b
hihi—1---h2

M =@ — v —

(ci —hi)ci_1cio- e

A =
° hihi—y---ha

Treating separately the cases where z € D!_,, D! D! ,, it's now routine using Lem-

ma 7.1(i) and Lemma 7.2 to check that the (z, y)-entry of both sides of (8.1) agree. O]

Lemma 8.2. With reference to Definition 6.6,

1 )
EfA; B} = WEQ‘RZ*ET (1<i<D). (8.2)
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Proof. Let z,y € X. Observe the (z,y)-entries of both sides of (8.2) are zero unless
z € I'y(z),y € I'(x). When z € I';(x),y € I'(z), the (z,y)-entries of both sides of (8.2)
are equal by (2.2) and Lemma 7.1(i). The result follows. O

Lemma 8.3. With reference to Definition 6.6, assume v € E{V is an eigenvector for F.
Then ‘
EfA;E}v € span{ R v} (1<i<D). (8.3)

Proof. We proceed by induction on ¢. For ¢ = 1, the result is immediate since v is an
eigenvector for F'. Now assume the result is true for a fixed 7, 1 < ¢ < D — 1. By [2,
p. 127],

Ciy1Aip1 = AA; —a;Ai —bi1Ai 1.

Using this equation, Lemma 3.1, Definition 5.1, and Lemma 8.2, we find
CZ‘+1E;+1AZ'+1ETU = El*-l—lAAlEik’U - aiE;‘+1AiEikv
=FE  (R+F+L)A;Ejv —

a; * 3 s
7.'0Ei+1R EI’U
3

C1C2 (84)

— RE'A;Ejv+ FE'\ A Ejv— —2 B REv.
ez

Observe FE! A;Ejv = (cica---¢;) 'Ef {FR'Ejv by (8.2), and E; FR'E{v €
span{R'v} by Lemma 8.1 and the fact that v is an eigenvector for F'. Using this informa-
tion along with (8.4) and the inductive hypothesis, we find £}, ; A; 11 Efv € span{ R'v},
as desired. O

Lemma 8.4. With reference to Definition 6.6, let U denote the sum of all T-modules of
endpoint 1. Assume v € EJU is an eigenvector for F. Then Lv = 0 and LR'v €
span{ R v} for1 <i< D — 1.

Proof. Since v is contained in a sum of irreducible T-modules of endpoint 1, we find
Lv = 0. By [5, Propositions 8.3(ii), 8.4], the primary module is the unique irreducible
T-module upon which J does not vanish. Thus JE{v = 0,and for1 < j < D —1,

0=FE;JEjv= E]*(i Ay)Efv
t=0
=E;A; (Efv+ EjAjEfv+ Ef A Ejv.
Thus E7Aj 1 Efv = —E;A; 1 Ejv — E} AjEjv, and so by Lemma 8.2 and Lemma 8.3,
EfAj 1 Efv e span{R’"'v}  (1<j<D-1). (8.5)
Now fix an integer i (1 < ¢ < D — 1). By [2, p. 127],
AA; = cip1Aipr +aiAy + b1 4.

Thus
EZ*AAZET’U = Ci+1E;-kA7;+1ET’U + CLiEZ*AZEiKU + biflE;-kAiflET’U. (86)

In view of (8.6), and using (8.5), (8.3), (8.2), we find
EfAA;E{v € span{R""'v}. 8.7)



200 Ars Math. Contemp. 18 (2020) 187-210

Now using Definition 5.1 and (8.2),

EfAAEfv = Ef(R+F + L)A;Efv
1 )
= RE} |A;Ejv+ FE!A;Efv+ ———— LR'.

C1Co - Cj

Thus
LR = cicg---¢;(Ef AA;Efv — RE} | A;E}v — FE} A;E;jv).

Recalling that v is an eigenvector for F, the result now follows from (8.7), (8.5), (8.3),
(8.1). O

We now present our main result. With reference to Definition 6.6, let W denote an
irreducible T-module of endpoint 1, and observe by Definition 5.1 that FE;W C EFW.
Thus, there is a nonzero vector v € ETW such that v is an eigenvector for F'. We shall
show W is thin.

Theorem 8.5. With reference to Definition 6.6, let W denote an irreducible T-module with
endpoint 1. Choose nonzero v € E{W which is an eigenvector for F. Then the following
set spans W :

{v, Rv,R%>v, ..., RP~1v}. (8.8)
In particular, W is thin.

Proof. We first show that W is spanned by the vectors in (8.8). Let W' denote the subspace
of V spanned by the vectors in (8.8) and note that W/ C W. We claim that W' is T-
invariant. Observe that since RE;‘V - E]* Jr1V for 0 < 7 < D — 1, W’ is invariant
under the action of E]* for 0 < j < D, and so W’ is M*-invariant. By definition and
since RELV = 0, W' is invariant under R. From Lemma 8.1, Lemma 8.4, and the fact
that v is an eigenvector for F, it follows that W' is also invariant under F' and L. Since
A= R+ F + L and since A generates M, W' is M-invariant. The claim follows. Hence
W’ is a T-module, and it is nonzero since v € W’. By the irreducibility of W we have that
W' = W. Since for 0 < 7 < D — 1 we have Riv e E}‘HW, it follows that W is thin. [

9 Special case — two modules with endpoint 1

With reference to Definition 6.6, in this section we consider the case where I" has (up to
isomorphism) exactly two irreducible T-modules with endpoint 1. Note that these modules
are thin by Theorem 8.5. Observe that in this case it follows from the comments of Section 4
that the local graph A = A(x) has either two or three distinct eigenvalues. In the former
case A is a disjoint union of complete graphs (with order a; 4 1), while in the latter case A
is a strongly regular graph (see [8, Chapter 10, Lemma 1.5]). We observe that A has one of
these two forms if and only if the map K is constant for every y € I'(z), and this constant
does not depend on y.

Proposition 9.1. With reference to Definition 6.6, assume that A is a disjoint union of
k/(a1 + 1) cliques of order ay + 1. Let W denote an irreducible T-module with endpoint
1. Then W is thin with local eigenvalue a1 or —1.
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Proof. Recall that T is thin by Theorem 8.5. Let 7 denote the local eigenvalue of W, and
note that 7 is an eigenvalue of A by the comments of Section 4. But the eigenvalues of A
are a; (with multiplicity k/(a; + 1) > 1) and —1 (with multiplicity & — k/(a; + 1) =
kayi/(ay + 1)). The result follows. O

Proposition 9.2. With reference to Definition 6.6, assume that A is a connected strongly
regular graph with parameters (k,ay1, \,v2). Let W denote an irreducible T-module with
endpoint 1. Then W is thin with local eigenvalue 1y or ns, where

A — vy £ \/(A—vg)2+4(a1 — vg)

N2, M3 = 5 . 9.1

Proof. Recall that W is thin by Theorem 8.5. Let n denote the local eigenvalue of W,
and recall that 7 is an eigenvalue of A. Therefore, by the well-known formula for the
eigenvalues of a connected strongly regular graph, the eigenvalues of I'(x) are n; = a3
(with multiplicity 1), and scalars 73, 13 from (9.1). The result follows. O

Theorem 9.3. With reference to Definition 6.6, assume that for every y € T'(x) the map K,
is constant, and that this constant does not depend on y. Then I" has (up to isomorphism)
exactly two irreducible T-modules with endpoint 1, both of which are thin. In particular,
forevery 1 < ¢ < D — 1, the map K; is constant, and this constant does not depend on y
(in other words, T is pseudo-1-homogeneous with respect to x in the sense of Curtin and
Nomura [4]).

Proof. Recall that every irreducible T-module of I" is thin by Theorem 8.5. Therefore, by
Theorem 4.3, two irreducible T-modules with endpoint 1 are isomorphic if and only if they
have the same local eigenvalue. As K is constant and this constant does not depend on y,
the local graph A is either a disjoint union of cliques of order a; + 1, or connected strongly
regular graph. The first part of the above theorem now follows from Propositions 9.1 and
9.2. The second part follows from [4, Theorem 1.6]. O

10 Special case — three modules with endpoint 1

With reference to Definition 6.6, in this section we consider the case where I' has (up
to isomorphism) exactly three irreducible 7-modules with endpoint 1. Note that these
modules are thin by Theorem 8.5. It follows from the comments in Section 4 that this
situation occurs if and only if the local graph A is either disconnected with exactly three
distinct eigenvalues, or connected with exactly four distinct eigenvalues. Moreover, A is
not connected if and only if vo = 0. But if v = 0, then it is easy to see that A is a disjoint
union of complete graphs (with order a; + 1), and has therefore 2 distinct eigenvalues.
This shows that vy # 0, and so A is connected with exactly four distinct eigenvalues. To
describe this case we need the following definition.

Definition 10.1. With reference to Definition 6.6, for y € I'(x) let B = B(y) denote the
adjacency matrix of the subgraph of I" induced on D;. Observe that B € Mat p1(C), and
so the rows and the columns of B are indexed by the elements of D}. Let j € CP ! denote
the all-ones column vector with rows indexed by the elements of D1.

Lemma 10.2. With reference to Definition 10.1, pick y € T'(z). Then for every z € Di we
have
Kl(z) =by —a; + (Bj)z + 1.



202 Ars Math. Contemp. 18 (2020) 187-210

Proof. Observe that (Bj). is equal to the number of neighbours that z has in D}. There-
fore, z has a; —1—(Bj). neighbours in D1. But as z also has K (z) neighbours in D3 and
no neighbours in D3, it must have b; — K7 () neighbours in D3. The result follows. [

With reference to Definition 10.1, we now describe three properties that I' could have.

Definition 10.3. With reference to Definition 10.1, we denote by P1, P2 and P3 the fol-
lowing properties of I':

P1: There exists y € I'(z) such that K is not a constant.

P2: Forevery y, z € I'(z) with d(y, z) € {0, 2}, the number of walks of length 3 from y
to z in graph A is a constant number, which depends only on d(y, z) (and not on the
choice of y, 2).

P3: There exist scalars «, 8 such that for every y € I'(x) we have
B*j = aBj + 33.

With reference to Definition 10.3, in the rest of this section we prove that I" has proper-
ties P1, P2, P3 if and only if I" has (up to isomorphism) exactly three irreducible 7-modules
with endpoint 1.

Proposition 10.4. With reference to Definition 10.3, assume that I has (up to isomorphism)
exactly three irreducible T-modules with endpoint 1. Then I" has property P1.

Proof. Assume on the contrary that K is a constant for every y € I'(x). We claim that this
constant is independent of the choice of y € T'(x). Pick y € T'(x) and let D} = D (x,y).
Denote the constant value of K; = Kj(y) by k = k(y). Observe that every vertex in
D} has vy neighbours in D}, and that every vertex in Di has b; —  neighbours in DJ.
As |D| = by and |D}| = ay, this gives us ai(b; — k) = byvy. This shows that  is
independent of the choice of y € T'(z). By Theorem 9.3, T has up to isomorphism at
most two irreducible modules with endpoint 1, a contradiction. This shows that " has
property P1. [

Lemma 10.5. With reference to Definition 10.3, assume that T has (up to isomorphism)
exactly three irreducible T-modules with endpoint 1. Then

E{F*E} = Ef (m LR + poRL + psF + pa F?)Ef (10.1)
for some scalars p; (1 < i < 4).
Proof. By Lemma 3.2, there exist scalars A1, A2, Az, Ag, A5, not all zero, such that

Ef (M LR+ XARL + \sF + A F? + A F*)Ef = 0. (10.2)

We claim that A5 # 0. Assume on the contrary that A5 = 0. By Proposition 10.4, there
exists y € T'(z) such that K; = K, (y) is not a constant. Pick such y and let D} =
D}(m, y). Let z € Di. We now compute the (z,y)-entry of (10.2). By Lemma 7.1(ii),(iii),
the (z,y) entry of EY LRET (Ef RLEY, respectively) is by — K1(2) (1, respectively). By
Lemma 5.3(vi), the (z,y)-entry of E} FE7 is 1, and the (z, y)-entry of E} F2E} is equal
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to the number of neighbours of z in Di. But by Lemma 10.2, the number of neighbours of
zin Dj is equal to a; — 1 — by + K1(2). It follows from the above comments that

A1(b1 — K1(2)) + A2 + Az + Aa(ar — 1 — by + Ki(2)) = 0.

Note that by the assumption the map K is not constant, and so the above equality implies
A4 = Ap. Therefore Ai(a; — 1) + A2 + A3 = 0.
We now compute the (y, y)-entry of (10.2). Similarly as above we get

M(E—=1)+ X =0.
Finally, pick z € DJ. By computing the (y, z)-entry of (10.2) we get
/\1(02 — 1) + Ay = 0.

It follows easily from the above equations that \; = Ay = A3 = Ay = 0, a contradiction.
This shows that A5 # 0 and so

E{F*E} = Ef (LR + poRL + psF + pa F?) EY,
where p; = —\; /A5 for1 <i < 4. O

Theorem 10.6. With reference to Definition 10.3, assume that I has (up to isomorphism)
exactly three irreducible T-modules with endpoint 1. Then I" has properties P2 and P3.

Proof. Note that for every y, 2 € I'(z), the (2, y)-entry of Ef F3E7 is equal to the number
of walks of length 3 from y to z in graph A. Pick y, z € I'(x) such that d(y, z) € {0,2}.
We compute the (z,y)-entry of (10.1). Using Lemma 5.3(vi) and Lemma 7.1(ii),(iii) we
find that

pibr + po + paay ifz =y,

EfF3E}),, = .
( 1=y {u1(02v21)+u2+u4v2 if 2 £ y.

This shows that I" has property P2.

Pick now y, z € T'(z) such that d(y, z) = 1 and let D} = D’(z,y). Let K denote the
corresponding map, and let B = B(y). Let [y = yo,y1, Y2, ys = 2| be a walk of length 3
from y to z in A. We will say that this walk is of type 0 if y» = ¥, of type 1 if yo € D1, and

of type 2 if yo € D3. Itis clear that we have a; walks of type 0 and (a3 — 1 — (Bj).)v2
walks of type 2. Similarly, there are (5B25), walks of type 1. So there are in total

a; + (a1 —1—(Bjg).)va + (sz)z

walks of length 3 from y to z in A.
We now compute the (z, y)-entry of the right side of (10.1). Using Lemma 7.1(iii) and
Lemma 10.2, we find that the (z, y)-entry of EF LREY is equal to

b1 — Kl(z) = ay — (B_])Z — 1.

It is easy to see that the (z, y)-entries of EY RLET and E5 F E; are both equal to 1. Finally,
the (z,y)-entry of E} F2E7 is equal to the number of neighbours of z in D}, that is to
(BJ).. It now follows from the above comments that

a1 + (a1 — 1 — (Bj):)va + (B%5). = pa (a1 — (Bj). — 1) + po + pz + pa(Bj)..
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This shows that
(B%*j). = a(Bj). +

for some scalars «, 3, which are independent of the choice of vertices ¥, z. This proves that
T has property P3. O

We now assume that I' has properties P1, P2 and P3. We will show that this implies
that I" has (up to isomorphism) exactly three irreducible T-modules with endpoint 1.

Definition 10.7. With reference to Definition 10.3, assume that I" has properties P1, P2
and P3, and recall that X = I'(z). Recall also that for any y, z € X with d(y, z) € {0,2},
the number of walks of length 3 from y to z in A is a constant number, which depends
just on the distance between y and z. We denote this number by wy if y = 2z and by we
if d(y,z) = 2. Recall that A = A(z) € Mat 4 (C) denotes the adjacency matrix of A.
Furthermore, let I denote the identity matrix of Mat 3 (C) and let J denote the all-ones
matrix of Mat 4 (C).

We now display the entries of A, A2 and A3.

Proposition 10.8. With reference to Definition 10.7, the following (i)—(iii) hold for all

z,y € X.
(i)
= {y o=
(ii)

} a ify=z,
(AQ)ZCU = (BJ)Z zf@(y,z) = ]-7
V2 lfa(y7 Z) = 27

where B = B(y).

(iii)
Wo ify=z,
(A%)2y = Qa1 +va(ar — 1) + (Bj):(a —v2) + B if Oy, 2) =1,
w2 ifoly,z) =2,

where B = B(y) and «, 8 are from Definition 10.3.

Proof. Recall that for ¢ > 0, the (z, y)-entry of Atis equal to the number of walks of length
i from y to z in A. Parts (i), (ii) follow. We now prove part (iii).

Note that the result is clear if y = z or if d(y, z) = 2. Therefore, assume J(y, z) = 1.
Similarly as in the proof of Theorem 10.6, we split the walks of length 3 between y and
z into three types, depending on whether the third vertex of the walk is equal to y, or is
a neighbour of g, or is at distance 2 from y. There are a; walks of the first type, (B25).
walks of the second type, and (a; — 1 — (Bj),)vs walks of the third type. Recall that by
property P3 we have B2j = aBj + 37, and so the result follows. O
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Proposition 10.9. With reference to Definition 10.7, we have

AP = (a—v2) A% + (a1 + B+ va(ar — 1+ a —vp) —wz) A (103)
—l—(wo—wg—i—(a—vg)(vg—al))j+(w2—(a—v2)v2)j, '

where «, B are from Definition 10.3.

Proof. Pick y, z € X. It follows from Proposition 10.8 that the (z, y)-entry of the left side
and the right side of (10.3) agree. This proves the proposition. 0

Theorem 10.10. With reference to Definition 10.7, A has exactly four distinct eigenvalues.

Proof. Observe that A is connected and regular with valency a1, so a; is an eiger}value of
A with multiplicity 1. The corresponding eigenvector is the all-ones vector in C*, which
we denote by 5 Let 0 denote an eigenvalue of A which is different from a;, and let w
denote a corresponding eigenvector. Note that w and 5 are orthogonal, and so applying
(10.3) to w we get

03w = (o — v2)0%w + (a1 + B+ v2(a; — 14+ — v) — wy)fw

+ (wo — w2 + (o — v2) (v — ay))w.
As w is nonzero, we have
0% = (a—v2)0% + (a1 + B+v2(ar — 1+ a—va) — w2)0 +wp — wa + (@ — v2) (va — a).

This shows that A could have at most four different eigenvalues. Now if A has fewer
than four different eigenvalues, then A is strongly regular [8, Chapter 10, Lemma 1.5],
and so (Bj). is constant for every y,z € X with z € I'(y), where B = B(y) and j
is from Definition 10.1. By Lemma 10.2, K is constant for every y € X, contradicting
property P1. O

Theorem 10.11. With reference to Definition 10.7, I has (up to isomorphism) exactly three
irreducible T-modules with endpoint 1.

Proof. Recall that I' is 1-thin with respect to x by Theorem 8.5. The result now follows
from Theorems 4.3, 4.4, and 10.10. O

11 Example: Johnson graphs

Pick a positive integer n > 2 and let m denote an integer (0 < m < n). The vertices of
the Johnson graph J(n,m) are the m-element subsets of {1,2,...,n}. Vertices x,y are
adjacent if and only if the cardinality of x N y is equal to m — 1. It follows that if x,y
are arbitrary vertices of J(n,m), then d(x,y) = m — |z N y|. Therefore, the diameter
D of J(n,m) is equal to min{m,n — m}. Recall that J(n,m) is distance-transitive (see
[2, Theorem 9.1.2]), and so it is also distance-regular. It is well known that J(n,m) is
isomorphic to J(n,n — m), so we will assume that m < n/2, which implies D = m. In
fact, if n is even and m = n/2, then J(2m,m) is 1-homogeneous (see [9]), and so we
assume from here on that m < n/2. As we are also assuming that D > 3, we therefore
have m > 3, n > 7. For more details on Johnson graphs, see [2, Section 9.1].
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Pick adjacent vertices x,y of J(n, m), and let D; = D; (z,y) be as defined in Defini-
tion 6.1. For 1 < ¢ < D let maps H;, K; and V; be as defined in Definition 6.4. The main
purposes of this section are to describe maps H;, K; and V; in detail and to show J(n,m)
satisfies the assumptions of Definitions 6.6 and 10.7. As J(n, m) is distance-transitive, it is
also arc-transitive, and so we can assume that x = {1,2,...,m},y = {2,3,...,m + 1}.
We start with a description of the sets D;

Proposition 11.1. Pick positive integers n and m withn > 7,3 < m < n/2, and let x =
{1,2,...,m}, y ={2,3,...,m+ 1} be adjacent vertices of J(n, m). Let D = Di(x,y)
be as defined in Definition 6.1. Then for 1 < ¢ < D, the set Dz_l (D:_,, respectively)
consists of vertices of the form {1} U AU B ({m + 1} U A U B, respectively), where
AC{2,3,...,m}with|Al=m —iand BC {m+2,m+3,...,n}with|B| =i— 1.

Proof. Routine. O
To describe sets Dj we need the following definition.

Definition 11.2. Pick positive integers n and m with n > 7,3 < m < n/2, and let
x={1,2,...,m},y={2,3,...,m+ 1} be adjacent vertices of J(n, m).

(i) For1 < i < D—1, define set D!(0) to be the set of vertices of the form {1, m+1}U
AUB, where A C {2,3,...,m} with|A] = m—i—1land B C {m+2,m+3,...,n}
with |B| =i — 1. We define DJ(0) = DB(0) = 0.

(ii) For 1 < ¢ < D, define set Djf(l) to be the set of vertices of the form A U B, where
ACH{2,3,...,m}with |[A| =m—i,and B C {m+2,m+3,...,n} with |B| = 1.
We define DJ(1) = 0.

Please refer to Figure 2 for a diagram of this partition.

Figure 2: The partition with reference to Definition 11.2. For further information about
which sets in the diagram are connected by edges, please refer to the propositions and
corollaries later in this section.

Proposition 11.3. Pick positive integers n and m withn > 7, 3 < m < n/2, and let
r={12,...,m}, y = {2,3,...,m + 1} be adjacent vertices of J(n,m). Let D} =
Di(z,y) be as defined in Definition 6.1 and let D;(0), D;(1) be as in Definition 11.2.
Then for 1 < i < D —1 we have that D! is a disjoint union of D}(0) and D}(1). Moreover,
DB =DE(1).

Proof. Routine. O
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We now first describe the maps V.

Proposition 11.4. With the notation of Proposition 11.3, let the maps V; be as defined in
Definition 6.4. Then for 1 < i < D and any z € D}_; U sz_l we have

Vi(z) = 2(i — 1).
In particular, the maps V; are constant.

Proof. Note that the result is clear fori = 1, sopick2 < ¢ < D and assume z € fol (case
z € D!, is treated similarly and we omit the details). First recall that by the definition of
map V; and by Proposition 11.3 we have

Vi(z) = [P(z) N DiZi| = [P(2) N DiZ1(0)] + [P(2) N DIz (1))

Recall also that by Proposition 11.1 there exist subsets A C {2,3,...,m} with |[A] = m—i
and B C {m+2,m+3,...,n} with |B| =i — 1, such that z = {1} U AU B. We first
count the number of neighbours of z in D!~{(1). As vertices contained in D!~1(1) do not
contain the number 1 as an element, vertex w € D;}:}(l) will be adjacent with z if and
only if

w=AUBU{/l}

for some ¢ € {2,3,...,m} \ A. Therefore, there are exactly m — 1 — (m —i) =i —1
neighbours of z in D!~1(1). We now count the number of neighbours of z in D!~1(0).
As vertices contained in D;:%(O) contain numbers 1 and m + 1 as elements, vertex w €
D:~1(0) will be adjacent with z if and only if

w={1l,m+1} UAUB)\ {¢{}

for some ¢ € B. Therefore, there are exactly i — 1 neighbours of z in D~1(0). The result
follows. -

Proposition 11.5. With the notation of Proposition 11.3, for 1 < i < D — 1 and for any
z € D¥(0) the following (i), (ii) hold.

(i) 0(2) N DI=1(0)| = i(i — 1).
(ii) |T'(2) N Di=1(1)] = 0.

Proof. Note that the result is clear fori = 1,sopick2 <i< D—1landz € D;(O) Recall
that z = {1,m + 1} U AU B for some subsets A C {2,3,...,m} with |[A|=m —i—1
and BC {m+2,m+3,...,n} with |B|=1i—1.

(i): Note that w € D! }(0) is adjacent with z if and only if w = {1,m +1}U A’ U B/,
where A’ = AU{¢;} forsome ¢; € {2,3,...,m}\Aand B’ = B\ {{3} for some {5 € B.
We have m — 1 — (m — i — 1) = i choices for ¢; and ¢ — 1 choices for /. It follows that z
has i(i — 1) neighbours in D'~1(0).

(ii): Recall that if w is an element of ij (1), then 1 and m + 1 are not elements of w.
On the other hand, 1 and m + 1 are elements of z, and so z and w are not adjacent. O

Proposition 11.6. With the notation of Proposition 11.3, for 1 < ¢ < D and for any
z € D¥(1) the following (i), (ii) hold.
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(i) IT(z)NDi=1(1)| = (i — 1).
(ii) |T(z) N DiZ1(0)] = 0.
Proof. Similar to the proof of Proposition 11.5. O

Corollary 11.7. With the notation of Proposition 11.3, let the maps H; be as defined in
Definition 6.4. Then for 1 < i < D and any z € DE we have

H;(z) =1i(i—1).
In particular, the maps H; are constant.

Proof. Immediate from Propositions 11.5 and 11.6 and since D} is a disjoint union of
D¥(0) and Di(1). O

Proposition 11.8. With the notation of Proposition 11.3, for 1 < i < D — 1 and for any
z € D¥(0) the following (i), (ii) hold.

(i) ID(2) N DEL(O)] = (m — i — 1)(n — m —i).

(ii) |T(z) N Dif1(1)] = 0.
Proof. Pick1 <i< D —1and z € D(0). Recall that z = {1,m + 1} U AU B for some
subsets A C {2,3,...,m}with |A| =m —i—1and B C {m+2,m+3,...,n} with
|B|=1i—1. ‘

(i): Note that w € D11 (0) is adjacent with z if and only if w = {1,m+ 1} U A’ UB’,
where A’ = A\ {¢1} for some ¢; € A and B’ = B U {{3} for some ¢y € {m +2,m +
3,...,n}\B. We therefore have m—i—1 choices for /; and (n—m—1)—(i—1) = n—m—i
choices for £5. It follows that z has (m — ¢ — 1)(n — m — 4) neighbours in D;ﬂ(())

(i1): Immediate from Proposition 11.6(ii). O]
Proposition 11.9. With the notation of Proposition 11.3, for 1 < i < D — 1 and for any
z € Di(1) the following (i), (ii) hold.

(i) [0(2) N DIEA(D)] = (m = i)(n—m — i — 1).
(i) |(2) N D{E1(0)] = 0.
Proof. Similar to the proof of Proposition 11.8. [

Corollary 11.10. With the notation of Proposition 11.3, let the maps K; be as defined in
Definition 6.4. Then for 1 <i < D — 1 and any z € D} we have

(m—i—1)(n—m—1) ifz € DY0),
Ki(z) = . . : ;
(m—i)(n—m—i—1) ifze D).
In particular, maps K; are not constant.

Proof. The first part of the corollary follows immediately from Propositions 11.8 and 11.9
and since D! is a disjoint union of D!(0) and D?(1). For the second part, observe that if
K is a constant, then we have n = 2m, contradicting our assumption m < n/2. O

Proposition 11.11. With the notation of Proposition 11.3, the following (i)—(iii) hold.
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(i) Everyz € D3 has 1 neighbour in D}(0), 1 neighbour in D} (1), and n—4 neighbours
in D3.

(ii) Every z € Di(0) has n —m — 1 neighbours in D3, m — 2 neighbours in D1(0), and
no neighbours in D1 (1).

(iii) Every z € D}(1) has m — 1 neighbours in D3, n —m — 2 neighbours in D1(1), and
no neighbours in D} (0).

Consequently, the partition {{y}, D1(0), D1(1), Di} of T'(x) is equitable.

Proof. First observe that it follows from the proof of Proposition 11.4 that each z € D3
has 1 neighbour in D} (0) and 1 neighbour in D (1). Consequently, z hasa; —2 =n — 4
neighbours in DJ. Next observe that each vertex from D} (0) contains 1 and m + 1 as
elements, while 1 and m + 1 are not elements of any vertex from D3 (1). Consequently,
there are no edges between vertices of D} (0) and D} (1). Furthermore, by Corollary 11.10,
each vertex in D} (0) has (m —2)(n—m— 1) neighbours in D3, while each vertex in Di (1)
has (m — 1)(n — m — 2) neighbours in D3. The other claims of the above proposition now
follow from the fact that intersection numbers a; and by of J(n,m) are equal to n — 2 and
(m —1)(n — m — 1), respectively. O

Theorem 11.12. Pick positive integers n and m with n > 7, 3 < m < n/2, and let
I'= J(n,m). Pickx € V(') and let T = T(x). Then T has (up to isomorphism) exactly
three irreducible T-modules with endpoint 1, and these modules are all thin.

Proof. AsT is arc transitive, it follows from Proposition 11.4 and Corollary 11.7 that maps
V; and H; (2 < i < D) are constant for every y € I'(x), and that these constants are
nonzero and independent of the choice of y. By Theorem 8.5, I' is 1-thin. By Corol-
lary 11.10, the map K7 is not constant for any y € I'(z). Pick y,z € I'(x) and let
B = B(y) be as defined in Definition 10.1. It follows from Proposition 11.11 that the
number of walks of length 3 from y to z in A = A(x) depends only on the distance be-
tween y and z when d(y, z) € {0,2}. Finally, by Proposition 11.11 we also have that
B?j = aBj + (3, where a« = n — 4, 3 = —(n — m — 2)(m — 2), and j is from Defini-
tion 10.1. Therefore I' has properties P1, P2 and P3, and so, by Theorem 10.11, I" has (up
to isomorphism) exactly three irreducible 7-modules with endpoint 1. O
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Abstract

The total number of partitions of a finite set into nonempty ordered subsets such that r
distinguished elements belong to distinct ordered blocks can be described as sums of r-Lah
numbers. In this paper we study this possible variant of Bell-like numbers, as well as the
related r-Lah polynomials.
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1 Introduction

Bell numbers play a crucial role in enumerative combinatorics. The nth Bell number B,,
counts the number of partitions of an n-element set, or in other words, it is the sum of
Stirling numbers of the second kind {Z} (k =0,...,n). In connection with these numbers,
it is possible to introduce the nth Bell polynomial

s {1}

=0

whose value at 1 is simply B,,(1) = B,,. (These polynomials should not be confused with
partial Bell polynomials which are multivariate polynomials.)

Using r-Stirling numbers of the second kind {Z}T defined by L. Carlitz [5], A. Z. Broder
[4], and later rediscovered by R. Merris [12], I. Mez6 [13, 14] introduced and investigated
the corresponding 7-Bell numbers B, , as the number of partitions of a set with n 4 r
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elements such that r distinguished elements belong to distinct blocks, and the r-Bell poly-

nomials as .
Bn,r(x) = Z {n} fL'j~
T

i=o W

(We have to mention that there is some confusion in notation of r-Stirling numbers in the
literature, therefore we need to underline that for various reasons, we prefer to denote by
{Z}r the number of partitions of an (n + r)-element set into k + 7 nonempty subsets such
that r distinguished elements belong to distinct blocks.) The r-Bell numbers were studied
from a graph theoretical point of view by Zs. Kereskényi-Balogh and G. Nyul [9]. We shall
discuss these numbers and polynomials in detail in Section 2.

Lah numbers UCLJ, named after I. Lah [10, 11], are close relatives of Stirling numbers.
Sometimes they are called Stirling numbers of the third kind. G. Nyul and G. Récz [19]
defined and extensively studied the r-generalization of Lah numbers. The r-Lah number
LZJ ,. is the number of partitions of a set with n + 7 elements into k + 7 nonempty ordered
subsets such that r distinguished elements have to be in distinct ordered blocks. We notice
that some identities for r-Lah numbers were derived by H. Belbachir, A. Belkhir [1] and
H. Belbachir, E. Bousbaa [2], and they appear as the results of substitutions into partial
r-Bell polynomials by M. Mihoubi and M. Rahmani [17]. The r-Lah numbers are special
cases of r-Whitney-Lah numbers defined by G.-S. Cheon and J.-H. Jung [6] (see also [8]),
and recently M. Shattuck [21] introduced a further generalization of these numbers.

Similarly to Bell numbers, one could be interested in summation

=3[}

of Lah numbers. Although these numbers slightly appear in the literature [7, 18, 20, 22],
they have not been studied systematically yet. This will be done in our paper at a more
general level, namely we shall prove several properties of sums L,, , of r-Lah numbers and
r-Lah polynomials L,, ,.(x), for instance, we express summed r-Lah numbers by sums of
(r — s)-Lah numbers, we derive Spivey and Dobiriski type identities, second-order linear
recurrence relations, exponential generating functions. Finally, we show that r-Lah polyno-
mials have only real roots. We prefer purely combinatorial arguments in the proofs where it
is possible. As we shall see, some of these results could be viewed as the summed or poly-
nomial counterparts of certain theorems from [19]. They are also included in this paper,
because we aim to give a self-contained presentation of these numbers and polynomials.

2 r-Bell numbers and r-Bell polynomials

Above, we have defined r-Bell numbers and 7-Bell polynomials. In the following table
we collect their properties, especially those ones which correspond to our theorems about
summed r-Lah numbers and r-Lah polynomials. We indicate the references for the known
identities (star symbol means that a certain paper contains the formula only for r-Bell
numbers, not for polynomials), but it also contains some new results. For example, to
the best of our knowledge, the Spivey type identity never appeared previously in this full
generality. All of these properties can be proved along the lines of our proofs in the next
section. We notice that these proofs are based on a completely new idea even for several
known identities of the table. We should draw attention to that our purely combinatorial
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argument will fail to work in the most general case (Theorem 3.3) for r-Lah polynomials,

but even so, it works for r-Bell numbers and polynomials.

Table 1: Properties of r-Bell numbers and r-Bell polynomials.

Bmo(l‘) = Bn<x) [14], mBn,l(l’) = Bn+1($)

|
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Bn,r(m)

Buons(@) = 35 3% {1, (1) Birs(w)i 4 502"
Bren.r() = 2§0 é {7}, G)Bir@yin=Iat [16]
Bunsle) = 32 32 {13, () Bira(@)i+ 1702
Bpgnr(2) = iijio {1}, () B (@) (i + )9’ [15]%, [16]
B, (z) = expl(a:) ]i) UJ;?')" z7 [14]

EO Burl@yn — exp (x (exp(y) — 1) + ry) [51*, [14]

The roots of B,, ,-(x) are simple, real and negative (r > 1). [13]

3 Summed r-Lah numbers and r-Lah polynomials

We begin this section with the exact definitions of summed r-Lah numbers and r-Lah
polynomials, which can be viewed as relatives of r-Bell numbers and polynomials (in the

sense that r-Lah numbers are relatives of r-Stirling numbers of the second kind).

For non-negative integers n, r, not both 0, denote by L,, ,- the number of partitions of a
set with n 4 r elements into nonempty ordered subsets such that r distinguished elements
belong to distinct ordered blocks. Moreover, let Loy = 1. We can call L, , the nth

summed r-Lah number, because the formula

]

=0

immediately follows from the definitions. This suggests us to define the polynomial ana-

logues of these numbers. If n,r > 0, then the nth r-Lah polynomial is

Ly p(x) = an m k2

=0 1



214 Ars Math. Contemp. 18 (2020) 211-222

If we have no distinguished elements, then the summands in the first formula and the coef-
ficients of the polynomial are the ordinary Lah numbers. In this case, we simply call them
the nth summed Lah number and Lah polynomial, and denote them by L,, and L., ().

Obviously, Ly, ,(x) is a monic polynomial of degree n with non-negative integer coef-
ficients. Since L, (1) = L, ,, it is enough to state our theorems for r-Lah polynomials
throughout this paper, the corresponding properties for summed 7-Lah numbers follows
simply by the substitution z = 1.

It will be useful to associate a combinatorial interpretation to r-Lah polynomials, as
well. If n,r > 0, not both 0, and ¢ > 1, then Lm,»(c) counts the number of partitions of a
set with n + 7 elements into nonempty ordered subsets and colourings of the blocks with
c colours such that r distinguished elements belong to distinct uncoloured ordered blocks.
For brevity, in the rest of the paper we shall call these objects c-coloured r-Lah partitions
of an (n + r)-element set into ordered blocks.

If r = 0 or r = 1, then we have no restriction for the partition into ordered blocks,
hence L,, o(x) = L, () and 2L,, 1 () = Ly41(x) (n > 0).

In our first theorem, we express 7-Lah polynomials in terms of (7 —s)-Lah polynomials.
It is the polynomial counterpart and could be derived directly from [19, Theorem 3.4], but
we carry out the necessary modification of the combinatorial proof.

Theorem 3.1. Ifn,r,s > 0and s < r, then

n

Lns(z) =Y (?) Ljrs(x)(25)" 3.

=0

Proof. We may assume that n,r are not both 0, and let ¢ be a positive integer. Then,
L., »(c) is the number of c-coloured r-Lah partitions of an (n + r)-element set into ordered
blocks. These can be enumerated in another way:

Let j be the number of those non-distinguished elements which belong to other ordered
blocks than the first s distinguished elements (j = 0,...,n). We can choose them in (’;)
ways, thereafter we have L; ._,(c) possibilities for their c-coloured (r — s)-Lah partitions
into ordered blocks together with the last » — s distinguished elements. Finally, we can
put the remaining n — j non-distinguished elements into the ordered blocks of the first

s distinguished elements in (2s)"~7 ways. It means that, for a fixed j, the number of

possibilities is (?) Lj—s(c)(2s)"79. L

Remark 3.2. For the most important choices s = 1 and s = r, the identity becomes

Ly (2) = jZ_;) (?) Lj—1(z)(n—j+ 1)L,

Lurte) = 3 () Lyto)n) ™.

j=0

Now, we prove a general Spivey type formula for r-Lah polynomials. It is named after
M. Z. Spivey [23], who discovered his remarkable formula for Bell numbers just over a
decade ago.
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Theorem 3.3. Ifm,n,r,s > 0and s < r, then

Linsnr(z iZ{ J <) irs(@)(m i+ 28)" T,

=0 j=0

Proof. By [19, Theorem 3.2], we get

m—+n
(x+2,’,)m+n _ Z {m;rnJ l’k

k=0

On the other hand, using again [19, Theorem 3.2] and the binomial theorem for rising
factorials, we also have

(x4 2r)"T" = (z +2r)™ (2 + 2r + m)™

:i{mJ xE (r—i+2r—2s+m+i+2s)"

i=0

_gr‘J . > ( >(x—z+27‘—25) ‘(m+ i 26)77
EE el
SB[ Qe
LS (s -

Comparing the coefficients of 2% in the above two expressions gives
m+n min{m k) m n — J
— ) P,
A e S S N e IS
T = j=max{0,k—i} r r—s

which identity is interesting on its own.
If we multiply both sides by 2* and sum for k (k = 0, ..., m + n), we obtain

Uas m+n
Lm-&-n,r(x) - Z \\ k J xk
k=0 T

IR N i L A

i=0  j=max{0,k—1i}
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m n i+j7 m
>3y { J ( ) i 2s)
0 k=i r

> e
Okz]:_(l Jr( >m+z+23) -V{'Jrsxwk
1) () om e i 2 T, )

n

o
M

=0 j

Il
3 |l

i

7

1=0 j=0

O
m

Remark 3.4. First, we note that this formula gives back Theorem 3.1 and the definition of
r-Lah polynomials for m = 0 and n = 0, respectively.
While, in the special cases of s =0, s = 1 and s = r, we have

my fn Nn—j i
Loinrl@) =33 | (%) £ @rom + 77
i= O] o- -r
myen L o\n—g
Lo n,r(T ZZ ; (j>Lj,r_1(x)(m+z+2) Izt
i=0 j=0 L "dr
m n
my fn . n—j i
L n,r( ZZ ; (j>Lj(a:)(m+z+2r) Tt
i=0 j=0 L "dr

For the last identity, we give a combinatorial proof, as well. The reason is that the
extension of Spivey’s idea works for r-Lah polynomials only if s = . However, as we
mentioned previously, a similar argument proves the Spivey type formula listed in the table
of Section 2 for r-Bell polynomials in full generality. It would be interesting to find a
purely combinatorial proof of the general identity as stated in Theorem 3.3.

Proof. We may assume that m, n,r are not all 0, and let c be a positive integer. Then,
Ly4n.r(c) gives the number of c-coloured r-Lah partitions of an (m + n + r)-element set
into ordered blocks. We find an alternative way to count them:

First, we consider a c-coloured r-Lah partition of the distinguished elements and the
first m non-distinguished elements into ¢ + r ordered blocks (: = 0,...,m). We have
L’ﬂrci such partitions. Denote by j the number of those non-distinguished elements
among the last n ones which do not belong to these ¢ + r ordered blocks (7 = 0,...,n).
They can be chosen in (?) ways, and there are L;(c) possibilities to partition them into
coloured ordered blocks with ¢ colours. As our last step, we place the remaining n — j
non-distinguished elements into the ¢ + r original ordered blocks, which can be done in

(m + i + 2r)"~J ways. Summarizing, the number of possibilities is

m T (’;) Li(e)(m+i+2r)" e

for a fixed pair of , j. O

The r-Lah polynomials satisfy the following second-order linear recurrence relation. In
the special case of sums of ordinary Lah numbers (i.e., for » = 0), it appears in [18, 20, 22]
in different contexts.
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Theorem 3.5. Ifn > 1 and r > 0, then
Lyt1,(z) =(x+2n+42r)Ly - (x) —n(n+2r — 1) Ly—1 ().

Proof. Let c be a positive integer. Then, L,,+1 ,(c) counts the number of c-coloured r-Lah
partitions of an (n + r + 1)-element set into ordered blocks. The rest of the proof gives
another enumeration of them:

We have L, (c) c-coloured r-Lah partitions of our set excluding the last non-disting-
uished element into ordered blocks. If this last element constitutes a singleton, then we
only need to colour its one-element ordered block with ¢ colours. Otherwise, we can place
the excluded element before or after any other elements, i.e., to 2n + 2r places. It means
that there would be (¢ + 2n + 2r)L,, ,-(c) possibilities.

But, of course, we counted twice those cases when our last element is put between
two elements. This could happen in two different ways. If the jth non-distinguished ele-
ment stands directly before the originally excluded element (j = 1,...,n), then there are
L,,_1,(c) c-coloured r-Lah partitions of our set without these two elements into ordered
blocks, and this pair of elements can be put back to n 4+ r — 1 places (they cannot be at the
end of an ordered block). If a distinguished element stands directly before and the jth non-
distinguished element stands directly after the originally excluded element (j = 1,...,n),
then we have L,,_1 ,(c) c-coloured r-Lah partitions of our set without the latter two el-
ements into ordered blocks, and they can be put back to r places (directly after one of
the distinguished elements). Therefore, the number of the possibilities to be subtracted is
(n(n+1r—1) +nr)L,_1 ,(c), altogether. O

We can derive a Dobiriski type formula for r-Lah polynomials, named after the well-
known Dobiriski formula for Bell numbers.

Theorem 3.6. If n,r > 0, then

Loo(a) = i]—i—% .

ex
p Jj=

Proof. 1. First, we prove it for polynomials. Through this proof, let ULJ , = 0ifi>n
Applying [19, Theorem 3.2], we have

ERIHERM HESIH

1=0 =0

Dividing both sides by j! gives
J

W:Z{?Jrulw

=0

. 7\ 0O oo 00
which means that (%) is the convolution of the sequences ( %] ) and ( %) .
T )i r) o 1)
Therefore, its generating function is
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II. Now, we can give another proof for summed r-Lah numbers using probability theory.
Let A be a positive real number and £ a Poisson random variable with parameter A. Then,
again by [19, Theorem 3.2], we get

o n - _ =) 7
E(£+2r) = (G+2r)" et =e Z]'ZLJ‘Y
7=0 7=0 1=0 r
o n n [e’e) i PR n n [e%s) pY,
S M HID SR Sl SFr
=0 ™ j=0 =0 T j=i
:e_AZH NS = {n A= Loy (V)
=0 vl 7=0 J: =0 vy
Especially, for A = 1, we have
Lpy=Ln, () =EE+2)"=> " (j+ 2T)ﬁﬁe_1. O
j=0 )

The next theorem gives the exponential generating function of the sequence of r-Lah
polynomials. We note that a special case, the exponential generating function of (Ln)ff:0
can be found in [7, 18, 22].

Theorem 3.7. Forr > 0, the exponential generating function of (Ly »(x)),—_, is

(oo}

n=0

Proof. 1. We use [19, Theorem 3.10] to get

Ln,'f(x) n — n j1 n = J = n 1 n
ER VRS TP H

o

n=0 n=0 j=0 7=0 n=j J
N A S N R S A
_inl 1— 1— 2r T 1— 2”"27 1—
§=0 J: Yy ( Y) ( Y) =0 J y

II. We can prove the theorem in another way for summed r-Lah numbers. Denote by
¢,.(y) the exponential generating function to be find.

From the first special case of Theorem 3.1, it follows that (Ly41),— o = (Ln,1),—, is
the binomial convolution of the sequences (L), , and ((n + 1)!)>_ . hence their expo-
nential generating functions give the differential equation

1
(1-y)*

For n. > 0, it shows that [y?]¢o(y) (j = 0, . .., n) uniquely determine [y""1]¢o(y), whence

our differential equation with the initial condition [y°]¢(y) = % = 1 is uniquely solvable

among formal power series, and this solution is ¢y (y) = exp (ﬁ)

lo(y) = Lo(y)
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The second special case of Theorem 3.1 says that (L, ) *~_ is the binomial convolution
of the sequences (Ly ), and ((2r)™) noo:O, therefore its exponential generating function is

b0 = o) Y- G e () 0

In the following theorem, we show the real-rootedness of r-Lah polynomials, where
the proof will contain a further recurrence for them.

Theorem 3.8. Ifn > 1, then the roots of L, (x) are simple, real, one of them is 0 and the
others are negative. If n,r > 1, then the roots of L,, ,(x) are simple, real and negative.
Furthermore, for any r > 0, (Ly »(x)), ", is an interlacing sequence of polynomials.

Proof. We perform the proof by induction on n only for » > 1. We can easily check the
assertion for n = 1, 2, and assume that it holds for some n.
Using [19, Theorem 3.1] and the special values of r-Lah numbers, we get

n+1 n
n+1 & n+1 n+1 & n+1 11
L . :E — E n

;Q | #eeen[y] Yt ear
- z LZJ P 3|2 4 S
Rl R RGO XH R
:aan,r() (n+2r) Ly, (z) + 2L, (2).

n+2r—1

Then, multiplying this equation by e”x gives

ewx""'QT_anH’r(x) _ (6I$n+2TLn’r(:L'))/.

The induction hypothesis tells us that L,, ,.(x) has n simple real roots which are nega-
tive, hence e””;v”“"Ln,T(m) has exactly n + 1 zeros, one of them is 0, and the others are
negative. Moreover, lim,_, o, 2" 72" L,, .(z) = 0. Then it follows from Rolle’s mean
value theorem that (e“’x"”TLn,r(x))/ =e®x"t2" 1L, 11 ,(z) has at least n + 1 negative
zeros, therefore L, 11 ,(x) has n + 1 distinct negative roots.

The proof also shows the interlacing property. 0

This result together with a theorem of Newton (see, e.g., [24]) immediately implies the
following consequence, which was proved in [19, Theorem 3.8] by different means.

Corollary 3.9. If n > 1 and r > 0, then the sequence (L’JZJ ) s strictly log-concave

and unimodal.

The theorem also allows us to give a good approximation of the quotient of two con-
secutive summed r-Lah numbers.
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Corollary 3.10. Ifn > 1 andr > 0, then

Ln+1,r

i —(n+r+1)—L n+r2+1”<1.

Proof. From the recurrence derived in the proof of Theorem 3.8, we get

L/n,r(l) = Ln+1,r - (n + 2r + I)Lnﬂ).

Then the assertion follows from Theorem 3.8, a theorem of Darroch (see, e.g., [3]) and [19,
Theorem 3.9]. O

Finally, we prove that the r-Stirling transform of the first kind of the sequence of s-Bell

polynomials is the sequence of T;S -Lah polynomials if 7 and s have the same parity.

Theorem 3.11. Ifn,r,s > 0 and r + s is even, then

n

() = m TBj7S(x).

Jj=0

Ln

Proof. By [19, Theorem 3.11], we have

Sl s e-Lf] e e

Remark 3.12. If » = s, then the identity simply becomes

Lo (z) = En: m By (@)

=0t

In this case, we can provide a combinatorial proof.

Proof. We may again assume that n, 7 are not both 0, and let ¢ be a positive integer. A
c-coloured r-Lah partition of an (n +r)-element set into ordered blocks can be constructed
as follows: First, we decompose the elements into j 4 r disjoint cycles such that the r
distinguished elements belong to distinct cycles (7 = 0, ..., n). These latter cycles will be
referred to as distinguished cycles. After that, we partition all the cycles such that distin-
guished cycles are in distinct blocks, and we colour the blocks containing no distinguished
cycle with ¢ colours. Finally, we multiply the cycles in each block to obtain the ordered
blocks of the original (n-+7)-element set. Therefore, for a fixed j, the number of c-coloured
r-Lah partitions is [/] Bj(c). O
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Abstract

We introduce a new practical and more general definition of local symmetry-preserving
operations on polyhedra. These can be applied to arbitrary embedded graphs and result in
embedded graphs with the same or higher symmetry. With some additional properties we
can restrict the connectivity, e.g. when we only want to consider polyhedra. Using some
base structures and a list of 10 extensions, we can generate all possible local symmetry-
preserving operations isomorph-free.

Keywords: Graph theory, polyhedra, symmetry, chamber systems.
Math. Subj. Class. (2020): 05C10, 68R10

1 Introduction

Symmetry-preserving operations on polyhedra have a long history — from Plato and Archi-
medes to Kepler [11], Goldberg [9], Caspar and Klug [4], Coxeter [6], Conway [5], and
many others. Notwithstanding their utility, until recently we had no unified way of defining
or describing these operations without resorting to ad-hoc descriptions and drawings. In
[2] the concept of local symmetry-preserving operations on polyhedra (Isp operations for
short) was introduced. These are operations that are locally defined — on the chamber level,
as explained in the next section — and therefore preserve the symmetries of the polyhedron
to which they are applied. This established a general framework in which the class of all
Isp operations can be studied, without having to consider individual operations separately.
It was shown that many of the most frequently used operations on polyhedra (e.g. dual,
ambo, truncate, ...) fit into this framework.

But of course we sometimes do want to examine the operations individually, e.g. to
check conjectures on as many examples as possible before we try to prove them, or to
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find operations with certain properties. We can do this for a few operations by hand, but
a computer can do this a lot faster, and in a systematic way such that no operations are
missed.

In this paper we shall slightly extend the definition of Isp operation so it can be applied
to any graph embedded on a compact closed surface!, and at the same time provide a
reformulation of these operations as decorations, which will turn out to be easier to use in
practice.

2 Decorations and Isp operations

Every embedded graph G has an associated chamber system C¢ [7]. This chamber system
is obtained by constructing a barycentric subdivision of G by adding one vertex in the
center of each edge and face of (7, and edges from each center of a face to its vertices and
centers of edges. These vertices can be chosen invariant under the symmetries of G. In
Cg, each vertex has a type that is 0, 1, or 2, indicating the dimension of its corresponding
structure in G. Each edge has the type of the opposite vertex in the adjacent triangles. In
Figure 1, the chamber system of the plane graph of a cube is given. The original graph
consists of the edges of type 2 in the chamber system.

Figure 1: The barycentric subdivision of the plane graph of a cube. Edges of type 0 are red,
edges of type 1 are green and edges of type 2 are black.

We use the drawing conventions from Figure 1 for the types of the edges in all figures.
Since the vertex types can be deduced from the edge types, we do not display them in the
figures.

Definition 2.1. A decoration D is a 2-connected plane graph with vertex set V' and edge
set F, together with a labeling function ¢: V' U E — {0,1,2}, and an outer face which
contains vertices vg, v1, V2, such that

1. all inner faces are triangles;

2. for each edge e = (v, w), {t(e),t(v),t(w)} = {0,1,2};

VAl graphs in this paper are embedded graphs, and a subgraph has the induced embedding.
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3. for each vertex v with ¢(v) = 4, the types of incident edges are j and k with {4, j, k} =
{0,1,2}. Two consecutive edges with an inner face in between can not have the same

type;

4. for each inner vertex v

tv)=1 = deg(v)=4
tv)#1 = deg(v) >4

for each vertex v in the outer face and different from vg, v1, v
t(v) = = deg(v) =

and

t(Uo),t(’Ug) 75 1
ttv1) =1 = deg(v1) =2
t(v1)) #1 = deg(v1) > 2.

Note that condition 3 implies that all inner vertices have an even degree.

For all {3, j,k} = {0,1,2}, the k-side of a decoration D is the path on the border of
the outer face between v; and v; that does not pass through vy.

We can fill each triangular face of a chamber system C with a decoration, by identi-
fying the vertex of type ¢ with v; for ¢ € {0, 1,2} and identifying corresponding vertices
on the boundary. This results in a new chamber system C¢ of a new graph G’, as can be
seen in Figure 2.

Figure 2: The decoration ambo applied to the cube of Figure 1. The resulting graph G’ is
the one in black.

This is very similar to the Isp operations of [2]. We are constructing graphs by sub-
dividing the chambers of the chamber system. One key difference is that we impose no
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restrictions on the connectivity. This means that we can apply decorations to arbitrary em-
bedded graphs, but when applied to a polyhedron — i.e. a 3-connected plane graph — it is
possible that the result has a lower connectivity. We will address this problem later with
additional restrictions on decorations.

For now, we will repeat Definition 5.1 of [2] without the restrictions on the connectivity.

Definition 2.2. Let 7" be a connected periodic tiling of the Euclidean plane with chamber
system C'r, that is given by a barycentric subdivision that is invariant under the symmetries
of T'. Let vg, v1, v2 be points in the Euclidean plane so that for 0 < i < j < 2 the line L; ;
through v; and v; is a mirror axis of the tiling.

If the angle between L 1 and L 1 is 90 degrees, the angle between L ; and Lo g is 30
degrees and consequently the angle between L ; and Ly 2 is 60 degrees, then the triangle
Vg, U1, U2 subdivided into chambers as given by C'r and the corners v, v1, vo labelled with
their names vy, v, v2 is called a local symmetry-preserving operation, Isp operation for
short.

The result O(G) of applying an Isp operation O to a connected graph G is given by
subdividing each chamber C' of the chamber system C with O by identifying for 0 < ¢ <
2 the vertices of O labelled v; with the vertices labelled 7 in C'.

An Isp operation is called k-connected for k € {1,2,3} if it is derived from a k-con-
nected tiling 7. So the original definition was for 3-connected Isp operations only. In order
to correctly determine the connectivity, we first need to identify which chamber systems
correspond to k-connected graphs. To decide whether a graph G is k-connected based on
its chamber system C, we can look at the fype-1 cycles in C. A type-1 cycle is a cycle in
the subgraph of C¢; that consists of the type-1 edges only. A type-1 cycle is empty if there
are no vertices on the inside or on the outside of the cycle in this type-1 subgraph. Note
that in the graph C's these cycles are not necessarily empty.

Lemma 2.3. A plane graph G is
1. 2-connected if and only if Cq contains no type-1 cycles of length 2;

2. 3-connected if and only if G is 2-connected and C¢q contains no non-empty type-1
cycles of length 4.

Proof.

1. Suppose Cq contains a type-1 cycle of length 2. This cycle contains one type-0
vertex v, incident to at least one type-2 edge inside the cycle and at least one type-2
edge outside the cycle (see Figure 3a), because C¢ is a barycentric subdivision. It is
clear that v has to be a cut-vertex of G.

Conversely, if G has a cut-vertex v, there is a face of G for which v occurs at least
two times in its border. In Cg this face corresponds with a type-2 vertex, incident
with at least two type-1 edges to v. These edges form a type-1 cycle in C.

2. Suppose C contains a non-empty type-1 cycle of length 4, as can be seen in Fig-
ure 3b. This cycle contains two type-0 vertices v and w, with incident type-2 edges
at both sides of the cycle. Removing v and w from G results in a disconnected graph.

If G is 2-connected but not 3-connected, there are two vertices v and w that discon-
nect G when removed. So there are two non-empty subgraphs of G that are only
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connected by v and w, as in Figure 3b. This means that there is a non-empty type-1
cycle in Cg. O

(a) not 2-connected (b) 2-connected but not 3-connected

Figure 3: Two graphs with type-1 cycles. The gray area contains the graph. Only the type-1
edges of the chamber system are shown. The type-0 vertices are red and the type-2 vertices
are black.

Note that this theorem only holds for plane graphs, since the proof relies on the Jordan
curve theorem. A counterexample to an equivalent theorem for embedded graphs of higher
genus is the dual of a 3-connected graph on the torus, which can have a 2-cut (see [1]).

Since we introduced a more general definition of 1sp operations, we can also formulate
a more general version of Theorem 5.2 in [2].

Theorem 2.4. If G is a k-connected plane graph with k € {1,2, 3}, and O is a k-connected
Isp operation, then O(QG) is a k-connected plane graph.

Proof. 1t is clear that O(G) is a plane graph. For k = 1, we know that 7" and G are
connected, and it follows easily that O(G) is connected. For k = 3, the proof is given
in [2]. For k = 2, we will prove that there is no cut-vertex in O(G).

A type-1 cycle of length 2 in C (g is either completely contained in one chamber of
Ca?, oritis split between two chambers of C¢ (see Figure 4). Both cases cannot appear,
as for any chamber (resp. any pair of adjacent chambers) there is an isomorphism between
this chamber (resp. these two chambers) and the corresponding area in 7', and according to
Lemma 2.3 T has no type-1 cycles of length 2.

This implies that Co () contains no type-1 cycles of length 2, and thus, invoking once
again Lemma 2.3, O(G) contains no cut-vertices. O

Figure 4: The different situations where type-1 cycles of length 2 can occur.

2With a chamber of Cg in Co(g), we mean the area that was a chamber of C¢; before it was subdivided
by O.
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We can prove similar properties for decorations, but it is easier to use the correspon-
dence between Isp operations and decorations. Although the way they are defined is rather
different, in reality they are the same thing. The triangle vg, v1, v2 of an Isp operation that
is derived from a tiling has exactly the properties of a decoration, and each decoration can
be derived as an Isp operation from a tiling.

Theorem 2.5. Each decoration defines an Isp operation and vice versa.

Proof. ltis straightforward that the graph defined by an Isp operation is unique and satisfies
the conditions of Definition 2.1. We still have to prove that each decoration defines an Isp
operation.

Given a decoration D, we can take the hexagonal lattice H and use D to decorate each
chamber of the chamber system C'. The result will be a chamber system Cr of a tiling T'.

We will first prove that the type-2 subgraph of D is connected, by induction on the
number of triangles. There is always at least one triangle in D that shares one or two edges
with the outer face. We remove these edges, and call the result D’. It is clear that D’ still
satisfies properties 1-3 of Definition 2.1, and by induction its type-2 subgraph is connected.
If one of the removed edges has type 2, it is connected to D’ by a vertex of type 0 or 1 with
degree at least 3, and therefore it is connected to the type-2 subgraph of D’.

Given vertices v and v in the type-2 subgraph of C'r, there exists a sequence of cham-
bers Cy, . . ., C,, of H such that two consecutive chambers C; and C;, 1 share one side, and
u is contained in Cy and v in C,,. Since there are at least two vertices on each side of D,
and they are not both of type 2, at least one of them is in the type-2 subgraph of C'r-. Thus,
there is a type-2 path between u and v that passes through all chambers in the sequence
Co, ..., C,, and the type-2 subgraph of C'r is connected. It follows immediately that 7" is
connected too.

We can choose the vertices of one chamber of C'y; in T as vg, v1 and vo. This satisfies
the properties of Definition 2.2, and it is clear that the decoration defined by the triangle
Vg, U1, V2 is equal to D. O

This correspondence can be further extended to 2-connected and 3-connected opera-
tions.

Definition 2.6. A 2-connected decoration is a decoration with

1. no type-1 cycles of length 2;

2. no internal type-1 edges between two vertices on a single side.
Definition 2.7. A 3-connected decoration is a 2-connected decoration with

1. no type-1 edge between sides 0 and 2;

2. no non-empty type-1 cycles of length 4.

Note that, when seen as a graph, a decoration is always at least 2-connected.

Theorem 2.8. Each 2-connected decoration D defines a 2-connected Isp operation and
vice versa.
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Proof. A 2-connected decoration is a decoration, so it follows from Theorem 2.5 that D
defines an Isp operation. We still have to prove that the corresponding tiling 7" is 2-con-
nected. If T is not 2-connected, there is a type-1 cycle of length 2 in C'p. If this cycle is
completely contained in the triangle vy, v1, v, there is a cycle of length 2 in D too, which
is impossible. The only other possibility is that the cycle of length 2 is cut in half by L;;,
but then there would be an internal type-1 edge between 2 vertices on L;;, which is a side
of D.

A 2-connected Isp operation with corresponding tiling 7" defines a decoration D ac-
cording to Theorem 2.5. We still have to prove that the extra conditions of Definition 2.6
are satisfied. If there is a type-1 cycle of length 2 in D, this cycle occurs in Cr too, and
T would not be 2-connected. If there is an internal type-1 edge between 2 vertices on the
same side, this will result in a cycle of length 2 in T" because this side lies on a mirror axis
of T'. O

Figure 5: The different situations where non-empty type-1 cycles of length 4 can occur.

Theorem 2.9. Each 3-connected decoration D defines a 3-connected Isp operation and
vice versa.

Proof. A 3-connected decoration defines a 2-connected Isp operation. If 7" is not 3-con-
nected, there is a non-empty type-1 cycle of length 4. If this cycle is completely contained
in the triangle vg, v1, v2, there is a type-1 cycle of length 4 in D. If the cycle is cut in half
by L;;, there is an internal type-1 path of length 2 between 2 vertices on L;;, which is a
side of D. If the cycle is cut in four, as in Figure 5, there is a type-1 edge between sides 0
and 2.

A 3-connected Isp operation with corresponding tiling 7" defines a 2-connected decora-
tion D. If there is a type-1 cycle of length 4 in D, this cycle occurs in Cr too, and 7" would
not be 3-connected. If there is an internal type-1 path of length 2 between 2 vertices on the
same side, or a type-1 edge between sides 0 and 2, this will result in a cycle of length 4
inT. 0

3 Predecorations

The generation of all decorations will be split into two phases. In the first phase, we will
construct the type-1 subgraph, consisting of all edges of type 1.

Let n 4 be the number of vertices in the type-1 subgraph of degree 1 with a neighbouring
vertex of degree 2, np the number of remaining vertices of degree 1, and n¢ the number
of quadrangles with three vertices of degree 2.
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Figure 6: The subgraphs counted as n4, np and nc.

Lemma 3.1. Let D be a decoration. The type-1 subgraph D1 of D has the following
properties:

1. all inner faces are quadrangles;
2. each inner vertex has degree at least 3;
3. na<2andnp+npg+nc < 3.

Proof. 1t follows immediately from the properties of a decoration (Definition 2.1) that the
inner faces of D; are quadrangles and the inner vertices have degree at least 3.

Each area bounded by a quadrangle in D; contains one vertex of type 1 in D. The only
other difference between D and D is in the outer face of D;, where type-1 vertices of
degree 3 in D (a 3-completion), and at most one of degree 2 in D (a 2-completion), can be
present in D. If there is a type-1 vertex of degree 2, then that vertex is v;. An example can
be seen in Figure 7.

The subgraph in Figure 6¢ can only occur if the rightmost vertex v of degree two is vy,
v1 Or Vo, or if vy is a type-1 vertex of degree 2 connected to this vertex. Each of the three
vertices of degree 2 in this subgraph of D; corresponds to vy, v1, v2 or a vertex of degree
at least 4 in D. The inner edges of the quadrangle in D contribute exactly one to the degree
of these vertices. This implies that either there is a 2-completion here (in which case v; is
connected to v), or there are two 3-completions which do not involve v (in which case v is
Vo, V1 Or ’UQ).

The subgraph in Figure 6b can only occur if the rightmost vertex v is vg, v1 or vs. This
vertex of degree 1 in D; corresponds to a vertex of degree at most 3 in D, which is only
possible in vy, v1 or vs.

The subgraph in Figure 6a can only occur if the rightmost vertex v is vy or vy. There
are two neighbouring cut-vertices of D in this subgraph, which do not correspond to cut-
vertices in D. This is only possible if both of these vertices are the middle vertex of a
3-completion. This increases the degree of v in D to 2, which is only possible in vy or
vo. The degree of v can be 3 if there is a 2-completion too, but then v; is contained in this
2-completion and v still has to be vy or vs.

We find that ng < |{vg,v2}| =2andna + ng + ne < |{vo, v1,v2}| = 3. O

Definition 3.2. A predecoration is a connected plane graph with an outer face that satisfies
the properties of Lemma 3.1.

Given a predecoration P, we can try to add edges, vertices and labels to get a decoration
with P as its type-1 subgraph. We will have to add one type-1 vertex in each inner face of
P, as in Figure 7. Then we can add type-1 vertices in the outer face, and connect them to
three consecutive vertices of P. Finally, we can add a type-1 vertex in the outer face and
connect it to two consecutive vertices of P. This vertex has to be v;.
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Figure 7: A predecoration with a possible completion. The edges of type 0 and 2 are both
shown in black.

By definition, the type-1 subgraph of a decoration D is a predecoration. Unfortunately,
not each predecoration corresponds to a type-1 subgraph of some decoration. This is e.g.
the case if there are too many cut-vertices, as in Figure 8.

o——o——o——o——o

Figure 8: A predecoration that cannot be completed.

4 Construction of predecorations

All predecorations can be constructed from the base decorations K5 and Cy (see Figure 9)
using the 10 extension operations shown in Figure 10. We will prove this by showing that
each predecoration, with the exception of K» and Cy, can be reduced by the inverse of one
of the extension operations. We will then use the canonical construction path method [12]
to generate all predecorations without isomorphic copies.

*—0

Figure 9: The base predecorations.

Given a predecoration P, we will choose a canonical parent of P. This is a predeco-
ration obtained by applying one of the reductions to P. We will always use the reduction
with the smallest number among all possible reductions. It is possible that there is more
than one way to apply this reduction to P, and if P has non-trivial symmetry, some of these
can result in the same parent. If we choose one special edge in the subgraph that is affected
by the reduction operation, each way to apply this reduction corresponds to an edge of
P. We can choose an orbit of edges under the symmetry group of P by constructing a
canonical labeling of the vertices — similar to [3] — and choosing the orbit of the edge with
the lowest numbered vertices. The canonical parent of P is then obtained by applying the
corresponding reduction.

During the construction, we will try each possible extension in all possible ways, and
then check if it is the inverse of the reduction used to get the canonical parent of the result-
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Figure 10: The extensions. In the first row, the subgraphs before the extension is applied
are given. New edges and vertices are green, and vertices that are broken apart in two new

vertices are red. The outer face is always on the outside, and shadowed parts contain at
least one vertex.

L
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ing predecoration. If that is the case, we can continue to extend this predecoration.

It is possible to construct all predecorations with fewer extensions, but it is important
that a canonical reduction always results in a valid predecoration. The order of extensions
1-4 ensures that a canonical reduction never increases n 4, and extensions 5—7 ensure that
a canonical reduction never increases n4 + np + n¢. Extensions 8—10 are necessary when
none of the other reductions are possible, so that each predecoration different from the base
decorations has a possible reduction. We will prove this in Lemma 4.2 and Theorem 4.3.

Lemma 4.1. An extension applied to a predecoration results in another predecoration if it
keeps na < 2andna + np +ne < 3. Only extensions 1, 2 and 5 possibly violate this
condition.

Proof. 1t is easy to see that each extension can only create new inner faces that are quad-

rangles, and inner vertices with degree at least 3.
The only extensions that can increase n 4 are extensions 1 and 2. The only extension
that can increase n g is extension 2. The only extension that can increase n¢ is extension 5.
O

This makes it easier to keep count of n 4, np and n¢ during the construction.

Lemma 4.2. Let P be a predecoration different from the base predecorations. By applying
one of the reductions from Figure 10, P can be reduced to a graph containing fewer vertices
or a graph containing the same number of vertices but fewer edges.
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Furthermore, if we apply the reduction with the smallest number among all possible
reductions, the resulting graph is again a predecoration.

Proof. For the first part, it is clear that each reduction results in a ‘smaller’ graph, so we
only need to verify that at least one reduction can be applied. If P contains at least one
quadrangle, there is at least one quadrangle () with an edge in the outer face. Since P is
not Cy, there is at least one other vertex not contained in @ in the graph, and reduction 10
is possible. If there is no quadrangle in P, reduction 1 is possible.

For the second part, it is immediately clear that all reductions preserve the properties
that all inner faces are quadrangles and that all inner vertices have degree at least 3. It
remains to be proven that for the new graphng < 2andny +np +ne < 3.

Some reductions can increase n4, np or ng, but only if another reduction with a
smaller number can also be applied. This is the reason that we need so many extension
operations in that particular order. In Table 1, all these situations are given.

Table 1: Table with possible reductions. Read this table as:
Reduction ¢ can increase nx, but only if ny is decreased by the same amount.
Reduction 7 can increase n x, but only if reduction j/k can be applied too.

reduction nxp np nco

1 na
2 1 1 np
3,4 1
5,6,7 11 3/4
8 2/5 5 6/7
9 2/8 8 8
10 2/9 9 9

It is impossible to increase n 4 with a reduction that has the smallest possible number.
Therefore, we still have n4 < 2 in the new graph.

Reduction 1 can increase n g, but only by removing a vertex of degree 2 neighbouring
a vertex of degree 1, i.e. by decreasing n4 by the same amount. Therefore, we still have
na +np + ne < 3 in the new graph.

Reduction 2 can increase n¢, but only by decreasing np by the same amount. There-
fore, we still have n4 + np + n¢ < 3 in the new graph. O

Theorem 4.3. The algorithm described in Algorithm 1 generates all predecorations.

Proof. This follows immediately from [12] and Lemma 4.2. O

5 Construction of decorations

Now that we can construct all predecorations, we can use the homomorphism principle
[10] and complete each predecoration in all possible ways to get all k-decorations with
Algorithm 2. We first have to compute the symmetry group of the predecoration, in order
to avoid completions that result in the same decoration. After the first 4 steps, all symmetry
is broken by choosing vy, v and vs.
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Algorithm 1 Construction of predecorations

function EXTEND(P)

output P
fori=1,...,10do
for O an orbit of edges in the outer face of P do
e < edgein O
P’ + apply extension i to edge e of P
if P canonical parent of P’ then
EXTEND(P’)

for GG a base predecoration do

EXTEND(P)

Algorithm 2 Complete a predecoration in all possible ways

1.

If nga > 0, label the corresponding vertices of degree 1 with vy or vq in all non-
isomorphic ways.

If ng + ne > 0, label the corresponding vertices with vy, v1 or vy in all non-
isomorphic ways.

. If v1 is not yet chosen, label an outer vertex with v; or add a new type-1 vertex v of

degree 2 in the outer face in all non-isomorphic ways.

If vy or vy is not yet chosen, label two outer vertices with vy and vo in all non-
isomorphic ways.

Fill all inner quadrangles with a type-1 vertex.

Add type-1 vertices of degree 3 in the outer face in all possible ways, such that there
are no cut-vertices or vertices of degree 2 left.

Check whether the result is a k-decoration.
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We do not have to take isomorphisms into account, since two isomorphic decorations
will have isomorphic predecorations.

Note that it might not be possible to complete a predecoration in Step 6 such that there
are no cut-vertices left.

5.1 Connectivity

In Step 7, we will always obtain a decoration. The additional properties for 2-connected
decorations and 3-connected decorations have to be checked. The properties in the outer
face cannot be checked earlier in the construction process, because they depend on the cho-
sen completion. But we can prevent type-1 cycles of length 2 and cycles of length 4 during
the construction. It is clear that once a type-1 cycle is created during the construction, it
cannot be destroyed later. So we only have to avoid the creation of the first type-1 cycle of
length 2 or 4.

The only way to create a first type-1 cycle of length 2 is by applying extension 10 to
a predecoration with an outer face of size 4. This can easily be avoided. The only way to
create a non-empty type-1 cycle of length 4 is by applying extension 10 to a predecoration
with an outer face of size 6. We can avoid this too.

To check the other properties after the completion, we can loop over the outer face
of the decoration, and mark all vertices one inner edge away from side ¢ with . If we
encounter a vertex on side ¢ that is marked with ¢, the decoration is not 2-connected. If a
vertex is marked two times with the same number, or a vertex on side 1 is marked with 0
or vice versa, the decoration is not 3-connected.

5.2 Inflation rate

As mentioned in [2], the impact of an operation on the size of a polyhedron can be measured
by the inflation rate. This is the ratio of the number of edges before and after the operation,
and is equal to the number of chambers in the decoration.

Although it is interesting to construct all possible decorations, we are more interested in
the decorations with a given inflation rate. Unfortunately, we cannot determine the inflation
rate before the predecoration is completed as decorations with different inflation rates might
have the same predecoration, but we can compute lower and upper bounds.

Given a predecoration P, for each decoration that has P as its underlying predecoration,
each quadrangle of P corresponds to 4 chambers and each cut-vertex of which the removal
leaves k > 2 components requires 2(k — 1) extra chambers. So

4 - (number of quadrangles) + 2 - Z (occurences in outer face — 1)

cut-vertices

is a lower bound for the inflation rate. The maximal inflation rate of a predecoration is
reached by adding as much type-1 vertices as possible in the outer face. This will result
in exactly one chamber for each edge in the outer face. In combination with the 4 cham-
bers in each quadrangle, this results in 2 chambers (one at each side) for each edge of the
predecoration. So the maximal inflation rate is

2 - (number of edges).

If the lower bound for the inflation rate of a predecoration is already higher than the
desired inflation rate, we do not have to extend it further as it can only increase. If the
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upper bound is lower than the desired inflation rate, we have to extend it, but we do not
have to try to complete it.

Table 2: The number of k-connected decorations up to inflation rate 40. The number of
predecorations that can be completed to a decoration with given inflation rate are given too.
Not all of these predecorations are constructed for 2-connected or 3-connected decorations.

k-connected decorations

inflation rate k=1 k=2 k=3 predecorations
1 2 2 2 1
2 2 2 2 1
3 4 4 4 1
4 6 6 6 2
5 6 6 4 2
6 20 20 20 4
7 28 28 20 7
8 58 58 54 8
9 82 82 64 7
10 170 168 144 19
11 204 200 132 16
12 496 492 404 50
13 650 640 396 42
14 1432 1400 1112 118
15 1824 1786 1100 109
16 4114 3952 2958 298
17 5078 4900 2769 300
18 11874 11150 7972 749
19 14808 14058 7560 782
20 33978 30998 21300 1902
21 41794 38964 20076 2056
22 97096 85976 56296 4893
23 118572 107784 52380 5419
24 277208 237482 148956 12615
25 337216 298546 138384 14153
26 788342 652236 392096 32665
27 953060 820960 362499 36953
28 2239396 1786222 1027488 84853
29 2697088 2250816 945612 96491
30 6350014 4875076 2687408 220646
31 7618068 6153604 2466156 251104
32 17972390 13262574 7007118 573547
33 21487746 16773086 6409664 654663
34 50805716 35985748 18222032 1491540
35 60573248 45592594 16623268 1706755
36 143425040 97394726 47287986 3878836
37 170530518 123628298 43038260 4446426
38 404413576 262983002 122451618 10085305
39 479711448 334473144 111200316 11582891

40 1139138344 708583784 316474370 26222191
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Table 3: All decorations with inflation rate r up to 8. The green lines are edges of type 1.
The black lines are edges of type 0 and 2. For each of the given decorations, the edges of
type 0 and 2 can be chosen in two different ways. All decorations except the symmetric
ones (marked with a star) can be mirrored. So each starred decoration represents two related
Isp operations, and the unstarred ones represent four related Isp operations.
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6 Results

Using Algortihms 1 and 2, we implemented a computer program [8] to generate all k-
decorations with a given inflation rate. The results of this program are given in Table 2.
The decorations for inflation rates < 8 are given in Table 3.

The two Isp operations with inflation rate 1 are obviously identity and dual. The lsp
operations with inflation rate 2 are ambo and join, and the ones with inflation rate 3 are
truncate, zip, needle and kiss. Up to here, all Isp operations were already described by
Conway [5] or others. For the left decoration with inflation rate 4, only two of the 4 related
Isp operations (chamfer and subdivide) are already named. The first decoration for which
none of the related Isp operations (including dual and mirrored ones) are already named,
is the 2-connected 1Isp operation with inflation rate 5. The first unnamed 3-connected 1sp
operations are the three leftmost decorations with inflation rate 6.

These results are verified for inflation rate up to 23 by an independent implementation
that constructs all triangulations, filters the decorations out, applies them to a polyhedron,
checks the connectivity and filters the isomorphic ones out.
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Abstract

Relative Heffter arrays, denoted by H;(m, n; s, k), have been introduced as a general-
ization of the classical concept of Heffter array. A H;(m, n; s, k) is an m X n partially filled
array with elements in Z,,, where v = 2nk +t, whose rows contain s filled cells and whose
columns contain k filled cells, such that the elements in every row and column sum to zero
and, for every z € Z, not belonging to the subgroup of order ¢, either x or —x appears
in the array. In this paper we show how relative Heffter arrays can be used to construct

biembeddings of cyclic cycle decompositions of the complete multipartite graph K 2nnt+t .,
into an orientable surface. In particular, we construct such biembeddings providing integer
globally simple square relative Heffter arrays fort = k = 3,5,7,9 and n = 3 (mod 4)

and for k = 3 with t = n, 2n, any odd n.

Keywords: Heffter array, biembedding, complete multipartite graph.
Math. Subj. Class. (2020): 05B20, 05B30, 05C10

1 Introduction

An m x n partially filled (p.f., for short) array on a set {2 is an m X n matrix whose
elements belong to €2 and where we also allow some cells to be empty. The following class
of p.f. arrays was introduced in [15], generalizing the ideas of [2]:
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Definition 1.1. Let v = 2nk + ¢ be a positive integer and let J be the subgroup of Z,, of
order t. A H¢(m,n;s, k) Heffter array over Z, relative to J is an m x n p.f. array with
elements in Z, such that:

(a) each row contains s filled cells and each column contains & filled cells;
(b) forevery x € Zonkyt \ J, either x or —z appears in the array;
(c) the elements in every row and column sum to zero.

Trivial necessary conditions for the existence of a H;(m, n; s, k) are that ¢ divides 2nk,
nk=ms,3 <s<mnand3 <k <m.If H(m,n;s, k) is a square array, it will be denoted
by H:(n; k). A relative Heffter array is called integer if Condition (c) in Definition 1.1 is
strengthened so that the elements in every row and in every column, viewed as integers in
+{1,..., [ 22|}, sum to zero in Z. We remark that, if ¢t = 1, namely if .J is the trivial
subgroup of Zs,k+1, we find again the classical concept of a (integer) Heffter array, see
[2,3,4,9, 10, 13, 16, 17]. In particular, in [10] it was proved that Heffter arrays Hy (n; k)
exist for all n > k > 3, while by [4, 17] integer Heffter arrays H; (n; k) exist if and only if
the additional condition nk = 0,3 (mod 4) holds. At the moment, the only known results
concerning relative Heffter arrays are described in [15, 22]. Some necessary conditions for
the existence of an integer H;(n; k) are given by the following.

Proposition 1.2 ([15]). Suppose that there exists an integer Hy(n; k) for some n > k > 3
and some divisor t of 2nk.

(1) Ift divides nk, then nk =0 (mod 4) or nk = —t = +1 (mod 4).
(2) Ift = 2nk, then k must be even.
(3) Ift # 2nk does not divide nk, then t + 2nk = 0 (mod 8).

We point out that these conditions are not sufficient, in fact in the same paper the authors
show that there is no integer Hs,, (n; 3) and no integer Hg(4; 3).

The support of an integer Heffter array A, denoted by supp(A), is defined to be the
set of the absolute values of the elements contained in A. It is immediate to see that
an integer Hy(n; k) is nothing but an integer Hy (n; k), since in both cases the support
is {1,2,...,nk}.

In this paper we study the connection between relative Heffter arrays and biembed-
dings. In particular, in Section 2 we recall well known definitions and results about simple
orderings and cycle decompositions. Then, in Section 3 we explain how relative Heffter
arrays Hy(n; k) can be used to construct biembeddings of cyclic k-cycle decompositions of
the complete multipartite graph K anbit into an orientable surface. Direct constructions
of globally simple integer H;(n;3) with ¢ = n, 2n for any odd n and of globally simple
integer Hy(n; k) for k = 7,9 and n = 3 (mod 4) are described in Section 4. Combining
the results of these sections we prove the following.

Theorem 1.3. There exists a cellular biembedding of a pair of cyclic k-cycle decomposi-
tions of K 2nkt into an orientable surface in each of the following cases:
(1) k=3t e {n,2n} and n is odd;
(2) ke {3,5,7,9}, t =k andn =3 (mod 4).
Finally, in Section 5 we introduce a further generalization, called Archdeacon array,

of the classical concept of Heffter array. We show some examples and how both cycle
decompositions and biembeddings can be obtained also using these arrays.
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2 Simple orderings and cycle decompositions

Given two integers a < b, we denote by [a, b] the interval containing the integers a,a + 1,
.,b. If a > b, then [a, b] is empty.

If Ais an mxn p.f. array, the rows and the columns of A will be denotedby Ry, ..., R,,
andby C1, ..., C,, respectively. We will denote by £(A) the unordered list of the elements
of the filled cells of A. Analogously, by £(R;) and £(C;) we mean the unordered lists of
elements of the i-th row and of the j-th column, respectively, of A. Also, we define the
skeleton of A, denoted by skel(A), to be the set of the filled positions of A.

Given a finite subset 7" of an abelian group G and an ordering w = (t1,to,...,tx)
of the elements in T, let s; = Z;‘=1 tj, for any ¢ € [1,k], be the ¢-th partial sum of
w and set S(w) = (s1,...,5;). The ordering w is said to be simple if s, # s. for all
1 < b < ¢ < k or, equivalently, if there is no proper subsequence of w that sums to 0. Note
that if w is a simple ordering so is w™ = (tx,tx_1,...,%1). We point out that there are
several interesting problems and conjectures about distinct partial sums: see, for instance,
[1,5, 14,19, 23]. Given an m x n p.f. array A, by wg, and wg, we will denote, respectively,
an ordering of £(R;) and of £(C;). If for any i € [1,m] and for any j € [1,n], the
orderings wz, and wg, are s1mple we define by w, = wg o---owg the simple ordering
for the rows and by wc = wg, 0 owg the simple orderlng for the columns. Moreover,
by natural ordering of a row (column) of A we mean the ordering from left to right (from
top to bottom). A p.f. array A on an abelian group G is said to be

e simple if each row and each column of A admits a simple ordering;

e globally simple if the natural ordering of each row and each column of A is simple.

Clearly if £ < 5, then every square relative Heffter array is (globally) simple.

We recall some basic definitions about graphs and graph decompositions. Given a graph
I, by V(T') and E(T") we mean the vertex set and the edge set of I, respectively. We will
denote by K, the complete graph of order v and by K, the complete multipartite graph
with g parts each of size r. Obviously K, is nothing but the complete graph K. Let G
be an additive group (not necessarily abelian) and let A € G'\ {0} such that A = —A, which
means that for every A € A we have also —A € A. The Cayley graph on G with connection
set A, denoted by Cay[G : A, is the simple graph having G as vertex set and such that two
vertices x and y are adjacent if and only if x —y € A. Note that, if A = G'\ {0}, the Cayley
graph is the complete graph whose vertex set is G and, if A = G \ J for some subgroup
J of G, the Cayley graph is the complete multipartite graph K, where ¢ = |G : J| and
r=1J|

The following are well known definitions and results which can be found, for instance,
in [8]. Let I" be a subgraph of a graph K. A I'-decomposition of K is a set D of subgraphs
of K isomorphic to I" whose edges partition E(K). If the vertices of K belong to a group
G, given g € G, by I'+ g one means the graph whose vertex setis V' (I') + ¢ and whose edge
setis {{z + g,y + g} | {z,y} € ET)}. An automorphism group of a I'-decomposition
D of K is a group of bijections on V(K) leaving D invariant. A T'-decomposition of K
is said to be regular under a group G or G-regular if it admits G as an automorphism
group acting sharply transitively on V' (K'). Here we consider cyclic cycle decompositions,
namely decompositions which are regular under a cyclic group and with I a cycle. Finally,
two graph decompositions D and D’ of a simple graph K are said orthogonal if and only
if for any B of D and any B’ of D’, B intersects B’ in at most one edge.
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The relationship between simple relative Heffter arrays and cyclic cycle decompositions
of the complete multipartite graph is explained in [15]. Here we briefly recall the following
result.

Proposition 2.1 ([15, Proposition 2.9]). Let A be a Hi(m,n; s, k) simple with respect to
the orderings w, and w.. Then:

(1) there exists a cyclic s-cycle decomposition D,,, of K 2mstt S

(2) there exists a cyclic k-cycle decomposition D, of K 2nktt )

(3) the cycle decompositions D, and D,,, are orthogonal.

The arrays we are going to construct are square with a diagonal structure, so it is con-
venient to introduce the following notation. If A is an n X n array, for ¢ € [1, n] we define
the i-th diagonal

D; ={(,1),(i+1,2),...,(i—1,n)}

Here all the arithmetic on the row and the column indices is performed modulo n, where
the set of reduced residues is {1,2,...,n}. We say that the diagonals D;, D; 11, ..., Dy,
are consecutive diagonals.

Definition 2.2. Let £ > 1 be an integer. We will say that a square p.f. array A of size
n > kis

e k-diagonal if the non empty cells of A are exactly those of k£ diagonals;

e cyclically k-diagonal if the nonempty cells of A are exactly those of & consecutive
diagonals.

Let A be a k-diagonal array of sizen > k. Aset S = {D,41,Dyy2,..., D40} is said
to be an empty strip of width ¢ if D, 1, Dyyo,..., D, ., are empty diagonals, while D,.
and D, ¢4 are filled diagonals.

Definition 2.3. Let A be a k-diagonal array of size n > k. We will say that A is a k-
diagonal array with width ¢ if all the empty strips of A have width /.

An array of this kind will be given in Example 4.9.

3 Relation with biembeddings

In [2], Archdeacon introduced Heffter arrays also in view of their applications and, in par-
ticular, since they are useful for finding biembeddings of cycle decompositions, as shown,
for instance, in [11, 13, 16]. In this section, generalizing some of Archdeacon’s results we
show how starting from a relative Heffter array it is possible to obtain suitable biembed-
dings.

We recall the following definition, see [20].

Definition 3.1. An embedding of a graph I in a surface X is a continuous injective map-
ping ¢»: I' — 3, where I is viewed with the usual topology as 1-dimensional simplicial
complex.

The connected components of ¥ \ ¢(I") are called 1-faces. If each ¥-face is homeo-
morphic to an open disc, then the embedding v is said to be cellular.
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Definition 3.2. A biembedding of two cycle decompositions D and D’ of a simple graph
T is a face 2-colorable embedding of I" in which one color class is comprised of the cycles
in D and the other class contains the cycles in D’.

Following the notation given in [2], for every edge e of a graph I, let et and e~ denote
its two possible directions and let 7 be the involution swapping e and e~ for every e. Let
D(T) be the set of all directed edges of I" and, for any v € V(T'), call D,, the set of edges
directed out of v. A local rotation p, is a cyclic permutation of D,,. If we select a local
rotation for each vertex of I', then all together they form a rotation of D(I"). We recall the
following result, see [2, 18, 21].

Theorem 3.3. A rotation p on T is equivalent to a cellular embedding of T in an orientable
surface. The face boundaries of the embedding corresponding to p are the orbits of p o T.

Given a relative Heffter array A = H;(m, n; s, k), the orderings w, and w,. are said to
be compatible if w. o w, is a cycle of length |E(A)].

Theorem 3.4. Let A be a relative Heffter array Hy(m, n; s, k) that is simple with respect to
the compatible orderings w, and w.. Then there exists a cellular biembedding of the cyclic
cycle decompositions D -1 and D,,_ of K 2nk+: ., into an orientable surface of genus
r . t
(nk—n—m—1)(2nk+1t)

g=1+ 2

Proof. Since the orderings w, and w, are compatible, we have that w, o w, is a cycle of
length |E(A)|. Let us consider the permutation po on £E(A) = Zopkye \ 225 Zo s,
where wzgnkﬂ denotes the subgroup of Zs,,;++ of order ¢, defined by:

_ —wp(a) ifa € E(A);
we(—a) ifae —E(A).

Note that, if a € £(A), then p3(a) = w, o w,(a) and hence p3 acts cyclically on £(A).
Also pg exchanges £(A) with —€(A). Thus it acts cyclically on £E(A).
We note that the graph Kzn,;;-+t . is nothing but Cay|[Zon i1+ : Zapk+t \ 2"’§+tZ2nk+t]

that is Cay[Zan++ : £E(A)]. Now, we define the map p on the set of the oriented edges of
the Cayley graph Cay[Zopi1+ : £E(A)] so that:

p((z,x +a)) = (2,2 + po(a))-

Since jp acts cyclically on £E(A) the map p is a rotation of Cay[Zanrtt : £E(A)].
Hence, by Theorem 3.3, there exists a cellular embedding o of Cay[Zanitt @ £E(A)]
in an orientable surface so that the face boundaries correspond to the orbits of p o 7 where
7((z,z + a)) = (x + a,x). Let us consider the oriented edge (x,x + a) with a € £(A),
and let C be the column containing a. Since a € £(A4), —a € —E(A) and we have that:

por((z,z+a)) =p((x+a,(x+a)—a)) =(z+azx+a+wa)).
Thus (x, x 4+ a) belongs to the boundary of the face F; delimited by the oriented edges:

(7 + a),(x + a, 7 + a + we(a)),
E@I-2
(z+a+we(a), +a+wea) +w(a)),..., | z+ Z wi(a),z |.
=0
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We note that the cycle associated to the face F} is:

@12
r, x4+ a,x+a+we(a),...,x+ Z wi(a)
i=0

Let us now consider the oriented edge (z,z + a) with a ¢ £(A). Hence —a € E(A), and
we name by R the row containing the element —a. Since —a € £(A) we have that:

por((z,a+a) = pl(z+a,(x+a)—a) = (& +a,z+a—w(-a)).
Thus (z, 2 + a) belongs to the boundary of the face F» delimited by the oriented edges:

(:L',I’ + a)7 (I - (*CL),IE - (*CL) - wr(fa))a

E®)-2
(¢ = (=a) —wr(~a),x — (=a) —w(=a) —wi(=a)),..., (z = Y wi(-a)z
=0

Since A is a Heffter array and w,. acts cyclically on £(R), for any j € [1,|E(R)|] we have
that:

= E@I-1 e@®i-i E@I-5
- Zwﬁ.(—a) = Z wy(—a) = wlEBI=i(_g) = Z w, ‘(—a).
i=0 i=j i=1 i=1

It follows that the cycle associated to the face F5 can be written also as:

E@I-1 E@I-2
z, T+ Z w, (—a),z+ Z w i (=a),...,x+w (—a)
i=1

=1

g

<.

Therefore any nonoriented edge {x, z + a} belongs to the boundaries of exactly two faces:
one of type F; and one of type F5. Hence the embedding is 2-colorable.

Moreover, it is easy to see that those face boundaries are the cycles obtained from the
relative Heffter array A following the orderings w,. and w, !,

To calculate the genus g it suffices to recall that V — S+ F = 2—2g, where V, S and F’
denote the number of vertices, edges and faces determined by the embedding on the surface,
respectively. We have V' = 2nk +t, S = nk(2nk +t) and F = (2nk + t)(n+m). O

Looking for compatible orderings in the case of a globally simple Heffter array led us to
investigate the following problem introduced in [12]. Let A be an m X n toroidal p.f. array.
By r; we denote the orientation of the ¢-th row, precisely r; = 1 if it is from left to right
and r; = —1 if it is from right to left. Analogously, for the j-th column, if its orientation
c; is from top to bottom then ¢; = 1 otherwise ¢; = —1. Assume that an orientation
R=(r1,...,mm)andC = (c1,...,cy)is fixed. Given an initial filled cell (41, j1 ) consider
the sequence L c(i1, 1) = ((i1,71), (92, 72); - - -5 (26, Je)s (Ge41s Jet1), - - ) where joyq is
the column index of the filled cell (i, je+1) of the row R;, next to (i, je) in the orientation
r;,, and where ¢, is the row index of the filled cell of the column 5]- o1 EXttO (ig, Joi1)
in the orientation c;, . The problem is the following:
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Crazy Knight’s Tour Problem. Given a toroidal p.f. array A, do there exist R and C such
that the list Lz ¢ covers all the filled cells of A?

By P(A) we will denote the Crazy Knight’s Tour Problem for a given array A. Also,
given a filled cell (4, j), if Lz ¢(Z,7) covers all the filled positions of A we will say that
(R,C) is a solution of P(A). For known results about this problem see [12]. The relation-
ship between the Crazy Knight’s Tour Problem and globally simple relative Heffter arrays
is explained in the following result which is an easy consequence of Theorem 3.4.

Corollary 3.5. Let A be a globally simple relative Heffter array Hy(m, n; s, k) such that
P(A) admits a solution (R, C). Then there exists a biembedding of the cyclic cycle decom-
positions D -1 and D, of K zni+t ., into an orientable surface.

Extending [11, Theorem 1.1] to the relative case, we have the following result (see also
[12, Theorem 2.7]).

Proposition 3.6. If there exist compatible simple orderings w, and w, for a Hy(m,n; s, k),
then one of the following cases occurs:

(1) m,n, s,k are all odd;
(2) m is odd and n, k are even;

(3) nis odd and m,t are even.

Given a positive integer n, let 0 < /1 < ly < --- < { < n be integers. We denote
by A, = A,(¢1,0s,...,0) a k-diagonal p.f. array of size n whose filled diagonals are
Dfu D@27 ey ng. Let M = lcm(fg—él, 53—62, ey b —Lp_q, Ek—gl) and set An+M =
Apirr (81, 8o, ..., L). We now study the Crazy Knight’s Tour Problem for such arrays A,,.
As a consequence, we will obtain new biembeddings of cycle decompositions of complete
graphs on orientable surfaces.

Theorem 3.7. Suppose that the problem P(A,,) admits a solution (R,C) where R = (1,1,
.y 1)yand C = (c1,¢9,. .. Cn—p,+1,1,1,...,1). Then P(A,+n) admits the solution
(R',C"Ywhere R' = (1,1,...,1) and C' = (¢1,¢, ... Cn—pp+1,1,1,...,1).

Proof. We denote by E the set of indices ¢ such that ¢; = —1 and by B,, the p.f. array
of size n obtained from A,, by replacing each column éj, when j ¢ E, with an empty
column. Also, we denote by B,,1 s the p.f. array of size n + M obtained from A, s in
the same way using the same set E. As E C [1,n — £} + 1], the nonempty cells of B,, are
of the form ((e — 1) + ¢;,¢) fore € E and i € [1,k]. Since (e — 1) + ¢; < n, we have
skel(B,,) = skel(B,+ ). So we can set B = skel(B,,) = skel(Bj4a1)-

For any = = (i1,j1) € B, consider the sequence X = Lg ¢(i1,71) defined on
skel(A,,) and let y be the second element of X that belongs to Bif | X NB| > 2,y =«
otherwise. Define ¢,,: B — B by setting ¥,,(z) = y. Take (R’,C’) as in the statement
and define the map ¥,y ps: B — B as before considering the sequence Lg: ¢/ (x) defined
on Skel(An_Hw).

In order to prove that 9,,(x) = U, 4a (), for any h € [1, k], we set:

o(h) =< by — Uy if h = 2;

31—51@71 lfhzl, . 1.
and 6(h){€1_€k ifh = 1;
ly, — by_o  otherwise

by, — {1 otherwise.
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Set x = (i1, j1) € B, hence z € Dy, for some h € [1, k]. We have that
Un(x) = (i1 +6(h)A — o (h),j1 +6(h)A)  (mod n)
where ) is the minimum positive integer such that (j; + 6(h)A) (mod n) € E. Similarly
Onym(x) = (i1 + 6(R)N —o(h),j1 +6(h)N)  (mod n + M)

where )\’ is the minimum positive integer such that (j; + §(h)\') (mod n + M) € E.
Write j; + 6(h)A = gn + r where 1 < r < n, which means r € E.

If ¢ = 0, we clearly have \' = X and hence 9,1 pr(z) = ¥, (). Otherwise, since the
last M elements of C’ are equal to 1, we have that \' = \ + %. Hence:

Ipin(x) = <i1 +6(h) (A + g%) —o(h),j1+0(h) </\ + %)) (mod n + M)

= (i1 +6(R)A +gM — o (h),j1 + 0(h)A 4+ ¢qM) (mod n+ M)
— (i~ ja) +a(n+ M) 47— o(h),qln+ M) +7) (mod n+ M)
=((i1 —j1)+r—o(h),r) (modn+ M).

It is not hard to see that 1 < (i1 — j1) +r — o(h) < n; also recall that 1 < r < n.
Hence
Untm(z) = ((ir — j1) + 7 —o(h),7).
On the other hand, by j; + d(h)A = gn + r, we obtain:

((ih =ju) +7r—=o(h),r) = (ir + 6(W)A = a(h),j1 + 6(h)A)  (mod n) = Iy ().

So we have proved that 9,4 ps(x) = ¥, () for any = € B.

For any (4, j) € skel(A,,), since (R,C) is a solution of P(A,,), we have Lz ¢(4,7) N
B = B. Moreover, since ¥, (z) = Y, (x) for any z € B, it follows that for any
(i',7") € skel(A,4p) we have Lgs ¢/(i',j') N B is either B or ). If there exists (7,7) €
skel(A,4 ar) such that Lr/ ¢/(7,7) N B = () then for any X' € N, the cell (z + d(h)N, 7+
§(h)X) (mod n + M) is not in B. On the other hand there exists A € N, such that
(7 + 5(h)A, 7+ d(h)A\) (mod n) € B, since (R,C) is a solution of P(A,,). Also, since
§(h) divides M there exists ¢ € N such that (z + §(h)A\, 7+ 6(h)\) (mod n + M) € B,
where A = \ + gM/&(h). Hence Lr: c:(7,7) N B # (), which is a contradiction. Thus it

follows that (R’,C’) is a solution of P(A, ). O

Corollary 3.8. Let k =3 (mod 4) andn =1 (mod 4) be suchthatn > kand 3 < k <
119. Let A,, be a k-diagonal array whose filled diagonals are Dy, Ds, ..., Dy_3, Dy_1,
Dy, and Dy.y1. Then P(A,,) admits a solution.

Proof. Let k = 4h 4+ 3 and M = lem(2,4h + 3), that is M = 2(4h + 3). For any
1 < h < 29, with the help of a computer, we have checked the existence of a solution of
P(A,) forany n € [4h+5,4h+5+ M| = [4h+5, 12h+ 11], that satisfies the hypothesis
of Theorem 3.7. Hence the claim follows by this theorem. O

Corollary 3.9. Let k = 3 (mod 4) andn =1 (mod 4) suchthatn > kand 3 < k < 119.
Then there exists a globally simple Hy(n; k) with orderings w, and w. which are both
simple and compatible. As a consequence, there exists a biembedding of cyclic k-cycle
decompositions of the complete graph Ko+ into an orientable surface.
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Proof. The existence of a globally simple H; (n; k), whose filled diagonals are D1, D, . . .
Dy_3,Dy_1, Dy, Dy41, was proven in [9]. The result follows from Corollaries 3.5 and 3.8.
O

4 Direct constructions of globally simple H;(n; k)

Many of the constructions we will present are based on filling in the cells of a set of di-
agonals. In order to describe these constructions we use the same procedure introduced in
[17]. In an n X n array A the procedure diag(r, ¢, s, A1, Ao, £) installs the entries

Alr + 1Ay, c+iA] = s+ 1Ay fori € [0,0 — 1],

where by A[i, j| we mean the element of A in position (¢, j). The parameters used in the
diag procedure have the following meaning:

e 1 denotes the starting row,

e cdenotes the starting column,

e s denotes the entry A[r, ],

e A; denotes the increasing value of the row and column at each step,

e A, denotes how much the entry is changed at each step,

e / is the length of the chain.
We will write [a, b] 17y to mean supp(W) = [a, b].

Proposition 4.1. For every odd n > 3 there exists an integer cyclically 3-diagonal Heffter
array Hy(n; 3).

Proof. We construct an n X n array A using the following procedures labeled A to E:

A: diag (1, 1, —7";9,1,7,n); B: diag (1,2, 7”;3,2, -7, "TH),

C: diag (2,3,-5,2,—7,%51); D: diag (2,1, 12512 2 —7 ndl),

E: diag (3,2,-10,2, -7, 251).

We prove that the array constructed above is an integer cyclically 3-diagonal H,,(n; 3).
To aid in the proof we give a schematic picture of where each of the diagonal procedures
fills cells (see Figure 1). Note that each row and each column contain exactly 3 elements.
We now check that the elements in every row sum to zero (in Z).

Row 1. There is the first value of the A diagonal and of the B diagonal and the last of the
D diagonal. The sum is
=9 + m—3
2 2

-3=0.

Row 2 to n. There are two cases depending on whether the row 7 is even or odd. If r is
even, then write r = 2i + 2 where i € [0, 252]. Notice that from the D, A and C
diagonal cells we get the following sum:

1 9
<7"2 3—7i)+(—7n2 3+14i>+(—5—7i)—0.
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A|B D
D|A|C
E|A|B
D|A|C
E|A|B
D|A|C
E|A|B

D|A]|C

B E|A

Figure 1: Scheme of construction with n = 9.

If r is odd, then write r = 2i + 3 where i € [0, 252]. From the E, A and B diagonal
cells we get the following sum:

Tn — 37 Tn— 17
(—10—7i)+(—n2 +14z')+<"2 —7¢)=0.

So we have shown that all row sums are zero. Next we check that the columns all add to
Zero.

Column 1. There is the first value of the A diagonal and of the D diagonal and the last of
the B diagonal. The sum is

_7n—9 ™ — 13

2=0.
2 + 2 +

Column 2 to n. There are two cases depending on whether the column c is even or odd.
If ¢ is even, then write ¢ = 2i + 2 where i € [0, 252]. Notice that from the B, A and
E diagonal cells we get the following sum:

n — —9
( - 3—7¢>+<—7n2 3+14i)+(—10—7i):0.

If c is odd, then write ¢ = 2¢ + 3 where ¢ € [0, ”ng} . From the C, A and D diagonal
cells we get the following sum:

Tn — 37 T — 27
(—5—7z‘)+(—"2 +14¢)+(”2 —7i>:0.

So we have shown that each column sums to zero. Also, it is not hard to see that:

supp(d) = {1,8,15,..., 751 U {6,13,20, ..., 7521,
supp(B) = {2,9,16,..., %31,

supp(C) = {5,12,19,..., 211}

supp(D) = {3} U {4,11,18,..., 213}

supp(E) = {10,17,24,..., %=1

hence supp(A) = [1, ™2-1]\ {7,14,21,..., 2=T}. This concludes the proof. O
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Example 4.2. Following the proof of Proposition 4.1 we obtain the integer Hg(9; 3) below.

—27 30 -3

25| 20| -5
—-10 | —13 23
18| —6 | —12
—17 1 16
11 8| —19
—24 15 9
4 22 | —26
2 -31 29

We can use this example to briefly explain how the construction has been obtained (a
similar idea will be used also in Proposition 4.3 below). First of all, we have to avoid the
multiples of @ + 1 = 7, so we work modulo 7. The diagonal D; consists of elements,
all congruent to 1 modulo 7, arranged in arithmetic progression where, for instance, the
central cell is filled with 1. The other two filled diagonals are obtained in such a way that
the elements of Dy are all congruent to 2 modulo 7 and the elements of Dy are all congruent
to —3 modulo 7. This can be achieved filling the cell (9, 1) with the integer 2: it is now
easy to obtain the elements in the remaining cells, remembering that the row/column sums

are 0.

Proposition 4.3. For every odd n > 3 there exists an integer cyclically 3-diagonal Heffter
array Hay, (n; 3).

Proof. We construct an n X n array A using the following procedures labeled A to E:
A: diag(1,1,—(4n - 5),1,8,n); B: diag(1,2,4n — 2,2, -8, 1+1);
C: dzag (27 37 _65 27 —8, %), D: dzag (2, 1, 47’l — 7’ 2’ —87 HTH)’
E: diag(3,2,—11,2, -8, 251).

We prove that the array constructed above is an integer cyclically 3-diagonal Hy,, (1; 3).
To aid in the proof we give a schematic picture of where each of the diagonal procedures
fills cells (see Figure 1). Note that each row and each column contain exactly 3 elements.
We now check that the elements in every row sum to zero (in Z).

Row 1. There is the first value of the A diagonal and of the B diagonal and the last of the
D diagonal. The sum is

—(4n—5)4+ (4n—-2)—-3=0.
Row 2 to n. There are two cases depending on whether the row 7 is even or odd. If r is

even, then write r = 2i + 2 where i € [0, 252]. Notice that from the D, A and C
diagonal cells we get the following sum:

(4n — 7 — 8i) 4+ (—4n + 13 + 16i) + (—6 — 8i) = 0.

If 7 is odd, then write 7 = 2 4+ 3 where ¢ € [0, 252]. From the E, A and B diagonal
cells we get the following sum:

(=11 — 8i) + (—4n + 21 4 16) + (4n — 10 — 8i) = 0.
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So we have shown that all row sums are zero. Next we check that the columns all add to
Z€ro.

Column 1. There is the first value of the A diagonal and of the D diagonal and the last of
the B diagonal. The sum is

—(4n—-5)4+(4n—-T7)+2=0.

Column 2 to n. There are two cases depending on whether the column c is even or odd.
If ¢ is even, then write ¢ = 2¢ + 2 where 7 € [O, ”T_?’] . Notice that from the B, A and
E diagonal cells we get the following sum:

(4n — 2 — 8i) + (—4n + 13 4 16i) + (—11 — &) = 0.

If ¢ is odd, then write ¢ = 2i + 3 where i € [0, “53]. From the C, A and D diagonal
cells we get the following sum:

(=6 —8i) + (—4n + 21 + 16¢) + (4n — 15 — 8) = 0.

So we have shown that each column sums to zero. Also, it is not hard to see that:

hence supp(A) = [1,4n — 1]\ {4,8,12,...,4n — 4}. This concludes the proof. O

Example 4.4. Following the proof of Proposition 4.3 we obtain the integer H;5(9; 3) be-
low.

-31 34 -3

29 | =23 | -6

—11 | —15 26
21| —=7| 14
—19 1 18
13 9| —22
27 17 10

5 25 | =30
2 —35 33

In the following propositions, since k£ > 5, in order to prove that the relative Heffter
array Hy,(n; k) constructed is globally simple we have to show that the partial sums of each
row and of each column are distinct modulo 2nk + k. From now on, the sets £(R;) and
&(C;) are considered ordered with respect to the natural ordering. Also, by S(R;) and

S(C;) we will denote the sequence of the partial sums of £(R;) and £(C;), respectively.
In order to check that the partial sums are distinct the following remark allows to reduce
the computations.



S. Costa, A. Pasotti and M. A. Pellegrini: Relative Heffter arrays and biembeddings 253

Remark 4.5. Let A be a Hy(n; k). By the definition of a (relative) Heffter array it easily
follows that the ¢-th partial sum s; of a row (or a column) is different from the partial sums
Si—2,Si—1, Si+1 and s;49 of the same row (column).

Proposition 4.6. For every n > 7 withn = 3 (mod 4) there exists an integer cyclically
7-diagonal globally simple H7(n; 7).

Proof. We construct an n X n array A using the following procedures labeled A to N:
: diag(3,3, -2, 2, -1, 251);

diag(n —2,n —1 f(5n+3) —1,n);
diag(1,3, T2 4,1, 2L ).
diag (3,5, 11"+7 ,4,1, ELY);

: diag(4,4,1,2,1,253);
s diag(2,1,—(4n +3),2,—1,n);
diag (2,4, 2% 4, -1, ”+1),
diag (4,6, 5"‘“ 4,-1,23);
(4,
(
(2,

: 9 +5 +1
dlag 371a_ > ) 17 nT)v

- 5 +1 +13.
diag (5,3, -2t 4 1, ndl);
: diag(n — 2,1, 6n +4,2,1,n);

diag (4,2, —5"+3 4, —1 ”—H),
diag (6,4, —‘3"“ (4, -1, 222,
n—1 3n+2,271,n)

2 R H Q &= QP
Z g - m U w

diag
We also fill the following cells in an ad hoc manner:

A[1,1] = n, Al2,2] = —251.

We prove that the array constructed above is an integer cyclically 7-diagonal globally
simple Hr(n; 7). To aid in the proof we give a schematic picture of where each of the
diagonal procedures fills cells (see Figure 2). We have placed an X in the ad hoc cells.
Note that each row and each column contains exactly 7 elements. We now list the elements
and the partial sums of each row. We leave to the reader the direct check that the partial
sums are distinct modulo 14n + 7; for a quicker check keep in mind Remark 4.5.

X|CJ|E | M N|J|D
D|X|C|F | M N | K
I|/D|A|C|G|M N
N{J|D|B|C|H|M
N|K|D|A|C|E | M
N|L|D|B|C|F | M
N|I|D|A|C|G|M
N|J|D|B|C|H|M
M N|K|DJ|A|C]|E
F M N|L|D|B|C
C|G| M N|I|D]|A

Figure 2: Scheme of construction with n = 11.

Row 1. There is an ad hoc element, the (2£2)™ value of the C diagonal, the first one of the
E diagonal, the (2£2)™" value of the M diagonal, the (241)™ value of the N diagonal,
the last value of the J diagonal and the ("'QH) value of the D diagonal. Namely,

— n_11n+9 m+3 13n+11 "Tm+3 _11n+3 _9n+5
b) 2 b 4 ) 2 b 2 b 4 b 2
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and

— IN+9 1ln+15 15n+7 29n+13 9n+5
S(Rl) - <na 9 y T 4 ) 4 ’ 4 5 9 ,0)

Row 2. There is the first value of the D diagonal, an ad hoc element, the third value of the
C diagonal, the first value of the F diagonal, the third value of the M diagonal, the
first value of the N diagonal and the last value of the K diagonal. Hence

3n+1

_ 1
E(R,) = (—(4n +3), —"T, —(5n+5), ,6n+6,3n+2, —(n+ 1)>

and

In+5 19n 415
2 7 2

S(Rs) = (—(4n+3)7— ,—(8n+7),—(2n+1),n+1,0>.

Row 3 to n. There are four cases depending on the congruence class of » modulo 4. If
r =3 (mod 4), then write r = 4i + 3 where i € [0, 22]. It is not hard to see that
from the N, I, D, A, C, G and M diagonal cells we get:

— 7 5 9 5 9 7 1
ERuiyy) = (T2 gy 2002y INET o BT D
4 2 2
11 11 11 7 13 13
U L VI (I L P YRR
2 4 2
where & = 0 fori € [0, 27| while e = n for i = 232, and
— ™m+5 . bn+5 . 13n+9
S(R4i+3) = < 2 + 22, 1 + 327 - +1,
5n+11 . 3"+ 33 . 13n+ 13 .
R AR L )

If 7 = 0 (mod 4), then write r = 4i + 4 where i € [0, “77]. It is not hard to see

that from the N, J, D, B, C, H and M diagonal cells we get:

o+ 3

g(§4i+4> = (3n+3+2i7— —i,—(4n+4+2i),

5n + 1
1+2i,—(5n+6+2i),n;_—i,6n+7+2i>

and

5] 3 7 )
S(Raiya) = <3n+3+21',n;r+z‘,— n; —i

m+3 . 1n+15
— 4+, —

2 ’ 2

—i,—(6n+7+2i),0>.
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If r =1 (mod 4), then write r = 4i + 5 where ¢ € [0, 25 7]. It is not hard to see
that from the N, K, D, A, C, E and M diagonal cells we get:

— ™m+7 5 1 In+9 3
E(R4i+5):< nET L g ”: i, — ”; Cgp TR g
11 13 ™47 13 15
S Y S S N kU YR
2 4 2
where e = 0 fori € [0, ”111] while e = n fori = ”TJ, and
— m+7 9 13 In+5
S(Ruits) = n + 24, nt + 3i, — nt i,
2 4
11 11 33 37 13 15
_ ”: —i,— ": —3¢+g,—7"2+ —2i+5,0).

4

If r = 2 (mod 4), then write r = 4i + 6 where ¢ € [0, 2 7]. It is not hard to see
that from the N, L, D, B, C, F and M diagonal cells we get:

3n+3

E(Ryire) = (3n+4+2i,— — i, —(4n + 5 + 2i),

1
2+2i,—(5n+7+2i),?m2—i76n+8+2i>

and

3n+5 . bn+45
5 ThTTg Th
Sn+1 . 15n+15
2 by

S(R4Z‘+6) = <3n + 4 + 21,

—i,—(6n+8+2i),0>.

Now we list the elements and the partial sums of the columns.

Column 1. There is an ad hoc element, the first value of the D diagonal and of the I
diagonal, the second value of the N diagonal, the first value of the M diagonal, the last
value of the F diagonal and the second value of the C diagonal. Namely,

£(Cy) = <n —(4n+3), fgnff,sn +3,6n+4, %, —(5n+ 4)>

2In+17  9n+5 15m+11
4 ’ 4 4

S(Cy) = (n7—(3n+3),— ,5n+470).

Column 2. There is the (“£2)™ value of the C diagonal, an ad hoc element, the (%£3)®
value of the D diagonal, the first value of the J diagonal, the (“£2)™ value of the N
diagonal and of the M diagonal and the last value of the G diagonal. Namely,

— 1In+9 n-1 9n+7 d+3 ™m+7 13n+9
= —_ — — — 1
E(CQ) < 2 5 5 9 3 9 3 9 ’ 9 ,3TL >
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and
— 11 9 21 15
S(CQ) = < n ,7(677,%*4),*%,
19 11
- (13n+9),—n2+,—(3n—|—1),0).

Column 3 to n. There are four cases depending on the congruence class of ¢ modulo 4.

If ¢ = 3 (mod 4), then write ¢ = 4i + 3 where i € [0, “2]. It is not hard to see

that from the M, E, C, A, D, K and N diagonal cells we get:

_ Tn+3
E(Cuirs) = (Gn +5+2i, % +i,—(5n + 5+ 2i),

1 5 1
_";L — 2, —(4n + 4 + 2i), — nt

+i,3n+4+2i)

and

31n + 23 11n+3
": + 3, "4+ +i,
In+1 . Tn+15
i
4 ’ 1

8(641‘_‘_3) = (671 + 5+ Qi,

—3i,—(3n+4+ 2i),0>.

If c = 0 (mod 4), then write ¢ = 4i + 4 where i € [0, 2:7]. It is not hard to see

that from the M, F, C, B, D, L and N diagonal cells we get:

— 13 11 3 1 11 11
E(Cuiva) = nr + 21, ntl_ i,— ntil 2,
2 2 2
In+9 3n+3 ™m+9
and
— 13 11 5 1
S(Cuita) = (n; +2i,8n+6+i7% —i,
5 3 7 9
n; i, —(2n 434 i), — L —2@,0).

If c =1 (mod 4), then write ¢ = 4i + 5 where i € [0, “7]. It is not hard to see
that from the M, G, C, A, D, T and N diagonal cells we get:

_ 1n+7
S(O4i+5) = (6n+ 6 + 21, nt + 17, —(5n—|— 6+ 2i),
3 on + 1
S (n 45+ 2i), — 2 +i,3n+5+2i)
and
_ 35n + 31 15n+7
S(C4i+5)—(6n+6+2z', )
Bn+1 . 3n+19

1 i, 1 —3i,—(3n+5—|—2i),0).
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If ¢ = 2 (mod 4), then write ¢ = 4i + 6 where i € [0, 2] It is not hard to see

that from the M, H, C, B, D, J and N diagonal cells we get:

— 13 13 5 1 11 13
ECuine) = (=2 gy 2 MR gy
2 2 2
9 11 5 5 7 11
9o Tl o ondo Al
2 2 2
where & = 0 fori € [0, 251 ] while & = n fori = 25T, and
— 13 13 7 1
S(C4i+6)=<n2++2i79n+7+i,n;——z’+5,
7 5 7 11
n; +ite,—(n+34+1)+ —n;r 2i+€,0).

Finally we consider the support of A:

supp(A) = [1 "*3] u{s 2oy ["H - 1] @) U{n}
n1 5n+1} U [5n+5 3n+1 U [3n+3 Tn—1

U 1 2](p) 2 4}@)
U [7n+3 2”]@)

U [

U

In+5 In+9 5Sntl
U [2n +2, o }(I)U[ T, o ](H)
5n+3 11n+43 11n47
3 lnt ](J)U[ + 73n+1]()
[4n + 3,5n + 2] o) U [bn+ 3,6n + 2] ) U [6n + 4, Tn + 3],

=[1,7n+ 3]\ {2n + 1,4n + 2,6n + 3}.

U [3n+2,4n + 1]

N)

This concludes the proof. O

Example 4.7. Following the proof of Proposition 4.6 we obtain the integer globally simple
H7(11;7) below.

11 | —65 20 7 40 | =31 | =52
—47 | -5 | —60 17 72 35 | —12
—26 | =53 | —6 | —66 32 78 41

36 | —29 | —48 1] -61 28 73
42 | —14 | =54 | -7 | =67 21 79
37 | =18 | —49 2| —62 16 74
43 | =25 | =55 | —8 | —68 33 80
38 | =30 | —50 3| —63 27 75

70 44 | =13 | =56 | —9 | —58 22
15 76 39| —-19 | -51 4| —64
—59 34 71 45 | =24 | =57 | —10

Proposition 4.8. For everyn > 11 withn = 3 (mod 4) there exists an integer 9-diagonal
globally simple Hg(n;9) with width "T_g.
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Proof. We construct an n X n array A using the following procedures labeled A to R:

A: diag(3,1,5n+3,1,1,n)

C: diag(3,6 (771—|—4)7 ,—1,
E: diag(l "+3 —(2n), 1,2, "=
G: dz’ag(2 2,—(n—-2),1,1, %=
I: diag(2, 22,20 — 1,1, -2,

K: diag(2,1,—(3n +4),2, -1,
M: diag(3,2,—(4n +3),2,-1,
O: diag(™ft, 2 1nt9 o q n-3
Q: diag(i,ﬁ 13”+17 ,2,1,

n

n);
),
J:

n+tl
4
4

7);

)i
%);
);

23

o Uz &g m = O w

diag(4,1,7(6n+4),1,—1,n);
diag(4 6,8n +5,1,1,n);
“;3,1,2n+2 1,2,251);
2 7(2n+3)v ’ 27%3);

3 n n=>5Y.
2 v""zL i L= ER)
,5n,2,—1, 2t);
JAn 41,2, -1, 273);

n+7 n—3Y\.

nfd, -8t 9,1, 239)

)

19n—1 n—3
s T T 4 72717 A )

We also fill the following cells in an ad hoc manner:

AlL1]=n -1,

Al® 2171] -3 )
Aln—1,n—1] =

Aln, ) = (3714—1)7

We prove that the array constructed above is an integer 9-diagonal globally simple

A1, 25l

A,
Aln —1,n]
Aln,n—1]

Hg(n;9) with width "T’g. To aid in the proof we give a schematic picture of where each of

the diagonal procedures fills cells (see Figure 3). We have placed an X in the ad hoc cells.
Note that each row and each column contains exactly 9 elements. Since the filled diagonals
are Dy, Dy, D3, Da; Dngr s, Dngs, D, D

n=9 We now list the elements and the partial sums of every row. We leave to the reader

2

the direct check that the partial sums are distinct modulo 18n + 9; for a quicker check keep

in mind Remark 4.5.

1 and D, A has two empty strips of size

X|L|D|C X B|A|X
K|G|N|D]|C I B|A
A|M|G|L|D|C I|E B
B|A|K|G|N|D|C I|E
B|IA|M|G|L|D|C I|E
B|A|K|G|N|D]|C I
B|A|M|G|L|D|C I|E
X BIA|K|X|]O|D]|C X
F|H BIA|P|J|Q|D]|C
F|H BIA|R|J|O|D]|C
F|H B|A|P|J|Q|D|C
F|H B|A|R|J|O|D|C
C F|H B|A|P|J|Q|D
D|C F|H BIA|R|X|X
X|DJ|C FIX B|A|X|X

Figure 3: Scheme of construction with n = 15.
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Row 1. There are three ad hoc values plus the elements of the L, D, C, E, B and A diago-
nals. Namely:

ER1) =(n—1,5n,9n+2,—(8n+2),n+2,—2n, —(Tn+1),6n+1,—(5sn+1))
and
S(R))=(n—1,6n—1,15n+1,7n — 1,80+ 1,6n + 1, —n,5n + 1,0).
Row 2. It is not hard to see that from the K, G, N, D, C, I, E, B and A diagonal cells we
get:
ER)=(—Bn+4),—(n—2),4n+1,9n + 3,
—(8n+3),2n—1,—(2n—2),—(Tn +2),6n + 2)
and
S(Ry) = (—(Bn+4),—(4n+2),-1,9n+2,n — 1,3n — 2,n, —(6n + 2),0).
Row 3. It is not hard to see that from the A, M, G, L, D, C, I, E and B diagonal cells we
get:
E(R3) = (5n+3,—(4n+3),—(n —3),5n — 1,
In+4,—(n+4),2n—3,—(2n —4),—("Tn +3))
and
S(R3) = (5n+3,n,3,5n +2,14n + 6,70 + 2,9n — 1,7n + 3,0).
Row 4 to "T_l We have to distinguish two cases, depending on the parity of the row r. If

r is even, then write r = 4 + 2i where i € [0, 2] It is not hard to see that from
the B, A, K, G, N, D, C, I and E diagonal cells we get:

ERyt2i) = (—(6n+4+20),5n+4+2i,—(3n+5+1), —(n — 4 — 24),
dn —i,8n 4+ 5+ 2i, —(Tn + 5+ 2i),2n — 5 — 4i, —(2n — 6 — 41))
and
S(Ray2;) = (— (6n+ 4+ 2i), —n, —(4n + 5 + i),
—Bn+1—49),—(n+1),Tn+4+2i,—1,2n — 6 — 44,0).
If 7 is odd, then write 7 = 5+ 24, where i € [0, 251 ]. It is not hard to see that from
the B, A, M, G, L, D, C, I and E diagonal cells we get:

E(Rsi2i) = (—(6n+5+2i),5n +5+2i,—(4n +4+1i), —(n — 5 — 2i),
5n —2 —i,8n 4 6 + 2i, —(Tn + 6 + 2i),2n — 7 — 4i, —(2n — 8 — 4i))
and

S(Rsy2:) = (— (6n 454 2i), —n, —(5n + 4 +1),
—(6n—1—4),—(n+1),7n+5+2i,—1,2n — 8 — 44,0).



260 Ars Math. Contemp. 18 (2020) 241-271

Row "T'H There are three ad hoc values plus the elements of the B, A, K, O, D and C
diagonals. Namely:

— 1 1 11 1

Bn+13 1m+9 1Tm+3 15n+3 )
— - ,n+1

Ty Ty T T

and

— 19 1 29 13
S(RLH> = (-3”,_ n2+ 7_4’”’_%7

25n + 13 13n + 1
_%7—(271—&-1), n; ,—(n—l—l),O).

Row "T"'?' to n — 2. We have to distinguish two cases, depending on the parity of the row
r. If r is odd, then write r = 243 4 2i where i € [0, 257 ]. It is not hard to see that

from the F, H, B, A, P, J, Q, D and C diagonal cells we get:

— 13 3 11 3
5(Rn2+3+zi> - (2n+2+4i7—(2n+3+4i)7— "; —2i, n; +2i,
5n+7 ~n—-3 C18n+17 1Tn+5 . 15n+5 .
— + 1, — 24, + i, + 2, — — 2
4 2 4 2
and
_ ) 13n+5 .
S<R%+zi) = (2n+2+4z,1, —2i,—(n+1),
9n+11 . 1Tn+17 15n +5 .
— 1 + i, — 1 —1,—n, 5 + 2¢,0 |.

If 7 is even, then write r = 243 + 2 where i € [0, 25L]. It is not hard to see that

from the F, H, B, A, R, J, O, D and C diagonal cells we get:

_ 13 5 11 5
5(}2,1;5”1.) - (2n+4+42'7—(2n+5+4i)7— "; — 92, "; +2i,
1I9n -1 ~n-5 o 1m+13 | 1Tm+T7 . 15n+7 ,
— 1 + 1, 2 — 21, 1 + i, 5 + 2, — —21)
and
_ ) 13n+7 .
S(R”T”Hi) = <2n+4+4z,—1,— 5 —2i,—(n+1),
23n+3 . 2ln+13 . 15n+7 .
- 1 + i, — 1 —1,—n, 5 + 24,0 ).
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Row nn — 1. There are two ad hoc values plus the elements of the D, C, F, H, B, A and R
diagonals. Namely:

ERp_1) = <9n, —8n,3n — 3, —(3n — 2),

1
C(Tn—1)6n—1,-2nF3 ol
2 2
and

_ 9n+5
S(Ro_1) = <9n,n,4n—3,n—1,—6n,—17— ”; ,—(5n+2),0).

Row n. There are four ad hoc values plus the elements of the D, C, F, B and A diagonals.
Namely:

ER) =0Bn+3,9+1,—-8n+1),3n—1,—(3n+ 1), =Tn, 6n, —(3n + 2),1)
and

S(R,)=0Bn+3,12n+4,4n+3,7n +2,4n+1,—(3n — 1),3n + 1, —1,0).

Now we list the elements and the partial sums of the columns.

Column 1. There are three ad hoc values plus the elements of the K, A, B, F, C and D
diagonals. Namely:

E(C1) = (n—1,—(3n+4),5n+3, —(6n+4), —3n,2n+2, —(8n—1),9n, 3n+3)
and
S(Cy)=(n—-1,—(2n+5),3n — 2, —(3n + 6),
—(6n+6),—(4n+4),—(12n + 3), —(3n + 3),0).

Column 2. It is not hard to see that from the L, G, M, A, B, H, F, C and D diagonal cells we
get:

E(Cy) = (5n, —(n—2), —(4n+3), 5n+4, —(6n+5), — (2n+3), 2n+4, —8n, In+1)
and

S(Cs) = (5n,4n +2,-1,5n+ 3, —(n +2), —(3n +5), —(n + 1), —(9n + 1), 0).

Column 3. It is not hard to see that from the D, N, G, K, A, B, H, F and C diagonal cells we
get:

E(C3) = +2,4n+1,—(n —3),—(3n +5),
5n+5,—(6n+6),—(2n+5),2n + 6, —(8n + 1))

and

S(C3) = (In+2,13n+3,12n + 6,90 + 1,14n + 6,8n,6n — 5,8n + 1,0).
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Column 4. It is not hard to see that from the C, D, L, G, M, A, B, H and F diagonal cells we
get:

E(CYH) =(—(8n+2),9n+3,5n—1,—(n—4),
—(4n+4),5n4+6,—(6n+7),—(2n+7),2n + 8)
and
S(Cy) = (—(8n+2),n+ 1,6n,5n + 4,n,6n + 6, —1, —(2n + 8),0).
Column 5. It is not hard to see that from the C, D, N, G, K, A, B, H and F diagonal cells we
get:
5<65) = ( - (STL + 3)7977’ +4,4n, _(n - 5)7
— (Bn+6),5n+7,—(6n+8),—(2n 4+ 9),2n + 10)
and

S(Cs) = (—(8n+3),n+1,5n+1,4n + 6,n,6n + 7,1, —(2n + 10),0).

Column 6 to "T_l We have to distinguish two cases, depending on the parity of the col-

umn c. If ¢ is even, then write ¢ = 6 + 2i where i € [0, 2-12]. It is not hard to see

that from the C, D, L, G, M, A, B, H and F diagonal cells we get:

E(Coy2i) = (—(Tn+4+2i),8n 4+ 5+ 2i,5n — 2 —i,—(n — 6 — 2i),
—(An+5+1),5n+ 8+ 2i, —(6n + 9+ 2i), —(2n + 11 + 4i), 2n + 12 + 49)
and
S(Cpi2))=(— (Tn+4+2i),n+1,6n—1—1,
5n+5+1i,n,6n+ 8+ 2i,—1,—(2n + 12 + 44),0).
n—15

If ¢ is odd, then write ¢ = 7 + 2i where i € [0, ®=2]. It is not hard to see that from
the C, D, N, G, K, A, B, H and F diagonal cells we get:

E(Cry0i) = (—(Tn+5+2i),8n + 6+ 2i,4n — 1 — i, —(n — 7 — 2i),
—(Bn+T7+14),5n+9+2i,—(6n+ 10 + 2i), —(2n + 13 + 4i), 2n + 14 + 4i)

and
S(Cri2:)=(— (Tn+5+2i),n+1,5n—1,
An+7+14,n,6n+ 9+ 2i,—1,—(2n + 14 + 44),0).

Column "TH The are three ad hoc values plus the elements of the C, D, L, P, A and B

diagonals. Namely:
— 15n -3 1"m—1 19n+3
5(cn1)<n+2,— =

_15n+7 1In+5 _13n+7
’ 4 7 2 4

n

(1)
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and
— 13n -7

2mm+15 31ln+1 19n + 9
4 b 4 34n+27

,3n+1,0).

Column "TH to n — 2. We have to distinguish two cases, depending on the parity of the
column c. If ¢ is odd, then write ¢ = 243 + 2i where i € [0, “"]. It is not hard to
see that from the E, I, C, D, O, J, R, A and B diagonal cells we get:

= . . 1n—1 C1Tn+1 .
5(Cn;r3+2i):(—(2n—42),2n—1—4z,— 5 — 21, 5 + 2i,

17m+9 . n-—3 o 19n—-1 | 1ln+7 o 13n+9 )
— + — — 24,

1 + 1, 5~ 24, 1 1, 5 + 21,
and
S(C"T“’Jrzi) = < —(2n —4i), -1, —

21n—|—9+,23n+3 41 13n+9
n ) —i,n
) 4 b 4 b) b 2

15 1
n + _ 9

)

+ 24, 0) .
If c is even, then write ¢ = %2 + 2i where i € [0, 251 ]. It is not hard to see that
fromthe E, I, C, D, Q, J, P, A and B diagonal cells we get:

ral . . 1n+1 C1Tn+3 .
E(C%SJF%) = (—(2n—2—42),2n—3—4z,— 5 — 21, 5 + 2i,
13n—|—17+, n—>5 . 15n—|—3+, 11n+9+2, 13n + 11 9

1 — 21, — 1 I E—— ¥
4 2 ’ 4 ’ 2 ’ 2
and

_ . 150 +3 17Tn+17
S(On;s%):(-(%-2-4@),—1,— ”2 n, "4 14,

9n+7 | 13n +11
1 —z,nJrl,T

+2¢,0>.

Column n — 1. There are two ad hoc values plus the elements of the A, B, E, I, C, D and
Q diagonals. Namely:

E(C,1) = <6n +1,—(Tn+2),—(n+5),n+4,

™m+5 n-—1
2 2

— (8n—3),9n — 2, 7—(3n+2))
and

S(Cr1) = (6n +1,—(n+1),—(2n +6),

T+ 3
—(n+2),—(9n —1),~1, %,Bn—i— 2,0).
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Column n. There are four ad hoc values plus the elements of the A, B, E, C and D diago-
nals. Namely:

E(C,) = (=(5bn+1),6n+2, —(Tn+3), —(n+3),n+1, —(8n—2),9n—1,5n+2, 1)
and

S(én) = ( - (577‘ + 1)777‘ + 17 _(677’ + 2)7 —(7TL + 5)a
— (6n+4), —(14n + 2), —(5n + 3), —1,0).

Finally, we consider the support of A:

supp(4) = {1} U [2,%5%] U {3 U %5 n = 2]
U{n—1nn+1n+2U[n+3,2n]5,HU2n+2,3n — 15y
U{3n,3n+1,3n+2,3n + 3} U [3n + 4, 13213

U [13n4+17 , 7n2+5] @

U [4n + 3, 11245]

o[22 5]

®)
U [15n4+1174n + 1]

()
U [9712-&-3, 197}1—1](1)\)

U [771;7’ 1572+7] ®

U [177}1-&-9’ 9n2+1} ©

(1)
U{5n+1,5n+2} U [5n +3,6n + 2],

()
U[6n+4,7n + 3] 5 U[Tn+4,8n + 3] ) U [8n +5,9n + 4],

=[1,9+4]\{2n+1,4n +2,6n + 3,8n + 4}.
This concludes the proof. O

Example 4.9. Following the proof of Proposition 4.8 we obtain the integer globally simple
Hy(15;9) given in Figure 4.

Lemma 4.10. For any n =7 (mod 14) such that n > 21, write r = "7_7 Let A,, be a 9-

diagonal array whose filled diagonals are Dy, Ds, ..., D7, Dy 7 and D, g. Then (R,C),

where R = (1,1,...,1)and C = (—1,...,—1,1,1,..., 1), is a solution of P(A,,).
———

8

Proof. Foranyi € [1,71U{r+7,r+8}setD; = (d;1,di2,di3,...,d;in), where d; 1 is
the position [z, 1] of A,,. Also, we set

A; =dis,dig,di10,-..,din;

Bi=dii,diivr,diizar, ooy dy gz,

Ci =dryrisdrititr drytizars - gy iy2ny;

Dy =dig,diipr diigor, -5 dy 1y 2oy,

Dy =di8,d1,84r;

Ey =drir1,drgragr, degrivor, o Ay 9y

Es =dry78,dri7,84r
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8TT— | €€T 89 € 0L— |18 c0T— 66— | 8¢
LTT— | CET ¥S ¥ 26— |98 10T— LE— | 9€
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9T VIT— | 62T 99 g1 cS— | €8 86— Sv—
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Figure 4: An integer globally simple Ho(15;9).
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To aid in the proof, at the webpage
http://anita-pasotti.unibs.it/Publications.html,

we give a schematic picture of where each of these sequences fills cells. By a direct check,
one can verify that

Lrc(deg) = (Ag,ds1,d22,drys 3,d74,d55,d36,Br, Cr,dg 7,
Ay doy,drgs2,d73,ds4,d35,Be, Cs,de,s, da,7,
As,dryg1,dr2,ds3,d34,Bs5,Cs,ds 5, das, do,7,
A, ys,dr1,d52,d33,Bs,Cy,ds a,dss,dog,drys7,
Az,ds1,d32,B3,Cs,ds3,da4,d25,dry86,d7,7,
As,ds1,B2,Co,dg2,da3,d24,drys5,d76,ds,7,
A3, Dy,E, dg1,ds2,d23,dri84,d75,d56,d37, D2, Eq).

Hence, it is easy to see that L ¢(ds,g) covers all the filled cells of A,,. O
Now we are ready to prove Theorem 1.3.

Proof of Theorem 1.3. The result follows from Theorem 3.4, once we have proved the
existence of a relative Heffter array with compatible simple orderings w, and w.

(1): For any n odd, a H, (n;3) and a Hy,(n;3) are constructed in Propositions 4.1
and 4.3, respectively. Clearly these are globally simple Heffter arrays. Since they are
cyclically 3-diagonal their compatibility follows from [13, Proposition 3.4].

(2): Let n = 3 (mod 4). A H(n;3) and a H5(n; 5) are constructed in [15, Proposi-
tions 5.1 and 5.5], respectively. As before these are globally simple Heffter arrays and since
they are cyclically 3-diagonal and 5-diagonal, respectively, their compatibility follows from
[13, Proposition 3.4]. A globally simple H7(n;7) is given in Proposition 4.6. Since this
is cyclically 7-diagonal its compatibility follows from [13, Propositions 3.4 and 3.6]. Fi-
nally, a globally simple Hg(n;9) is given in Proposition 4.8. Since this is 9-diagonal with
width 252 if ged (n, 257) = ged(n, 7) = 1 its compatibility follows from [12, Proposi-
tion 4.19]. If ged(n, 7) # 1 the result follows from Lemma 4.10. O

S Archdeacon arrays

In this section we introduce a further generalization of the concept of Heffter array. In
particular we will consider p.f. arrays where the number of filled cells in each row and in
each column is not fixed.

Definition 5.1. An Archdeacon array A over an abelian group (G, +) is an m x n p.f. array
with elements in G, such that:

(a) E(A)is aset;
(b) forevery g € G, g € E(A) implies —g & E(A);
(c) the elements in every row and column sum to 0.

An example of this kind of arrays will be given in Figure 5. We note that, in the special
case G = Z,, £E(A) = Z, \ J where J is a subgroup of Z, and all the rows (resp.
columns) have the same number of filled cells, we meet again the definition of a relative
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Heffter array. The purpose of this section is to show how Archdeacon arrays can be used
in order to obtain biembeddings and orthogonal cycle decompositions. First of all we need
a generalization of [7, Proposition 2.6], stated by Buratti in [6, Theorem 3.3]. All the well
known concepts about the differences method can be found in [6, 15].

Theorem 5.2. Let G be an additive group and B be a set of cycles with vertices in G. If
the list of differences of B is a set, say A, then B is a set of base cycles of a G-regular cycle
decomposition of Cay[G : Al.

Generalizing Proposition 2.1, an Archdeacon array can be used to obtain regular cycle
decompositions of Cayley graphs as follows.

Proposition 5.3. Let A be an m x n Archdeacon array on an abelian group G with simple
orderings w, = wg, 0 owg forthe rows and w. = wg o ---owg for the columns.
Then: / l

(1) By, = {S(wg,) | i € [1,m]} is a set of base cycles of a G-regular cycle decompo-
sition Dy, of Cay|G : £E(A)];
(2) B, ={S(wg.) | 7 € [1,n]} is a set of base cycles of a G-regular cycle decomposi-

J

tion D,,, of Cay[G : £E(A));

(3) the cycle decompositions D, and D,,, are orthogonal.

Proof. (1): Since the ordering w, is simple the elements of B, are cycles of lengths
|E(R1)|, .., |E(Rym)| and by definition of partial sums the list of differences of S(wg )
is +&(R;), for any i € [1,m]. Hence, the list of differences of 13,,. is £(A) and so the
thesis follows from Theorem 5.2. Obviously, (2) can be proved in the same way. Note that,
in general, the cycles of B, and those of B,,, have different lengths. (3) follows from the
requirement that the elements of +&(A) are pairwise distinct. O

Moreover the pair of cycles decompositions obtained from an Archdeacon array can be
biembedded under the same hypothesis of Theorem 3.4. In fact, within the same proof, we
have that:

Theorem 5.4. Let A be an Archdeacon array on an abelian group G that is simple with
respect to two compatible orderings w, and w.. Then there exists a biembedding of the
G-regular cycle decompositions D,,—1 and D, of Cay[G : £E(A)] into an orientable
surface.

We observe that if an Archdeacon array has no empty rows/columns, then a necessary
condition for the existence of compatible orderings is |skel(4)] = m +n — 1 (mod 2).
This can be proved with the same proof of [11, Theorem 1.1] and of [12, Theorem 2.7].

Finally, as an easy consequence of Theorem 5.4, we obtain the relationship between the
Crazy Knight’s Tour Problem and globally simple Archdeacon arrays.

Corollary 5.5. Let A be a globally simple Archdeacon array on an abelian group G such
that P(A) admits a solution (R, C). Then there exists a biembedding of the G-regular cycle
decompositions D_-1 and D, of Cay[G : £E(A)] into an orientable surface.
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Given two m xn p.f. arrays A and B defined on abelian groups (G; and G4, respectively,
we define their direct sum A @ B as the m x n p.f. array E whose skeleton is skel(A) U
skel(B) and whose entries in G1 & G are so defined:

(Alé, j], Bli,j4])  if (i,7) € skel(A) N skel(B),
Eli, jl = < (A[i, j],0a,) if (1,7) € skel(A) \ skel(B),
(0, Bli, j]) if (¢,7) € skel(B) \ skel(A).

In the following we will denote by R;(A) and C;(A) the i-th row and the j-th column
of A, respectively.

Lemma 5.6. Let A and B be m x n globally simple p.f. arrays over abelian groups G
and G, respectively, such that:

(1) for any i € [1,m] for which the i-th rows of A and B are both nonempty, we have

skel(R; (A)) N Skel(Rl(B)) #* 0,

(2) foranyj € [1, n] for ‘which the j-th columns of A and B are both nonempty, we have
Skel(Cj (A)) n Skel(cj (B)) 75 @,’

(3) the elements in every nonempty row/column of both A and B sum to zero.
Then A® B is a globally simple p.f. array, whose nonempty rows and columns sum to zero.

Proof. Since the elements in every nonempty row and column of both A and B sum to
zero, the same holds for A @ B.

Let us suppose, by contradiction, that there exists a row (resp. a column) R; of A © B
that is not simple with respect to the natural ordering. Then there would be a subsequence
L of consecutive elements of R; that sum to zero. Denoted by L; the subsequence of the
first coordinates of L (ignoring the zeros) and by Lo the one of the second coordinates,
we have that both L; and Lo sums to zero. Since both R;(A) and R;(B) are simple with
respect to the natural ordering, it follows that either L; = () (we are ignoring zeros) or
Ly = £(A). Similarly, for R;(B). If L; = ), then Ly = £(R;(B)) and hence L is £(R;).
Similarly, if Lo = (). Finally, if L; and Ls are both nonempty, the only possibility is that
L = E(R;) since skel(R;(A)) N skel(R;(B)) # 0. O

Proposition 5.7. Let A be an Archdeacon array over an abelian group G1 and let B be a
p.f- array of the same size defined over an abelian group Go. Suppose that the hypotheses
of Lemma 5.6 are satisfied, that E(A ® B) is a set and that if (0¢,,z) € E(A @ B), then
(0¢,,—x) € E(A® B). Then A® B is a globally simple Archdeacon array over G1 & Ga.

Proof. By Lemma 5.6, E = A@® B is a globally simple p.f. array whose rows and columns
sum to zero. We now show that condition (b) of Definition 5.1 holds. Suppose that g =
(91, 92) € G1®G2 belongs to £(E). Then, either g; € £(A) or g1 = O¢, - In the first case,
—g1 € E£(A) and so —g = (—g1, —g2) € E(E). If g1 = O, , then (0c,, —g2) & E(E) by
hypothesis, proving the statement. O

Now we consider the m x n p.f. array Bm,n,d(il, i2; j1,j2) over Zg which has only
four nonempty cells: those in positions (i1, j1), (i2, j2) that we fill with +1 and those in
positions (72, 1), (41, j2) that we fill with —1. The following result is a consequence of
Proposition 5.7.
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Corollary 5.8. Let k < n and let us suppose there exists a globally simple cyclically k-
diagonal Hy(n; k), say A, whose filled diagonals are D1, ..., Dy. Then considering the
array B = By, ,.4(1,2;1,2), where d > 2, we have that E = A & B is a globally simple
Archdeacon array over the group Loy 4+ ® Zg.

We know that there exists a (globally simple) cyclically 3-diagonal H;(n;3) in each of
the following cases:

(1) te{l,2}andn =0,1 (mod 4), see [4, Theorems 3.4 and 3.9];
(2) t=3andn = 0,3 (mod 4), see [15, Propositions 5.1 and 5.3];
(3) t = n and n is odd, see Proposition 4.1;

(4) t = 2n and n is odd, see Proposition 4.3.

Therefore in these cases, we can apply Corollary 5.8: for any d > 3 there exists a globally
simple Archdeacon array E of size n > 4 defined over Zg,,++ @ Zg4 whose skeleton is
Dy UDsUD3U{(1,2)}.

Moreover, because of [12, Proposition 5.9], there exists a solution of P(FE) whenever
n is also even. In those cases we have a biembedding of Cay[Zg, 1+ ® Zg4 : £E(F)] in an
orientable surface whose faces classes contain triangles and exactly one quadrangle.

As example of such construction, in Figure 5 we give a globally simple Archdeacon
array over Zs, ® Zg, where d > 3.

(—9,1) | (0,-1) (16,0) | (=7,0)
(—3,—1) | (—22,1) (25,0)
(12,0) | (1,0) | (—13,0)
(21,0) | (2,0) | (—23,0)
(11,0) | (8,0) | (-19,0)
(15,0) | (5,0) | (—20,0)
(14,0) | (—=4,0) | (—10,0)
(24,0) | (=6,0) | (—18,0)

Figure 5: An Archdeacon array over Zs1 @ Zg.

We recall that the existence of a (globally simple) cyclically 4-diagonal H;(n; 4) for any
nandt € {1,2,4} has been proved in [17, Theorem 2.2] and [15, Proposition 4.9]. There-
fore, for any d > 3, because of Corollary 5.8 there exists a globally simple Archdeacon
array E of size n > 4 over Zg,, 4+ @ Zg4 whose skeleton is D1 U Do U D3 U Dy U {(1,2)}.

Moreover, because of [12, Proposition 5.13], there exists a solution of P(E) whenever
n Z 0 (mod 3). In these cases we have a biembedding of Cay[Zg,++ ® Zq : £E(F)] in
an orientable surface whose faces classes contain quadrangles and exactly one pentagon.

An example of such construction is given in Figure 6 where we provide a globally
simple Archdeacon array over Zgo @ Z4, where d > 3.
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(25,1) | (0,—1) (1,0) | (=8,0) [ (—18,0)
(—=19,—1) | (26,1) 2,0) | (=9,0)
(_1070) (_207 0) (277 O) (370)

(4,0) (—11,0) | (—21,0) | (28,0)

(5,0) | (=12,0) | (=22,0) | (29,0)
(6,0) | (—13,0) | (—16,0) | (23,0)
(7,0) | (—14,0) | (—=17,0) | (24,0)

Figure 6: An Archdeacon array over Zgg b Z.
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Abstract

In a graph G, a geodesic between two vertices x and y is a shortest path connecting x
to y. A subset S of the vertices of G is in general position if no vertex of S lies on any
geodesic between two other vertices of S. The size of a largest set of vertices in general
position is the general position number that we denote by gp(G). Recently, Ghorbani et
al. proved that for any k if n > k3 — k? + 2k — 2, then gp(Knp ;) = (Z:}), where
Kn,, ; denotes the Kneser graph. We improve on their result and show that the same
conclusion holds for n > 2.5k — 0.5 and this bound is best possible. Our main tools are a
result on cross-intersecting families and a slight generalization of Bollobas’s inequality on
intersecting set pair systems.

Keywords: General position problem, Kneser graphs, intersection theorems.

Math. Subj. Class. (2020): 05D05, 05C35

1 Introduction

A recently studied extremal problem [4, 6, 12] in graph theory is the following. In a graph
G, a geodesic between two vertices x and y is a shortest path connecting z to y. We say that
a subset S of the vertices of G is in general position if no vertex of .S lies on any geodesic
between two other vertices of S. The size of a largest set of vertices in general position
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is the general position number which we denote by gp(G). Our graph of interest in this
paper is the Kneser graph Kn,, j, whose vertex is ([Z]), the set of all k-element subsets of
the set [n] = {1,2,...,n} and two k-subsets S and T are joined by an edge if and only
if SNT = (. Ghorbani et al. [10] determined gp(Kn,, o) and gp(Kn, 3) for all n and
showed that for any fixed k if n is large enough, then gp(Kn,, 1) = (Z:}) holds.

Theorem 1.1 ([10]). Let n,k > 2 be integers with n > 3k — 1. If for all t, where

2 <t <k, the inequality k' (=) +t < (V27) holds, then gp(Knn ) = (321).

For fixed k and ¢t = 2 the above inequality is satisfied when n > k3 — k? + 2k — 1
holds. We improve on this and the main result of this note is the following.

Theorem 1.2. Ifn, k > 4 are integers with n > 2k + 1, then gp(Kn, ) < (Zj) holds.
Moreover, if n > 2.5k — 0.5, then we have gp(Kn,, ) = (Zj) while if 2k +1 < n <
2.5k — 0.5, then gp(Kn, 1) < (}~7) holds.

The threshold n > 2.5k — 0.5 comes from the fact that diam(Kn,, ;) < 3 holds if and
only if this inequality is satisfied. The proof of Theorem 1.1 uses the following general
result of Anand et al. [2] that characterizes vertex subsets in general position.

Theorem 1.3 ([2]). If G is a connected graph, then a subset S of the vertices of G is in
general position if and only if all the components S1,Sa, ..., Sy of G[S] are cliques in G
and

o forany1 <i < j < hands;,s; €S, sj,s; € Sjwehave d(s;, s;) = d(s}, s}) =:
d(S;, Sj) (where d(x,y) denotes the distance of x and y in G),

° d(Sl, Sj) 7& d(S“ Sl) + d(Sl, Sj)for any 1 < i,j,l < h.

In Kneser graphs a clique corresponds to a family F C ([Z]) of pairwise disjoint sets.
There is no edge between different components of any general position set .S. It follows
that if 77, Fa, ..., F, correspond to the components of G[S], then for any F; € F; and
F; € F; with i # j we have F; N F; # (). Families with this property are called cross-

intersecting. So the upper bound in Theorem 1.2 will follow from the next result unless
n = 2k 4+ 1 in which case we will need some further reasonings.

Theorem 14. Letn > 2k + 2, k > 4 and let Fy, Fs, ..., Fy, (W) such that
o FiNF;=0foralll <i<j<h,
e F, N F] =0 forall pairs of distinct sets F;, F] € F; forany i =1,2,...,h,
o FiNF;#Wforanyl <i<j<jandanyF; € F;, F; € F;

hold. Then we have 2?:1 | Fi] < (Zj)

Note that the first condition cannot be omitted as otherwise we could repeat some fam-
ilies that consist of a single set.

The remainder of the paper is organized as follows: Section 2 contains the proof of
Theorem 1.4 and in Section 3 we list some open problems along with some remarks.
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2 Proofs

Proof of Theorem 1.4. Let F1,Fa,...,Fp C ([Z]) satisfy the conditions of the theorem.
As the F;’s are families of pairwise disjoint sets, each of them are of size at most n/k and
we may assume that | Fy| < |Fo| < -0 < |Fp| =1t < n/k. Ift = 1, then F = UL | F;
form an intersecting family and therefore by the celebrated theorem of Erdés, Ko and Rado
(5] we have S0 [Fi| = h < (371).

Suppose next that ¢ > 2 holds. Then we claim h < (Zj) — (" k= 1) + 1. Indeed, let
us fix one set F; from each F; fori = 1,2,...,h — 1 and two sets F,, Fh € Fp. Hence if

.| nﬁ:f Fi|>2,thenh —1< (122) < (721) — ("5,

o N F consists of a single element x, then either Fj, or Fj cannot contain x and as

all F s meet both F}, and Fh we must have h — 1 < (k 1) (”EfIl),

° ﬁ;’:’f F; = 0,then {Fy, Fy, ..., Fp_1, Fy } is intersecting with no common elements,
and a result of Hilton and Milner [11] states that families with this property can have
size at most (} 1) — (".*7!) + Lisoweobtain b < (777) — (" F7) + 1.

Let m; denote the number of j’s such that | F;| > ¢ holds. Then clearly we have

h t
SoIFE = h+domy <ht (5 1) m @
i=1 Jj=2

To bound my we apply Bollobds’s famous inequality [3] that states thatif {( Ay, By)}._,
are pairs of disjoint sets such that for any 1 < ¢ # j < [ we have A; N B; # (), then

Z§=1 W < 1 holds. For any 1 < i < mqy we can pick two sets F;, G; € Fp—my,+i-
|44l

Then we can define 2my pairs {(A4;, BJ)}fgf such that for 1 < j < my we have 4; =

F;,B; = Gj and Agy,—j = G, Baym,—j = Fj. As the F;’s are cross-intersecting fami-

lies of disjoint sets, therefore the pairs {(A;, B; )}QT2 satisfy the conditions of Bollobds’s

inequality and we obtain 2;’;3 < 1and thus ms < 5 (Zkk) = (Qk 1) Putting together (2.1)

k
and the bounds on h and my we obtain

h
n—1 n—k—1 n—=k[(2k—1
| < _ __ = .
;u:z'_(k—l) ( k-1 >+1+ k (k:—l)

Therefore it is enough to prove ("7’“71) > nok (2}“71). Observe that

k-1 E k-1
(1) n—k _n—k+1  HEG)
(i) onZeEl T on—k o mpk (RN

therefore if ("0, %) > 2=k (2" 1) holds for some no, then (", *7") > 2E(3 1)

holds for n > ng. Puttlng no 3k + 2 the above inequality is equivalent to

k—2 k—2

E]J@k+1-i) > @2k+2) [J(2k—1-9)

1=0 =0
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which simpifies to
k(2k +1)2k > (2k + 2)(k + 2)(k + 1).

This holds for £ > 5 and a similar calculation shows that if ¥ = 4, then the desired
inequality holds if n > 17 = 4k + 1.

In all missing cases, except for k = 4, n = 16, we have n < 4k, therefore we have
m; = 0 for all j > 4. So for the remaining pairs n and k, we need to strengthen our bound
on mg + ms3. We will need the following lemma, a slight generalization of Bollobas’s
result.

Lemma 2.1. Let {A;, B;}{", and {A,, B;, Cj}j@:oﬂ»l be pairs and triples of pairwise
disjoint sets such that for any 1 < i < j < o+ [ we have X; N'Y; # () where X and Y
can be any of A, B and C. Then the following inequality holds:

Lo s 2 2
Z""Z( A fCon T 7B T+1Caisl
R = NG R e

2 2

— — < 1.

(\Aa+j|+\3a+a‘|+\0a+j|) (\Aa+j|+\Ba+j|+\Ca+j|) -
[Aatjl [Batjl

Proof. Let us define M to be i, (A4; U B;) U Uf 1(Aa4j U Bayj U Coyj) and let

us write |M| = m. Just as before, let us introduce a family {S;, T; }2(a+5) of disjoint

pairs as S; = A;,T; = B; and Sya1p)—j = Bj, To(ayp)—; = Ajforall 1 < 4,5 <
a + 8. We count the pairs (7, j) such that 7 is a permutation of the elements of M and
1 < j < 2(a + B) with all elements of S; preceding all elements of T} in 7 that is
max{r'"!(s) : s € S;} < min{r~'(t) : t € T;}. We denote this by S; <, T;. For
every fixed j there exist exactly |S;|!|T;|'(m — |S;| — |Tj])! (|S,»\T|Tj|) permutations 7 with
S; < Tj. On the other hand for any fixed 7 there exists at most one j with S < Tj.
Indeed, if ¢ # j,2(o + B) — j, then both \S; and T; meet both S; and T, while clearly if
Sj <z T}, then Sy(aqp8)—j = Tj £x Sj = Ta(a4p)—;- These observations would yield
Bollob4s’s original inequality, but we haven’t used the existence of the C;’s. Observe that
it A; <. C;, C; <x Aj, Bj < Cjor C; <, Bj, then again by the cross-intersecting
property (7, %) can be a pair counted only if i = j or i = 2(a + ) — j and at least one of
A; < B;UC;, B;UC; <. A;, C; UB; < A;, C; UA; <, B;holds. Counting j and
2(a + B) — j cases together this yields

o+

m
20411 B:[M(m — |A;| — | B;|)!
;mum ast=1m0 (s )
+ m
A NG m — 14| — |0y !( )
m-3e [ pieslm =145 =100 (L | 1oy

m
+ |B;1|C; ! (m — |Cy| — | B; !( )}
| ]|| J|( ‘ ]| | J|) |OJ|+|BJ|
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B
+ 22|Aa+j“(|Ba+j| + |CatiDI(m — [Aa+;] — | Batjl

j=1

m
e 4|>!( )
IV |Aasjl + [Bats] + [Casjl
B
+ ZQ|B@+j|!(|Aa+j| + |Caq i) (m — [Aayj| — |Bagtjl
j=1

m
1t )
T\ Aatj| + Batjl + Casyl
Dividing by m! and rearranging yields the statement of the lemma. O

We apply Lemma 2.1 to the families Fp_m,41,-..,Fn With § = mg and o = mg —
ms. As all sets in the F;’s are of size k we obtain

2(m2 — mg,) 6m3 6m3
& + o1 <1 2.2

G-

As (%) > 3(°F) for k > 3, the left hand side of the above equation is greater than

% + A(IQZS = % Therefore we obtain mg + ms < = (2kk) (2,:“:11). So for

n < 4k we have the bound

h
n—1 n—k—1 2k —1
< < — . .
> Ile_h+m2+m3_<k_1> ( b1 >+1+(k_1) (2.3)

i=1

Suppose first that n > 3k holds. Plugging into (2.3) we obtain the upper bound (Z:}) + 1.
To get rid of the extra 1, we need to use the uniqueness part of the Hilton-Milner theorem
[11] that we used to get our bound on h. It states that if £ > 4 and an intersecting family
F C () with NperF = 0 has size (727) — ("."7") + 1, then there exist = € [n] and
x ¢ G C [n]suchthat F = {G}U{F : x € F,F NG # 0}. Observe that for any
H # G with z ¢ H there exist lots of sets F' € F that are disjoint with H, so only sets
H' that contain x can be added to the F;’s. But as all F;’s consist of pairwise disjoint sets,
such an H’ can only be added to the F; containing G. Also, at most one such set can be
added as again this F; consists of pairwise disjoint sets. We obtained that if ¢ > 2 and
h= (D) — (5 + L then 25 1751 < (i23) — ("2 +2 < (i0)-

Next, we assume that 2k +2 < n < 3k. Then we have ¢ g 2 and therefore the family
F' := Ul_, F; has the property that for any F' € F there exists at most one other G € F’
that is disjoint with F'. Such families are called (< 1)-almost intersecting and Gerbner et
al. [8] proved that whenever 2k + 2 < n holds, then any (< 1)-almost intersecting family
G C ([Z]) has size at most (Zj)

Finally, if n = 16, k = 4, then we need to bound h+mo+msg+my < h+mao+2mg <
h+2msy + 3ms. As (%) = (1) > 6(3) = (%), (2.2) implies 2ms + 3m3z < (}). Using

the Hilton-Milner bound h < (Zj) - (" k- 1) + 1 and plugging in n = 16, we obtain

S Fl < h+2me+3ms < (721) = (1) + 1+ (5) < (?71). This concludes the

proof. O
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Proof of Theorem 1.2. Theorem 1.4 shows that Kn, ; < (2:}) holds if n > 2k + 2.
Observe that diam(Kny, ) < 3 if and only if n > 2.5k — 0.5 (see e.g. [16]). Also,
Theorem 1.3 yields that if the diameter of a graph G is at most 3, then any independent set
in G is in general position. The largest independent sets in Kn,, j, correspond to stars, i.e.
families S, = {H € ([Z]) : x € H} for some x € [n]. Therefore, gp(Kn, k) > (777)
holds provided n > 2.5k — 0.5.

If 2k +2 < n < 2.5k — 0.5, then the upper bound of Theorem 1.4 is based on the result
of Gerbner et al. [8] on (< 1)-almost intersecting families. Their result also states that the

only (< 1)-almost intersecting families of size () are stars. But if n < 2.5k — 0.5,

then {H € ([Z]) : 1 € H} is not in general position as shown by the following example:
letn =2k + M with1 < M < 0.5k —0.5and Fy = [k], Fb, = {1,2,....k— M — 1}
Uf{k+1,k+2,...,k+ M+ 1}. We claim that dgy,, , (F1, F2) > 4. Indeed, as C :=
[n]\ (F1UFy) is of size k — 1, we have dky,, , (F1, o) > 3. Suppose G'1, G2 are k-subsets
of [n] with F} NGy = G1 N Gy = (. Let us define £ = |G1 N Fy|. As Gy is disjoint with
F1, so with Fy N Fy, we have £ < M + 1. Therefore |C' N G| > k — M — 1 must hold.
As G5 is disjoint with Gy, we obtain |[C N Ga| < M, but as |Fy \ Fo| = M + 1 and
2M + 1 < k, G must meet [, so indeed dgr,,, , (F1, F2) > 4 holds. On the other hand,
forany z € Fy \ Fy and y, z € Fy \ Fy, the sets Fy,CU{a}, Fo \ {z} U {y},CU{z}, F»
form a path of length 4, therefore a geodesic with 1 € Fy \ {z} U {z}. This shows that
{H € (")) : 1 € H} is not in general position. Therefore if 2k +2 < n < 2.5k — 0.5
holds, then we have gp(Kn, ) < (7~1).

Finally, let us consider the case n = 2k + 1. Again, vertices corresponding to sets
of stars are not in general position and all other independent sets have size smaller than
(Zj) So suppose F, F’ are disjoint sets in a family F corresponding to vertices in
general position. Then by Theorem 1.3, for any set G # F,F’ in F we must have
d(G,F) =d(G, F'). Observe that in Knay11  we have d(H, H') = min{2(k—|HNH'|),
2lH N H'| + 1}.

Let us first assume that & = 2] + 1 is odd. Then by the above, for any G € F we
must have |G N F| = |G N F’'| = [ and the unique element z € [2k + 1] \ (F U F’) must
belong to G. Therefore, with the notation of the proof of Theorem 1.4, we have my = 1
and h < (P71) — ("F7Y) + land thus | F| < (321) — (5D +2< (30).

Let us assume that k = 2l is even. Then by the above, for any G # F, F’ in F we must
have |GN F| = |GN F'| =1 and thus G C F U F’. If we take one set from each disjoint
pair, we obtain a family G C ([Qkk]) such that any pairwise intersection is of the same size.
By Fisher’s inequality, we obtain that the number ms of pairs is at most 2k. Moreover,

1

as all sets of F are k-subsets of [Qk] we must have h < 3 (Qk) Therefore, we need to

show 1 (%%) + 2k < (%) = (°F) z&5 which is equivalent to 2@IE2) (2K, This holds
for k 2 4.

3 Concluding remarks

First of all, it remains an open problem to determine gp(Kn, ) for 2k +1 < n <
2.5k —0.5.
Let us finish this short note with two remarks. First observe that an (< 1)-almost in-

tersecting family F C ([Z]) corresponds to a subset U of the vertices of Kn,, j, such that
Kn,, ;;[U] does not contain a path on three vertices. There have been recent developments
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[1, 9, 15] in the general problem of finding the largest possible size of a subset U of the
vertices of Kn,, i such that Kn,, ,[U] does not contain some fixed forbidden graph F'. Note
that independently of the host graph G, if a subset .S of the vertices of GG is in general posi-
tion, then G[S] cannot contain a path on three vertices as an induced subgraph. Returning
to the Kneser graph Kn,, j it would be interesting to address the induced version of the
vertex Turdn problems mentioned above.

There have been lots of applications and generalizations of Bollobas’s inequality. Very
recently O’Neill and Verstraéte [13] obtained Bollobas type results for k-tuples. Their con-
dition to generalize disjoint pairs is completely different from the condition of Lemma 2.1.
More importantly pairwise disjoint, cross-intersecting families were introduced by Rényi
[14] as qualitatively independent partitions if the extra condition that Upe 7, F' = [n] holds
for all 1 < i < h is added, and the uniformity condition |F'| = k for all F € U_ F; is
replaced by |F;| = d for all 1 < ¢ < h. Gargano, Korner and Vaccaro proved [7] that
for any fixed d > 2 as n tends to infinity the maximum number of qualitatively indepen-
dent d-partitions is 2(z—e(1)n_ Based on their construction, for any fixed d one can obtain
2(2=o(1))k many pairwise disjoint cross-intersecting d-tuples of k-sets as k tends to infinity.
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Abstract

In this paper, we introduce two different generalizations of Schur numbers that involve
rainbow colorings. Motivated by well-known generalizations of Ramsey numbers, we first
define the rainbow Schur number RS(n) to be the minimum number of colors needed
such that every coloring of {1,2,...,n}, in which all available colors are used, contains a
rainbow solution to a + b = c. It is shown that

RS(n) = |logy(n)] +2, foralln > 3.

Second, we consider the Gallai-Schur number GS(n), defined to be the least natural num-
ber such that every n-coloring of {1,2,..., GS(n)} that lacks rainbow solutions to the
equation a + b = c necessarily contains a monochromatic solution to this equation. By
connecting this number with the n-color Gallai-Ramsey number for triangles, it is shown
that for all n > 3,

GS(n) =

5k ifn =2k
2.5F ifn=2k+1.

Keywords: Schur numbers, anti-Ramsey numbers, rainbow triangles, Gallai colorings.
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1 Introduction

One of the earliest results that falls under the blanket of Ramsey theory is a theorem of
Issai Schur [11] from 1916. In fact, his work predates Frank Ramsey’s foundational paper
[10]. Schur proved that for any n € N, there exists a minimal S(n) € N such that every
n-coloring of the elements in the set {1,2,...,5(n)} contains elements a, b, and ¢ of
the same color such that a + b = ¢. Such a triple a, b, and c is called a monochromatic
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Schur solution and we note that it is possible that @ = b. The number S(n) is called a
Schur number and it is well-known that S(1) = 2, S(2) = 5, S(3) = 14, S(4) = 45
(see Golomb and Baumert [6]). Recently, Heule [7] has shown that S(5) = 161. We note
that some authors define a Schur number to be the largest f(n) € N such that some n-
coloring of {1,2,..., f(n)} lacks a monochromatic Schur solution. It is easily seen that
S(n) = f(n) + 1.

A thorough overview of Schur numbers is given in Landman and Robertson’s book [9]
and in Section 3 of Soifer’s article [12]. Schur’s theorem is interesting from a combinatorial
perspective, but his motivation was a tool for proving that the congruence

2™ +y™m =2" (mod p)

contains a nontrivial solution when p is a sufficiently large prime (specifically, p > S(n)).
This result had been originally proved by Dickson [4] in 1908 in his attempt to prove
Fermat’s Last Theorem.

In this paper, we adapt some common generalizations of Ramsey numbers that involve
rainbow colorings to Schur numbers. In Section 2, we consider the minimum number of
colors such that every coloring of {1,2,...,n}, using all of the colors, contains a rainbow
Schur solution. This leads us to the definition of the rainbow Schur number RS (n), which
is a Schur number analogue of rainbow numbers (closely related to anti-Ramsey numbers).
The number RS (n) is similar in definition to the number ss(k) defined in [5], but does
not restrict the number of times each color can be used. In Section 3, we restrict ourselves
to colorings of {1,2,...,k} that lack rainbow Schur solutions: a, b, and ¢ with distinct
colors such that @ + b = c. Limiting the colorings in this way leads to the definition of the
Gallai-Schur number G'S(n). We provide exact evaluations of both RS(n) and GS(n) and
offer some related open questions for future inquiry.

2 Rainbow Schur numbers

In this section, we consider Schur number analogues of rainbow numbers and anti-Ramsey
numbers (c.f., Chapter 11, Section 4 of [2]). For n > 3, define the rainbow Schur number
RS(n) to be the minimum number of colors such that every coloring of {1,2,...,n},
using all RS(n) colors, contains a rainbow Schur solution: a, b, and c all distinct colors
such that a + b = c. Observe that a + b = c is never a rainbow Schur solution when a = b.
As with the case of graphs, the rainbow Schur number is closely related to the anti-Schur
number AS(n), defined to be the maximum number of colors that can be used to color
{1,2,...,n} so that no rainbow Schur solution exists. From these definitions, it follows
that
RS(n) = AS(n)+1, foralln > 3.

Since determining the values of these two numbers is equivalent, we will focus on RS (n)
for the remainder of this section, beginning with a few small values of n.

Observe that at least three colors are needed to have a rainbow triangle. Using all three
colors to color {1, 2, 3}, we find that 1 + 2 = 3 is rainbow. Thus,

RS(3) = 3.
Next, consider the following 3-coloring of

{1,2,3,4}.
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It is easily checked that no rainbow Schur solutions exist, implying that RS(4) > 3. Of
course, 4-coloring {1, 2, 3,4} produces a rainbow Schur solution, implying that

RS(4) = 4.
The following 3-coloring does not contain any rainbow Schur solutions:
{1,2,3,4,5}.

Thus, RS(5) > 3. Now consider a 4-coloring of {1,2,3,4,5}. If 5 is assigned the same
color as some i < 5, then the coloring induces a 4-coloring of {1, 2, 3,4}, which necessar-
ily contains a rainbow Schur solution. Otherwise, the color assigned to 5 is not assigned
to any other number. In order to avoid a rainbow Schur solution, 1 and 4 receive the same
color, as do 2 and 3. Since all three remaining colors must be used, either 1 +4 = 5 or
2 + 3 = 5 must be rainbow. Hence,

RS(5) = 4.

As a crude general bound, note that giving unique colors to the numbers in {1,2,...,n}
necessarily produces a rainbow Schur solution when n > 3. Thus,

RS(n) <n,

proving that RS(n) exists for all n > 3. Suppose that every k-coloring of {1,2,...,n}
contains a rainbow Schur solution, then every (k + 1)-coloring of {1,2,...,n + 1} also
contains a rainbow Schur solution. It follows that

RS(n+1) < RS(n) +1.

If there exists a k-coloring of {1,2,...,n + 1} that lacks a rainbow Schur solution, then it
induces such a coloring on {1, 2, ..., n}. Hence,

RS(n) < RS(n+1), foralln > 3.
The following lemma will allow us to show that equality holds for most values of n.

Lemma 2.1. Let n > 6 and suppose that RS(n — 1) = k and RS (|%]) < k — 1. Then

RS(n) = k.

Proof. Suppose that RS(n — 1) = k and RS (|2]) < k — 1 and consider a k-coloring
of {1,2,...,n}. If the color assigned to n is shared with some ¢ < n, then this coloring
induces a k-coloring of {1,2,...,n — 1}, which necessarily contains a rainbow Schur

solution. So, assume that n is assigned a unique color. If n is even, and a rainbow Schur
solution is avoided, then numbers in each of the sets

{1,n—1},{2,n—2}a-~-7{g_17%+1}’{g}

are colored according to the set they are in. That is, 1 and n — 1 receive the same color, 2
and n — 2 receive the same color, etc. If n is odd, and a rainbow Schur solution is avoided,
then numbers in each of the sets

—1 1
{1,n_1},{2,n_2},...,{”2 ”‘; }

are colored according to which set they are in. In both cases, we are reduced to considering

a (k — 1)-coloring of {1,2,...,[ 2]}, which contains a rainbow Schur solution. O
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Observe that the colorings that have given us lower bounds for RS(4) and RS(5) have
both had the odd numbers grouped into a single color class (red). This leads us to the
following lemma.

Lemma 2.2. Forall k > 2, RS(2F) > k + 1.
Proof. Define the map ¥J2: N — N U {0} by

U3(a) =0 <= 2'|a and 2! fa.

Color the elements of {1,2,...,2%} according to their images ¥2(a) € {0,1,...,k}. Tt
can now be confirmed that this (k + 1)-coloring does not contain any rainbow Schur so-
lutions. Certainly any Schur solution @ + b = ¢ in which ¥2(a) = 2(b) is not rainbow
colored. Now, consider the case in which ¥2(a) = £ < k = 1J2(b). Then we can write

a+b=2%e+ f), whereeisoddand f is even.

So, ¥2(a + b) = ¢ and we see that such a Schur solution is not rainbow colored. We have
produced a (k + 1)-coloring of {1,2,...,2} that does not contain any rainbow Schur
solutions. It follows that RS(2¥) is greater than k + 1. O

Theorem 2.3. Foralln > 3, RS(n) = [logy(n)| + 2.

Proof. Proving this theorem is equivalent to proving that if 28 < n < 2k+1 — 1, then
RS(n) =k + 2 for all n > 3. We have already shown this result to be true for 3 < n < 5.
We proceed by strong induction on n. Suppose that the theorem is true for all n such that
3 < n < m, for some m > 6 and consider the rainbow Schur number RS (m + 1). There
are two cases to consider.

Case 1: If m + 1 is not a power of 2, then we can write
P 1 <m+1< 2kt —1,

for some k. Tt follows that m < 25+ — 2 and the inductive hypothesis implies that

RS(m) = |logy(m)| +2 and RS (Lm;w) = |1og, Qm;lDJ +2
- {1og2(m)J Tl

Hence, RS(m + 1) = |logy(m)] + 2 by Lemma 2.1.

Case 2: If m + 1 = 2% for some k > 2, then RS(m) = k -+ 1 by the inductive hypothesis.
By Lemma 2.2, RS(m + 1) > k + 1. Consider a (k + 2)-coloring of {1,2,...,m + 1}.

Regardless of the color assigned to m+1, at least k+1 colors are assigned to {1, 2,...,m},
which necessarily contains a rainbow Schur solution. Thus, RS(m + 1) = k + 2, when
m+1=2F O

3 Gallai-Schur numbers

A Gallai n-coloring of {1,2, ...k} is a coloring that lacks rainbow Schur solutions. For
every n € N, define the Gallai-Schur number GS(n) to be the least positive integer such
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that every Gallai n-coloring of {1,2,..., GS(n)} contains a monochromatic Schur solu-
tion. It is easily observed that GS(1) = S(1) = 2, GS(2) = S(2) = 5, and

GS(n) < S(n), forallm > 3.

The Gallai-Schur number GS(n) is closely related to the Gallai-Ramsey number gr™(3),
defined to be the minimum number of vertices p needed to guarantee that every rainbow-
triangle-free n-coloring of the edges of the complete graph K, contains a monochromatic
triangle. The following theorem makes this relationship explicit.

Theorem 3.1. Foralln >3, GS(n) < gr™(3) — 1.

Proof. Let p = g¢r™(3) and identify the vertices in K, with {1,2,...,p}. For every
pair of distinct vertices a,b € {1,2,...,p}, color edge ab according to the value of
b —al € {1,2,...,p — 1}. If we consider a Gallai n-coloring of K, it necessarily
contains a monochromatic triangle. Suppose the vertices of such a triangle are given by
a < b < c Thensettingz =b—a,y =c—0b,and z = ¢ — a, it follows that

z+y=0hb-a)+(c-b)=c—a=z

is monochromatic. Also, note that no rainbow Schur solutions exist because if x +y = 2
is rainbow, then the triangle with vertices 1, x + 1, and = + y + 1 would be rainbow as
well. Thus, every Gallai n-coloring of {1,2,...,p — 1} produces a monochromatic Schur
solution:

GS(n) < gr"(3) — 1.

completing the proof of the theorem. O
In 1983, Chung and Graham (see Theorem 1 of [3]) proved a result equivalent to
5F+1 0 ifn=2k
mm@)_{26k+1 if n =2k + 1.
Hence, Theorem 3.1 gives

5k ifn =2k

3.1
2.5% ifn=2k+1. ©-1)

GS(n) < {
To find a lower bound for GS(n) when n > 3, we begin with some preliminary exam-
ples. It is straight-foward to check that
{1,2,3,4,5,6,7,8,9}

is a Gallai 3-coloring that lacks a monochromatic Schur solution. It follows that GS(3) >
9. Combining this inequality with Theorem 3.1, we find that

GS(3) = 10.
One can also check that

{1,2,3,4,5,6,7,8,9,10,11,12,13,14, 15,16, 17, 18,19, 20, 21, 22, 23, 24}
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is a Gallai 4-coloring that lacks a monochromatic Schur solution, which implies GS(4) >
24. Combining this inequality with Theorem 3.1, we find that

GS(4) = 25.
The following theorem offers a general lower bound for GS(n).

Theorem 3.2. The set {1,2,...,gr"(3) — 2} can be Gallai n-colored without producing
a monochromatic Schur solution.

Proof. Similar to the proof of Lemma 2.2, define the map ¥5: N — N U {0} by
Vs5(a) =¢ <= 5'|a and 57! ta.

First, we consider the case in which n = 2k, where n > 4. We will construct a Gallai
n-coloring of S = {1, 2,..., 5k — 1} that lacks a monochromatic Schur solution. We start
by partitioning S according to the images of elements under the map ¢J5. This gives us the
following k sets:

Se={a|Vs(a) =4}, wherel{=0,1,...,k—1.
Each Sy is then partitioned into two distinct color classes:
a
Sh = {a ‘ 95(a) = £ and 5= +1 (mod 5)} ,
— a
S, = {a ‘ 95(a) = £ and == +2  (mod 5)} .

We have now partitioned S into n = 2k color classes. It remains to be shown that such
a coloring lacks both rainbow and monochromatic Schur solutions. We consider several
cases for adding a,b € S.

Case 1: Suppose that ¢ and b receive different colors. Then there exist two subcases.

Subcase 1.1: Assume that ¥J5(a) = ¥5(b) = (. Since a and b receive different colors,
without loss of generality, it follows that

a b
5= +1 (mod5) and == +2 (mod 5).
It follows that J5(a + b) = ¢, and hence, either a or b receives the same color as a + b. So,

this subcase does not produce a rainbow or monochromatic Schur solution.

Subcase 1.2: Without loss of generality, assume that ¥5(a) = ¢; < €y = ¥5(b). Then
795(@ + b) = /{1 and
a+b _a b bty _

56 56 T 5E 50

(mod 5).
In this subcase, a and a + b receive the same color, avoiding both a rainbow and monochro-
matic Schur solution.

Case 2: Suppose that a and b receive the same color. Then 95 (a) = ¥5(b) = £ and either

a b
5= +1 (mod 5) or = +2  (mod 5).
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Once again, we consider two subcases.

Subcase 2.1: If ¥5(a+b) > J5(a) = ¥5(b), then a+b necessarily receives a color different
than that of @ and b.

Subcase 2.2: Suppose that J5(a + b) =V5(a) =95(b) = L. If & = % = +1 (mod 5),
then 22 = 42 (mod 5) and if % = & = +2 (mod 5), then a+b = +1 (mod 5).

In all cases, we find that a, b, and a + b never form a rainbow or monochromatic Schur
solution. The same construction also provides a Gallai n-coloring of

S ={1,2,...,2-5* -1}
when n = 2k + 1, and we leave the details to the reader. O

Putting together the results of Theorems 3.1 and 3.2, we find that

5k ifn =2k
GS(n) = gr'(3) — 1 =
(n) = gr"(3) {2-5k ifn =2k +1.

4 Conclusion

We have shown how extremal results from graph theory can be used to prove related number
theoretic results. Although we have succeeded in providing exact evaluations of GSS(n) and
RS (n), the generalizations considered here lead to analogous constructions involving weak
Schur numbers (see [8]) and generalized Schur numbers (see [1]). Such work is reserved
for future inquiry.
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Abstract

A dessin is a 2-cell embedding of a connected 2-coloured bipartite graph into an ori-
entable closed surface. A dessin is regular if its group of orientation- and colour-preserving
automorphisms acts regularly on the edges. In this paper we study regular dessins whose
underlying graph is a complete bipartite graph K, ,, called (m, n)-complete regular des-
sins. The purpose is to establish a rather surprising correspondence between (m,n)-
complete regular dessins and pairs of skew-morphisms of cyclic groups. A skew-morphism
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of a finite group A is a bijection ¢: A — A that satisfies the identity p(zy) = ()™ @) (1)
for some function m: A — 7 and fixes the neutral element of A. We show that every
(m, n)-complete regular dessin D determines a pair of reciprocal skew-morphisms of the
cyclic groups Z,, and Z,,,. Conversely, D can be reconstructed from such a reciprocal pair.
As a consequence, we prove that complete regular dessins, exact bicyclic groups with a
distinguished pair of generators, and pairs of reciprocal skew-morphisms of cyclic groups
are all in a one-to-one correspondence. Finally, we apply the main result to determining
all pairs of integers m and n for which there exists, up to interchange of colours, exactly
one isomorphism class of (m, n)-complete regular dessins. We show that the latter occurs
precisely when every group expressible as a product of cyclic groups of order m and n is
abelian, which eventually comes down to the condition ged(m, ¢(n)) = ged(p(m),n) =
1, where ¢ is Euler’s totient function.

Keywords: Regular dessin, bicyclic group, skew-morphism, graph embedding.

Math. Subj. Class. (2020): 05E18, 20B25, 57M15

1 Introduction

A dessin is a cellular embedding 7: I' — C of a connected bipartite graph I', endowed with
a fixed proper 2-colouring of its vertices, into an orientable closed surface C such that each
component of C \ ¢(T") is homeomorphic to the open disc. An automorphism of a dessin is
a colour-preserving automorphism of the underlying graph that extends to an orientation-
preserving self-homeomorphism of the supporting surface. The action of the automorphism
group of a dessin on the edges is well known to be semi-regular; if this action is transitive,
and hence regular, the dessin itself is called regular.

Dessins — more precisely dessins d’enfants — were introduced by Grothendieck in [42]
as a combinatorial counterpart of algebraic curves. Grothendieck was inspired by a theo-
rem of Belyi [3] which states that a compact Riemann surface C, regarded as a projective
algebraic curve, can be defined by an algebraic equation P(x,y) = 0 with coefficients
from the algebraic number field Q if and only if there exists a non-constant meromorphic
function 8: C — P! (C), branched over at most three points, which can be chosen to be
0, 1, and oo. It follows that each such curve carries a dessin in which the black and the
white vertices are the preimages of 0 and 1, respectively, and the edges are the preimages
of the unit interval I = [0, 1]. The absolute Galois group G = Gal(Q/Q) has a natural
action on the curves and thus also on the dessins. As was shown by Grothendieck [42], the
action of G on dessins is faithful. More recently, Gonzalez-Diez and Jaikin-Zapirain [13]
have proved that this action remains faithful even when restricted to regular dessins. It
follows that one can study the absolute Galois group through its action on such simple and
symmetrical combinatorial objects as regular dessins.

In this paper we study regular dessins whose underlying graph is a complete bipartite
graph K, ,,, which we call complete regular dessins, or more specifically (m, n)-complete
regular dessins. The associated algebraic curves may be viewed as a generalisation of the
Fermat curves, defined by the equation 2™ + y™ = 1 (see Lang [38]). These curves have
recently attracted considerable attention, see for example [7, 24, 25, 27, 28]. Classification

E-mail addresses: yqfeng @bjtu.edu.cn (Yan-Quan Feng), hukan @zjou.edu.cn (Kan Hu), nedela@savbb.sk
(Roman Nedela), skoviera@dcs.fmph.uniba.sk (Martin Skoviera), wangnaer @zjou.edu.cn (Na-Er Wang)
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of complete regular dessins is therefore a very natural problem, interesting from algebraic,
combinatorial, and geometric points of view.

Jones, Nedela, and Skoviera [23] were first to observe that there is a correspondence
between complete regular dessins and exact bicyclic groups. Recall that a finite group G is
bicyclic if it can be expressed as a product G = AB of two cyclic subgroups A and B; if
the two subgroups are disjoint, that is, if A N B = {1}, the bicyclic group is called exact.
Exact bicyclic groups are, in turn, closely related to skew-morphisms of the cyclic groups.

A skew-morphism of a finite group A is a bijection ¢: A — A fixing the identity ele-
ment of A and obeying the morphism-type rule ¢(zy) = ¢(x)¢™ ) (y) for some integer
function m: A — Z. In the case where 7 is the constant function w(x) = 1, a skew-
morphism is just an automorphism. Thus, skew-morphisms may be viewed as a generali-
sation of group automorphisms. The concept of skew-morphism was introduced by Jajcay
and Sirafi as an algebraic tool to the investigation of (orientably) regular Cayley maps. In
the seminal paper [20] they proved that a Cayley map CM(A, X, P) of a finite group A
is regular if and only if there is a skew-morphism of A such that the restriction of ¢ to
X is equal to P [20, Theorem 1]. Thus the classification problem of regular Cayley maps
of a finite group A is reduced to a problem of determining certain skew-morphisms of A.
The interested reader is referred to [5, 6, 29, 30, 31, 34, 35, 36, 46, 47] for progress in this
direction.

The main purpose of this paper is to establish another surprising connection between
skew-morphisms and complete regular dessins. As we have already mentioned above, ev-
ery (m,n)-complete regular dessin can be represented as an exact bicyclic group factorisa-
tion G = (a)(b) with two distinguished generators @ and b of orders m and n, respectively
(see [23]). The factorisation gives rise to a pair of closely related skew-morphisms of cyclic
groups ¢: Z, — Zy and ©*: Z,, — Z,, which satisfy two simple technical conditions
(see Definition 3.2); such a pair of skew-morphisms will be called reciprocal. We prove
that isomorphic complete regular dessins give rise to the same pair of reciprocal skew-
morphisms, which is a rather remarkable fact, because every complete regular dessin thus
receives a natural algebraic invariant.

Even more surprising is the fact that given a pair of reciprocal skew-morphisms
p: Ly — 2Ly and ¢*: Z,, — Z.,, one can reconstruct the original complete regular
dessin up to isomorphism. In other words, a pair of reciprocal skew-morphisms of the
cyclic groups constitutes a complete set of invariants for a regular dessin whose underlying
graph is the complete bipartite graph. One can therefore study and classify complete regu-
lar dessins by means of determining pairs of reciprocal skew-morphisms of cyclic groups.
Note that the classification of skew-morphisms of the cyclic groups is a prominent open
problem, see [1, 2, 5, 6, 32, 33] for partial results.

The relationship between complete regular dessins and exact bicyclic groups has an
important implication for the classical classification problem of bicyclic groups in group
theory (see [8, 16, 18, 21]). More precisely, suppose that we are given an exact product
G = AB of two cyclic groups A and B with distinguished generators a € Aand b € B.
The corresponding pair of reciprocal skew-morphisms (¢, ©*) and associated pair of power
functions (7, 7*) can be alternatively derived from the equations

ba® = a?@p™@)  and  ab? = ¥ g™ ),

and thus encodes the commuting rules within G. By our main result, determining all exact
bicyclic groups with a distinguished generator pair is equivalent to determining all pairs
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of reciprocal skew-morphisms. Thus to describe all exact bicyclic groups it is sufficient to
characterise all pairs of reciprocal skew-morphisms of the cyclic groups.

Our paper is organised as follows. In Section 2 we describe the basic correspondence
between complete regular dessins and exact bicyclic triples (G;a,b), where G is a group
which factorises as G = (a)(b) with (a) N (b) = {1}. Given a complete regular dessin D,
its automorphism group G = Aut(D) can be factorised as a product of two disjoint cyclic
subgroups (a) and (b) where (a) is the stabiliser of one black vertex and (b) is the stabiliser
of one white vertex. The triple (G;a,b) is then an exact bicyclic triple. Conversely, each
exact bicyclic triple (G; a, b) determines a complete regular dessin where the elements of
G are the edges, the cosets of (a) are black vertices, the cosets of (b) are white vertices, and
the local rotations at black and white vertices, respectively, correspond to the multiplication
by a and b.

In Section 3 we introduce the concept of a reciprocal skew-morphism and prove the
main result, Theorem 3.5, which establishes the aforementioned correspondence between
complete regular dessins and pairs of reciprocal skew-morphisms of cyclic groups.

An important part of the classification of complete regular dessins is identifying all
pairs of integers m and n for which there exists a unique complete regular dessin up to
isomorphism and interchange of colours. This problem will be discussed in Section 4. In
view of the correspondence between complete regular dessins and pairs of reciprocal skew-
morphisms of cyclic groups, we ask for which integers m and n the only reciprocal pair
of skew-morphisms is the trivial pair formed by the two identity automorphisms. In other
words, we wish to determine all pairs of positive integers m and n that give rise to only one
exact product of cyclic groups Z,, and Z,,, which necessarily must be the direct product
Ly X Z,,. The answer is given in Theorem 4.4 which states that all this occurs precisely
when ged(m, ¢(n)) = ged(4(m),n) = 1, where ¢ is the Euler’s totient function. This
theorem presents six equivalent conditions one of which corresponds to a recent result of
Fan and Li [12] about the existence of a unique edge-transitive orientable embedding of a
complete bipartite graph. While the proof in [12] is based on the structure of exact bicyclic
groups, our proof employs the correspondence theorems established in Section 3.

Theorem 4.4 is a direct generalisation of a result of Jones, Nedela, and Skoviera [23]
where it is assumed that the complete dessin in question admits an external symmetry
swapping the two partition sets. Theorem 4.4 also strengthens the main result of [12] by
extending it to all products of cyclic groups rather than just to those where the intersection
of factors is trivial. In particular, we prove that every group that factorises as a prod-
uct of two cyclic subgroups of orders m and n is abelian if and only if ged(m, ¢(n)) =
ged(p(m),n) = 1, where ¢ is Euler’s totient function. This generalises an old result due to
Burnside which states that every group of order n is cyclic if and only if ged(n, ¢(n)) = 1,
see [41, §10.1].

Finally, in Section 5 we deal with the symmetric case, that is, with the case where the
reciprocal skew-morphism pairs have the form (¢, ). In this situation, the corresponding
complete regular dessins admit an additional external symmetry transposing the two parti-
tion sets, and thus are essentially the same thing as orientably regular embeddings of the
complete bipartite graphs K, ,, recently classified in a series of papers [9, 10, 11, 23, 25,
26, 40].
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2 Complete regular dessins

It is well known that every dessin, as defined in the previous section, can be regarded as a
two-generator transitive permutation group acting on a non-empty finite set [24]. Given a
dessin D on an oriented surface C, we can define two permutations p and A on the edge set
of D as follows: For every black vertex v and every white vertex w let p,, and \,, be the
cyclic permutations of edges incident with v or w, respectively, induced by the orientation
of C. Set p = [[, py and X = [],, Aw, where v and w run through the set of all black
and white vertices, respectively. Since the underlying graph of D is connected, the group
G = (p,\) is transitive. Conversely, given a transitive permutation group G = (p, \)
acting on a finite set {2, we can reconstruct a dessin D as follows: Take €2 to be the edge
set of D, the orbits of p to be the black vertices, and the orbits of A to be white vertices,
with incidence being defined by containment. The vertices and edges of D clearly form a
bipartite graph I', the underlying graph of D. The underlying graph is connected, because
the action of G on {2 is transitive. The cycles of p and A\ determine the local rotations
around black and white vertices, respectively, thereby giving rise to a 2-cell embedding of
I into an oriented surface. Summing up, we can identify a dessin with a triple (2; p, \)
where € is a nonempty finite set, and p and A are permutations of {2 such that the group
(p, A) is transitive on ; this group is called the monodromy group of D and is denoted by
Mon(D).

Two dessins D1 = (Q1;p1, A1) and Dy = (Qa; pa2, A2) are isomorphic provided that
there is a bijection a: 27 — 9 such that ap; = pocv and ad; = Agc. An isomorphism
of a dessin D to itself is an automorphism of D. It follows that the automorphism group
Aut(D) of D is the centraliser of Mon(D) = (p, A) in the symmetric group Sym(£2). As
Mon(D) is transitive, Aut(D) is semi-regular on 2. If Aut(D) is transitive, and hence
regular on €2, the dessin D itself is called regular.

Since every regular action of a group on a set is equivalent to its action on itself by
multiplication, every regular dessin can be identified with a triple D = (G; a, b) where G
is a finite group generated by two elements a and b. Given such a triple D = (G; a, b), we
can define the edges of D to be the elements of GG, the black vertices to be the left cosets of
the cyclic subgroup (a), and the white vertices to be the left cosets of the cyclic subgroup
(b). An edge g € G joins the vertices s{a) and ¢(b) if and only if g € s{a) N ¢(b). In
particular, the underlying graph is simple if and only if {(a) N (b) = {1}. The local rotation
of edges around a black vertex s(a) corresponds to the right translation by the generator a,
that is, sa’ — sa’*! for any integer 4. Similarly, the local rotation of edges around a white
vertex t(b) corresponds to the right translation by the generator b, that is, tb* + tb**?
for any integer i. It follows that Mon(D) can be identified with the group of all right
translations of G by the elements of G while Aut(D) can be identified with the group of
all left translations of G by the elements of G. In particular, Mon(D) = Aut(D) = G for
every regular dessin D.

It is easy to see that two regular dessins D; = (G1;a1,b1) and Dy = (Go;ag, be) are
isomorphic if and only if the triples (G1;a1,b1) and (Ga; ag, bs) are equivalent, that is,
whenever there is a group isomorphism G; — G5 such that a; — ag and b; — bs. Con-
sequently, for a given two-generator group G, the isomorphism classes of regular dessins
D with Aut(D) = G are in a one-to-one correspondence with the orbits of the action of
Aut(G) on the generating pairs (a, b) of G.

Following Lando and Zvonkin [37], for a regular dessin D = (G;a,b) we define its
reciprocal dessin to be the regular dessin D* = (G; b, a). Topologically, D* arises from D
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simply by interchanging the vertex colours of D. Thus the reciprocal dessin has the same
underlying graph, the same supporting surface, and the same automorphism group as the
original one. Clearly, D* is isomorphic to D if and only if G has an automorphism swap-
ping the generators a and b. If this occurs, the regular dessin D will be called symmetric. A
symmetric dessin possesses an external symmetry which transposes the vertex-colours and
thus is essentially the same thing as an orientably regular bipartite map.

In this paper we apply the general theory to regular dessins whose underlying graph is
a complete bipartite graph. A regular dessin D will be called an (m, n)-complete regular
dessin, or simply a complete regular dessin, if its underlying graph is the complete bipartite
graph K, ,, whose m-valent vertices are coloured black and n-valent vertices are coloured
white. If D is an (m, n)-complete regular dessin, then the reciprocal dessin D* is an (n, m)-
complete regular dessin. Thus all complete regular dessins appear in reciprocal pairs. Note
that m = n does not necessarily imply that the dessin is symmetric.

Complete regular dessins can be easily described in group theoretical terms: their auto-
morphism group is just an exact bicyclic group. This fact was first observed by Jones et al.
in [23]. A bicyclic group G = (a)(b) with |a| = m and |b| = n will be called an (m,n)-
bicyclic group and (G; a,b) an (m,n)-bicyclic triple. Note that an exact (m, n)-bicyclic
group has precisely mn elements.

The following statement was proved by Jones, Nedela, and Skoviera in [23, Section 2]
under the condition that m = n. However, the same arguments can be used to prove it for
any m and n, so we state it without proof.

Theorem 2.1. A regular dessin D = (G;a,b) is complete if and only if G = (a)(b) is
an exact bicyclic group. Furthermore, the isomorphism classes of (m, n)-complete regular
dessins are in a one-to-one correspondence with the equivalence classes of exact (m,n)-
bicyclic triples.

Example 2.2. For each pair of positive integers m and n there is an exact bicyclic triple
(G;a,b) where

G={a,bla™ =b"=[a,b] =1) = {(a) X (b) X Zy, X Ly,

with [a, b] denoting the commutator a ~ b~ tab. It is easy to see that this triple is uniquely
determined by the group Z,, X Z, up to order of generators and equivalence, so up to
reciprocality this group gives rise to a unique complete regular dessin with underlying
graph K, ,,. We call this dessin the standard (m, n)-complete dessin. If m = n, the group
G has an automorphism transposing a and b, which implies that in this case the dessin is
symmetric. The corresponding embedding is the standard embedding of K, ,, described in
[23, Example 1]. The associated algebraic curves coincide with the Fermat curves.

3 Reciprocal skew-morphisms

In this section we establish a correspondence between exact bicyclic triples and certain
pairs of skew-morphisms of cyclic groups.

Recall that a skew-morphism ¢ of a finite group A is a bijection A — A fixing the
identity of A for which there exists an associated power function 7: A — Z such that

o(zy) = o(x)e™ " (y)
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for all z,y € A. It may be useful to realise that 7 is not uniquely determined by ¢.
However, if ¢ has order d, then 7 can be regarded as a function A — Z4, which is unique.
In the special case where (x) = 1 for all € A, @ is a group automorphism. In general,
the set {x € A;7m(x) = 1} is a subgroup of A, called the kernel of ¢ and denoted by ker .

Skew-morphisms have a number of important properties, sometimes very different from
those of group automorphisms. In our treatment we restrict ourselves to a few basic prop-
erties of skew-morphisms needed in this paper. For a more detailed account we refer the
reader to [5, 20, 32, 45, 48].

The next three properties of skew-morphisms are well known and were proved in [20,
Lemma 2], [19, Lemma 2.1], and [45, Lemma 2.6], respectively.

Lemma 3.1. Let ¢ be a skew-morphism of a finite group A with associated power func-
tion 7. Let d be the order of . Then:

(1) for any two elements x,y € A and an arbitrary positive integer k one has

PF(zy) = " (2)p" "M (y)  where oz, k) =) w(¢'"(2));

i=1

(ii) for every element v € A one has O, = O, where O, denotes the orbit of
containing x;

(iii) for every x € A one has o(x,d) =0 (mod d).

Let GG be a finite group which is expressible as a product AC' of two subgroups A and C'
where C'is cyclic and AN C = {1}; in this situation we say that C'is a cyclic complement
of A. Choose a generator c of C. Since G = AC = C'A, for every element z € A we can
write the product cz in the form yc”, so

cx = yck
for some y € A and k € Z).|. Note that both y € A and k € Z,.| are uniquely determined
by x. Thus we can define functions p.: A — A and 7.: A — Zj| by setting

vo(z) =y and m.(x)=k. 3.1)

It is not difficult to verify that ¢ is a skew-morphism of A and 7, is an associated power
function (see [4, p. 262] or [5, p. 73]). We call . the skew-morphism induced by c. The
order |¢.| of this skew-morphism equals the index |(c) : (¢)c| where (¢)a = Ngea(c)9;
see [5, Lemma 4.1]. It follows that the power function 7. can be further reduced to a
function A — Zy,.|» still denoted by ...

We now focus on the particular case G = AB where both A and B are cyclic and
AN B = {1}, which means that G is an exact bicyclic group. The subgroups A and B can
now be taken as cyclic complements of each other. Therefore a generator a of A induces
a skew-morphism of B and a generator b of B induces a skew-morphism of A. In other
words, every exact bicyclic triple (G; a, b) gives rise to a pair of skew-morphisms, one for
each of the two cyclic subgroups.

Next we show that this pair of skew-morphisms can be characterised by two simple
properties. For this purpose, we need the following definition. We switch to the additive
notation.
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Definition 3.2. A pair (¢, ©*) of skew-morphisms ¢: Z,, — Z,, and ©*: Z,,, — Z,, with
power functions 7 and 7*, respectively, will be called (m,n)-reciprocal if the following
two conditions are satisfied:

(i) || divides m and |¢*| divides n,

(i) m(x) = —p* 7 *(—1) and 7*(y) = —¢ ¥(—1) are power functions for ¢ and ¢*,
respectively.

If m = n and (¢, ¢*) is an (n, n)-reciprocal pair of skew-morphisms, it may, but need

not, happen that ¢ = *. If it does, then the pair (¢, ¢), as well as the skew-morphism ¢
itself, will be called symmetric. Note that a skew-morphism ¢ of Z,, is symmetric if and
only if || divides n and 7w(x) = —p~*(—1) is a power function of (.
Proposition 3.3. If (G;a,b) is an exact (m,n)-bicyclic triple with (a) = Z, and {(b) =
Z,, then the pair of induced skew-morphisms (©q, ©p) is an (m,n)-reciprocal pair of skew-
morphisms. If, in addition, G has an automorphism transposing a and b, then @, = @
and the pair is symmetric.

Proof. Let p = ¢, and p* = ; be the skew-morphisms of the cyclic groups Z,, and Z,,
determined by the identities

ab® =@ g™ and  ba? = o WpT W) (3.2)

where m = 7, and 7* = 7, are the power functions associated with ¢ and ¢*, respectively,
and the elements © € Z,, and y € Z,, are arbitrary. As mentioned above, the orders of ¢
and ¢* coincide with the indices |(a) : () c(@)?| and [(b) : (e (b)?| [S, Lemma 4.1].
Hence || divides |(a)| = m and |¢*| divides |(b)| = n.
By applying induction to the equations (3.2) we get
kbt — bcp’“(x)atf(xyk) and bla¥ = asﬂ*l(y)bg*(yvl)7

where
k l

o, k)= 7w (2) and o (y,1) =D 7 (" (y)).
i=1 i=1
By inverting these identities we obtain

b2ak = ¢ @R p=¢" @)  and g Yl = po WD W), (3.3)

The first equation of (3.3) with z = —1 and k = —y yields ba? = a7 (-L=¥)p—¢ " (=1)
which we compare with the rule ba? = a¥ @b™ () and get

0 Wy W) _ g—o(—L—y)p—e Y (-1).

Consequently 7*(y) = —¢~¥(—1). Similarly, inserting y = —1 and | = —z into the
second equation of (3.3) we get ab® = b~ (=1.=%)q=¢"""(=1) and combining this with
the rule ab® = b¥®)a™(@) we derive w(x) = —¢* “(—1). Hence, the pair (p, p*) is

(m, n)-reciprocal.

Finally, if G has an automorphism 6 transposing a and b, then clearly m = n. By ap-
plying 6 to the identity ba® = a¥ (*)b™ (*) we obtain ab® = 0(ba®) = 0(a® ®b™ (#)) =
b (@) g7 (#) If we compare the last identity with the rule ab® = b*(®)a™(*) we obtain
©* = ¢, which means that ¢ is a symmetric skew-morphism of Z,,, as required. O
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We have just shown that every exact (m,n)-bicyclic triple determines an
(m, n)-reciprocal pair of skew-morphisms. Our next aim is to show that the converse is
also true. Let (¢, ¢*) be an (m, n)-reciprocal pair of skew-morphisms of Z,, and Z,, with
power functions 7 and 7*, respectively. For the sake of clarity we relabel the elements of
Zy, and Z,, by setting

T ={0,1,....(n=1)} and Zum = {0, 1,....(m—1)},
so that Z,, N Z,, = 0. Let
p=1(0,1,....,(n—1)) and p*=(0,1,...,(m—1))

denote the cyclic shifts in Z,, and Z,,, respectively. We now extend the permutations ¢, p,
©*, and p* to the set Z,, U Z,, in a natural way, and define a permutation group acting on
the set Z,, U Z,, by

G = (a,b), where a=pp* and b= "p.

If we regard Z,, U Z,, as the vertex set of the complete bipartite graph K, ,, with natural
bipartition, it becomes obvious that G < Aut(K,, ). The following result shows that G
is in fact isomorphic to the automorphism group of an (m, n)-complete regular dessin.

Proposition 3.4. Given an (m,n)-reciprocal pair of skew-morphisms (p, ¢*), the triple
(G;a,b), where a = pp* and b = ¢*p are permutations acting on the disjoint union
Zoyy ULy, is an exact (m, n)-bicyclic triple. Furthermore, for the skew-morphisms induced
by a and b in the triple (G; a,b) we have ¢, = ¢ and v, = ™.

Proof. Let ¢: Z,, — Zp and ¢*: Z,, — Z,, be an (m,n)-reciprocal pair of skew-
morphisms. The definition of reciprocality requires |¢| to divide m and |p*| to divide
n. Since ¢,p € Sym(Z,) and ©*, p* € Sym(Z,,) where Z,, N Z, = 0, we see that
[¢, p*] = 1 and [p*, p| = 1. It follows that the elements a = ¢p* and b = ¢* p have orders
la| = m and [b| = n. Further, if z € (a) N (b), thena’ = = b for some integers 4 and
4. 50 (pp*)t = (¢*p)I. Thus p'p** = p/p*?, and hence ¢ = p’ and p** = ©*. Since
©(0) = 0 and p is a full cycle, we have n | j and m | 4, and hence © = 1. Therefore
(a) N (b) = {1}.

Next we show that (a)(b) is a subgroup of G. It is sufficient to verify that (a)(b) =
(b){a). For this purpose we need to show that for all z € Z, and y € Z,, there exist
numbers «(z), B(x), a*(y) and 5*(y) such that the following commuting rules hold:

ab® = b*@ B and  ba¥ = a® Wpf W), (3.4)

Substituting pp* and ¢*p for a and b we see that the equations in (3.4) are equivalent to
the following four equations:

pp" = p ), prptt =@ A, (3.5)
Tt = pr W), p? = W W), (3.6)
Since ¢ and ¢* are skew-morphisms and 7 and 7* are the associated power functions, for
allt € Z,, and j € Z,,, we have

0p” (i) = p(z +1) = p(z) + @w(x)( ) P2 @) (7).
e VG) = o (y+4) = o () + " V() = pr¥ W W),
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These equations imply that the first equations in (3.5) and (3.6) hold if we set a(z) = ¢(x),
Bx) = m(x), a*(y) = ¢*(y) and 5*(y) = 7 (y).

Employing induction, from the first equations in (3.5) and (3.6) we derive that

ak(u)wr(u,k) and SO*Z *U *a*l(v)T*‘r*(v,l)’

orpt=p P =p

where

T(u, k) = Zﬁ(o/‘l(u)) and 7%(v,l) = Zﬁ*(a*ifl(v)).

By inverting the identities we obtain

—u _—k I «—7(v,]) _x—a*(v)

—7(u —a®(u
p o = TR pme (W and gtV T = p
In particular,

—7(—-1

=" (<1,=2) a7 (1)

pp? =TT D and ptet = p

Recall that

and

Bry) =n"(y) = —¢~¥(=1) = —a7¥(=1).
Thus the second equations in (3.5) and (3.6) will hold if

a(z) = p(z) = —7"(=1,—2) (mod |¢"|)

and
a*(y) = ¢*(y) = —7(=1,—y) (mod [g]).
Indeed, by Lemma 3.1(iii) we have 7*(—1, |¢*|) = 0 (mod |¢*|). Since

*

[o™ | o™
(=Ll ) =) B (@ T (1)) =Y 7 (e T (-1)
i=1 i=1
[
Z “( *z 1 1)+ Z ﬁ((p*iq(_l))
i=1 i=|p*|—z+1

L)+ YD) (mod 47,

we obtain

—o*(—1,—x) Zﬂ' — (mod |©]).

On the other hand, since ¢ is a skew-morphism of Z,,, we have p(z — 1) = ¢(z) +
@™ (=1) forall z € Z,, s0 p(z—1) — p(2) = ¢™(*)(—1). By combining these identities
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we obtain

x x

p(a) = —(p(0) = p(x)) = =Y (i = 1) = (i) = =Y " V(-1

==Y e N =Y A (@ T (1) = —07(<1,—2)  (mod [¢”)).
=1 =1

Thus we have shown that

€T

plo) = —0"(=1,—z) =Y 7" (¢"7'(~1)) (mod |¢"|). (3.7)

i=1

By using similar arguments we can prove that a*(y) = ¢*(y) = —o(—1, —y) (mod |¢|).
Thus, (a)(b) is a subgroup of G, as claimed.

Finally, since G = (a, b), we have G = (a)(b), so (G; a,b) is an exact (m, n)-bicyclic
triple. Note that ab® = b*(®)a®(*) and ba¥ = a® Wb W) with a(z) = ¢(z) and o* (y) =
©*(y). It follows that ¢ and ™* are precisely the skew-morphisms induced by a and b in
the triple (G; a, b). O

Putting together Theorem 2.1, Proposition 3.3, and Proposition 3.4 we obtain a one-
to-one correspondence between (m,n)-complete regular dessins, exact (m,n)-bicyclic
triples, and (m, n)-reciprocal pairs of skew-morphisms.

Theorem 3.5. For every pair of positive integers m and n there exists a one-to-one corre-
spondence between any two sets of the following three types of objects:

(i) isomorphism classes of (m,n)-complete regular dessins,
(i) equivalence classes of exact (m, n)-bicyclic triples, and

(iii) (m,n)-reciprocal pairs of skew-morphisms.

Proof. The correspondence between the isomorphism classes of (m,n)-complete regu-
lar dessins and equivalence classes of exact (m,n)-bicyclic triples has been established
in Theorem 2.1. It remains to prove that there is a one-to-one correspondence between
equivalence classes of exact (m, n)-bicyclic triples and (m, n)-reciprocal pairs of skew-
morphisms.

By Proposition 3.3, every exact (m, n)-bicyclic triple (G; a, b) determines an (m, n)-
reciprocal pair (@, ¢*) of skew-morphisms of Z,, and Z,,. Conversely, by Proposition 3.4,
every (m,n)-reciprocal pair (p, ¢*) of skew-morphisms determines an exact (m, n)-bicyc-
lic triple (G; a, b), and the pair of skew-morphisms induced by the elements « and b in this
triple is identical to the original one. What remains to prove is the one-to-one correspon-
dence.

If two (m, n)-reciprocal pairs (1, ¢F) and (@2, ¢3) are identical, then clearly so will
be the corresponding (m, n)-bicyclic triples. Conversely, let (G1;a1,b1) and (Ga; ag, b2)
be two equivalent exact (m, n)-bicyclic triples, and let (1, ©7) and (@2, ©3) be the cor-
responding skew-morphisms. Since (G1;a1,b1) and (Gso;as, by) are equivalent, the as-
signment 6: a; — as,b; +— by extends to an isomorphism of GG to Ga; in particular,
la1| = |az| and |by| = |ba|. Set m = |ay| and n = |by|. Recall that the skew-morphisms
¢1 and ¢, induced by a; and ay are determined by the rules a;b? = bfl(m)afl(m) and
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asby = b5 a*Y) where z,y € Z,,. If we apply the isomorphism 6 to the first equation

we obtain asbg = 0(a1b7) = (b7 ™) = p£1 @71 and combining this with
the second equation we get be(m)a?(r) = b‘;l(m)agl(z). Thus @1 = 5. Using similar

arguments we can get 5 = 5. Hence, (¢1,0%) = (92, 93). O

In the course of the proof of Proposition 3.4 we have established the identity (3.7). The
following corollary makes it explicit.

Corollary 3.6. If (p, ¢*) is an (m, n)-reciprocal pair of skew-morphisms, then ¢ and p*
satisfy the following identities:

w(x):ZW*(w*_i(*l)) (mod [¢"[)  and w*(y):ZW(@*i(*l)) (mod [i]).

=1

Next we offer two examples. The first of them deals with the standard (m, n)-complete
dessins.

Example 3.7. Let us revisit the group G = (a,b | a™ = b" = [a,b] = 1) & Zp, X Zy,
considered in Example 2.2 and determine all reciprocal pairs of skew-morphisms arising
from G. Obviously, G gives rise to only one equivalence class of bicyclic triples, so we only
need to consider the pairs of skew-morphisms induced by a and b in the triple (G a, b). By
checking the identities (3.2), we immediately see that the skew-morphisms are the identity
automorphisms. Thus the only reciprocal pair of skew-morphisms arising from the group
Lo, X Ly is (idy,id,y,), where id,,: Z,, — Z,, and id,,: Z,, — Z,, denote the identity
mappings. In other words, for every pair of positive integers m and n there exists only one
complete dessin whose automorphism group is isomorphic to the direct product Z,,, X Z,,
the standard (m, n)-complete dessin.

In the next example, which is extracted from [14], we present a complete list of pairs
of reciprocal skew-morphisms of the cyclic groups Zg and Zo7.

Example 3.8. In order to list all reciprocal pairs (¢, ¢*) of skew-morphisms ¢ : Zg — Zg
and @™ : Zo7 — Zoy let us first observe that ¢ must be an automorphism. Indeed, the order
of ¢ divides 27, so |p| = 1 or |p| = 3. If || = 1, then ¢ is an identity automorphism.
If  has order 3 and is not an automorphism, then the power function of ¢ reduced to Zs
can take only two values 1 and 2, so the subgroup ker o must have index 2 in Zs, which is
impossible. This proves that ¢ is an automorphism.

Now, there are exactly 27 reciprocal pairs of skew-morphisms (¢, ©*) of skew-morphi-
sms : Zg — Zg and ©* : Zo7 — Zo7, falling into one of the following two types:

(i) Both ¢ and ©* are group automorphisms: In this case p(z) = ex (mod 9) and
©*(y) = fy (mod 27) where eithere = 1 and f € {1,4,7,10,13,16,19,22,25},
ore € {4,7} and f € {1,10,19}. Thus there are 9 + 6 = 15 reciprocal pairs of
skew-morphisms of this type.

(ii) ¢ is a group automorphism but ¢* is not: In this case p(z) = ex (mod 9) and
©*(y) = y+3t> 1, o(s,e’) (mod 27) where e € {4,7} and o(s,e"1) =

Zj:ll s9=1 where (s,t) = (4,1),(7,2), (4,4),(7,5), (4,7) or (7,8). There are 2 x
6 = 12 reciprocal pairs of this type.
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We remark that in [14, Theorem 14] all reciprocal pairs of skew-morphisms of cyclic groups
are classified provided that one of the skew-morphisms is an automorphism.

The correspondence established in Theorem 3.5 implies that the second condition re-
quired in the definition of an (m, n)-reciprocal pair of skew-morphisms (see Definition 3.2)
can be replaced with a simpler condition.

Corollary 3.9. A pair (p,¢*) of skew-morphisms ¢: Z,, — Zy, and ©*: Ly, — L
with power functions m and 7, respectively, is reciprocal if and only if the following two
conditions are satisfied:

(i) || divides m and |p*| divides n, and
(i) m(z) = (1) and 7 (y) = @¥(1).

Proof. ltis sufficient to replace the original dessin, represented by an exact (m, n)-bicyclic
triple (G;a,b), with its mirror image, for which the corresponding bicyclic triple is
(G;a=1,b71), and use Theorem 3.5. O

4 The uniqueness theorem

We have seen in Example 3.7 that for each pair of positive integers m and n there exists, up
to reciprocality and isomorphism, at least one complete regular dessin with the underlying
graph K, ,,, namely, the standard (m, n)-complete dessin. In this section we determine all
the pairs (m,n) for which the standard (m, n)-complete dessin is the only regular (m,n)-
dessin.

A pair (m, n) of positive integers m and n will be called singular if

ged(m, ¢(n)) = ged(n, g(m)) = 1.

A positive integer n will be called singular if the pair (n,n) is singular, that is, if
ged(n, ¢(n)) = 1. We now show that for each non-singular pair (m,n) of positive in-
tegers there exists a non-abelian exact (m, n)-bicyclic group.

Example 4.1. Let m and n be positive integers. First assume that ged(n, ¢(m)) # 1. It
is well known that for x € Z,, the assignment 1 — z extends to an automorphism of Z,,
if and only if ged(x, m) = 1, and thus | Aut(Z,,)| = ¢(m). Since ged(n, ¢(m)) # 1,
there exists an integer r such that  # 1 (mod m) and » = 1 (mod m), where p |
ged(n, ¢(m)). Define a group G with presentation

G={(a,bla™=0b"=1,b"Yab=a").

By Holder’s theorem [22, Chapter 7], G is a well-defined metacyclic group of order mn.
Since  # 1 (mod m), the group G is non-abelian. If gcd(m, ¢p(n)) # 1, we proceed
similarly. Thus, whenever (m,n) is non-singular, there always exists at least one non-
abelian exact (m, n)-bicyclic group.

We remark that the argument used here is different from the one employed in the proof
of Lemma 3.1 in [12].

We now apply our theory to proving the following theorem, which extends the validity
of a result of Fan and Li [12] to all bicyclic groups, not just exact ones.
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Theorem 4.2. The following statements are equivalent for every pair of positive integers
m and n:

(i) Every product of a cyclic group of order m with a cyclic group of order n is abelian.
(ii) The pair (m,n) is singular.

Proof. If (i) holds, then by virtue of Example 4.1 the pair (m, n) must be singular. For the
converse, assume that the pair (1, n) is singular and that G is an (m, n)-bicyclic group. We
prove the statement by using induction on the size of |G|. By a result of Huppert [15] and
Douglas [8] (see also [17, VI.10.1]), G is supersolvable, so for the largest prime factor p of
|G| the Sylow p-subgroup P of G is normal in (see [17, VI.9.1]). By the Schur-Zassenhaus
theorem, G is a semidirect product of P by @), where @ is a subgroup of order |G/P|in G.
To proceed we distinguish two cases.

Case 1. p divides only one of m and n. Without loss of generality we may assume thatp | m
and p { n. Let us write m in the form m = p®my where p 1 m;. Then the normal subgroup
P is contained in the cyclic factor A = (a) of G of order m, so P = (a™*). The generator
b of the cyclic factor B = (b) of order n induces an automorphism a™* — (a™*)" of
P by conjugation b~ 'a™1b = (a™*)" where 7 is an integer coprime to p. It follows that
the multiplicative order |r| of  in Z,. divides | Aut(P)| = ¢(p®). On the other hand,
a™ = b "a™b" = (a™)"", s0r™ = 1 (mod p°), and hence |r| also divides n. But
o(p®) divides ¢(m) and ged(n, ¢p(m)) = 1,s0r =1 (mod p¢). Therefore P is contained
in the centre of GG, and hence G = P X @, where @ is an (my,n)-bicyclic group. It is
evident that the pair (my,n) is also singular. By induction, @ is abelian, and therefore G is
abelian.

Case 2. p divides both m and n. Since (m,n) is a singular pair, p* { m and p? { n. Thus
m = pmy and n = pny where p { my, p { ny and ged(mq, p(p—1)) = ged(ny, p(p—1)) =
1. Since |G| = |AB| = |A||B|/|A N B, the Sylow p-subgroup P of G is of order p or p°.
If p divides |A N B|, then |P| = p and so P < AN B, which is central in G. Therefore,
G = P x @, where @ is an (mq,n1)-bicyclic group, and the result follows by induction.
Otherwise, p { |[AN B|, so P = Z, x Z,. We may view P as a 2-dimensional vector
space over the Galois field IF,,. Let 2 be the set of 1-dimensional subspaces of P. Then
|2 = p+1and a = (a™) belongs to 2. Consider the action of G on P by conjugation.
The kernel of this action is Cg(P), so G = G/Cg(P) < GL(2,p) where C(P) denotes
the centraliser of P in G. Now we claim that G = 1.

Suppose to the contrary that G # 1. Since G = (a, b), we have G = (@, "), where
@ = a’Cg(P) and b” = b?C(P). Hence at least one of @” and b’ is not the identity of
G, say a? # 1. Clearly, |a”| divides m1, the order of a? in G.

Note that 2 is a complete block system of GL(2,p) on P and the induced action of
GL(2,p) on € is transitive. By the Frattini argument, |GL(2,p)| = (p + 1)|GL(2,p)al.
and hence |GL(2,p)a| = p(p — 1)? as |GL(2, p)| = p(p + 1)(p — 1)2. On the other hand,
aP fixes « as a fixes the subspace (a), implying that @” € GL(2,p),. It follows that |aP|
divides p(p — 1)2. Since |aP| divides m; and ged(my,p(p — 1)) = 1, we have [aP| = 1,
which is impossible because a” # 1. Thus G =1, as claimed.

Since G = 1, we have G = Cg(P), and hence G = P x Q, where Q = (a?)(b?) is an
(mq, n1)-bicyclic group with the pair (m, n1) being singular. The statement now follows
by induction. O

The following result follows easily from Theorem 4.2.
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Corollary 4.3. Let m and n be positive integers. Then every group factorisable as an exact
product of cyclic subgroups of orders m and n is abelian if and only if the pair (m,n) is
singular.

We summarize the results of this section in the following theorem.

Theorem 4.4. The following statements are equivalent for any pair of positive integers m
and n:

(i) The pair (m,n) is singular.

(ii) Every finite group factorisable as a product of two cyclic subgroups of orders m and
n is abelian.

(iii) Every finite group factorisable as an exact product of two cyclic groups of orders m
and n is isomorphic t0 Ly, X Do,

(iv) There is only one (m,n)-reciprocal pair of skew-morphisms (p, ©*) = (id,, id,,) of
the cyclic groups 7., and Zy,.

(v) Up to reciprocality, there is a unique isomorphism class of regular dessins whose
underlying graph is the complete bipartite graph K., .

(vi) There exists a unique isomorphism class of orientable edge-transitive embeddings
of Ky -

The proof of the equivalence between items (i), (iii) and (vi) of Theorem 4.4 can be
found in [12, Theorem 1.1].

Remark 4.5. For a fixed positive integer z, it has been recently shown by Nedela and
Pomerance [39] that the number of singular pairs (m, n) with m,n < x is asymptotic to

z(x)? where
T

N
#z) =e logloglogz’

where ~ is Euler’s constant.

S The symmetric case

Recall that a complete regular dessin D = (G; a, b) is symmetric if G has an automorphism
transposing a and b. In this case the dessin D possesses an external symmetry transposing
the colour-classes. If we ignore the vertex-colouring, the dessin can be regarded as an ori-
entably regular map with underlying graph K, ,. As a consequence of Theorem 3.5 we
obtain the following correspondence between orientably regular embeddings of the com-
plete bipartite graphs K, ,, and symmetric skew-morphisms of Z,,, partially indicated by
Kwak and Kwon already in [34, Lemma 3.5].

Corollary 5.1. The isomorphism classes of orientably regular embeddings of complete
bipartite graphs K,, ,, are in a one-to-one correspondence with the symmetric skew-mor-
phisms of Z,,.

A complete classification of orientably regular embeddings of complete bipartite graphs
K, » has already been accomplished by Jones et al. in a series of papers [9, 10, 11, 23, 25,
26, 40]. The methods used in the classification rely on the analysis of the structure of the
associated exact bicyclic groups. A different approach to the classification can be taken on
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the basis of Corollary 5.1 via determining the corresponding symmetric skew-morphisms
of Z,,. In particular, we can reformulate Theorem A of [23] as follows:

Corollary 5.2. The following statements are equivalent for every positive integer n.

(1) The integer n is singular.

(ii) Every finite group factorisable as a product of two cyclic subgroups of order n is
abelian.

(iii) Every finite group factorisable as an exact product of two cyclic subgroups of order
n is isomorphic to Ly, X Zn,.

(iv) The cyclic group Z,, has only one symmetric skew-morphism.

(v) Up to isomorphism, the complete bipartite graph K,, ,, has a unique orientably reg-
ular embedding.

Although skew-morphisms are implicitly present in the structure of the automorphism
groups of the maps, how to find them explicitly is not at all clear. This leads us to formu-
lating the following problems for future investigation.

Problem 5.3. Determine the symmetric skew-morphisms of cyclic groups by means of
explicit formulae.

Problem 5.4. Classify all orientably regular embeddings of complete bipartite graphs K, ,,
in terms of the corresponding symmetric skew-morphisms.

The previous problem suggests the following natural question: under what conditions
a symmetric skew-morphism is a group automorphism and what are the corresponding
orientably regular maps? The following result determines these skew-morphisms explicitly.

Theorem 5.5. Let p: x — rx be an automorphism of Z,, of order d, where ged(r,n) = 1.
Then ¢ is a symmetric skew-morphism of Zy, if and only if d | nandr =1 (mod d).

Proof. Note that the order of ¢ is equal to the multiplicative order of r in Z,,. Since
| Aut(Z,,)| = ¢(n), we have d | ¢(n). Since ¢ is an automorphism, the associated power
function is 7(x) = 1 (mod d) for all z € Z,.

If ¢ is symmetric, then by Definition 3.2, d | n and 7(z) = —¢~*(—1) (mod d) for
all z € Z,,. In particular, 1 = 7(—1) = —p(—=1) = p(1) = r (mod d).

Conversely, assume that d | » and » = 1 (mod d). By Definition 3.2, it suffices
to show that —p~*(—1) is a power function of ¢ where © € Z,, that is, to show that
—p7*(=1) = 1 (mod d). Since r = 1 (mod d), we have —p~%(—1) = p~%(1) =
r~® =1 (mod d), as required. O

The following example shows that there exist symmetric skew-morphisms of Z,, which
are not automorphisms.

Example 5.6. The cyclic group Zg has the total of six skew-morphisms, out of which four
are automorphisms and two are proper skew-morphisms. The latter two are listed below
along with the corresponding power functions:

¢ =(0)(2)(4)(6)(1357), mo = ([ [1[1)[3333];
¢ =(0)(2)(4)(6)(1753), my = [1[H[J[A][3333].
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Note that they are, in fact, antiautomorphisms in the sense of [43, 44]. It can be easily
verified that all the six skew-morphisms are symmetric. It follows that they correspond to
the six non-isomorphic orientably regular embeddings of Ky g described in [25, Table 1].
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Abstract

The problems of calculating the genus of the complete graphs and of finding a minimum
triangulation for each surface were both solved using the theory of current graphs, and each
of them divided into twelve different cases, depending on the residue modulo 12 of the
number of vertices. Cases 8 and 11 were of particular difficulty for both problems, with
multiple families of current graphs developed to solve these cases. We solve these cases, in
addition to Cases 6 and 9, in a unified manner, greatly simplifying previous constructions
by Ringel, Youngs, Guy, and Jungerman. All these new constructions are index 3 current
graphs sharing nearly all of the structure of the simple solution for Case 5 of the Map Color
Theorem.
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1 Introduction

In this paper, we only consider surfaces which are orientable. We let .S, denote the surface
of genus g, i.e., the sphere with g handles. The Heawood number of the orientable surface

Sy of genus g,
74+ /14 48¢g
H(S,) =
gives rise to two distinct problems which share many similarities. On one hand, the Hea-
wood number is an upper bound on the chromatic number of the surface, and the celebrated
Map Color Theorem of Ringel, Youngs, and others [17] proves that this inequality is tight
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(after rounding the Heawood number to the nearest integer) for all surfaces of genus g > 1
by determining the genus of the complete graphs. In the reverse direction, H (.S,) is a lower
bound on the minimum number of vertices needed to triangulate the surface with a simple
graph. For g > 1, g # 2, this was also shown to be tight by Jungerman and Ringel [11].

Both of these problems break down into twelve cases, where “Case k” refers to the
relevant graphs on 12s + k vertices. The main tool for constructing most of the required
embeddings is the theory of current graphs [4]. At times, there is overlap—for example,
the complete graph K triangulates the torus, thereby demonstrating that the chromatic
number of the torus and the smallest number of vertices needed to triangulate the torus
is 7. However, many of the cases are solved separately, and furthermore, Jungerman and
Ringel’s [11] solution for the latter problem of minimum triangulations' often required
multiple unrelated families of current graphs.

Our goal is a partial unification of both problems using index 3 current graphs, i.e.,
current graphs whose embeddings have three faces. The standard solutions for Cases 3 and
5 of the Map Color Theorem, i.e., the genus of the complete graphs on 12s+3 and 12545
vertices, respectively, used simple families of index 3 current graphs whose origins can
be traced back to constructions for Steiner triple systems. However, other constructions
employing index 3 current graphs, perhaps most notably Case 6 of the Map Color Theo-
rem (see §9.3 of Ringel [16]), have not realized the same level of simplicity. For each of
Cases 6, 8, 9, and 11, we present a single family of current graphs which solves both the
complete graph and minimum triangulation problems except for a few small-order graphs
or surfaces. Not only do these constructions improve upon past solutions in the literature,
but the structure of the current graphs for the general case reuses all but a fixed part of the
aforementioned current graphs used for Case 5.

2 Embeddings in surfaces and the Heawood numbers

For background in topological graph theory, see Gross and Tucker [3]. In a graph, possi-
bly with self-loops or parallel edges, every edge has two ends that are each incident with
a vertex. A rotation of a vertex is a cyclic permutation of its incident edge ends, and a
rotation system of a graph is an assignment of a rotation to every vertex of the graph. The
Heffter-Edmonds principle states that cellular embeddings of a graph are in one-to-one cor-
respondence with rotation systems: each embedding in a surface defines a rotation system
by considering the cyclic order of the edge ends emanating at each vertex, while in the
reverse direction, the faces of the embedding can be traced out from the rotation system in
a unique manner. Our convention will be that rotations define clockwise orderings, which
induce counterclockwise orientations for faces. In the case of simple graphs, one can ex-
press a rotation in terms of the vertex’s neighbors, so a rotation system can be represented
as a table of vertices, where each row corresponds to a cyclic permutation of the neighbors
of a specific vertex.

The Euler polyhedral formula states that for a cellular embedding ¢: G — S, we have
the expression

V(O] =BG+ |F(G,¢)] =229,

where g denotes the genus of the surface and F'(G, ¢) is the set of faces induced by the
embedding. A standard consequence is the following inequality:

! Jungerman and Ringel [11] used the term minimal triangulations.
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Proposition 2.1. Let ¢: G — Sy be an embedding of a simple, connected graph G with at
least 3 vertices. Then
|E(G)] < 3|V(G)| - 6+ 6y,

where equality is achieved when the embedding is triangular, i.e. when all its faces are
triangular.

The (minimum) genus of a graph G is the minimum genus over all cellular embeddings
of G, and is denoted v(G). A (minimum) genus embedding of G is an embedding whose
genus achieves this minimum.

Corollary 2.2. For a simple, connected graph G with at least 3 vertices, its genus is at

leas
t L=V G+
6

7(G) = {

We say that an embedding of a simple graph is triangle-tight if its genus equals this
lower bound. If a triangle-tight embedding exists, it must necessarily be of minimum genus.
From these relationships between the edge and vertex counts and the genus, one can derive

the Heawood number
74+ +/1+48¢g
H(g) = Y

of the surface S, which serves as a rough measure of “maximum possible density” in the
following two inequalities:

Proposition 2.3 (see Ringel [16, p. 63]). For g > 1, the chromatic number x(Sy) of the
surface Sg, i.e., the maximum chromatic number over all graphs embeddable in S, satisfies

X(Sg) < [H(S,)]-

Let MT(S,) be the minimum number of vertices over all simple graphs G that have a
triangular embedding in S,,.

Proposition 2.4 (Jungerman and Ringel [11]). For each surface Sy with g > 1,
MT(Sg) = [H(Sy)] -

Such an embedding in Proposition 2.4 is known as a minimum triangulation of S,. We
call a triangular embedding of a graph an (n, t)-triangulation if the graph has n vertices
and (g) — t edges, i.e. the graph is the complete graph on n vertices with ¢ edges deleted.
The tightness of the inequalities in Propositions 2.3 and 2.4 is proven via alternative for-
mulations that emphasize the number of vertices:

Theorem 2.5 (Ringel and Youngs [17]). The genus of the complete graph K,, is

(n3)(n4)w '

) = | =2

Theorem 2.6 (Jungerman and Ringel [11]). For all pairs (n,t) of nonnegative integers
n > 3, t < n — 6 satisfying

(n—3)(n—4)=2t (mod 12),

there exists an (n, t)-triangulation, except for (n,t) = (9, 3).
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Another way of stating Theorem 2.5 is that every complete graph K,,, n > 3, has a
triangle-tight embedding. In both problems, the proof breaks down into several cases, de-
pending on the residue of the number of vertices n mod 12. We call the subcase concerning
graphs with n = 12s+k vertices Case k, for k = 0,1,...,11, and we often reference the
value s in our exposition. For example, if we speak of “Case 6, s = 2” of the Map Color
Theorem, we are referring to the complete graph K3y. To differentiate between the two
problems, we refer to “Case k-CG” and “Case k-MT” to denote Case k of the Map Color
Theorem (“‘complete graph) and minimum triangulations problem, respectively.

The fact that there are 12 Cases depending on the number of vertices for both the Map
Color Theorem and the minimum triangulations problem suggests a connection between
the solutions of the two problems. Indeed, in several Cases, the current graphs used in the
proof [17] of the Map Color Theorem for K, have the dual purpose of also providing all
the necessary minimum triangulations on the same number of vertices n. However, not all
Cases have been combined in this manner.

In general, our constructions will proceed in the following way: using an index 3 current
graph, we generate an (n, t)-triangulation. We wish to find other embeddings of graphs on
the same number of vertices using the following operations:

o handle subtraction, which deletes edges from a triangular embedding to produce a
triangular embedding on a lower-genus surface, and

e additional adjacency, which adds edges using extra handles and other local opera-
tions.

By subtracting handles, we obtain all the necessary (n, t')-triangulations, for t’ > ¢, and
over the course of the additional adjacency step for constructing a triangle-tight embedding
of K,,, we construct the remaining (n, ¢")-triangulations, for ¢ < t.

3 Outline for additional adjacencies

The main goal for our additional adjacency steps is to utilize as little information about
the embeddings as possible. For this reason, we present the additional adjacency solutions
first, before describing any current graphs. Like in previous work, our additional adjacency
solutions make use of three different operations for adding a handle, which are described
in Constructions 3.1, 3.2, and 3.8 in primal form. Most of these constructions are already
known, except Proposition 3.6 and Lemma 3.10. In prose, we describe the modifications to
the embeddings in terms of rotation systems, so their correctness can be checked by tracing
the faces and applying the Heffter-Edmonds principle. Our drawings, on the other hand,
describe an alternative topological interpretation using surgery on the embedded surfaces.
While these operations work more generally, we assume that all graphs in this section are
simple and their embeddings are triangular.

Construction 3.1. Modifying the rotation at vertex v from
v. I1 Ty Yroo ... Y; z1 Zk

to
v. 1 ... T, Z1 ... Zk Yy ... Yi,

as in Figure I increases the genus by 1 and induces the 9-sided face

[331,Zk7v7y1737i771a21>yja“]~
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Construction 3.2. Modifying the rotation at vertex v from
v. I1 Ty Y1 Y 21 ZE Wi Wy

to
v. 1 ... r; W1 ... Wy Z1 ... Zk Y1 o ... Yj

as in Figure 2 increases the genus by 1 and induces the two 6-sided faces

[x17w£7v72:17yj7v] and [w1>Zk7U71/1,CL’iaU]~

) Al
L L
n U
2k Zk Zk
= = TO¥0O]| -
21 21 L1
v
v
n hn 2
Y Yj Yj
(@) (b)

Figure 1: Rearranging the rotation at vertex v (a) increases the genus and creates room (b)
to add new edges.

Remark 3.3. While the drawings in Figures 1 and 2 are drawn asymmetrically, the opera-
tions are in fact invariant under cyclic shifts of the subsets 1, ..., % y1,. .., ¥y;, tc.

Several Cases of the Map Color Theorem are solved by first finding triangular embed-
dings of K, — K3. The first consequence of Construction 3.1 is to transform such an
embedding into a genus embedding of a complete graph.

Proposition 3.4 (Ringel [15]). If there exists a triangular embedding of K,, — K3 in the
surface Sy, then there exists a genus embedding of K,, in the surface Sg41.

Before showing how this follows from the above constructions, we first argue that all
the embeddings of complete graphs we construct are in fact of minimum genus.

Proposition 3.5. Suppose we have a triangular embedding of a graph K, — H., where
H. is a graph on e edges, e < 6. If we add the missing e edges by using one handle, the
resulting embedding of K, is triangle-tight.

Proof. One can verify that the difference between the genus of K, — H,, as given by
Proposition 2.1, and the genus of K, is exactly 1. O

Proof of Proposition 3.4. 1f the three nonadjacent vertices are a, b, ¢, pick any other vertex
v and apply Construction 3.1 with 1 = a,y; = b, z; = c¢. In the resulting nontriangular
face, the nonadjacent vertices can be connected like in Figure 3(a). O
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AP
K Repe

(a)

21 T Y1 w1

Yj v ZT; v
(b)

Figure 2: Rearranging four groups of neighbors (a) yields two hexagonal faces (b).

For Cases 8 and 11, we will construct triangular embeddings of the graph K,, — K 4.
These missing edges can be added in using one handle if the embedding satisfies an addi-
tional constraint:

Proposition 3.6. Ler K,, — K1 4 be a complete graph with the edges (u,q1), ..., (u,qa)
deleted. If there exists a triangular embedding ¢: (K, — K1 4) — Sg with a vertex v with
rotation

v. ... q1 Qg2 qs qa ceey

then there exists a genus embedding of K., in the surface Sg1.

Proof. Note that vertices v and v are adjacent, so assume without loss of generality that u
appears in the rotation of v in between ¢4 and g;. Apply Construction 3.1 with

Ti=dq1, Y1=42, Yj =43, 21 =4q4, Zp=1U
and connect the missing edges in the 9-sided face, as in Figure 3(b). O

This constraint is relatively easy to satisfy, since there are a few possible permutations
for ¢, ..., q4, in addition to the fact that v is an arbitrary vertex. In fact, when we only
need to add back three edges, this is always possible:

Corollary 3.7 (Ringel et al. [5, 19]). If there exists a triangular embedding of K,, — K1 3
in the surface Sy, then there exists a genus embedding of K, in the surface Sq41.

Proof. One can always find such a vertex v by choosing a vertex on one of the triangles
incident with, say, the edge (q1, g=2)- O
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q2

(a) (b)

Figure 3: Two possibilities for adding edges after invoking Construction 3.1: a K3 sub-
graph (a), and a K 4 subgraph (b).

A third type of handle operation is to merge two faces with a handle without modifying
the rotations at any vertices. To do this, we excise a disk from two faces and identify the
resulting boundaries. In Figure 4, adding the handle between faces I} and F5 causes the
embedding to become noncellular, as the resulting region is an annulus. However, once we
start adding edges between the two boundary components of the annulus, the embedding
becomes cellular again.

Construction 3.8. Let F} = [uq,uo,...,u;] and Fy = [v1,va,...,v;] be two faces. In-
serting the edge (u1,v1) in the following way

Uy. ... U; U2 ... = uy. ... U; V1 U2
vy, ... Uy Vo ... vy, ... vj U1 (%)

as in Figure 4 increases the genus by 1 and induces the (i + j + 2)-sided face

[ulaUQa" -7u7;7U/17'U17'U2,-.-,'Uj,'Ul}.

Figure 4: Adding a handle between two faces, then adding an edge to transform the annulus
into a cell. Note that the order of vertices of one of the faces becomes reversed as we
traverse one of the (oriented) boundaries the annulus.

The most elementary operation one can do is to simply add one edge to create a genus
embedding:
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Proposition 3.9. If there exists a triangular embedding ¢: K, — Ko — Sy, then there
exists a genus embedding of K,, in the surface Sgy..

The forthcoming additional adjacency solutions are to be applied on triangular embed-
dings of graphs of the form K, — K, which is the graph formed by taking the complete
graph K, and deleting all the pairwise adjacencies between ¢ vertices. We label the ver-
tices missing adjacencies with bold letters a,b,c, ..., h. The remaining vertices will be
assigned numbers and are represented here as unadorned letters (u, v, p;,...). We apply
the traditional method of adding handles to supply all the missing edges—in Section 3.1,
we give an alternative viewpoint that aims to demystify the specific choices of added edges.

Lemma 3.10. If there exists a triangular embedding of K,, — K5 with numbered vertices
u and v whose rotations are of the form

u....aplbpgcpgdme
and
V. ... Po1) Po(2) -+ DPoB) Po(4) --->»
where o: {1,...,4} — {1,...,4} is some permutation, then there exist (n,10)- and

(n, 4)-triangulations and a triangle-tight embedding of K,,.

Proof. The initial embedding is an (n, 10)-triangulation. First, delete the edges (u, p1),
(u,b), (u, p2) in exchange for (a,b), (a,c), (b, c) and apply edge flips on (u, p3) and (u, p4)
to obtain (c¢,d) and (d,e), as in Figure 5(a). If we merge the faces [a,c,b] and [u, e,d]
with a handle, we can recover the deleted edge (u,b) and add in the remaining edges

between lettered vertices following Figure 5(b). The missing edges (u,p1), ..., (u,ps) in

this (n,4)-triangulation can be reinserted with one handle using Proposition 3.6, setting

Do(i) = ¢i» to get a triangle-tight embedding of K,,. O
(&

I

P2 c D3 P2 ¢ D3
b d b d
é g ; é I i ? j \ a
=
P1 Pa P P4 /
u U
a e a e
b

(a) (b)

Figure 5: Various edge flips are applied in the neighborhood of vertex u (a) so that one
handle suffices for connecting all the lettered vertices.

Lemma 3.11 (Guy and Ringel [5]). If there exists a triangular embedding of K,, — Kg
with a numbered vertex u whose rotation is of the form

. ... a p. b ... ¢ pod ... e p3s f ...,

then there exist (n, 15)-, (n,9)-, and (n, 3)-triangulations and a triangle-tight embedding
of K.
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Proof. We first modify the embedding near vertex u using edge flips to gain the edges
(a,b), (c,d), and (e,f), as in Figure 6(a). If we apply Construction 3.1 to vertex u, we
obtain a 9-sided face incident with all six vertices a, b, ... ,f. In Figure 6(b) and (c), we
give one way to insert the twelve missing edges between these lettered vertices with the
help of a handle. The embeddings before and after adding the handle are (n, 9)- and (n, 3)-
triangulations, respectively.

P3 U
e
a
% p =
b
d
P2
C
(@
b v
e
a
f
v
v
d C a
(b) ()

Figure 6: Three pairs of lettered vertices are connected with some edge flips (a), after which
a handle adds some of the missing adjacencies (b). The remaining edges between lettered
vertices are added using another handle merging faces I and II (c).

The missing edges (u, p1), (u, p2), (u, p3) can be added back using Corollary 3.7, yield-
ing a triangle-tight embedding of K,,. O

Lemma 3.12. [f there exists a triangular embedding of K,, — Kg with numbered vertices
u and v whose rotations are of the form

u. ... a pp b ... ¢ pod ... e p3s f ... g ps h
and
Voo oo Po(l) Po2) - Po3) Po(d) -
where o: {1,...,4} — {1,...,4} is some permutation, then there exist (n,28)-, (n, 22)-,

(n,16)-, (n,10)-, and (n,4)-triangulations and a triangle-tight embedding of K ,,.

Proof. The first four handles of our additional adjacency approach is the same as that of
Ringel and Youngs’ solution for Case 2-CG [19] (also see Ringel [16, §7.5]), with different



318 Ars Math. Contemp. 18 (2020) 309-337
vertex names. We perform an edge flip on each edge (u,p;) fori = 1,...,4, gaining the
edges (a,b), (c,d), (e,f), and (g, h). Now, the rotation at vertex u is of the form

u. ... a b ... ¢ d ... e f ... g h

These edge flips are depicted in Figure 7. Applying Construction 3.2 to this resulting
rotation yields two nontriangular faces

[h’g7 U’d7c’ ,U} and [f‘7e7v7b7a’v}'

g b1 p
f a
1)31)1 = p3
e b

d pp €

Figure 7: Initial edge flips to join some of the vortex letters.

In these faces, we induce two quadrilateral faces by adding the edges (d,g), (c,h),
(b,e), and (a,f), as in Figure 8(a). Three more handles are used to add all the remaining
edges between lettered vertices a, . .., h as shown in Figure 8(bc). At this point, the em-
bedding is of the graph K, — K 4 and is still triangular, so we add back the deleted edges
(u, p;) with one handle using Proposition 3.6 to obtain a triangle-tight embedding of K.

The embeddings after adding the second through fourth handles are all triangular and
hence are minimum triangulations. After adding only the first handle, the two quadrilateral
faces in Figure 8(a) can be triangulated arbitrarily to form an (n, 22)-triangulation. O

We note some recurring themes in these additional adjacency solutions, which one
could view as another form of unification between Cases. The “chord” edges and subse-
quent handle for connecting five vortices in Lemma 3.10 reappear in Lemma 3.11. Propo-
sition 3.6 is invoked in both Lemma 3.10 and 3.12. As mentioned earlier, most of the
construction in Lemma 3.12 was applied to Case 2-CG by Ringel and Youngs [19].

3.1 Recasting handle operations

Additional adjacency solutions are traditionally presented as a sequence of handles, which
has the benefit of constructing some of the requisite minimum triangulations. However,
when several handles are involved, it is not immediately apparent how such a construction
was derived—Ringel [16] described the solution for Case 2-CG, which is largely identical
to the one we used in Lemma 3.12, as “adventurous” and “much easier to understand than to
discover.” We can instead interpret parts of these additional adjacency solutions as surgical
operations that glue together existing embeddings, akin to the diamond sum operation of
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v e v g
b@f d@h
a v c v

(a

(b) ()

Figure 8: After connecting some of the lettered vertices with a handle (a), another handle
can be introduced in between the faces I and II (b). Using faces generated from this handle
(IIT and IV, V and VI), we can add all the remaining edges using two additional handles (c).

Bouchet [1] or the inductive constructions found in Ringel [16, §10]. In our case, we
make use of the embedding of Kg in S; formed by deleting a vertex from the triangular
embedding of K7, and a genus embedding of K in Sy where the two quadrilateral faces
are incident with disjoint sets of vertices. An example of the latter embedding appears in
Ringel [16, p. 79] and is reproduced in Appendix C.

Recall that in Lemma 3.12, the second, third, and fourth handles add all the remaining
missing edges between lettered vertices, where all of the activity takes place inside of the
two quadrilateral faces formed from the first handle. Let ¢: G — S, be the embedding of
the graph after the first handle in Lemma 3.12. Combining the next three handles into one
step is equivalent to the following procedure, which is sketched in Figure 9:

e Excise the interiors of the quadrilateral faces of ¢ and the aforementioned embedding
K 8 — SQ .

o Identify the two embedded surfaces at their boundaries so that the two disjoint sets
of four vertices become identified and the resulting surface is orientable.

Hence the three handles are equivalent to a construction of a genus embedding of K.
We may also apply the same idea to reinterpret the constructions in Lemma 3.10 and 3.11
using the embedding of Kg. If, for example, we remove the edges (b, ¢), (b,d), and (c, e)
from Figure 6, we have the hexagonal face |a,d,c,f,e,b]. The goal of the last handle of
the additional adjacency step in Lemma 3.11 is to add all the remaining edges between the
lettered vertices, which we may accomplish by attaching the embedding of K¢ along this
hexagonal face, as shown in Figure 10.
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G-)Sg : : Kg-)SQ

G*Kg — Sg+3

Figure 9: Adding adjacencies between eight vertices with an embedding of Kg. Note that
the genus increases by 3 since two boundary components are identified.

G—S
i K6—>Sl

G*K@ — Sg+1

Figure 10: An alternative way of adding the edges between six vertices using one handle.
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4 Index 3 current graphs

We assume familiarity with current graphs, especially §9 of Ringel [16]. An index k current
graph is a triple (D, ¢, ), where D is a directed graph, ¢: D — S is a cellular k-face
embedding of D in an orientable surface S and «: F(D) — T is a labeling of each arc
of D with an element of a group I'. These arc labels are called currents, and I is referred
to as the current group. In this paper, we only consider index 3 current graphs that are
labeled with elements from cyclic current groups I' = Zg,,, for some integer m. Its three
face boundary walks, which we call circuits, are labeled [0], [1], and [2].

The excess of a vertex is the sum of the incoming currents minus the sum of the outgoing
currents, and we say a vertex satisfies Kirchhoff’s current law (KCL) if its excess is 0.
Vertices of degree 3 which do not satisfy KCL are called vortices, which are each labeled
with a lowercase letter. The /log of a circuit records the currents encountered along the walk
in the following manner: if we traverse arc e along its orientation, we write down «/(e);
otherwise, we write down —a(e); if we encounter a vortex, we record its label. If the order
2 element v € Zg,, is the current of an arc incident with a vertex of degree 1, it appears
twice consecutively in the log of the incident circuit. We discard one of those instances so
that the embedded graph is simple. Our drawings of current graphs which have such arcs
follow the convention where the degree 1 vertex is omitted.

All of our index 3 current graphs with current groups Zs,, satisfy the following ad-

ditional “construction principles”, which are effectively the same as those in Ringel [16,
§9.1]:

(E1) Each vertex is of degree 3 or 1.
(E2) The embedding has three circuits labeled [0], [1], [2].

(E3) The log of each circuit consists of each nonzero element of Zs,,, exactly once and
any number of vortex letters.

(E4) KCL is satisfied at every vertex of degree 3, except vortices, which are labeled with
letters.

(ES) Every vortex is incident with all three circuits and has an excess which generates the
subgroup of Zs,,, consisting of the multiples of 3.

(E6) If circuit [a] traverses arc e along its orientation and circuit [b] traverses e in the
opposite direction, then a(e) = b — a (mod k).

(E7) The current on every arc incident with a vertex of degree 1 is of order 2 or 3 in Zg,,.

If all the construction principles are satisfied, the current graph generates a triangular
embedding of the graph K3, + K, where G + H is the graph join operation, G is the
edge-complement of GG, and / is the number of vortices. Each element of Zs,,, corresponds
to a vertex in the complete graph K3,,, and each of the vortices provides an additional
vertex, which is adjacent to all elements of Zs,,,, but none of the other vortex vertices. It is
more common to think of the resulting graph instead as K3,,,+¢ — Ky, which highlights the
total number of vertices and the number of missing edges needed to form a complete graph.
An example of an index 3 current graph is given in Figure 11. The logs of its circuits are:

0. 1 a 8 5 9 4 13 12 14 b 7 10 6 11 2 3
M. 14 2 6 4 13 9 11 5 12 7 10 3 8 b 1 a
2. 1 13 9 11 2 6 4 10 3 8 5 12 7 a 14 b
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Figure 11: A current graph for K7 — K. Solid and hollow vertices correspond to clock-
wise and counterclockwise rotations, respectively.

To generate the embedding from the logs of these circuits, for each element v € Zs,,
in the group, the rotation at vertex ~y is found by taking the log of circuit [y mod k] and
adding v to each of its non-letter elements. The rotations at the numbered vertices thus
read:

0. 1 a 8 5 9 4 13 12 14 b 7 10 6 11 2 3
. 0o 3 7 5 14 10 12 6 13 8 11 4 9 b 2 a
2.3 011 13 4 8 6 12 5 10 7 14 9 a 1 b
3. 4 e 11 8 12 v 1 0 2 b 10 13 9 14 5 6
4. 3 6 10 8 2 13 0 9 1 11 14 7 12 b 5 a
5 6 3 14 1 7 1 9 0 8 13 10 2 12 a 4 b
6. 7 a 14 11 0 10 4 3 5 b 13 1 12 2 8 9
7.6 9 13 11 5 1 3 12 4 14 2 10 0 b 8 a
8 9 6 2 4 10 14 12 3 11 1 13 5 0O a 7 b
9. 10 e« 2 14 3 13 7 6 8 b 1 4 0 5 11 12
0. 9 12 1 14 8 4 6 0 7 2 5 13 3 b 11 a
1. 12 9 5 7 13 2 0 6 14 4 1 8 3 a 10 b
1213 a 5 2 6 1 10 9 11 » 4 7 3 8 14 0
3. 12 0 4 2 11 7 9 3 10 5 8 1 6 b 14 a
4. 0 12 8 10 1 5 3 9 2 7 4 11 6 a 13 b

The rotation around each lettered vertex is “manufactured” so that the entire embed-
ding is triangular and orientable. To facilitate this process, we make use of the following
characterization of triangular embeddings:

Proposition 4.1 (e.g., Ringel [16, §2.3]). An embedding of a simple graph G is triangular
if and only if for all vertices i, j, k, if the rotation at vertex i is of the form

. ... J k ...
then the rotation at vertex j is of the form
[ B

From the partial rotation system we have built up so far, we can determine the rotations
at the remaining vortex vertices:

a. 0 1 2 9 10 11 3 4 5 12 13 14

6 7
b. 0 14 13 6 5 4 12 11 10 3 2 1 9 8

8
7
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The final embedding is a triangular one of K77 — K, which is a (17, 1)-triangulation.
It can be augmented into a genus embedding of K17 using Proposition 3.9.

The group we use for most of our constructions, including all infinite families, is
Z12s+3. By combining construction principles (E6) and (E7), we find that in order to
have a degree 1 vertex using this group, it must be the case that s = 2 (mod 3). Thus, we
only make use of degree 1 vertices and principle (E7) in a few constructions deferred to
Appendix B.

The increased flexibility acquired from using index 3 current graphs is crucial. Since
vortices have the same degree as other vertices, one can tweak the number of vortices while
keeping the number of total vertices and edges fixed, i.e., one cannot rule out the existence
of such current graphs using just divisibility conditions on the numbers of vertices and
edges in the current graph. Furthermore, the conditions in Lemma 3.10, i.e., having all
five vortices lined up nearly consecutively, is only possible for current graphs with index at
least 3. For indices 1 and 2, such a configuration would violate a “global” KCL condition.

A sketch of the standard proof of Case 5-CG (see Ringel [16, §9.2] or Youngs [23]) is
given first, as we reuse significant parts of its structure for our current graphs. The case
s = 1 was given earlier in Figure 11, and the higher order cases are given in Figures 12 and
13. The construction also works trivially for s = 0 as well.

O O
10 125—5 7 125—2 4 125+1 1

Figure 13: The family of current graphs for K255 — K>, for general s. The omitted
current on a circular arc is the same as those on the horizontal arcs above and below it.
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The general shape of the family of current graphs is a long ladder whose “rungs” alter-
nate between simple vertical arcs and so-called “globular rungs,” where the two additional
vertices have a pair of parallel edges between them. As we parse from left to right, the ver-
tical arcs, except for the arc connecting the two vortices, alternate in direction and form an
arithmetic sequence consisting of the nonzero multiples of 3 in Z;9,.3. The zigzag pattern
induced on the horizontal arcs is essentially the canonical graceful labeling of a path graph
on 4s+1 vertices (see, e.g., Goddyn et al. [2] for more information on this connection),
where the vertical arcs correspond to the edge labels on the path graph. The horizontal
arcs come in pairs that share the same current and are oriented in opposite directions. The
currents on these arcs exhaust all the elements of the form 3541 in Z1953.

Infinite families of current graphs typically consist of

e a fixed portion, which contains vortices and some salient currents for additional ad-
jacency solutions. The underlying directed graph stays the same, while the currents
may vary as a function of s, and

e a varying portion, which subsumes all remaining currents not present in the fixed
portion. The size of this ingredient varies as a function of s, and the currents are
arranged in a straightforward pattern.

In the construction for Case 5, we might consider the vortices and its incident edge
ends as the fixed portion, and the rest of the graph (see Figure 14) as the varying portion.
The elegant solutions for Cases 3 and 5 of the Map Color Theorem were first described in
Youngs [23], improving upon similar ideas of Ringel [15] and Gustin [4]. We consider this
varying portion, which we call the Youngs ladder, to be the best possible choice for index
3 current graphs.

The approach of Youngs et al. [5, 6, 23] first finalizes the fixed portion and then solve
auxiliary labeling problems for the varying portion. We tackle the problem in reverse,
opting to massage the fixed portion around a preset varying portion, which we choose to be
a contiguous subset of the Youngs ladder. Starting with the arc labeled 1 that runs between
the two vortices, we successively peel off rungs of the Youngs ladder until we have enough
material for our desired fixed portion.

6s+1 6s+4 65—2 6s+7 12s—2 4 12s+1 1
o . O

O O cee O
6s+1 6s+4 65—2 6547 1252 4 12s+1 1

Figure 14: The Youngs ladder is essentially the current graphs for Case 5 with two vertices
deleted.

We expect this procedure to become more difficult as the number of vortices increases—
not only do we need appropriate currents that feed into the vortices, but there becomes an
imbalance between the currents which are not divisible by 3 and those which are. Each
vortex will use three currents of the former type, leaving a surplus of those of the latter
type. The gadget in Figure 15, which we call the double bubble, accounts for this effect.
By tracing out the partial circuits and invoking construction principle (E6), we find that
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all six currents entering the highest and lowest vertices must be divisible by 3, while the
four remaining arcs may be labeled with an element not divisible by 3 depending on which
circuits touch this gadget. The double bubble and its generalization have appeared in other
work regarding current graphs of index greater than 1, such as Korzhik and Voss [12] and
Pengelley and Jungerman [14].

In all of our current graph constructions, we use the cyclic group Zjas43 unless we
specify otherwise. While we often simplify the labels by reversing the directions of some
arcs, e.g. replacing a label like 125+ 1 with 2, the ends which connect to the Youngs ladder
are kept unchanged, i.e., as a current which is congruent to 1 (mod 3).

Figure 15: The “double bubble” motif appears in all of our general constructions.

5 Handle subtraction for minimum triangulations

The forthcoming embeddings /1254341 — K and the embeddings en route to constructing
a genus embedding of K19,43.4 already constitute minimum triangulations, namely

k
(125 + 34k, (2> — 6h) -triangulations,

where h is a nonnegative integer less than the number of added handles. To construct
minimum triangulations on the same number of vertices, but with more missing edges, we
turn to the main idea of Jungerman and Ringel [11]: we enforce a specific structure in the
current graph that allows us to “subtract” handles. The fragment shown in Figure 16 is what
we refer as an arithmetic 3-ladder. If the step size h in the arithmetic sequence is divisible
by 3 (more generally, divisible by the index of the current graph), then it is possible to find
triangular embeddings in smaller-genus surfaces in the following manner:

t+h g+t t

r r—g r+h

Figure 16: An arithmetic 3-ladder and a circuit passing through it.
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Lemma 5.1 (Jungerman and Ringel [11]). Let (D, ¢, «) be an index 3 current graph with
current group Zs, that satisfies all construction principles. Suppose further that it has an
arithmetic 3-ladder with step size divisible by 3. If the derived embedding of the current
graph has |V | vertices and |E| edges, then for each k = 0, . .., m, there exists a triangular
embedding of a graph with |V | vertices and |E| — 6k edges.

Proof. Following Figure 16, the rotation at vertices O and h are of the form

0. ... —t=h g—h r g —t g+h r+h
h. ... —t g r+h g+h
Here we used the fact that h is divisible by 3. We may infer, by repeated application of
Proposition 4.1, the following partial rotation system, fori = 0,1,...,m:
0. e g —t  g+h r+h
g.- ... r+h h —t 0
r+h. ... 0 g+h h g
5.1
h. ... —t g r+h g+h
—t. ... g+h O g h
g+h. ... h  r+h 0 —t

If we delete the middle two columns, the rotation system becomes

0. e g r+h
g ... r+h 0
r+h. ... 0 g
h. oo —t  g+h
—t. ... g+h h
g+h. ... h —t

This new embedding has six fewer edges, and is still triangular by Proposition 4.1, hence it
must be a triangular embedding on a surface with one fewer handle by Proposition 2.1.
More generally, we obtain other handles that can be subtracted in the same manner,
using the additivity rule. That is, we can find another subtractible handle by adding a
multiple of 3 to every element of (5.1). The six edges from each of m handles can be
deleted simultaneously, as none of the handles share any faces. O

One way to visualize this operation is to interpret it as the reverse of Construction 3.8,
like in Figure 17. One can check that in all instances in this paper, the number of handles we
can subtract in a given embedding is greater than the number needed to realize the minimum
triangulation with the fewest number of edges, i.e., the (n, t)-triangulation where ¢ = n—6.

6 The current graph constructions

6.1 Comparison with existing literature

Our utilization of index 3 current graphs is rooted in Jungerman and Ringel’s [11] solution
for Case 5-MT as a straightforward modification of the current graphs used for Case 5-CG.
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Figure 17: The six deleted edges form a cycle that is, roughly speaking, surrounded by two
triangles.

We make no improvement here, but use a variation of their construction as an example of
the infinite families of current graphs we seek.

The standard approach to Case 6-CG is to use index 3 current graphs to first obtain a tri-
angular embedding of K2546—K3. The general solution Ringel [16, §9.3] chose to present
works for all s > 4, and for s = 2, a current graph that makes use of construction principle
(E7) is shown. Jungerman and Ringel [11] solved the remaining minimum triangulations
using two families of index 1 current graphs. For s = 1, the case of (18, 3)-triangulations
is particularly difficult—Jungerman [8] found a triangular embedding of K3 — K3 using
computer search, and we believe that such an embedding cannot be constructed with index
3 or lower current graphs (see the discussion in Section 6.3 and Appendix A). In [21], the
author starts with an (18, 9)-triangulation due to Jungerman and Ringel [10] and produces
a (18, 3)-triangulation and a genus embedding of K5. The (18, 3)-triangulation is of the
graph K15 — 3Ko.

Index 1 embeddings of Ki2,48 — K5 were apparently known to Ringel and Youngs
(see Ringel [16, p. 86]), though they were unable to extend these embeddings to genus
embeddings of Kj9,45. Instead, Jungerman and Ringel [11] used them for most of the
minimum triangulations on 12s + 8 vertices, i.e., the (12s + 8, 10 + 6Ah)-triangulations for
nonnegative h. For the remaining (12s + 8,4)-triangulation case, they found two families
of index 2 current graphs whose derived embeddings could be modified into an embedding
of K12s+8 - (KQ U P3)

The best solution for Case 9-CG is a beautiful construction of Jungerman, but it does
not construct minimum triangulations except for the exceptional surface Sy. For the gen-
eral case, a family of current graphs found by Guy and Ringel [5]? produced minimum
triangulations for all s > 5. Jungerman and Ringel [11] supplied the remaining cases via
a variety of approaches, primarily using an inductive construction where some triangular
embeddings are glued to one another.

The only previously known solution for the genus of Kjs,411 for s > 1 is that of
Ringel and Youngs [18] for s > 2 and the asymmetric embedding of Mayer [13] for s = 1.
In the general case, Ringel and Youngs start with an embedding of Kj2.411 — K5, where
the missing edges are added using a highly tailored additional adjacency step. The same
current graph yields minimum triangulations of type (12s + 11,10 + 6k) for h > 0, but
the troublesome case of (12s + 11, 4)-triangulations, like in Case 8-MT, was resolved via

2There are two errors in Figure 1 of [5]: the top left current should be “6s + 1” and the vertex between “z”
and “z” should be a vortex labeled “w.”



328 Ars Math. Contemp. 18 (2020) 309-337

two complicated families of index 2 current graphs.

It seems that nowhere in the literature, including in the original proof of the Map Color
Theorem, is there a construction of a genus embedding of K, derived from an (n,4)-
triangulation. Even though we outlined a natural approach in Proposition 3.6 for converting
an (n, 4)-triangulation to a genus embedding of K, no prior such unification was known.

Our approach gives a unified construction for both the Map Color Theorem and the
minimum triangulations problem for Cases 6, 8, 9, and 11. The infinite families of current
graphs cover all s > 2 for Cases 6, 8, and 9, and s > 3 for Case 11. In all these solutions,
we use families of index 3 current graphs whose varying portions are a part of the Youngs
ladder. One attractive property of using index 3 current graphs is that we are able to give
a solution that does not break into two parts depending on the parity of s, as was the case
in Jungerman and Ringel’s [11] current graphs for Case 6-, 8-, and 11-MT. For Cases 9
and 11, we supply additional constructions for smaller values of s. Of particular interest
is the case of n = 23, for which we give the first current graph construction for a genus
embedding of Ko3.

We present the constructions in increasing difficulty of the additional adjacency solu-
tion. In particular, Case 9, which has six vortices, is ultimately simpler than Case 8 because
of the additional constraint needed in Lemma 3.10.

6.2 Caseb

As a warmup, let us consider how to find minimum triangulations for Case 5. The original
solution in Figure 13 does not have any arithmetic 3-ladders, but we can modify it by
swapping two of the rungs in the Youngs ladder, namely the two with vertical arcs labeled
6 and 12s—3, as in Figure 18. In this drawing and all forthcoming figures, we only describe
the fixed portion of the family of current graphs—at the ellipses, we complete the picture
by attaching the corresponding segment of the Youngs ladder, as mentioned earlier. Exactly
where to truncate the Youngs ladder is determined by the currents at the ends of the fixed
portion.

12541 1 r  6s+1 6s+4 65—2

O
125+1 1y 6s+1 6544 65—2

Figure 18: A slight modification to the Youngs ladder that produces minimum triangula-
tions.

The idea of pairing the rungs is crucial in Youngs’ method [23] for constructing index
3 current graphs. In their proof of minimum triangulations for Case 5, Jungerman and
Ringel [11] took this idea to the extreme and switched all pairs of rungs so that all of the
globular rungs appeared on one side of the ladder, but as seen in our example, implementing
all these exchanges is not necessary.

We note that to the left of the vortices in our drawing in Figure 18, the directions of the
arcs are inverted from that of Figure 13. Most of our infinite families (except the alternate
Case 6-CG construction in Appendix A) involve attaching a Youngs ladder with a “Mobius
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twist,” i.e., the final current graph is a long ladder-like graph whose top-left and bottom-left
ends become identified with the bottom-right and top-right ends, respectively.

6.3 Case6

The family of current graphs in Figure 19 applies for all s > 2 and has an arithmetic
3-ladder, giving a simpler and more unified construction for Case 6-CG (after applying
Proposition 3.4), in addition to providing a single family of current graphs, irrespective of
parity, for Case 6-MT. The case s = 1 is particularly pesky—in the original proof of the
Map Color Theorem, the minimum genus embedding of K;g was found using purely ad
hoc methods by Mayer [13]. An exhaustive computer search suggests that there are no
index 3 current graphs for generating triangular embeddings of K5 — K3. In Appendix A,
we present another solution for Case 6-CG, s > 2, that almost achieves the 18-vertex case.

125—2 a 6s+1 6s+4  6s—2  6s+7

¢ 6s+1 6s+4

6s+7

Figure 19: A current graph for K19541¢ — K3 for s > 2.

6.4 Case9

We improve on the construction of Guy and Ringel [5] with the family of index 3 current
graphs seen in Figure 20. These current graphs produce triangular embeddings of K19449—
K for all s > 2, and the vertical rungs labeled 3, 6,9 form an arithmetic 3-ladder. The
circuits [1] and [2] have the six vortices packed as close together as possible. In particular,
the log of circuit [1] reads

. ... a 4 b ... ¢ 1 d ... e 12541 f ...,

so we may apply Lemma 3.11 with, e.g., u = 1, to obtain (12s + 9,9)- and (12s + 9, 3)-
triangulations and a genus embedding of K259.

For the case s = 1, Appendix B contains an index 3 current graph with an arithmetic
3-ladder that yields a triangular embedding of K51 — K3. The remaining case s = 0 is the
lone exception to Theorem 2.6. Huneke [7] proved that no triangulation of the surface So
has 9 vertices, so the embedding of Kg in So with its quadrilateral faces subdivided (see
Appendix C) is a minimum triangulation on 10 vertices. Adding an edge between these two
subdivision vertices with Construction 3.8 and subsequently contracting that edge results
in a genus embedding of K.
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125—2 1 f 4 ¢ 2 b6s+l 6s+4 65s—2  6s+7

L
L. O

O
125—-2 1 e 4 4 2 a6s+l 6s+4  6s—2  6s+7

Figure 20: A current graph for K949 — K¢ for s > 2. Additional fragments of circuits
besides the guidelines at the left and right ends indicate components used in the additional
adjacency solution.

6.5 Case8

The family of current graphs in Figure 21 yields triangular embeddings of Kj2548 — K5
and has an arithmetic 3-ladder. The logs of this current graph are of the form

0. ... 6s+l 12s ... 125—3 6s—2
2. ... a 6s+2 b 12s+1 ¢ 6s—1 d 12s—2 e

These translate, by additivity, to the rotations
3. ... 6s+4 0 ... 12s 6s+1
2. ... a 6s+4 b 0 ¢ 6s+1 d 12s e

By applying Lemma 3.10 with u = 2, v = 3, (p1,p2,p3,p4) = (65 +4,0,6s + 1,12s),
we can construct a (12s + 8, 4)-triangulation and a genus embedding of K24 s.

7 1 e 5 d 4 a6s+l 6s+4  6s—2  6s+7

6s+4  65—2

65—2

Figure 21: A family of index 3 current graphs for K218 — K5, s > 2.

Remark 6.1. Our additional adjacency solution makes use of some of the arcs forming the
arithmetic 3-ladder. However, there is no conflict since handle subtraction and additional
adjacency operations are not applied simultaneously.
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6.6 Casell

For s > 3, we introduce the family of current graphs in Figure 22 that generate triangular
embeddings of Kj95411 — Ks. On the bottom right is an arithmetic 3-ladder with labels
9,12, 15. By examining circuit [1], we obtain the rotations

1. ... a 6s+8 b ... ¢ 5 d ... e 12s—1 f ... g 6s+2 h
12s4+1. ... 6s+8 6s+2 ... 5 12s—1

Applying Lemma 3.12 withu = 1,v = 12s+1, (p1, p2, p3, p4) = (65+8,5,125—1, 65+2)
yields the remaining minimum triangulations and a genus embedding of Kj25411, 5 > 3.

12s 1 A
o
[0]
R s O B
125—5 7 5 1

1 96s+4f 4 2 b 6s+1 6s—2 6s+7 6s—5 6s+10

1 a 6s+1 6s—2  6s+7 6s—5 6s+10

Figure 22: Index 3 current graphs for Ky244+11 — K35, s > 3.

The special cases s = 1,2 have current graphs found in Appendix B, and a rotation
system for s = 0 is given in Appendix C.

7 Conclusion

We found index 3 constructions that produced simultaneous solutions to the genus of the
complete graphs and to minimum triangulations of surfaces, for Cases 6, 8, 9, and 11:

e Two constructions were presented for Case 6, s > 2 of the Map Color Theorem.
Prior to the present paper, the only previously known current graph for s = 2 was
not generalizable to higher values of s due to its use of construction principle (E7).

o A significantly simpler solution was found for Ky9,49 — Kg than that of Guy and
Ringel [5] that also works for s = 2, 3.

e We gave unified constructions for Cases 8 and 11. For the latter, they are the first
known triangular embeddings of Kjo5411 — Kg for s > 3, and the case s = 1
for Case 11-CG now has a solution using current graphs. The additional adjacency
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solution for Case 11 (Lemma 3.12) is more straightforward than the original con-
struction by Ringel and Youngs [18], especially in light of the interpretation given in
Section 3.1.

As mentioned earlier, index 3 current graphs allow for changing the number of vortices
without violating divisibility conditions necessary for the existence of current graphs. We
expect that for fixed £ > 1 and sufficiently large s, there exist appropriate current graphs
for triangular embeddings of K943+ — K. The results of this paper extend the applica-
bility of index 3 current graphs to roughly half of both of the Map Color Theorem and the
minimum triangulations problem, and we believe that a complete solution for a sufficiently
large number of vertices is possible by extending the results presented here.

We made use of the current group Zjss43 in our infinite families of current graphs,
reserving the group Zja51¢ for the special cases presented in the Appendix B. We were
unable to find triangular embeddings of Kj9,49— K¢ and Kjo5411 — K for small values of
s, so we resorted to a different approach for these cases. An open problem would be to find
an analogue of the Youngs ladder for the latter group—one tricky aspect is incorporating
the order 2 element 6s + 3 into such a pattern. A desirable application of such a method
would be a unified construction for all s > 1 for Case 11. Our current graph for s = 1,
the first known current graph construction for finding a genus embedding of Ks3, is a step
towards that goal.

Some recent unifications were found by the author in the context of index 1 current
graphs. Originally, these constructions were meant to improve Case 0-CG [22] and Case 1-
CG [20], but these current graphs also have arithmetic 3-ladders and hence also constitute
unified constructions that improve upon those found in Jungerman and Ringel [11]. At
present, Case 2 is the least unified of the residues. Triangular embeddings of Kyo419 —
K, for all s > 1 were found by Jungerman [9], which by Construction 3.8 yields genus
embeddings of K9442. The remaining minimum triangulations were found by an entirely
different construction by Jungerman and Ringel [11]. It seems plausible that lifting to index
3 current graphs may help, as it did with Ky (see [20]) and Ko3.
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Appendix A An alternate family of current graphs for Case 6-CG

In Figure 23, we give another index 3 construction for triangular embeddings of K956 —
K3 using as much of the Youngs ladder as possible. The corresponding segment of the
Youngs ladder has 4s — 5 rungs—if we had a family of current graphs where the varying
portion was part of a Youngs ladder with one more rung, then an index 3 current graph
would exist for s = 1 (with 0 rungs from the Youngs ladder). Thus, we argue that this
construction, combined with our experimental results showing nonexistence for s = 1,
maximizes the length of the Youngs ladder fragment used. As a side note, this family of
current graphs uses the same building blocks known to Ringel et al.

1252 4 2 1 b 6s—1 c 6s=2

125—-2 1 4 2 a 1 6s+1 65—2

Figure 23: Another construction for triangular embeddings of Ki2546 — K.

Appendix B Small current graphs, Cases 9 and 11

B.1 Case9

For s = 1 we use the special current graph in Figure 24. It is essentially one of the inductive
constructions used by Jungerman and Ringel [11], with the additional observation that the
current graph used has an arithmetic 3-ladder.

Figure 24: A current graph for K9; — K3 with an arithmetic 3-ladder.

B.2 Casell

For s = 1,2, we first find a current graph with group Z244¢ that generates a triangular
embedding of K9,4+11 — K. For s = 1, consider the index 3 current graph in Figure 25.



T. Sun: Simultaneous current graph constructions . .. 335

The rotations at vertices 1 and 12 are of the form

1. ... a 3 b 5 ¢ 9 d 8 e
12. ... 5 8 ... 3 9 ...,

so applying Lemma 3.10 with uw = 1,v = 12, (p1, p2, p3, p4) = (3, 5,9, 8) yields (23, 10)-
and (23, 4)-triangulations, and a genus embedding of K»3. For s = 2, the current graph in
Figure 26 generates a triangular embedding of K35 — K. Similar to the s = 1 case, we
use the rotations

2. ... a 10 b 6 ¢ 7 d 3 e
9. ... 7 10 ... 6 3 ...,

and Lemma 3.10 to find the (35, 10)- and (35, 4) triangulations, and a genus embedding of
K35. The remaining minimum triangulations can be found using the arithmetic 3-ladder.

Figure 25: An index 3 current graph for Ko3 — K.

An embedding is said to be nearly triangular if it has at most one nontriangular face.
The following result relates nearly triangular embeddings to minimum triangulations:

Proposition B.1. Suppose there exists a triangle-tight embedding of K, in a surface S,
with exactly one nontriangular face. If the boundary of the nontriangular face contains no
repeated vertices, then there exists a minimum triangulation of Sy on n + 1 vertices.

Proof. The bounds derived from Heawood numbers H (g) (Propositions 2.3 and 2.4) show
that MT(g) > n+ 1 (as H(g) is not an integer). Subdividing the nontriangular face of the
embedding with a new vertex and connecting it to all the vertices along the face yields the
desired triangulation. O

In particular, the aforementioned nonexistence result for (9, 3)-triangulations due to
Huneke [7] was used to show that Kg does not have a nearly triangular embedding in
So [20]. We use the nearly triangular genus embedding of Koo given in [20] to construct
the remaining (23, 16)-triangulation.

Finally, a unification of the 11-vertex case using an asymmetric embedding is given in
Appendix C.
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Figure 26: An index 3 current graph for K35 — K.

Appendix C  Some small embeddings

We collect a few special embeddings in this section. The first such embedding, found in
Ringel [16, p. 79], is of Kg with two additional subdivision vertices:

0.2 73 1 45 6 q
2.4 15 3 6 7 0 g
4. 6 3 7 5 0 1 2 q
6. 005 1 7 2 3 4 q
1. 76 5 2 4 0 3 ¢
3.107 46 25 ¢
5.3 2 1 6 0 4 7 ¢
7.5 43026 1 q
G0 6 4 2 0

This embedding was used in several ways: it is a minimum triangulation of So, it
is a genus embedding of K after amalgamating gy and g, and three of the handles of
Lemma 3.12 can be thought of as gluing this embedding at two quadrilateral faces.

Known (11, 4)-triangulations and genus embeddings of K77 do not follow naturally
from current graph constructions. To lessen the load of having to verify these special
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embeddings, we give a triangular embedding of K1, — Cy:

0.1 10 8 42 9 75 3 6
.. 0 6 4 85 9 3 7 2 10
2.0 410 1 7 6 58 3 9
3.0 5 10 4 71 9 2 8 6
4. 0 8 1 6 9 5 7 3 10 2
5. 0 7 4 9 1 8 2 6 10 3
6. 0 3 8 10 5 2 7 9 4 1
7.0 9 6 2 1 3 4 5

8. 0 10 6 3 2 5 1 4

9. 0 2 3 1 5 4 6 7
0. 0 1 2 4 3 5 6 8

The missing edges are (7,8), (8,9), (9,10), and (10, 7), which can be added with one
handle using Construction 3.8 as in Figure 27. Note that this construction does not really
make use of any specific structure in the embedding, as we can always find a face incident
with a given edge. We thus formulate this additional adjacency approach more generally:

Proposition C.1. [f there exists a triangular embedding of K,, — Cy, then there exists a
triangle-tight embedding of K.

9 8
e
0 6

Figure 27: A generic method for adding a Cy with one handle, applied to the triangular
embedding of K1, — Cy.

10
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Abstract

The thickness of a graph G is the minimum number of planar subgraphs whose union
is G. In this paper, we present sharp lower and upper bounds for the thickness of the
Kronecker product G x H of two graphs G and H. We also give the exact thickness
numbers for the Kronecker product graphs K,, x Ka, K, , X Ko and Ky, , n X Ko.
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1 Introduction

The thickness (G) of a graph G is the minimum number of planar subgraphs whose union
is G. Tt is a measurement of the planarity of a graph, the graph with §(G) = 1 is a
planar graph; it also has important application in VLSI design [15]. Since W. T. Tutte [16]
inaugurated the thickness problem in 1963, the thickness of some classic types of graphs
have been obtained by various authors, such as [1, 3, 4, 13, 17, 19] etc. In recent years,
some authors focus on the thickness of the graphs which are obtained by operating on two
graphs, such as the Cartesian product graph [8, 20] and join graph [7]. In this paper, we are
concerned with the Kronecker product graph.
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The Kronecker product (also called as tensor product, direct product, categorical prod-
uct) G x H of graphs G and H is the graph whose vertex setis V(Gx H) = V(G)x V(H)
and edge setis E(G x H) = {(g,h)(¢',h') | g¢’ € E(G) and hh' € E(H)}. Figure 1
shows the Kronecker product graph K5 x K5 in which {uq,...,u5} and {v1,v2} are the
vertex sets of the complete graphs K5 and K5, respectively. Many authors did research on
various topics of the Kronecker product graph, such as for its planarity [2, 10], connectivity
[18], coloring [9, 12] and application [14] etc.

Figure 1: The Kronecker product graph K5 x Ko.

The complete graph K, is the graph on n vertices in which any two vertices are adja-
cent. The complete bipartite graph K, ,, is the graph whose vertex set can be partitioned
into two parts X and Y, | X| = m and |Y| = n, every edge has its ends in different parts
and every two vertices in different parts are adjacent. The complete tripartite graph K p, »
is defined analogously.

In this paper, we present lower and upper bounds for the thickness of the Kronecker
product of two graphs in Section 2, in which the lower bound comes from Euler’s formula
and the upper bound is derived from the structure of the Kronecker product graph. Then
we study the thickness of the Kronecker product of a graph with K5. There are two rea-
sons why we interested in it. One reason is that the upper bound for the thickness of the
Kronecker product of two graphs we will provide relies on that of the Kronecker product
of a graph with K5. Another reason is that the planarity of the Kronecker product of two
graphs have been characterized in [10], but a graph with K is one of its missing cases. It’s
a difficult case, because there exist non-planar graphs whose Kronecker product with K5
are planar graphs, see Figures 1 and 2 in [2] for example. In Sections 3 and 4, we provide
the exact thickness numbers for the Kronecker product graphs K, x Ks, K, ,, X K5 and
Kn,n,n X K2-

For undefined terminology, see [5].

2 Thickness of the Kronecker product graph G x H

A k-edge-coloring of a graph G is a mapping f: E(G) — S, where S is a set of k colors.
A k-edge-coloring is proper if incident edges have different colors. A graph is k-edge-
colorable if it has a proper k-edge-coloring. The edge chromatic number x'(G) of a graph
G is the least k such that G is k-edge-colorable.

Theorem 2.1. Let G and H be two simple graphs on at least two vertices, then

2|E(G)||E(H)| L /
[3V(G)|V(H)| — 6} < 0(G x H) < min{x'(H)8(G x K),x' (G)0(H x K)},

in which x'(H) and x'(G) are edge chromatic number of H and G respectively.



X. Guo and Y. Yang: The thickness of the Kronecker product of graphs 341

Proof. Tt is easy to observe that the number of edges in G x H is |E(G x H)| =
2|E(G)||E(H)| and the number of vertices in G x H is |V(G x H)| = |V(G)||V(H)].
From the Euler’s Formula, the planar graph with |V(G)||V(H)| vertices, has at most
3|V(G)||V(H)| — 6 edges, the lower bound follows.

The x'(H )-edge-coloring of H can be seen as a partition { My, ..., M,/ gy} of E(H),
in which M; denotes the set of edges assigned color i (1 < i < x/(H)). Then M; is
a matching and E(H) = M; U --- U M,/ (g). Because G x H = Uf;(lH)(G x M;) and
(G xM;) = 6(Gx Ks),wehave §(Gx H) < x'(H)0(G x K3). With the same argument,
we have 0(G x H) < x'(G)0(H x Ks). The upper bound can be derived. O

In the following, we will give examples to show both the lower and upper bound in
Theorem 2.1 are sharp. Let G and H be the graphs as shown in Figure 2(a) and (b) re-
spectively. Figure 2(c) illustrates a planar embedding of the graph G' x {v;v2}, in which
we denote the vertex (u;,v;) by ul, 1 < i < 7,1 < j < 2. So the thickness of
G x {vyva} is one which meets the lower bound in Theorem 2.1. Figure 2(d) illustrates a
planar embedding of the graph G x {vov3} which is isomorphic to G x {vivs}. Because
G x H =G x {vjva} U G x {vyv3}, we get a planar subgraph decomposition of G x H
with two subgraphs, which shows the thickness of G x H is not more than two. On the
other hand, the graph G x H contains a subdivision of K5 which is exhibited in Figure 2(e),
so G x H is not a planar graph, its thickness is greater than one. Therefore, the thickness
of G x H is two which meets the upper bound in Theorem 2.1.

us

U1 U2 V3

Uy us

(a) The graph G. (b) The graph H.

ul

(c) The graph G x {viva}. (d) The graph G x {vavs}.

Figure 2: An example to show both lower and upper bounds in Theorem 2.1 are sharp.
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(e) A subgraph of G x H.

Figure 2: An example to show both lower and upper bounds in Theorem 2.1 are sharp.

The graph G x H has a triangle if and only if both G and H have triangles. If G x H does
not contain any triangles, from the Euler’s Formula, the planar graph with |V (G)||V (H)|
vertices, has at most 2|V (G)||V (H)| — 4 edges, a tighter lower bound can be derived.

Theorem 2.2. Let G and H be two simple graphs on at least two vertices. If G x H does

not contain any triangles, then

|BE(G)|[E(H)| A o X
Mwmnwmm}fﬁ@ H) < min{x' (H)0(G x K2), X' (G)0(H x K)}.

3 The thickness of K,, X K, and K, ,, X K,

In this section, by making use of the thickness number of K, ,, and a known planar decom-
position of K, ,, as shown in Lemmas 3.1 and 3.2 respectively, we will obtain the exact
thickness numbers of K,, x K5 and K, , X K.

Let G be a simple graph with n vertices, V(G) = {v1,...,v,} and V(K3) = {1,2}.
Then G x K is a bipartite graph, the two vertex parts are {(v;,1) | 1 < i < n} and
{(vi,2) | 1 < i < n}, so G x Ky is a subgraph of K, ,, which shows that §(G x K3) <
0(Kp,n). Although the thickness of the complete bipartite K, ,, have not been solved
completely, when m = n, the following result is known.

Lemma 3.1 ([4]). The thickness of the complete bipartite graph K, ,, is

O(K ) = [” I 2} .

When n = 4p (p > 1), Chen and Yin [8] gave a planar subgraphs decomposition
of Ky4p 4, with p + 1 planar subgraphs Gy, ...,Gp41. Denote the two vertex parts of
Kupap by U = {u1,...,uap} and V. = {v1,...,v4p}, Figure 3 shows their planar
subgraphs decomposition of Ky, 45, in which for each G, (1 < r < p), both v4,_3
and vy,—1 join to each vertex in set |J7_, i¢r{u4i73,u4i72}, both vy-_5 and vg4, join
to each vertex in set Uf:l,i 7$T{u4i,1,u4i}, both wu4,_1 and uy4, join to each vertex in
set Ule #T{v4i_3,v4¢_1}, and both u4._3 and wg._o join to each vertex in set
Uf:l,i ¢T{v4i,27 va; }. Notice that G, is a perfect matching of K4, 45, the edge set of it
is {uv; | 1 <1i <dp}.
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P
U {vai—s,vai—1}

i=1,i#r
i=1,i#r
Var
(a) The graph G- (1 <7 < p).
Uy u Ugp—1 T Udp
(%1 V2, Vap—1 Vip

(b) The graph Gp41.

Figure 3: A planar decomposition of Ky, 4.

Lemma 3.2 ([8]). Suppose K,, ,, is a complete bipartite graph with two vertex parts U =
{u1,...,un} and V.= {vy,...,v,}. When n = 4p, there exists a planar subgraphs
decomposition of Kup ap with p 4 1 planar subgraphs G1, . ..,Gpy1 in which Gp11 is a
perfect matching of Kup 1, with edge set {u;v; | 1 <1 < 4p}.

Theorem 3.3. The thickness of the Kronecker product of K,, and K is

0K x Kaz) = | 7]
4
Proof. Suppose that the vertex sets of K, and K5 are {z1, ..., z,} and {1, 2} respectively.
The graph K,, x K5 is a bipartite graph whose two vertex parts are {(z;,1) | 1 <i < n}
and {(z;,2) | 1 < ¢ < n}, and edge set is {(z;,1)(z;,2) | 1 < 4,5 < n,i # j}. For
1 <i<n,1<k<2, wedenote the vertex (x;, k) of K,, x K5 by xf for simplicity.
Since |E(K,, x K3)| = n(n — 1) and |V(K,, x K3)| = 2n, from Theorem 2.2, we

have
0(K, x Ky) > [”4(2:;)} - [%W . 3.1)

In the following, we will construct planar decompositions of K,, x Ko with [%W sub-
graphs to complete the proof.

Case 1. When n = 4p.

Suppose that K, ,, is a complete bipartite graph with vertex partition (X', X?) in which
X' = {z},...,zl} and X? = {a%,...,22}. The graph G, is a perfect matching of
Kp 4, whose edge set is {zlz? |1 < i < n}, then K,, x Ky = Ky n — Gpy1. From
Lemma 3.2, there exists a planar decomposition {G1,...,Gp} of K,, x K5 in which G,
(1 < r < p) is isomorphic to the graph in Figure 3(a). Therefore, 0(K 4, x K2) < p.
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Case 2. When n = 4p + 2.

When p > 1, we draw a graph G, ,; as shown in Figure 4, then {G1,...,G,, G}, 41} isa
planar decomposition of Ky, 2 x Ko with p+ 1 subgraphs, so we have §( Ky, 42 X K3) <
p+ 1. Whenn = 2, Ky x K9 = 2K is a planar graph.

1 2
z4£+1 f4p+2
.2 1
‘ Tip () Tap
1 2
Lap42 Lap41

Figure 4: The graph G, ;.

Case 3. Whenn =4p+ 1and n = 4p + 3.

Because Kupy1 X Ko is a subgraph of Kupyo X Ka, we have 0(Kypi1 X Ki) <
O(Kuapy2 x Ko) = p + 1. Similarly, when n = 4p + 3, we have 0(K 413 x Ko) <
O(Kapr1) x K2) =p+1.
Summarizing Cases 1, 2 and 3, we have
(K, x Ks) < {ﬂ . (3.2)
Theorem follows from inequalities (3.1) and (3.2). O]

Theorem 3.4. Let G be a simple graph onn (n > 2) vertices, then

[ E(G)

zn_J <0G x Ko <[]

Proof. Because G x K is a subgraph of K,, X K5, we have 0(G x K3) < 0(K,, x K5).

Combining it with Theorems 2.2 and 3.3, the theorem follows. O
Lemma 3.5 ([10]). The Kronecker product of Ky, ,, and K, , is a disjoint union K, pnqU
King,np-

Theorem 3.6. The thickness of the Kronecker product of K., ,, and K, 4 is
O( Ko n % Kp,q) = max{0(Komp,ng), 0(Kimgnp)}-
Proof. From Lemma 3.5, the proof is straightforward. [

Because K> is also K 1, the following corollaries are easy to get, from Theorem 3.6
and Lemma 3.1.

Corollary 3.7. The thickness of the Kronecker product of K, , and K is
O(Kmn X Ko) = 0(Kp pn)-
Corollary 3.8. The thickness of the Kronecker product of K, ,, and K> is

n+2
1 .

O(Kpn x Ka) = {
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4 The thickness of the Kronecker product graph K, ,, , X K,

Let (X, Y, Z) be the vertex partition of the complete tripartite graph K ,,, , ({ < m < n)in
which X = {z1,...,2}, Y ={y1,. .-, Um}» £ = {z1,...,2n}. Let {1, 2} be the vertex
set of K2. We denote the vertex (v, k) of Kj ., X Ko by v* in which v € V(K .)
and k € {1,2}. For k = 1,2, we denote X* = {af,...,2F}, Y* = {yf,...,y%} and
ZF = {2k, ... 2F}. In Figure 5, we draw a sketch of the graph K ,,, ,, X Ko, in which the
edge joining two vertex set indicates that each vertex in one vertex set is adjacent to each
vertex in another vertex set. Suppose G(X!,Y?) is the graph induced by the vertex sets
X1'and Y2 of K 15,5, x K2, then G(X!, Y2) is isomorphic to K ., the graphs G(Y'!, Z?),
G(ZY, X?),G(X% YY), G(Y? Z') and G(Z?%, X!) are defined analogously. We define

G'=G(X L Y)HuGy!,ZHuG(zh, x?)

and
G =G(X% L YHuGy? zhua(z% XY,

then K; . n X Ko = G UG2,

Figure 5: The graph K ,, », X Ko.

Theorem 4.1. The thickness of the Kronecker product graph K ,, ,, X Ko (1 < m < n)
satisfies the inequality

Im+In+mn
<OKpmn X K3) <20(K,.0)-
{2(l+m—|—n)—2-‘ (Kt x 12) (Km.n)

Proof. From Theorem 3.4, one can get the lower bound in this theorem easily. Any two
graphs of G(X1,Y?), G(Y!,Z?) and G(Z*, X?) are disjoint with each other and | <
m < n, so we have

0(G") < max{0(G(X',Y?),0(G(Y', Z%),0(G(Z*, X?)} = 0(Kpn.n)-
Similarly, we have
0(G?) < max{0(G(X?,Y"),0(G(Y? Z"),0(G(Z* X))} = 0(Kynn).

Due to the graph Kj .., x Ko = G' U G?, we have 0(Kjnn x Ka) < 20(K,.0).
Summarizing the above, the theorem is obtained. O

In the following, we will construct planar decompositions of K, ,, , X K3 when n =
4p,4p + 1,4p + 3 in Lemmas 4.2, 4.4 and 4.5 respectively. Then combining these lemmas
with Theorem 2.2, we will get the thickness of K, ,, , X Ko and we will see when n =
4p+2, the upper and lower bound in Theorem 4.1 are equal, so both bounds in Theorem 4.1
are sharp.
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Lemma 4.2. When n = 4p, there exists a planar decomposition of the Kronecker product
graph K, . n X Ko with 2p + 1 subgraphs.

Proof. Because |X*| = |Y*| = |ZF| = n (kK = 1,2), all the graphs G(X!,Y?),
GY', Z2?),G(Z", X?),G(X?%, Y1), G(Y?, ZY),G(Z?, X") are isomorphic to K, ,,.

Let {G1,...,Gpt1} be the planar decomposition of K, ,, as shown in Figure 3. For
1 <r < p+1, G, is a bipartite graph, so we also denote it by G.,.(V,U). In G,.(V,U),
we replace the vertex set V' by X LU by Y2 ie,foreach 1 <i < n, replace the vertex
v; by z}, and u; by y2, then we get graph G, (X1, Y?). Analogously, we obtain graphs
G, (Y1, Z2),Go(ZY, X2), G (X2, YY), G, (Y2, ZY) and G, (22, X1).

For1 <r<p+1,let

Gl =G.( X" YHUG,.(YH Z)UG,.(Z" X?)

and
G} =G (XA YHUuG, (Y3 ZH UG (2% XY,
Because G,.(X1,Y?),G,. (Y1, Z?),G,.(Z', X?) are all planar graphs and they are disjoint
with each other, G} is a planar graph. For the same reason, we have that G2 is also a planar
graph.
Let graph G 41 be the graph Gzl;+1 U G12g+1~ We have

1 2
Gpr1 =G UG

= {0 @l gl uzlad }u{ 0 @2yl uyiel U ztal))

It is easy to see G 41 consists of n disjoint cycles of length 6, hence G, is a planar

graph.
Because
+1 +1
G YY) ="0 G (x' YY), G, 2% ="0 G, (v, 2%,
r= r=
+1 +1
G(z', X% ="U G2, X?), G(x2yh) ="0 G, (x% YY),
and
2 L1y _ PHL 2 1 2 1 ! 2 31
a2z ="0 6. 2, a2, xY =" a2, xh),
r= r=
we have
Kpnn x Ko =G 'UG?
+1
=0 (Glue?)
= @1(G71~ U GE) UGpir.
So we get a planar decomposition of Ky, 45 45 X Ko with 2p + 1 subgraphs G1,..., G,

G3,..., G2, Gpi1. The proof is completed. O
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We draw the planar decomposition of Kg g g x Ko as shown in Figure 6.

Lemma 4.3 ([5]). Let G be a planar graph, and let f be a face in some planar embedding
of G. Then G admits a planar embedding whose outer face has the same boundary as f.

(c) The graph G%

Figure 6: A planar decomposition of Kg g g x K.
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21 3 23 3 23 a3 24 a7 28 a2 24 a2 21 a2 24 @2

2 L 2 L 2 .1 2 L 2 L 2 L 2 L 2 il

Y1 Y Y2 Y2 Y3 Y3 Ya Y4 Ys Y5 Y6 Ye! Y7 Y7 Y8 Yg

xi 22 3 22 a3 22 Ty 22 i 22 g 22 i 22 x} 22
(e) The graph G3.

Figure 6: A planar decomposition of Kg g g X Ko.

Lemma 4.4. When n = 4p + 1, there exists a planar decomposition of the Kronecker
product graph K, p, , X Ko with 2p + 1 subgraphs.

Proof. Case 1. Whenp < 1.

When p = 0, the Kronecker product graph K 1 1 x K is a cycle of length 6, so K1 1,1 X K>
is a planar graph. When p = 1, as shown in Figure 7, we give a planar decomposition of
K5 5,5 x Ky with three subgraphs A, B and C.

Case 2. When p > 2.

Suppose that {G1,...,G},G3,...,G3, Gy} is the planar decomposition of K4y 4 4p X
K as provided in the proof of Lemma 4.2. By adding vertices },, 1, 23, 1, Yip+ 15 Yips1:
zip 115 zip 11 to each graph in this decomposition, and some modifications of adding and
deleting edges to these graphs, a planar decomposition of Kyp41,4p+1,4p+1 X Ko will be
obtained.

For convenience, in Figure 3(a) we label some faces of G, (1 < r < p) with face
1,2 and 3. As indicated in Figure 3(a), the face 1 is bounded by v4,_1Uqr—3V4r—2U4s,
the face 3 is its outer face, bounded by vy, _3u4,—2v4,rusr—1. The face 2 is bounded by
Ugr—3Var—1Usr—2v; in which vertex v; can be any vertex of Ule’#r{vh,gm@}. Be-
cause U3 and ug—o in G (1 < r < p) is joined by 2p — 2 edge-disjoint paths of
length two that we call parallel paths, we can change the order of these parallel paths
without changing the planarity of GG,. Analogously, we can change the order of par-
allel paths between wug4,—1 and w4y, v4r—3 and vg,._1, Vgr—2 and vy,.. In addition, the
subscripts of all the vertices are taken module 4p, except that of the new added vertices

1 2 1 2 1 2
Tip 1> Thp i1y Yapy1> Yipr1s Zaprr and 24, 4.
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(a) The graph A.

(b) The graph B.
2 1 2 1 2 T 2 1 1 2 1 2 1
21 Ty v T LA B2 Ty Ya Ty Yr %5
2 1
Y5 Ys
1 2 1 ) 1 2 1 ) 1 2 1 2 1 2
3 Y3 23 ) Y3 3 T z3 Y2 % ) Y2 2 Th
(c) The graph C.

Figure 7: A planar decomposition of K5 55 X K.

Step 1: Add the vertices xj,, , and y3,,, to graph G.(X',Y?).

Place vertices xj, , and y3, ., in face 1 and face 2 of G,.(X',Y?), respectively. Join
x}lp 41 to vertices y7,_5 and y3,. Change the order of the parallel paths between y3,_, and
Yi,_s,suchthatzg, o € UL, ;. {24;_o, =], } are incident with the face 2, and join y3, , ;
to both z}, _; and x}, , ,.

Step 2: Add the vertices 3, ; and yj,,, to graph G,.(X?,Y'!).
Similar to step 1, place 23, ; and y;,,, ; in face 1 and face 2 of G,.(X?,Y'"), respectively.
Join 23, ,; to both yJ, 5 and yj,., join yj,,; toboth 23, _; and 3, .5 € U_; iz, {272,

954211'}
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Step 3: Add the vertices y,,, and 23, to graph G,.(Y'!, Z?).
Place y,,, ; in face 3 of G,.(Y'!, Z?) and join it to vertices 23, 5 and 23, ;. Place 23,
in face 1 of G,-(Y'!, Z?) and join it to vertices y},_, and yj, ;.

Step 4: Add the vertices y3,,, and 2}, to graph G,.(Y?, Z").
Place yzpﬂ in face 3 of G,.(Y?, Z') and join it to vertices z},_, and z},_,. Place Zip+1
in face 1 of G,-(Y?, Z1) and join it to vertices y3,_, and y3,_;.

Step 5: Add the vertices zj,, , and x3,,, to graph G,.(Z", X?).
Place zip_H in face 1 of G,.(Z', X?) and join it to vertices z3,_; and x3,.. Place x?lp_H in
face 3 of G,.(Z', X?) and join it to vertices z}, 5 and z},.

Step 6: Add the vertices 23, , and x3,,, to graph G,.(Z*, X !).
Place 23, in face 1 of G,-(Z?, X') and join it to vertices x}, 5 and xj,. Place 2}, , in
face 3 of G,.(Z2, X1) and join it to vertices 2%, _5 and 23,..

We denote the above graphs we obtain from Steps 1-6 by @T(Xl, Y?), @T(X2, Y1),
G (Y1, 2%),G. (Y2, ZY), G (Z, X?) and G, (22, X ) respectively.

Let
Gl =G (X" Y)UG,(Y', 2> UG, (2", X?)

T

and
G? =G (XL YNHUG,. (Y2, ZY UG (2%, XY).

T

Step 7: Add the edges Zirxir’ yir—lzé%r—/l\’ Zir—Z}{zr—Qv x}lr—iizi“—?) and Zirxéllrv
yirflzirflizzrfzyirﬁ, xilfg,zbf?) to graphs GiL and G2 respectively, 1 < r < p.

For graph G, (Y1, Z?) C G1, we delete the edge yi,_523. and join the vertex yi,. ; to
vertex z3,_;, then we get a planar graph G,.(Y'!, Z?). According to Lemma 4.3, the graph

G, (Y, Z?) has a planar embedding whose outer face has the same boundary as face 2,
then the vertex z3,_ is on the boundary of this outer face.

For graph G,.(Z*, X2) C G2, delete the edge 2, ,22, , and join z}, to 22, then we
get a planar graph ér(Zl, X?2). According to Lemma 4.3, the graph G, (Z', X?) has a pla-
nar embedding whose outer face has boundary as 2,23, 21, o122}, (2?2 € Uf:l-, P #r{xii_l ,
x3,}), then the vertex 2}, _, is on the boundary of this outer face.

Since the vertices z,_5 and y3,_, are on the boundary of the outer face of the em-
bedding of (/}\'T(Xl, Y?) C (A}'i, we can join x},_5 to 23,_5, y3._o to zi,_, without edge
crossing. Then we get a planar graph é,l

With the same process, for the graph G2, we delete edges y3,_5z1, and 23, o2}, _,
join y3,_ to zi, 4, join 23, to x4, join 23, 5 to 2}, 5 and join y}, _, to 23._,, then we
get a planar graph é%

Table 1 shows the edges that we add to G and G2 (1 < r < p) in Steps 1-7.

Step 8: The remaining edges form a planar graph épH.

The edges that belong t0 Kyp11.4p+1,4p+1 X K2 but not to any GLG2(1 <r<pare
shown in Table 2, in which the edges in the last two rows list the edges deleted in Step 7.
The remaining edges form a graph, denote by G/, 1. We draw a planar embedding of G, 11

in Figure 8, so G),+1 is a planar graph.
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Table 1: The edges we add to GL and G2 (1 < r < p).

Edges Subscript
1 2 .2 1 1 2 .2 1
Lap+1¥Yi> Tap+1Yis  Rap+1T5, Zap+1Tss
1 2 .2 1 1.2 2.1 o
Thp 12 Thpr1% s T;25, X5, 1 =4r — 3,4r.

1 2,2 1
Yap+1%i Yap+17i»

1 2 2 1
Yap+1755 Ysp+1%; >

1 2 2 1
Zap+1Yis 2ap+1Yi>
1,2 ,2.1
Yizi Yi %

i=4r —2,4r — 1.

Table 2: The edges of ép“.

Edges

Subscript (1 <7 < p)

1 2,2 1
Lap+1Yi> Lap1Yi»

1 2 .2 1
Lip+1%is Lip+17i >

1 2 2 1
Rap+1T5s Zap12;s
1.2 2.1

Lizi, LiZi,

i=dr —2,4r — 1.

1 2 2 1
Yip+17i> Yap+1%i»

1 2 2 1
Rap+1Yis ap+1Yi»

1 2,2 1 1,2 ,2.1 .
Yip+1Z;> Yap41Tis Yi 25 Yi 2 ©=4r —3,4r.
xly? 2?yl, 1 =4r —3,4r — 2,4r — 1,4r.
1,2 2.1 1,2 2.1 1.2 21 .
TiYis YiZis 2T TilYi» Yi 27 Zi T4 i=4p+1

1,2 ,2,1
Yi %5 Yi 25

1 =4r — 3,5 =A4r.

z}x?,zfx}, 1=4r —2,5=4r — 1.
Therefore {G!,..., é}), G2,..., 612,, épH} is a planar decomposition of

Kapi1,4p+1,4p+1 X Ko, the Lemma follows. O

Figure 9 illustrates a planar decomposition of Ky g 9 X Ko with five subgraphs.
A graph G is said to be thickness ¢t-minimal, if (G) = t and every proper subgraphs
of it have a thickness less than ¢.

Lemma 4.5. When n = 4p + 3, there exists a planar decomposition of Kronecker product
graph Ky 3 ap13,ap+3 X Ko with 2p + 2 subgraphs.

Proof. Case 1. When p = 0.
As shown in Figure 10, we give a planar decomposition of K3 3 3 x K5 with 2 subgraphs.

Case 2. Whenp > 1.

The graph Kyp43 4p+3 is a thickness (p + 2)-minimal graph. Hobbs, Grossman [11] and
Bouwer, Broere [6] proved it independently, by giving two different planar subgraphs de-
compositions {H1, ..., Hpya} of Kapy3 4513 in which Hy, o contains only one edge. Sup-
pose that the two vertex parts of K, ,, is {v1,...,v,} and {u1, ..., u,}, the only one edge
in the Hj 5 is vauy (the edge is vyug in [11] and v443u4p—1 in [6]). For1 < ¢ < p+ 2,
H; is a bipartite graph, so we also denote it by H;(V,U).

Because K, ,, , x Ko = G'UG? inwhich G! = G(X, Y3 UG(Y'!, Z3)UG(Z!, X?)
and G? = G(X2,YHUGY2, ZHUG(Z2, XY, | XY =YY = |Z| =n (i =1,2),all
the graphs G(X1,Y?),G(Y!, Z%),G(Z}, X?),G(X2, YY), G(Y? Z1) and G(Z%, X1)
are isomorphic to K, .
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(e) The graph ég.

Figure 9: A planar decomposition of Kg g g X Kj.

2 1] 3
21 Y1 Ty
2 1 2 1
Y3 T3 22 Y2
1 2 1 2
Z3 Y3 r3 <3
2 1 2 1 2 1 2 1
23 Y3 i Y2 T3 Y1 Lo 23
j af
) T 2 T ) T ) i
23 T3 Yi T3 Ya 21 Y3 2

Figure 10: A planar decomposition of K3 3 3 X K.
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For graph H;(V,U) (1 < i < p + 2), we replace the vertex set V by X!, U by Y2,
ie., foreach 1 < t < n, replace the vertex vy by :v}, and u,; by yf, then we get a graph
H;(X*',Y?). Analogously, we can obtain graphs H;(Y!, Z?), H;(Z', X?), H;(X?, Y1),
H; (Y2, ZY and H;(Z?,X'). For 1 <i < p+ 2, let
H} = H; (X, Y)UH;(Y, Z*) UH;(Z', X?),

K2

then H} is a planar graph, because H; (X', Y?), H;(Y!, Z?%), H;(Z', X?) are disjoint with
each other. For the same reason, the graph

H? = H;(X?,YYUH;(Y? ZY) YU Hy(Z?, X1)
is also a planar graph, 1 < i < p + 2. And we have
p+2
Kipisapisapts X Ko =G UG? = Y (H} UH}),

in which E(HY, ,) = {wLg2, yl22, #1a3} and E(H2,,) = {x2y}, 220, 222} }.

In the following, we will add edges in E (H; +2) to graphs H} and H3, add edges in
E(HZ,,) to graphs H{ and H} to complete the proof. From Lemma 4.3, there exists a
planar embedding of H;(Y'!, Z?) such that vertex z2 on the boundary of its outer face,
exists a planar embedding of H;(X',Y?) such that z; on the boundary of its outer face.
Then we join 2?2 to z; without edge crossing. Suppose y; is on the boundary of inner face
F of the embedding of Hy (Y, Z?), put the embedding of H;(Z', X?) in face F with
z2 on the boundary of its outer face, then we join z2 to y} without edge crossing. After
adding both 22y} and 22z} to H} without edge crossing, we get a planar graph H}. With
the same process, we add both z1y? and 222 to H? without edge crossing, then we get a
planar graph H?. From Lemma 4.3, we can also add y2z} to H3, and ylz? to H without
edge crossing, then we get planar graphs H 4 and H 2 respectively.

Then we get a planar decomposition

{?IllvfI%aHéa -7H1}+1aﬁ127H227H327'”7H5+1}

of K4p+3,4p+3,4p+3 X Ko with 2p + 2 subgraphs.
Summarizing Cases 1 and 2, the lemma follows. O

Theorem 4.6. The thickness of the Kronecker product of K,, ,, n, and K> is

1
O( K x Ka) = {”; 1 :
Proof. Because of E(K,, , n x K2) = 6n? and V (K, , ,, X K2) = 6n, from Theorem 2.2,
we have
6n? n n n+1
(Ernin < K2) {Q(Gn)—éj {24_671—2—‘ { 2 w 1)

When n = 4p 42, because Kyp42 4p+2,4p+2 X Ko is a subgraph of Ky 43 4p13 4p+3 X
KQ, we have 9(K4p+2,4p+2,4p+2 X KQ) § 0(K4p+3,4p+3,4p+3 X KQ) COl’Ilbil’liIlg this fact
with Lemmas 4.2, 4.4 and 4.5, we have

4.2)

O( K x Ks) < [“ + ll .

From inequalities (4.1) and (4.2), the theorem is obtained. O
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Abstract

Let a(G) denote the cardinality of a maximum independent set, while p(G) be the
size of a maximum matching in the graph G = (V, E). If o(G) + u(G) = |V]|, then
G is a Konig-Egervdry graph. If dy < dy < --- < d, is the degree sequence of G,
then the annihilation number o (G) of G is the largest integer & such that Zle di <
|E|. Aset A C V satisfying >, deg(v) < |E|is an annihilation set; if, in addition,
deg (x) 4+ >, c 4 deg(v) > |E|, for every vertex € V(G) — A, then A is a maximal
annihilation set in G.

In 2011, Larson and Pepper conjectured that the following assertions are equivalent:

(i) a(G) =a(G);

(i) G is a Konig-Egervary graph and every maximum independent set is a maximal
annihilating set.

It turns out that the implication “(i) = (ii)” is correct.
In this paper, we show that the opposite direction is not valid, by providing a series of
generic counterexamples.

Keywords: Maximum independent set, maximum matching, Konig-Egervdry graph, annihilation set,
annihilation number.
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1 Introduction

Throughout this paper G = (V, E) is a finite, undirected, loopless graph without multiple
edges, with vertex set V' = V(@) of cardinality |V (G)| = n (G), and edge set E = E(Q)
of size |E (G)] = m(G). If X C V(G), then G[X] is the subgraph of G induced by
X. By G — v we mean the subgraph G[V(G) — {v}], forv € V(G). K,,, Ky, P, Ch,
denote respectively, the complete graph on n > 1 vertices, the complete bipartite graph on
m,n > 1 vertices, the path on n > 1 vertices, and the cycle on n > 3 vertices, respectively.

The disjoint union of the graphs G, Gs is the graph G; U G5 having the disjoint union
of V(G1),V(Gs2) as a vertex set, and the disjoint union of F(G1), E(G2) as an edge set.
In particular, nG denotes the disjoint union of n > 1 copies of the graph G.

A set S C V(Q) is independent if no two vertices from S are adjacent, and by Ind(G)
we mean the family of all the independent sets of G. An independent set of maximum size
is a maximum independent set of G, and a(G) = max{|S| : S € Ind(G)}. Let Q(Q)
denote the family of all maximum independent sets.

A matching in a graph G is a set of edges M C E(G) such that no two edges of M share
a common vertex. A matching of maximum cardinality u(G) is a maximum matching, and
a perfect matching is one saturating all vertices of G.

It is known that [n (G) /2| + 1 < a(GQ) + 1(G) < n(G) < a(G) + 2u(G) hold for
every graph G [6]. If o(G) + u(G) = n(G), then G is called a Konig-Egervéry graph
[11, 36]. For instance, each bipartite graph is a Konig-Egervary graph [13, 20]. Various
properties of Konig-Egervary graphs can be found in [3, 4, 5, 16, 17, 18, 21, 22, 23, 25, 26,
217,28, 29, 30, 31, 35].

Letd; <dy <--- <d, be the degree sequence of a graph G. Pepper [33, 34] defined
the annihilation number of G, denoted a (G), to be the largest integer k such that the sum
of the first k£ terms of the degree sequence is at most half the sum of the degrees in the
sequence. In other words, a (G) is precisely the largest integer k such that Zle d; <
m(G).

Clearly, a (G) = n(G) if and only if m (G) = 0. If m(G) = 1, then a (G) =
n(G) — 1. The converse is not true; e.g., the graph K, j, has a (K7 ,) = m (K )p) =
p =n (K ) — 1, while p may be greater than one.

For A C V(G), let deg(A) = >, .4 deg(v). Every A C V (G) satisfying deg(A) <
m (Q) is an annihilating set. Clearly, every independent set is annihilating. An annihilating
set A is maximal if deg(A U {z}) > m (G), for every vertex ¢ € V(G) — A, and it is
maximum if |A| = a (G) [33]. For example, if G = K, ; = (A, B,E) and p > ¢, then A
is a maximum annihilating set, while B is a maximal annihilating set.

Theorem 1.1 ([33]). For every graph G,
a(G)> max{ {n(ZG)J ,a(G)} .

For instance,

(=010 = |22, a<P5>=3>a<%>=V(PS)J»

a(Ka3)=a(Kayz) > {J . while a(Cg) = {
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The relation between the annihilation number and various parameters of a graph were
studied in [1, 2,7, 8, 9, 10, 12, 14, 15, 19, 32, 33].
Theorem 1.2 ([24]). For a graph G with a (G) > @ a(G) =a(G) ifand only if G is
a Konig-Egervdry graph and every S € Q(G) is a maximum annihilating set.

All the maximum independent sets of the cycle C5 are maximum annihilating. More-

over, a (C5) = a(C5). Nevertheless, C is not a Konig-Egervéry graph. In other words,
the condition a (G) > "TG) in Theorem 1.2 is necessary.
Actually, Larson and Pepper [24] proved a stronger result that reads as follows.

Theorem 1.3. Let G be a graph with a (G) > @ Then the following are equivalent:

(i) a(G) =a(G);
(ii) G is a Konig-Egervdry graph and every S € QU(G) is a maximum annihilating set;
(iii) G is a Konig-Egervdry graph and some S € Q(QG) is a maximum annihilating set.

Along these lines, it was conjectured that the impacts of maximum and maximal anni-
hilating sets are the same.

Conjecture 1.4 ([24]). Let G be a graph with a (G) > n(QG).
are equivalent:

(i) a(G) = a(G);
(ii) G is a Konig-Egervdry graph and every S € Q(G) is a maximal annihilating set.

Then the following assertions

One can easily infer that every maximum annihilating set is also a maximal annihilating
set, since the sum of the a + 1 smallest entries from the degree sequence D = (d; < dy <
-+ < dy,) is greater than m (G), then the same is true for every a + 1 entries of D. Thus
the “(i) = (ii)” part of Conjecture 1.4 is valid, in accordance with Theorem 1.2.

Hl H2

Figure 1: Non-Konig-Egervary graphs with a (H;) = 3 and a (Hz) = 2.

Consider the graphs from Figure 1. The graph H; has a (Hy) > « (H;) and none of
its maximum independent sets is a maximal or a maximum annihilating set. The graph H»
has a (H3) = « (H3) and each of its maximum independent sets is both a maximal and a

maximum annihilating set. Notice that a (Hy) > @, while a (Hz) < %

Consider the graphs from Figure 2. The graph G has o (G1) = @ < a(Gy) and
each of its maximum independent sets is neither a maximal nor a maximum annihilating
set. The graph G2 has a (G3) = a(Gs) = @, every of its maximum independent
sets is both a maximal and a maximum annihilating set, and it has a maximal independent
set that is a maximal non-maximum annihilating set, namely {u,v}. The graph G3 has
a(Gs) = a(Gs) > @ and every of its maximum independent sets is both a maximal
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G1 GQ G3 G4
1474 0 P SN SN
) = a(Gs) (G2) (Ga)

Figure 2: Konig-Egervary graphs with a (G1) = a (G3) =4, a(G2) = 3, a (G4) = 6.

and a maximum annihilating set. The graph G4 has a (G4) > a (G4) > @ and none of
its maximum independent sets is a maximal or a maximum annihilating set.

In this paper we invalidate the “(ii)) = (1)” part of Conjecture 1.4, by providing
some generic counterexamples. Let us notice that, if G is a Konig-Egervary graph, and
H = gK; UG, then H inherits this property. Moreover, the relationship between the
independence numbers and annihilation numbers of G and H remains the same, because
a(H) = a(G) + qand a (H) = a(G) + g. Therefore, it is enough to construct only
connected counterexamples. Finally, we prove that Conjecture 1.4 is true for graphs with
independence number equal to three.

2 An infinite family of counterexamples

In what follows, we present a series of counterexamples to the opposite direction of Con-
jecture 1.4. All these graphs have unique maximum independent sets.

Lemma 2.1. The graph Hy,k > 0, from Figure 3 is a connected Konig-Egervdry graph
that has a unique maximum independent set, namely, S, = {xk,...,T1,a4,0a3,a2,a1},
where Hy = H, —{z;,y; : j =1,2,...,k} and Sy = {a4,as,a2,a1}.
k+4 k+4 k+4 k+4 k+3 k+2 k+3
T Lk—1 z1 a4 as az a

—

/

:/
i
i

{
A

=
y
W
\/
"
U

<7
> — g
L | ><Z>
e —

\

\
%

=

Yk Yk—1 Y1 by b3 bo by
E+5 E+6 k+6 k+6 k+5 E+2 E+2

Figure 3: Hy, is a Konig-Egervéry graph with « (Hy) = k + 4,k > 0.

Proof. Notice that the graph H}, from Figure 3 can be defined as follows:

V (Hy) =V (Kigakta) ={zi,yi ci=1,...,k} U{a1,a2,a3,a4} U {b1, b2, b3,bs},
E(Hy) = E(Kpyakra) U{YeYe—1,- -, Y2y1, Y1ba, babs} — {asb1, azbz, azby,arbs} .

Clearly, Sy, = {xk,..., %1, a4,0a3,a2,a; } is an independent set and
{zy;: 5 =1,2,...,k} U{asbs, azba, azbs, ar1b1 }
is a perfect matching of Hj. Hence, we get

Vil = 2 (Hy) = |Sk| + p (Hy) < a (Hy) + p (Hy) < Vi,
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which implies o (Hy) + pu (Hg) = |Vi|, i.e., Hy, is a Konig-Egervary graph, and o (Hy,) =
k44 =S|
Let L = Hy, [X; UYy],k > 1,and Ly = Hy [A U B], where

Xk:{l’j:j:l,...,k}, Yk:{yj.]:177k}7
A ={a1,az,a3,a4} and B = {b1,b2,b3,b4} .

Since Ly, has, on the one hand, K, j as a subgraph, and, on the other hand,

YkYk—1> Yk—1Yk—2 - - -, Y21 € £ (Lg),

it follows that X}, is the unique maximum independent set of L.
The graph L has A as a unique independent set, because

Cs + bgbs = (AU B, {a1ba, baas, azbs, basz, agba, baas, asby, biar, byba})

has A as a unique maximum independent set, and L can be obtained from Cg + b3b4 by
adding a number of edges.

Since Hj, can be obtained from the union of L; and Ly by adding some edges, and
Sr = X U A is independent in Hy, it follows that Hy has Sy as a unique maximum
independent set. O

Corollary 2.2. The graph Gy, k > 0, from Figure 4 is a connected Konig-Egervdry graph
that has a unique independent set, namely, S, = {z; :i=1,...,k}U{a; :i=1,...,5},
where Go = G, —{z;,y; : j=1,2,...,k}and Sy = {a; : i =1,...,5}.

k+4 k+4 k+4 k+4 k+3 k42 k+3 k+2
T Thk—1 T as ay as as aq

Yk Yk—1 Y1 by bg bo b1
k+6 k+7 k+7 k+7 k+6 k+2 k+2

Figure 4: G}, is a Konig-Egervary graph with o (Gi) = k+ 5,k > 0.

Proof. Notice that the graph G, from Figure 4 can be defined as follows:

V(Gk) =V (Kkt5k+4)
={z;,yi:1=1,...,k} U{a1,a2,as,a4,a5} U {by,ba, b3, bs},
E(Gk) = E (Kk+ak4+4) U{YrYr—1,- -, y2y1,y1ba, babs}
— {asba, agby, agba, a1ba, arby }.

According to Lemma 2.1, G}, — a1 is a Konig-Egervary graph with a unique maximum
independent set, namely, Wy, = {z;:i=1,...,k} U{a;:i=1,...,4}. Since Sy =
Wi, U{as} is an independent set and i (Gx) = p (G, — a1) = k + 4, it follows that G, is
a Konig-Egervary graph and Sy, is its unique maximum independent set. O
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Theorem 2.3. For every k > 0, there exists a connected non-bipartite Konig-Egervdry
graph Hy, = (Vi Ey,), of order 2k + 8, satisfying the following:
o a(Hy) > ") — o (Hy),

e cach S € Q) (Hy,) is a maximal annihilating set.

Proof. Let Hy, = (Vi, Ex),k > 0, be the graph from Figure 3 (in the bottom and the top
lines are written the degrees of its vertices), where Hy = Hy — {&1,..., Tk, Y1, - Yk }-
Clearly, every Hj is non-bipartite.

By Lemma 2.1, each Hy, k > 0, is a Konig-Egervéry graph with a unique maximum
independent set, namely, S, = {2k, ..., 1, a4, as, as, a; }, where Sy = {aq, as,as, a1 }.

Case 1. k = 0. Since m (Hp) = 13 and the degree sequence (2,2,2,3,3,4,5,5), we infer
that a (Ho) = 5 > 4 = o (Hp). In addition, deg (Sp) = m (Hp) — 1, i.e., each maximum
independent set of H| is a maximal non-maximum annihilating set.

Case 2. k > 1. Clearly, Hy, has m (G},) = k? + 9k + 13 and its degree sequence is

k+2,k+2,k+2,k+3,k+3,k+4,....k+4,k+5k+5k+6,...,k+6.
—_— —
k+1 k

Since the sum of the first k 4 6 degrees of the sequence satisfies
k? 4+ 10k + 16 > m (Hy),

we infer that the annihilation number a (Hy) < k + 6. The sum 12 4+ 4 (z — 5) + kz
of the first > 5 degrees of the sequence satisfies 12 + 4 (x — 5) + kxz < m (Hjy,) for
z < "32297_&?21. This implies

k2 4+ 9k + 21

a(Hk)—{ P d J—k+5>k—|—4—a(Hk),

i.e., Hy has no maximum annihilating set belonging to € (H},). Since its unique maximum
independent set Sy, = {a1, as, a3, as, 1,22, ..., Tk} has

deg (Sk) = k* + 8k + 12 < m (Hy),
while
deg (Sy) + min{deg (v) : v € Vi, — S} = (k* + 8k + 12) + (k +2) > m (Hy,),
we infer that S}, is a maximal annihilating set. O

Theorem 2.4. For every k > 0, there exists a connected non-bipartite Konig-Egervdry
graph Gy, = (Vi, Ey), of order 2k + 9, satisfying the following:

o a(Gy) > [@—‘ = a(Gk),

e cach S € Q(Gy,) is a maximal annihilating set.
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Proof. Let Gy, = (Vi, Ex), k > 1, be the graph from Figure 4 (in the bottom and the top

lines are written the degrees of its vertices), and Go = G, — {21, .., Tk, Y1, -, Yk }-

Corollary 2.2 claims that G, k > 0, is a Konig-Egervary graph with a unique maxi-
mum independent set, namely S = {x1,..., 2k, a1,...,05},k > 1,and Sy = {aq,...,
(15}.

Case 1. The non-bipartite Konig-Egervary graph G has m (Gp) = 15 and the degree
sequence (2,2,2,2,3,3,4,6,6). Hence, a (Go) = 6 > 5 = o (Gy). In addition, Q (Gy) =
{Sov}, and deg (Sp) = 14, i.e., each maximum independent set of G is a maximal non-
maximum annihilating set.

Case 2. k > 1. Clearly, G}, has m (G) = k? + 10k + 15 and its degree sequence is
k+2,k+2k+2,k+2k+3,k+3,k+4,....k+4,k+6,k+6,k+7,....k+T.
k+1 k
Since the sum of the first & + 7 degrees of the sequence satisfies
k* + 11k + 18 > m (Gy) ,

we infer that the annihilation number a (G;) < k + 6. The sum 14 4+ 4 (z — 5) + kz
of the first x > 6 degrees of the sequence satisfies 14 + 4 (z — 6) + kx < m (Gy,) for
z < %ﬁf%. This implies

k2 4+ 10k + 25

a(Gk):L hrd J:k+6>k+5:a(Gk),

i.e., G has no maximum annihilating set belonging to Q (G},). Since its unique maximum
independent set S has
deg (Sk) = k? + 9k + 14 < m (Gy),
while
deg (Sy) + min{deg (v) : v € Vi, — S} = (k* + 9k + 14) + (k +2) > m (Gy)

we infer that Sj is a maximal annihilating set. O

3 Conclusions

If G is a Konig-Egervéry graph with o« (G) € {1, 2}, then o (G) = a (G) and each maxi-
mum independent set is maximal annihilating, since the list of such Kénig-Egervary graphs
reads as follows:

{K,Ky, K1 UK, K1 UKy, KoUKy, P35, Py,Cy, K3+ €, Ky — e} .

Consequently, Conjecture 1.4 is correct for Kénig-Egervéry graphs with o (G) < 2.
Let GG be a disconnected Konig-Egervéry graph with o (G) = 3.

o If a(G) = a(G), then

Ge 3K1,2K1 UKo, K1 U2K5,3K5, K1 U P3, K1 U Py,
K1UC4,K1U(K3+€),K1U(K4—€),K2UP3,K2UC4 ’

while every S € Q (G) is a maximal annihilating set.
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G1 Gs
Figure 5: G; = K3+ eand Gy = K4 —e.

o Ifa(G) <a(@Q),then G € {KyU Py, Ko U(K3+e),KyU (K4 — e)}, while for
every such G, there exists a maximum independent set, which is a not a maximal
annihilating set. Moreover, for Ky U (K3 + €) and K3 U (K4 — €) all maximum
independent sets are not maximal annihilating.

Thus Conjecture 1.4 is true for disconnected Konig-Egervary graphs with o (G) = 3.
We have already mentioned in Introduction that the “(i) = (ii)” part of Conjecture 1.4
is true.

Proposition 3.1. Let G be a graph with a (G) > @ If G is a connected Konig-Egervdry

graph with o. (G) = 3, and every S € Q(G) is a maximal annihilating set, then o (G) =
a(G).

Proof In Figure 6 we present all connected Kénig—EgerVéry graphs with « (G) = 3 having

) € {4,5}. For these graphs o ( ), which means that Conjecture 1.4 is true.
Figure 6: Konig-Egervéry graphs with « ( = a(G) and n(

Now, we may assume that n(G) = 6, since a (G) > p(G) holds for each Konig-
Egervary graph.

Let d; < dy < - < dg be the degree sequence of G.

It is known that « (G) < a(G) (Theorem 1.1). Thus we have only three cases with
3 =a(G) < a(G) to cover, namely, a (G) € {4,5,6}.

Case 1. a(G) = 4. Then, by definition, di + d2 + ds + dy < m(G) < ds + dg and
dy +dy +ds + dy + ds >m(G) > dg.

Let ¢ be the number of edges in G joining the vertices vs, vg with the vertices vy, va,
v3, V4. At least two vertices from the set {v1, va, v3,v4} must be joined by an edge, other-
wise, a (G) > 4 > 3. Assume that vzvy € E (G). Hence, vsvg € E (G), otherwise,

ds+ds =q<q+2<dy+dy+ds+dy,
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in contradiction with d; + ds + d3 + d4 < d5 4 dg. Similarly, there are no more edges but
v3v4 joining vertices from the set {vy, v9, v3, v4 }, otherwise

ds+dsg=q+2<q+4<dy+dy+ds+dy,

in contradiction with d; + ds + d3 + dy < d5 + dg. Therefore, {v1, v, v3} is @ maximum
independent set of G, since «(G) = 3. On the other hand, {vy, v2,v3} is not a maximal
annihilating set, because d; + do + d3 + dy < m (G).

Case 2. o (G) = 5. By definition, it follows that d; + dz + d3 + ds + d5s < m(G) <
dg. Hence, the set {v1,v9,v3,v4,v5} is independent, in contradiction with the fact that
a(G) =3.

Case 3. a(G) = 6. This means that G has no edges, which is not possible, because
a(G) =3. O

To complete the picture, Theorems 2.3 and 2.4 present various counterexamples to the
“(il) = (i)” part of Conjecture 1.4 for every independence number greater than three. Our
intuition tells us that the real obstacle for the “(i) = (ii)” part Conjecture 1.4 not to be
true is the size of the annihilation number. It motivates the following.

Conjecture 3.2. If G is a Konig-Egervdry graph with a (G) > 3n(G), and every S €
Q(G) is a maximal annihilating set, then o (G) = a (G).
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Abstract

In 2018, Fan and Li classified the complete bipartite graph K, ,, that has a unique
orientably edge-transitive embedding. In this paper, we extend this to give a complete
classification of K,,, , which have exactly two orientably edge-transitive embeddings.
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1 Introduction

Let M = (V, E, F) be an orientable map with vertex set V, edge set £ and face set F', that
is, M is a 2-cell embedding of the underlying graph I" = (V, F) in an orientable surface.
A permutation of VU EUF which preserves V, I/, F', and their incidence relations is called
an automorphism of M. All automorphisms of M form the automorphism group Aut M
under composition.

A map M = (V,E,F) is said to be G-edge-transitive if G < Aut M is transitive
on F; if in addition G also preserves the orientation of the supporting surface, then M is
called orientably edge-transitive. Similarly, orientably arc-transitive maps are defined.

It is a main aim of topological graph theory to determine and enumerate all the 2-cell
embeddings of a given class of graphs, see [2, 3, 7, 10, 11, 12] for arc-transitive maps, and
[5, 8,9, 13] for edge-transitive maps.

Although each map has a unique underlying graph, a graph may have many non-
isomorphic 2-cell embeddings usually. For example, K3 » has two edge transitive em-
beddings that have automorphism groups Zg and S3, respectively. As a special case, the
complete bipartite graphs that has a unique edge-transitive embedding has been received
much attention. For instance, Jones, Nedela and Skoviera [10] proved that K, ,, has a
unique orientably arc-transitive embedding if and only if ged(n, ¢(n)) = 1, where ¢(n)
is the Euler phi-function. Fan and Li [4] showed that K, ,, have a unique edge-transitive
embedding if and only if ged(m, ¢(n)) = 1 = ged(n, ¢(m)). For convenience, we call
the pair (m, n) singular if gcd(m, ¢(n)) = 1 = ged(n, ¢(m)) in the following.

The aim of this paper is to consider the analogous problem for the complete bipartite
graph K, ,,, and we give a complete classification of K,, ,, which have exactly two ori-
entably edge-transitive embeddings. To state the theorem, we need some notations. For an
integer n and a prime p, let n = n,n, such that n, is a p-power and ged(n,, ny) = 1.
The main theorem of this paper is now stated as follows.

Theorem 1.1. A complete bipartite graph K, ,, has exactly two orientably edge-transitive
embeddings if and only if, interchanging m and n if necessary, one of the following holds:

(i) (m,n) = (4,2);
(ii) m = p° with p odd, n = 2ny/, and (m,ny) is a singular pair;

(iii) m = p® withp = 3 (mod 4), n = 2/ ny with f > 2, and (m,no) is a singular
pair;

(iv) m = 2p°® with p odd, and n = 2.

This solved the problem in [4] to determine complete bipartite graphs which have ex-
actly two non-isomorphic orientably edge-transitive embeddings.
Particularly, the following corollary about K, ,, is easily observed.

Corollary 1.2. There exists no complete bipartite graph K, ,, (n > 2) that has exactly two
non-isomorphic orientably edge-transitive embeddings.
2 Complete bipartite edge-transitive maps

Let m, n be positive integers, and let I' = (V, E) be a complete bipartite graph K, ,.
Let M be an orientable map with underlying graph I' = K, ,,. Let Aut™ M consist of
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automorphisms of M which preserves the biparts of I, and let Aut® M be the subgroup
of Aut M which preserves the orientation of the supporting surface. Let

Awt® M = Autt M N Aut® M.

Then Aut® M contains all elements of Aut M which preserve the orientation of the sup-
porting surface, and fixes the biparts of the underlying graph. It is clear that isomorphic
embeddings of K,,, , have isomorphic automorphism groups.

Orientable edge-transitive embeddings of K, ,, have automorphism groups being bi-
cyclic, which is defined as follows.

Definition 2.1. A group G is called bicyclic if G = (a)(b) for some elements a,b € G. If
|a| = m and |b| = n, then G is said to be of order {m,n}. If in addition (a) N (b) = 1,
then G is called an exact bicyclic group, and {a, b} is called an exact bicyclic pair of order

{m,n}.

It is known that orientable edge-transitive embeddings of K, ,, precisely correspond
to exact bicyclic pairs of order {m, n}. We denote by

M(G, a,b)

the edge-transitive embedding of K,, ,, corresponding to a bicyclic group G associated
with a bicyclic pair {a, b}. For convenience, (a,b) is called an edge-regular pair for G.
Moreover, M(G, a,b) is called an abelian embedding if G is abelian, and non-abelian
embedding otherwise.

The following lemma is well-known and easy to prove, see [11] or [6].

Lemma 2.2. Let G be an exact bicyclic group of order {m,n}, and let a,b € G be a
bicyclic pair. Then there is an edge-transitive orientable embedding M = M(G, a,b) of
K, such that Aut® M = G is edge-regular on M, and for any bicyclic pair x,y € G,
M(G,a,b) =2 M(G,x,y) if and only if there is an automorphism o of Aut(G) such that
(a,1)° = (z,y).

Since there exists an abelian bicyclic group Z,, x Z,, for any positive integers m and
n, the graph I' = K,, ,, has a unique orientable edge-regular embedding M such that
Aut® M = Z,, x Z,, see [4, Lemma 2.3]. Moreover, it is known that if {m,n} is a
singular pair of integers then each exact bicyclic group of order {m, n} is abelian, see [4,
Lemma 3.3]. This leads to the following observation.

Lemma 2.3. Let m,n be positive integers for which K, ,, has exactly two non-isomorphic
edge-transitive embeddings. Then there exists a unique non-abelian exact bicyclic group
of order {m,n}.

In the next section, we work out a classification of integer pairs {m, n} for which there
is only one non-abelian exact bicyclic group.

3 Uniqueness of groups

Let (m, n) be a pair of integers such that there is a unique non-abelian exact bicyclic group
of order {m,n}. Then (m,n) is not a singular pair. So there exist divisors m,, | m, and
ng | n such that (m,,, ng) is not a singular pair.

The first lemma determines (my, n,) for the same prime p.
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Lemma 3.1. If a prime p | ged(m, n), then
(i) {mp,n,} ={4,2}, or
(ii) {mp,n,} = {p®, p} with p an odd prime and e > 2, or
(iii) {my,,n,} = {p?, p?} with p an odd prime.

Proof. To prove the lemma, we may assume that m,, > n,, and m,, = p© with e > 2.

Assume first that n, = p. If p = 2 and e > 3, then there are 3 non-isomorphic groups
Gi = Ll = Lin,, X L, ¥ P;, wherei = 1,2 or 3, and P; = (22)(y2) = Zoe:Zy as
below:

Py = (x9,y0 | 2 = a3 1),

—1
P2 - <$2,y2 ‘ $g2 = 9356 +1>a

e—1
Py = (xo,y0 | 2 =25 b,
This contradiction shows that either p = 2 and e = 2, that is (m,,n,) = (4, 2), or p is odd
and (my,n,) = (p°, p) with e > 2.

Next, assume that n,, = pf with f > 2. Suppose further that ¢ > 3. Then there exist at
least 2 non-isomorphic groups G; = Zy,:Zy, = Ly, X Ly, , X P;, where i = 1 or 2, and

p p

P; = () (yp) = Zpe:Z,s as below:
1+ e—1
p P >7

e—2
117+p ).

P1:<xp,yp\xz":x
P2:<xp,yp\xz":x

This is a contradiction. Thus e = 2, and f = 2.
Suppose further that p = 2, there are two non-isomorphic groups G; = ZnZ, =
Ty X L, X P;, where i = 1 or 2, and P; = (x2)(y2) = Z47Z4 is non-abelian as below:
Py= (2o, ys |25 =y = 1,2y =a3'),
P2 = <$2ay2 | .’17‘21 = yg = [x§7y2} = [$2,y§] = 17 [92,332] = $§y§>
So {m,,n,} = {p?, p*} with p an odd prime. O
The next lemma determines the relation m,, and n, for distinct primes p, g.

Lemma 3.2. Assume that m, = p® and n, = ¢/, where q | (p — 1). Then either f =1, or
q> /f(p — 1); equivalently, gcd(ng, $(mp)) = q.

Proof. Suppose that f > 1 and ¢? divides p — 1. Then there exist at least 2 non-abelian
groups
Gi = Ly:Ly = Ly, X Ln, X H;,

where i = 1 or 2, and H; = (x,):(yq) = Zpe:Z,s are as below:

Hy = (xp,yq | a1 =), wherei # land i =1 (mod p°);

Hy = (2, yy | e = 21), where j2 £ 1 (mod p°).

This contradiction shows that either f = 1, or ¢> )( (p — 1), as stated. O
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Remark on Lemma 3.2. Interchange m and n, if p| (¢ — 1), then either e = 1, or
P> /f(q — 1); equivalently, gcd(mp, ¢(ng)) = p.

Now we are ready to state the main result of this section.

Theorem 3.3. Given a pair of integers {m,n}. Then the following two statements are
equivalent:

(a) there is a unique non-abelian exact bicyclic group (up to isomorphism) of order

{m,n},

(b) there exist exactly one prime p | m and exactly one prime q | n such that (m,,ng) is
not a singular pair, and either

(i) ged(@(my),ny) = g and ged(my, $(n,)) = 1, or
(ii) ged(my, d(ng)) = p, and ged(d(my), ng) = 1.

If further p = q, then {m,,,n,} = {4, 2}, or {p?, p*} with p an odd prime, or {p°, p}
with p a prime and e > 3.

Proof. First, assume (a) holds. Let G = (a)(b) be the unique exact nonabelian bicyclic
group of order {m,n}, where |a| = m and |b| = n. Then (m,n) is not a singular pair. So
there exist at least one prime p | m, and at least one prime ¢ | n, such that (m,,, nq) isnot a
singular pair.

Suppose that py, po are prime divisors of m and ¢, g2 are prime divisors of n such that
ged(ng,, ¢(myp,)) # 1 with ¢ = 1 or 2, and either p; # ps or ¢1 # 2. Then there are 2
non-isomorphic nonabelian exact bicyclic groups of the form G = (a):(b) = Z,,:Z:

(a):(b) = (ap; ap,):(bg;bg,) = (ap;) *x (bg;) x ({ap,):(bq
(a):(b) = <ap’2 ap2>:<bq§ bgy) = <ap’2> :
This is a contradiction.
Similarly, interchanging m and n, suppose that p1, ps are prime divisors of m and g1, g2
are prime divisors of n such that ged(m,,, ¢(ng,)) # 1 with ¢ = 1 or 2, and either p; # po
or g1 # qo. Then there are 2 non-isomorphic nonabelian exact bicyclic groups of the form
G = (b):{a) = Zp:ZLy:
(b):(a) = (by; bp, ):(aq; aq,) = (ap;)
(b):(a) = (bpybp, ):(agyaq,) = (ap;)

This is a contradiction.
Now, suppose that p1, po are prime divisors of m and ¢y, g2 are prime divisors of n such

that ged(ng,, ¢(myp,) # 1 and ged(my,, ¢(ng,)) # 1. Then there are 2 non-isomorphic
nonabelian exact bicyclic groups G of the form:

(a):(b) = (ap; ap, ):(bg; bg,) = {ap;)
(b):(a) = (bgybqy):(apyap,) = (bgy)

This is a contradiction.

oy
~
~—

X
X

<bqi> x ((ap, ):(bg,)),

X
X
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We thus conclude that there is exactly one prime p | m and exactly one prime ¢ ‘ n such
that (m,, ny) is not a singular pair.

Assume that ged(¢(mp),ng) # 1 and ged(mp, ¢(ng)) # 1 such that p # ¢g. By
Lemma 3.2, ged(¢(my), ng) = g and ged(my,, ¢(ng)) = p, which implies that ¢ | (p — 1)
and p | (¢ — 1), this is not possible. Thus either part (b)(i) or part (b)(ii) holds. Moreover, if
p = g, then by Lemma 3.1, we have ged(m,,, ¢(np)) = p, or ged(¢p(my), ny,) = p, which
implies that {m,,n,} = {4, 2}, or {p?, p?} with p an odd prime, {p°, p} with p a prime
and e > 3.

Conversely, let m, n be integers satisfying condition (b). We claim that both (m,, n)
and (m, ny ) are singular pairs. In fact, suppose to the contrary that one of (m,,n) and
(m,ng), say (my, n), is not singular. Then there is a prime p; # p of m, and a prime ¢
of n, such that the pair (m,, , n,, ) is not singular, which contradicts with the unique choice
of the prime p.

Now let G = (a)(b) such that (a) = Z,, (b) = Z, and (a) N () = 1. Then G
is supersoluble by [1]. Further let G = (a)(b) = (apa, ){bsby) = G,G,, then G, =
(ap) = Zm, and Gy = (ap)({bg) X (bg')) = Zm , L. As (ap) N (b) = 1, we have that
G} is an exact bicyclic group of order {m,/,n}. By [4, Lemma 3.3], G, is abelian. So
Gp = ({ap) x (by')) x (by). Similarly, G = ({ap) X {by)) % {a,). Thus a Hall subgroup
G{p,qy 1s abelian and centralizes both G, and G, and so G = Gy, 410 X Gy 3> Where
Gipgy = ap) X (bg') = Ly X Ly, and Gy, gy = (ap)(bg) = Zm,Ln, is nonabelian.
Moreover, assume that (b)(i) hold, that is ged(¢(my), ng) = ¢ and ged(my,, ¢(ng)) = 1,
we have afﬁ = a;}, where A # 1and A? =1 (mod m,,). So the group Gy, 43 = (ap):(by).
We claim that the group Gy, 41 is unique up to isomorphism. In fact, assume that p # A
such that H = (z,y | 2¥ = o#,u # 1,u? = 1 (mod p©)). Then (A\) and (i) are both
subgroups of order ¢ in Zjy., where Zy. is the multiplicative group consisting of all the
unites in the ring Z.. Since Zye = Zy,—1 X Zpe-1, which has a unique subgroup of order
q, we have (\) = (u). Thus A = p* (mod p°) for some integer k. Let z = y*. Then
z € Hand 77 = 2" = 2. Hence H = G{p,q)- Similarly, assume that (b)(ii) hold, we
have the group Gy, o3 = (bg):(ap), bg” = by, where X # 1 and \? = 1 (mod ng), which
is unique up to isomorphism. Therefore, there is only one non-abelian exact bicyclic group
of order {m,n}.

In particular, assume that p = ¢. Then G = (a)(b) = G,G,, where G, = (a,){b,) =
Loy L,y and Gy = (ap ) {bpr) = Zm,, Ly, By the assumption, there exists exactly one

prime p | ged(m, n) such that (m;,, n,) is not a singular pair. We conclude that (m,, 1),
(myr,n) and (m,n, ) are all singular pairs. Since (a,) N (by) C {(a) N (b) = 1, by [4,
Lemma 3.3], G, is abelian. Similarly, from {(a,/) N (b) = 1 and (a) N (b,/) = 1, it follows
that (a,)(b) = Gy (b,) and (a)(b,') = G (a,) are abelian. That is to say G, centralizes
both (a,) and (b,). Thus G = G,y x G, where G,y = (a,y) X (by) and G, = (ap):(bp),
which is unique discussed as above. These prove (a) holds. O

4 Proof of the main theorem

Let m, n be integers for which K, ,, only has one non-abelian edge-transitive embedding.

Then there is only one non-abelian exact bicyclic group G = Z,,Z,,. By Theorem 3.3,

interchanging m and n if necessary, there are a unique prime divisor p of m and a unique

prime divisor g of n such that G' = Gy, o3 X Gyp g3, and Gy, v = Zype:Z,s is nonabelian.
We give a basic fact at first which is used repeatedly in the following.
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Lemma 4.1. Suppose H = (a):(b) = Z:Z; is a split extension such that a® = a*, where
A# 1, N =1 (mod k) and | is odd. Then the following map of H :

ora—al, b bt

where ged(i, k) = 1, is not an automorphism of H.

Proof. Supppose to the contrary. Then o(a)?®) = (ai)b_1 = ba'b~! = o(a?) = a™
b=ta’b, and so a’b? = b%a’. Since o(b?) = o(b) and o(a’) = o(a), it follows that H
{a*,b?) is abelian, which is a contradiction. O

Now we determine the {p¢, ¢/} when p = ¢.
Lemma 4.2. Ifp = q, then {p°, p/} = {4,2}.

Proof. Since a group of order p? is abelian, without loss of generality, we may assume that
e>2,ande > f.

Suppose that p is odd. Then there exists a non-abelian metacyclic group G, ;3 =
(zp):(yp) such that z* = x, where A # 1and A? = 1 (mod p®). Let

G = G{p,q}/ X G{p7q} = (zp) X (Ypr) ¥ ((2p):(Up)) = (Tp Tp):(Ypr Yp) = Lin: L.

Then the pairs (pp, ypyp) and (zpxp, Yy, ') are not equivalent under Aut(G) by
Lemma 4.1, and thus K, ,, has at least 3 non-isomorphic orientably edge-transitive em-
beddings, which is a contradiction.

We thus conclude that p = 2, and so by Theorem 3.3, {p¢,p’} = {4,2}. O

Next we determine the {p®, ¢f} when p # q.
Lemma 4.3. Ifp # q, then q = 2, and either ¢/ = 2, or ¢ > 4 andp =3 (mod 4).

Proof. Assume p # q. Since Gy, gy = Zpe:Zys is nonabelian, g divides p — 1. Suppose
that ¢ is odd. Let (z') = Zy, , and (y') = Zy, ,, and let

G = () x () x ((@p):(g)) = (@p2"):(Yqy) = Zm:Zn.

Then (2, yqy') and (z,2’,y, 'y') are not equivalent under Aut(G) by Lemma 4.1, and
so K, » has at least 3 non-isomorphic orientably edge-transitive embeddings, which is a
contradiction.

We thus have that ¢ = 2, and ged(ne, ¢(m,)) = 2 by Lemma 3.2, that is, either gf =2,
org/ >4andp=3 (mod 4). O

Now we are ready to produce a list of groups for G.

Lemma 4.4. The unique nonabelian exact bicyclic group G = Z,,Z,, satisfies one of the
following, where p is a prime:

(i) G = Dg;
(ii) G = Dape X Zy,,, where (m,ny:) is a singular pair;

(iii) G = (Lype:Los) X L,,, where p =3 (mod 4) and (m,ny) is a singular pair;
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(iv) G = Dype with p odd.

Proof. Noting that the group G = Gy, ;v X Gy 3> and Gy, oy = Zpe:Zys is nonabelian.
By Lemma 4.3, ¢ = 2, and if my > 2 is even, then (mg, n2) = (4,2) by Lemma 4.2. We
conclude that (m,n) = (4, 2), and the corresponding group G = Ds, as in part (i).

Assume now that msy = 1. It follows that m = p° and either ¢/ = 2, or ¢/ = 2f >4
and p = 3 (mod 4) by Lemma 4.3. If ny = 2, then G = Zy,,, X (Zpe:Zy) = Zp,, X Dope
such that (m, ny/) is a singular pair, as in part (ii). If ny > 4, then G = (Zpe:Zos ) X Ly, ,
where p = 3 (mod 4) and (m, ny) is a singular pair, as in part (iii).

Finally assume that my = 2. Then m = 2p® with p odd, and n = 2. So the correspond-
ing group G = Dyye, as in part (iv). This completes the proof. O

To complete the proof of Theorem 1.1, we need to prove that for each group G listed in
Lemma 4.4, all edge regular pairs are equivalent.

Lemma 4.5. Let G = Doy, be dihedral. Then all edge-regular pairs for G on K, o are
equivalent.

Proof. Let (x,y) be an edge-regular pair for G acting on K,,, 5. Then |z| = m, |y| = 2,
and x¥ = 2z~ ! Let 2/,% be another edge-regular pair such that G = (2')(y’). Then
|2/| = m, |y/] = 2, and (2/)¥ = (/). Clearly, there is an automorphism o € Aut(G)
such that

oo, y—y,

so all regular pairs for G on K, > are equivalent. O
We are now ready to prove the main theorem.

Proof of Theorem 1.1. The necessity is easily found from Lemma 4.4.

To prove the sufficienty, we need prove that for each group G = Z,,Z, listed in
Lemma 4.4, there is exactly one non-abelian orientably edge-transitive embedding of K, ,,.
If GG is a dihedral group, then the proof follows from Lemma 4.5. Thus we assume that G
is not a dihedral group.

Assume that m = p® and n = 2ny/. Then the only exact bicyclic group of order {m, n}
is G = ({a):(b2)) x (bar), where (a):(ba) = Dape and |bo/| = nos. Let (z1,y1) and (z2, y2)
be two edge-regular pairs from G. Then

1 =a", Y1 = bgb%},
€T = ai27 Y2 = b2b;37
where i1, 72 are coprime to p, and ji, jo are coprime to ny/. There is an automorphism
o € Aut((a):(b2)) which sends a’ to a’2; there is an automorphism 7 € Aut((bo/)) which
sends b’ to b’2. Then (o, 7) is an automorphism of G which maps (21, 1) to (22, y2).
Assume that G = (Zpe:Zys) X Zy,,, where m = p® with p = 3 (mod 4), and
ged(p(n), m) = 1 and ged(n, ¢(m)) = 2. Then

G = ({a):(b2)) x (b),
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where |a| = m = p®andn = 2/ny, and a®? = a~!. Let (x,%) and (z', %) be edge-regular
pairs for G on K, ,, such that |z| = |z'| = m and |y| = |¢/| = n. Then
z=d, Yy = b%bg/, and

. -/ 7
' =a, y = b bk,

where p /fii’, jj’ is odd and ged(kk’,no ) = 1. It is easily shown that there are automor-
phisms o € Aut((a):(b2)) and 7 € Aut({bs/)) such that

. » . ./
o:a' v+ a’, bl b

T bk bg:
It follows that (o, 7) is an automorphism of G which sends (z,y) to (z/,y’). Thus all
edge-regular pairs for G on K,,, ,, are equivalent. O
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Abstract

A chord diagram F is a set of chords of a circle such that no pair of chords has a
common endvertex. Let vy, va,...,v2, be a sequence of vertices arranged in clockwise
order along a circumference. A chord diagram {vyv,41,V2Vp42, ..., VyU2y } is called an
n-crossing and a chord diagram {vyve, V304, . . ., Uap—1vV2y, + is called an n-necklace. For a
chord diagram F having a 2-crossing S = {2123, x224}, the expansion of E with respect
to S is to replace E with B} = (E'\ S) U{xaz3, 2421} or By = (E\ S) U {122, x324}.
Beginning from a given chord diagram FE as the root, by iterating chord expansions in
both ways, we have a binary tree whose all leaves are nonintersecting chord diagrams. Let
NCD(E) be the multiset of the leaves. In this paper, the multiplicity of an n-necklace in
NCD(E) is studied. Among other results, it is shown that the multiplicity of an n-necklace
generated from an n-crossing equals the Genocchi number when 7 is odd and the median
Genocchi number when n is even.

Keywords: Chord diagram, chord expansion, Genocchi number, Seidel triangle.

Math. Subj. Class. (2020): 05A15, 05A10

1 Introduction

A set of chords of a circle is called a chord diagram, if they have no common endvertex. If
a chord diagram consists of a set of n mutually crossing chords, it is called an n-crossing.
A 2-crossing is simply called a crossing as well. If a chord diagram contains no crossing,
it is called nonintersecting.

Let V be a set of 2n vertices on a circle, and let Y be a chord diagram of order
n, where each chord has endvertices of V. In this situation, V is called a support of
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E. We denote the family of all chord diagrams having V" as a support by CD(V). Let
Z1,x2,x3,T4 € V be placed on a circle in clockwise order. Let E € CD(V). For a
crossing S = {$1$3,.’L’2$4} C E, let Sl = {.2?25(}3,.1'4371}, and 52 = {(E1$2,$3.’E4}. The
expansion of E with respect to S is defined as a replacement of E with E; = (E'\ S)U S,
or F = (E '\ S)U S; (see Figure 1).

l/ N "’

! 4 /
St : S2 i

l‘\ l" \

Figure 1: The expansion of a chord diagram with respect to a 2-crossing S. Other chords
except those in .S are not shown.

Let E € CD(V) be a chord diagram. Form a binary tree as follows. Begin with F as the
root, arbitrarily choose a crossing of E, and expand F in both ways, adding the results as
children of E. Choose crossings in each child if any exists, expand them each in both ways,
and repeat the procedure until all leaves are nonintersecting. This procedure terminates and
the multiset of leaves is independent of the choices made at each step ([14]). Let us denote
the multiset of nonintersecting chord diagrams generated from E by N'CD(E). For a chord
diagram E € CD(V), let us define the chord expansion number f(F) as the cardinality of
NCD(E) as a multiset.

For a chord diagram E, the circle graph, also called the interlace graph Gg of E, is
a graph such that a vertex of Gg corresponds to a chord of F and two vertices of G are
joined by an edge if their corresponding chords of E are mutually crossing. We say that
two chord diagrams E; and E5 with a common support are isomorphic if Gz, and G,
are isomorphic as graphs. It is proved that f(FE) equals t(Gg;2, —1), where ¢t(G; x,y) is
the Tutte polynomial of a graph G ([15]).

In the case E is an n-crossing C,, its associated circle graph is a complete graph K,
with n vertices. In [13], Merino proved that ¢(K,,;2, —1) = Eul, 41 for n > 1, where
(Bul)p>1 = (1,1,2,5,16,61,272,...) is the Euler number. Hence, we have f(C),) =
Eul, 11 forn > 1. See also [12] for the evaluation of ¢(G; 2, —1) for a graph G.

For two nonnegative integers k and n with &k < n, we define A(n, k) as a chord diagram
of order n + 1, in which there is an n-crossing E with an extra chord e such that e crosses
exactly k chords of Ey. (See Figure 2.) Note that A(n — 1,n — 1) is simply an n-crossing,
and that A(n,0) is a union of an n-crossing and an isolated chord.

Let us denote {1,2,...,n} by [n]. A permutation o on [n] is called an alternating
permutation if (0(i) —o(i — 1))(o(i + 1) — 0(i)) < 0for 2 <4 < n — 1. An alternating
permutation o is called an up-down permutation (resp. down-up permutation) if o(1) <
0(2) (resp. o(1) > 0(2)). For 0 < k < n, the Entringer number Enty, 1, is defined as the
number of down-up permutations on [n + 1] with the first term k& + 1 ([11]). Forn > 1,
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A K pok N,

ddb Vi
Virt Vis2

Figure 2: A(n, k) with n = 7 and k = 4 (left), and N,, with n = 8 (right).

Ent,111 equals Ful,,, the number of all down-up permutations on [n]. In [14], it is proved
that f(A(n, k)) = Entp k1.

For a chord diagram E and for a nonintersecting chord diagram F' with a common
support, let us denote the multiplicity of F in NCD(E) by m(E, F). For a nonintersecting
chord diagram FE, a chord e € FE is called an ear, if there is no other chord of E on at
least one side of e. In [15], it is shown that for an n-crossing C,, and a nonintersecting
chord diagram F' with a common support, m(C,,, F') = 1 if and only if F' has at most 3
ears. A nonintersecting chord diagram F with n chords is called an n-necklace, denoted by
N, if all chords of E are ears. (See Figure 2.) The main purpose of the paper is to show
that m(C,,, N,,) equals the Genocchi number when n is odd and the median Genocchi
number when n is even. The Genocchi numbers and the median Genocchi numbers will be
introduced in the following section.

Recently, Bigeni showed a relation between a weight system of sly of chord diagrams
and the median Genocchi numbers ([2]). In Definition 1 of [2], followed from [3], a weight
system of sl is defined inductively by applying an operation for chord diagrams. The
operation and the chord expansion are closely related to each other, although our main
results in the paper do not seem directly followed from the results in [2].

The rest of this paper is organized as follows. In Section 2, the Genocchi numbers
and the median Genocchi numbers are introduced. In Section 3, the main results of the
paper are proved. In Section 4, another combinatorial interpretation for the multiplicity of
n-necklaces is exhibited. Finally, in Section 5, some open problems are discussed.

2 The Genocchi numbers and the median Genocchi numbers

According to [10], but with slightly different indices, let us recursively define the entry
S(n, k) inrow n > 1 and column k > 0 of the Seidel triangle ([17]):

S(1,1) =1,
S(n,k)=0 fork=0orn <2(k-—1),
S(2n,k)=> S(@2n—1,i) forl <k<n, 2.1)
i>k
S(2n+1,k) = ZSan forl <k <n+1. (2.2)

i<k
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Table 1: The Seidel triangle S(n, k).

n\k| 1 2 3 4 5
1] 1

2 1

30 1 1

40 2 1

50 2 3 3

6| 8 6 3

7|08 14 17T 17

8| 56 48 34 17

9| 56 104 138 155 155
10 | 608 552 448 310 155

(See Table 1.) By the equations (2.1) and (2.2), we have the following recurrence relations.

S@2n,k)=802n—1,k)+S2n,k+1) forl <k <n, (2.3)
S2n+1,k) =S2n, k) +S2n+1,k—1) forl<k<n-+1. 2.4

The Genocchi numbers (or Genocchi numbers of the first kind) G(2n) are defined
as S(2n — 1,n), the numbers on the right edge of the Seidel triangle, and the median
Genocchi numbers (or Genocchi numbers of the second kind) H(2n + 1) are defined as
S(2n + 2, 1), the numbers on the left edge of the Seidel triangle. Note that (G(2n)),>1 =
(1,1,3,17,155,...) and (H(2n + 1))n>0 = (1,2,8, 56,608, ...).

Combinatorial properties of the Genocchi numbers have been extensively studied ([1,
4,5,6,7,8,9, 10, 16, 19]). It is known that the Genocchi number G(2n) counts the number
of permutations o on [2n — 1] such that (i) < o (i +1) if o(¢) is odd, and o (i) > o (i+ 1)
if o(4) is even ([6]). It is also known that the median Genocchi number H (2n + 1) counts
the number of permutations o on [2n + 1] such that o(¢) > 4 if 7 is odd and i # 2n + 1,
and o (1) < ¢ if i is even ([6]).

In the on-line encyclopedia of integer sequences [18], we can find more information
for the sequences A001469 (Genocchi numbers), A005439 (median Genocchi numbers),
A099960 (An interleaving of the Genocchi numbers of the first and second kind) and
A014781 (Seidel triangle).

3 Main results

Our aim is to show a new combinatorial interpretation for the values of the Seidel triangle
by using chord expansions.

Let vg, vy, ..., V2,41 be a sequence of vertices in clockwise order along a circumfer-
ence. Let V = {v; : 0 <i < 2n + 1}. As one of chord diagrams E € CD(V') isomorphic
to A(n, k), introduced in the previous section, we have £ = {voviy1} U {v;n1iq1 :
1 <i<k}U{vvny;: k+2<i<n+1}. (See Figure 2.) Now let us define (n + 1)-
necklaces N7, , and N, € CD(V) such that N, , contains an ear vvj1 and
N, contains an ear vg1Vg+2. The values of m(A(n, k), N;[H,k) for n and k small

T
are shown in Table 2.
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Table 2: m(A(n, k), N, ) for0 <k <n <8.

n\k| O 1 2 3 4 5 6 T
0 1

11 1

201 1 1

301 1 2 2

412 2 3 3 3

503 3 6 6 8 8

6| 8 8 14 14 17 17 17

7|17 17 34 34 48 48 56 56
8|56 56 104 104 138 138 155 155 155

Let us define b}, = m(A(n, k), N, ) and b, = m(A(n, k), N,

n+1,k
simply denote b; & bY by 1. The main result of the paper is the following theorem.

Theorem 3.1. Let n > 1. Then we have
bon—1 =S2n,n—|k/2]) for0<k<2n-1,
and
bonk =S2n+1,|k/2]+1) for0<k<2n.

A(n, k)

N\
A(n-1, n-k)
Q- \VO
itk x
el
Vit

385

). We also

3.1)

(3.2)

Figure 3: A chord expansion of A(n, k) with respect to {vgUg+1, VkUn4k+1} Withn =7

and k = 3.
Firstly, we show a relation between b, , and b: K-

Lemma3.2. b, = b:,kflfor 1<k<n.
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Proof. Let E be a chord diagram isomorphic to A(n, k), as shown in Figure 3. By the chord
expansion of E with respect to {vgvg+1, VkUn+k+1}, We have two successors Ey and Es,
which are isomorphic to A(n, k—1) and A(n—1,n— k), respectively. Since E5 contains a
chord vy vk4.1, it does not generate NV, ; ... Furthermore, since IV, ; , is a necklace having

a chord vg_yvy, we have b = m(A(n, k), N, ) = m(A(n,k —1),N" 1) =

+ .
b, _1» as required. O

In order to prove Theorem 3.1, let us show a recurrence relation for by, .

Lemma 3.3. We have by o = 1 and for n > 1, we have

bn,O = bn,l = bnfl,nfla
b bnk—2 +bn—1n—k for2 <k <mnandnis odd,
ok bpnk—2+bpn1n-k-1 for2<k<n-—1andniseven,

by =bpn—o forniseven.

Proof. When k = 0,1 or n, equations b, o = b, 1 = b,_1,,—1 can be proved easily. Let
us consider the case 2 < k& < n. As in the proof of Lemma 3.2, we use the expansion of
A(n, k) with respect to {voUk4+1, VkVntk+1 -

If n is odd, we have

+ = +
bmk - bn,k—l + bn—l,n—k

_ pt +
- bn,k—Q + bn—l,n—k’
If nis even and £ < n, we have

+ _ — —
bn,k - bn,k—l + bn—l,n—k
— pt +
- bn7k:—2 + bn—l;n—k:—l'

Finally, if n is even and k = n, since b,,_; , = 0, we have

+ _ — —
bn,n - bn,n—l + bn—l,O

— pt
- bn,n—Q’

as needed. ]

Proof of Theorem 3.1. We proceed by induction on n and k. For (3.1) with n = 1, we have

b10 = 1 and by ; = 1. On the other hand, we have S(2,1) = 1. For (3.2) with n = 1, we

have by g = 1, ba;1 = 1 and by 5 = 1. On the other hand, we have S(3,1) = 5(3,2) = 1.
Let n > 2. For k = 0, we have

b2n—1,0 = b2n—2,2n—2
=S2n—-1,n)
= S(2n,n),
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and

b2n,0 = b2n—1,2n—1
= S(2n,1)
=S(2n+1,1).

For k = 1, we have

b2n—1,1 = b2n—1,0
= 5(2n,n),

and

ban1 = ban,o
=S2n+1,1).

For (3.1) with 2 < k < 2n — 1, we have
bon—1k =bop—1,k—2 + bop_2.2n—1-k
=S2n,n—|(k—2)/2])+S2n—-1,|2n—-1-k)/2| + 1)
=S2n,n+1—[k/2])+S2n—-1,n— |k/2])
— 5(2n,n — |k/2)),
and for (3.2) with 2 < k < 2n — 1, we have
ban ik = ban k—2 + bap—1,2n—1—k
=S2n+1,[(k—2)/2]+1)+S2n,n—|(2n—1—k)/2])
=S2n+1,k/2])+ S2n,1+ |k/2])
=S2n+1,1+ |k/2]),
and for (3.2) with k = 2n, we have
b2n,2n = b2n,2n72
=S(2n+1,n)
=S2n+1,n+1).

By Theorem 3.1, we have the following corollary.

387

Corollary 3.4. m(Csy,, Nap) = H(2n — 1) and m(Cap—1, Nopn—1) = G(2n) forn > 1.

Proof. By Theorem 3.1, we have m(Cay,, Nop) = bap—1,2n—1 = S(2n,1) = H(2n — 1),
O

and m(CQn_l,Ngn_l) = bgn_272n_2 = S(Qn — 1,71) = G(Zn)

4 Multiplicity of an IV -necklace and the number of perfect matchings

of an associated graph

In this section, we will exhibit a combinatorial interpretation of m(E, N,,) for a given
chord diagram E. For a set V' of vertices on the circumference, C(V') denotes the set of all
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chords whose endvertices are in V. A Ptolemy weight w on C(V') is defined as a function
that satisfies

w(zrz3)w(zexs) = w(rexs)w(z124) + W(T122)W(T324) 4.1)

for all vertices x1, x2, x3, x4 € V placed along the circle. If w(e) is the Euclidean length
of a chord e, then (4.1) holds by the Ptolemy’s theorem in Euclidean geometry. Let w be a
Ptolemy weight on C(V). If a chord diagram E' € CD(V') has a 2-crossing S, by the chord
expansion of F with respect to .S, we have two successors F7 and Fy. Then by (4.1), we

have
H w(e) = H w(e) + H w(e). 4.2)

eckE ecEy ec By

We denote the left-hand side of (4.2) by w(FE). By iterating chord expansions with (4.2),
we have

wE)= > w(F). (4.3)

FENCD(E)

Let V. = {vy,va,...,v2,}, Where vy, va,...,vs, are placed along the circumfer-
ence in this order. A Ptolemy weight w on C(V) is called rectilinear if w(v,v;) =
Zi§k<j w(vgvge) for all 1 < ¢ < j < 2n. For example, if the vertices are placed
on a straight line and the weight w(v;v;) is defined as the Euclidean distance between v;
and v;, then w is indeed a rectilinear Ptolemy weight.

In order to analyze m(FE, N,,), let us consider the rectilinear Ptolemy weight w on C(V')
such that w(vag_1v2x) = xp for 1 < k < nand w(vegvagy1) = 0for1 < k < n — 1.
In this weight, since for every chord e, w(e) corresponds to a first degree polynomial of
a multiple variables x1,xs,...,x, or w(e) = 0, for all chord diagrams F, w(E) is a
homogeneous polynomial of degree n or w(E) = 0. From this point until the end of this
section, we fix this weight. Let us define an n-necklace N,, = {var—1v9 : 1 < k < n}.

Lemma 4.1. In the rectilinear Ptolemy weight w as defined in the above, for a chord
diagram E, m(E, N,,) equals the coefficient of x1x2 . . . T, of the polynomial w(E).

Proof. Since w(N,,) = x1Z3 . .. T,, what we need to show is that if I € NCD(E)\{N,},
a polynomial w(F') contains no monomial 21z . ..x,. Suppose to a contradiction that
F € NCD(E) \ {N,} and F has a monomial 2125 ...2,. Since F' # N, there exists
a chord vop_qv9p of F with 1 < k < ¢ < n such that / — k£ > 1 is maximal. Then the
two variables xj and x; do not appear together in the weight of any chord of F', otherwise
such a chord would either intersect vog_1v9¢ Or contradict £ — k being maximal. It follows
that the product x,z, never appears in w(F'). This contradicts to that w(F') contains a

monomial 13 ... Ty, O

For a chord diagram E having n chords ey, es,...,e, with the rectilinear Ptolemy
weight w as defined in the above, let us define a balanced bipartite graph G(FE, X) with
partite sets A = {a1,az,...,a,} and B = {b1,bs,...,b,} as follows. For 1 < i < n and

1 < j < n, a; and b; are adjacent if and only if a polynomial w(e;) contains a monomial z;.

Theorem 4.2. For a chord diagram E with n chords and its associated balanced bipartite
graph G(E, X)) as defined in the above, m(E, N,,) equals the number of perfect matchings
of G(E, X).
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Proof. We have w(E) = [][.cpw(e), and for all chords e, w(e) = 0 or w(e) = x; +
Ziy1 + -+ x; forsome 1 < i < j < n. Hence, the coefficient of z122 . ..z, of w(E),
which is m(E, N,,) by Lemma 4.1, is the number of possible combinations to choose a
variable x € X from each w(e) without repetition. This is the number of perfect matchings
of G(E, X). O

G(E, X)

€

€z

€3

al|l ol of =
—~| o| of o

o| o| of =
ol a| o =~

€4

Figure 4: A chord diagram FE (left) and its biadjacency matrix of a corresponding bipartite
graph G(E, X) (right).

Example 4.3. Letn = 4. Let V = {v; : 1 < ¢ < 2n}, where vy, vs,. .., v9, are placed
on the circumference in this order. Let us consider a rectilinear Ptolemy weight w on C(V)
such that ’U)(’Ugi_l’Ugi) =zx;forl <i<nand W(UQiUQi_A'_l) =0forl1 <i:<n-—1. Let
E ={e; : 1 < i < 4} be a chord diagram, where e; = v1vg, €2 = Vav5, €3 = V3U7, €4 =
vavg. (See Figure 4.) Since

w(E) = H w(e;) = (x1 + x2 + x3)x2 (22 + 3) (T3 + T4),
1<i<n
the coefficient of z1 22324 of w(E) is 1, and the number of perfect matchings of G(E, X)
is also 1. Hence, we have m(E, N,;) = 1.

By Corollary 3.4 and Theorem 4.2 for n-crossings C,,, we have the following corollary.

Corollary 4.4. The number of perfect matchings of the following bipartite graphs G and
H corresponds to Genocchi numbers G(2n) and median Genocchi numbers H(2n — 1) as
follows:

V(G)=FEUX, where E={ey,es,...,ean_1}, X ={x1,22,...,%2n_1},
EGQ) ={exr;:1<i<2n—-1,[i/2]|+1<j < [(i—1)/2] +n}.
V(H)=EUX, where E=/{ej,ea,...,e0,},X ={x1,22,...,72,},

)

(
EH)={ex;:1<i<2n,[i/2] +1<j<]|i/2] +n}.

Example 4.5. As shown in Figure 5,
w(Cs) = (x1 + 22 + 23) (22 + 23 + 24)* (23 + 24 + 75)% (24 + 25 + 76).

The coefficient of zzox3242526 of w(Cs) is 8, and the number of perfect matchings of
G(Cs, X) is also 8. Hence, we have H(5) = m(Cg, Ng) = 8.

w(C7) = (x1 + @2 + 23 + z4) (T2 + T3 + 24) (22 + T3 + T4 + 5) (3 + T4 + T5)
(3 + x4 + x5 + 26) (x4 + 25 + x6) (T4 + 25 + 26 + 7).
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G(Cs, X)

X, | %2 | X3 [ X4 | X5 | Xg

e, [1 |1 |1 o [0 |o

e, |0 |1 |1 |1 [o |o

e |0 |1 |1 |1 [o |o

e, |0 |o |1 |1 [1 |o

es |0 |o |1 |1 [1 |o

es [0 [0 |o [1 [1 [1
G(C7, X)

Xo | Xo | X5 | X4 | X5 | X6 | X7

e, [1 |1 ]1]1]o]o |0

e, [0 |1 ]1|1]o0o]o]o

e; [0 [1]1]1]1]0f0

e, [0 |0 |1 |1[1]0]o0

es[0 o1 {1 ]1]1]0

es|0 |0 o |1[1]1]o0

e, [0 oo |1 {1 [1[1

Figure 5: n-crossings (upper left, lower left) and their biadjacency matrices of correspond-
ing bipartite graphs G(C,,, X') (upper right, lower right).

The coefficient of z1zox324252627 Of wW(C7) is 17, and the number of perfect matchings
of G(C7, X) is also 17. Hence, we have G(8) = m(C7, N7) = 17.

5 Further discussions

There are a lot of unknown things for the multiplicity in N’CD(FE). One ambitious problem
is to find a formula for m(E, F') in general.

In Section 4, we represent m(F, N,,) by the number of perfect matchings of a corre-
sponding bipartite graph. It is interesting if we can find an efficient method to calculate the
number of perfect matchings in a graph of this kind.

As is shown in [15], there is a relation between the chord expansion number and the
evaluation of the Tutte polynomial at the point (2, —1). As a future research subject, it is
considered to find a relation between the multiplicity m(F, F') in general, or m(E, N,,),
and some counting polynomials of graphs.
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